
Chinese Chemical Letters 35 (2024) 108323

Contents lists available at ScienceDirect

Chinese Chemical Letters

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

Probing mitochondrial damage using a fluorescent probe with

mitochondria-to-nucleolus translocation

Chi Li a, Chong Zonga, Yang Liua,b, Zhiqiang Liua,b,∗, Kang-Nan Wanga,b,∗, Xiaoqiang Yua,∗

a State Key Laboratory of Crystal Materials, Shandong University, Ji’nan 250100, China
b Shenzhen Research Institute of Shandong University, Shenzhen 518057, China

a r t i c l e i n f o

Article history:

Received 2 December 2022

Revised 5 March 2023

Accepted 8 March 2023

Available online 12 March 2023

Keywords:

Fluorescent probe

Mitochondria targeting

Nucleolus translocation

Mitochondrial damage diagnosis

Fluorescence imaging

a b s t r a c t

Mitochondrial damage is closely related to the occurrence of many diseases. However, accurate moni-

toring and reporting of mitochondrial damage are not easy. Here, we developed a small molecule fluo-

rescent probe named CB-Cl, which has splendid spectral properties (large Stokes shift, strong affinity for

RNA, etc.) and excellent targeting ability to intracellular mitochondria. After mitochondria were damaged

by external stimuli, CB-Cl would light up the nucleolus as a signal reporter. The cascade imaging of mi-

tochondria and nucleolus using CB-Cl can monitor and visualize the mitochondrial status in living cells

in real-time. Based on the above advantages, the probe CB-Cl has reference significance for the related

research of mitochondrial damage and the prevention and treatment of related diseases.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Mitochondria are essential organelles in eukaryotic cells, known

as "cell power factories", which play an important role in en-

ergy metabolism and signal transmission of cells [1–3]. Mitochon-

dria provide the vast majority of adenosine triphosphate (ATP)

through oxidative phosphorylation (OXPHOS) [4], store metabolites

(calcium, iron, lipids and protons, etc.), biosynthesize active com-

pounds (iron-sulfur clusters), and act as “gatekeepers” of apop-

totic and inflammatory pathways [5]. When mitochondria gener-

ate energy, they store electrochemical potential energy in the in-

ner membrane of mitochondria. On both sides of the inner mem-

brane, the asymmetric distribution of proton and other ion concen-

trations makes mitochondria form a negative transmembrane po-

tential as high as −180 mV, namely the mitochondrial membrane

potential (MMP) [6,7]. Hypoxia, drug damage or other stress stim-

uli may lead to decreased MMP and further dysfunction and oxida-

tive damage, thereby inducing various pathological processes, such

as Alzheimer’s disease and myocardial injury [8,9]. Therefore, real-

time monitoring of mitochondrial status is of great significance for

the diagnosis and treatment of related diseases.

Many techniques have been developed to detect mitochondrial

damage, including electron probe microscopy (EPM), transmission

electron microscopy (TEM) and electrochemical luminescence tech-

nology (ECL), etc. [10,11]. But these techniques cannot track the
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dynamics of mitochondria in living cells in real-time. Because of

its high specificity, high sensitivity, high contrast and imaging vi-

sualization, fluorescence imaging has attracted extensive attention

in chemical biology, biochemistry, medicine and other disciplines.

Small molecule fluorescent probes based on fluorescence imaging

have the advantages of in situ and real-time visualization of liv-

ing cells, low damage to biological samples, and allowing dynamic

analysis of living samples. They have also been widely used in sub-

cellular organelle imaging, intracellular biological signal molecule

tracking, and marker monitoring of cancer and other diseases [12–

17]. At present, JC-1 and other commercial fluorescent dyes devel-

oped based on the characteristics of MMP, and some recently re-

ported small molecule fluorescent probes can be used for mito-

chondrial membrane tracking through J-aggregation and other lu-

minescence methods [18–20]. For example, our group recently de-

veloped two fluorescent probes ECPI-12 and IVPI-12, that can im-

age and track the dynamic changes of mitochondria, becoming a

potential tool for monitoring and tracking the dynamic changes

of mitochondria in living cells and tissues [21]. Li et al. devel-

oped a vibration-induced-emission based mitochondria targeting

fluorescent probe, providing an effective way to detect changes in

mitochondrial viscosity [22]. Miller et al. developed a fluorescent

��m reporter that does not rely on ��m-dependent accumula-

tion, which is vital for detecting changes in mitochondrial mem-

brane potential [23]. Although this kind of small molecule fluo-

rescent probes can realize real-time tracking of MMP changes and

mitochondrial damage, the narrow Stokes shift of such fluores-

cent probes and the interference caused by the autofluorescence
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Fig. 1. (a) The structures of probe CB-H and CB-Cl; (b) The frontier orbitals of CB-H

and CB-Cl; (c, d) The absorption and fluorescence spectra of CB-H (c) and CB-Cl (d)

(10 μmol/L) in different polarity solvents, λex =470 nm.

of biological macromolecules may lead to problems such as low

detection sensitivity and fluorescence crosstalk in situ detection.

Therefore, it is particularly important to develop novel methods

for tracking mitochondrial dynamic changes based on fluorescence

imaging.

In order to avoid the fluorescence crosstalk, fluorescent probes

with subcellular migratory properties have received increasing at-

tention from researchers. Under normal conditions, the probe can

selectively target to a specific subcellular organelle; when the cells

are disturbed by external stimuli, the probe would be transferred

to other organelles, due to the reduced binding force with this sub-

cellular organelle. Therefore, by tracking the transfer of the probe

between the subcellular organelles, the state of the original tar-

geted subcellular organelles can be reflected. Recently, Tang et al.

developed a fluorescent probe TPE-4EP+, which can translate from

mitochondria to nucleus during apoptosis, and real-time monitor-

ing of cell status by fluorescence migration [24]. Mao and Liu et al.

have developed a cell membrane probe that acts as a signal re-

porter to illuminate the nucleus once the cell membrane is dam-

aged, which opens up a new avenue for designing membrane dam-

age diagnosis probes for biomedical applications [25]. Although

this kind of probe for subcellular organelle migration has made re-

markable achievements in monitoring subcellular organelle status,

the subcellular migratory probe is still rare, which is challenging to

meet the application requirements of medical staff and scientific

researchers. Therefore, it is an urgent task to develop fluorescent

probes with subcellular migration properties to detect mitochon-

drial damage.

Fluorescent molecules with D-π-A configuration are one of

the primary strategies in designing subcellular organelle target-

ing probes. Small molecule structures with positive charge can be

enriched into mitochondria, nucleus, and other sub-organelles by

electrostatic action [26–29]. The benzothiazolium salts are not only

a class of electron-absorbing units, but also have been reported to

have good nuclear targeting ability. Carbazole and its derivatives

are a class of classical electronic donor units [30]. Therefore, fluo-

rescent probe with nucleic acid response and mitochondria/nuclear

targeting can be designed by linking benzothiazolium salt and

carbazole derivative through conjugated double bonds, which has

been confirmed by a reported probe (Fig. 1a) [31]. Herein, a flu-

orescent probe, CB-Cl, was engineered from the reported probe

CB-H, which replaced the hydrogen at the 5-position of benzoth-

iazole monocyclic ring in CB-H with a chlorine atom. Probe CB-Cl

is mainly enriched in mitochondria, and when mitochondria are

stimulated and the membrane potential decreases, CB-Cl will grad-

ually transfer from mitochondria to the nucleus and further light

up nucleoli. This subcellular organelle transfer strategy of mito-

chondrial escape and nucleolus lighting could be used to reflect

the state of mitochondria.

The synthesis path of CB-Cl and CB-H is similar, and the specific

synthesis routes are shown in Scheme S1 (Supporting information).

The structures were confirmed by 1H NMR, 13C NMR and high res-

olution mass spectrometry (HRMS) (Figs. S18–S23 in Supporting

information). According to the calculation of highest occupied or-

bital (HOMO) and lowest vacant molecular orbital (LUMO) orbitals

of the two molecules by Gaussian 09 (Fig. 1b), the HOMO of the

two probes is mainly distributed on N-ethyl carbazole, while the

LUMO is mainly distributed on benzothiazole unit. This result in-

dicates that a charge transfer process from the N-ethylcarbazole to

the benzothiazole moiety may have occurred in the two molecules

due to their typical D-π-A structural features. The absorption and

emission spectra of the two probes in different solvents are shown

in Figs. 1c and d, and Tables S1 and S2 (Supporting information).

The spectral characteristics of the two probes are similar, and both

show polarity dependent spectral changes [32]. In dichloromethane

(DCM), significantly red-shifted absorption peaks were detected,

which may be due to the formation of halogen bonds [33]. The

maximum absorption peak of CB-Cl in water is 457 nm, with a

maximum emission peak of 578 nm, such large Stokes shift (∼121

nm) can greatly reduce the self-absorption and avoiding the inter-

ference of the incident light. Moreover, the red emission of CB-

Cl can avoid interference from endogenous fluorophores during

bioimaging applications [34].

Then we examined the interaction forms between the probes

and nucleic acids in the Tris-HCl buffer. The ultraviolet and visi-

ble spectrophotometry (UV–vis) absorption and fluorescence spec-

tra show that the probes exhibit a significant spectral response to

nucleic acids and increase in fluorescence as the nucleic acid con-

centration increases from 0 to 2 mg/mL (Figs. 2a–d, Figs. S1 and

S2 in Supporting information). The binding constant (Ka) of probes

and DNA were calculated as 2.84×106 L/mol and 2.33×106 L/mol

for CB-Cl and CB-H, respectively (Fig. S3 in Supporting informa-

tion); and the Ka of probes and RNA were calculated as 3.73×106

L/mol and 3.02×106 L/mol for CB-Cl and CB-H, respectively, indi-

cating the probe’s good affinity to RNA. At the same time, with the

increase of probes concentration from 1 μmol/L to 64 μmol/L, the

absorption intensity of CB-Cl and CB-H increase gradually with a

good linear relationship (Fig. 2e and Fig. S4 in Supporting informa-

tion), indicating the probes will not aggregate in water, thus elimi-

nating the interference of aggregation at the working concentration

of 5–20 μmol/L. In addition, different ratios of methanol-glycerol

mixed solution systems were adopted to verify the fluorescence

emission characteristics of the probes in viscous environments (Fig.

2f and Fig. S5 in Supporting information) [35]. The significantly en-

hanced fluorescence in glycerol lays the groundwork for lighting up

the highly viscous organelles [36,37]. In order to exclude the influ-

ence of pH and various biomolecular species, we conducted differ-

ent biomolecular species selectivity and pH response experiments

on CB-Cl and CB-H (Figs. 2g and h, Fig. S6 in Supporting informa-

tion). The results show that the change of fluorescence intensity is

almost independent of biomolecular species and pH value, which

lay a foundation for its application in bioimaging.

In order to further prove the affinity of probe for nucleic acids,

AutoDock 4.2 software was adopted for simulation docking study

[38]. The binding energies between CB-H and CB-Cl and nucleic

acid are shown in Tables S3–S6 (Supporting information). As can

be seen, the minimum docking energy to RNA are −29.04 kJ/mol

for CB-Cl, and −29.29 kJ/mol for CB-H. In contrast, the lowest bind-

ing energies for CB-Cl and CB-H to DNA are −13.89 kJ/mol and
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Fig. 2. Emission spectra of CB-H (a, c) and CB-Cl (b, d) (10 μmol/L) in the presence of different concentrations of RNA or DNA in Tris-HCl buffer solution (pH 7.2); (e)

Concentration-dependent absorption of CB-Cl in aqueous solution; (f) Emission of CB-Cl (10 μmol/L) in glycerol (Gly)-methanol mixtures at room temperature; (g, h) Fluo-

rescence intensity change of CB-Cl in the presence of different biomolecular species (g) and different pH buffer solutions (h); (i, j) The molecular docking calculations based

on the structure optimized CB-H (i) and CB-Cl (j) with RNA secondary structure fragments (PDB No. 5T2C). λex =470 nm.

−13.23 kJ/mol respectively, which means that the probes will pref-

erentially bind to RNA once it encounters nucleic acids. In addition,

among the 50 calculated docking genetic algorithm runs of probe

and RNA, the number of binding configurations between probes

and RNA up to 24, indicate that the probes and RNA have high ac-

cessibility. Furtherly, the optimal conformation with the minimum

binding energy between the probe and nucleic acid was selected

for study (Figs. 2i and j, Fig. S7 in Supporting information). It can

be found that the probes are inserted into the minor groove of

the nucleic acid, with strong electrostatic interaction between the

protonated nitrogen atoms on thiazolium salt and the phosphate

acyl unit in nucleic acid. These molecular docking results indicate

that both probes CB-H and CB-Cl can show strong binding force

with nucleic acids (especially RNA), which lays the foundation for

the two probes to light up nucleoli in living cells. The cytotoxi-

city of CB-H and CB-Cl was then evaluated in HeLa cells before

being used for living cell imaging (Fig. S8 in Supporting informa-

tion). According to the standard MTT assay, the probes exhibit good

biocompatibility at working concentrations of 1–20 μmol/L. After

stained with different concentrations of probe for 30 min, the flu-

orescence intensity of two probes increased with the increase of

concentration (Figs. S9 and S10 in Supporting information). For CB-

H, both the nucleolus and the cytoplasm produced red-light emis-

sion, which is consistent with the reported data [31]. For CB-Cl, the

staining sites in the cells were observed to be granular or filamen-

tous, which is the typical characteristic of mitochondria. However,

no obvious fluorescence was detected in the nucleus. The colocal-

ization experiments with commercial dyes showed that the fluo-

rescence of CB-Cl overlain well with the commercial mitochondrial

probe Mito Tracker Deep Red (MTDR) with a Pearson’s coefficient

of 0.85, while the overlap with other dyes were poor, suggesting

that CB-Cl has high specificity for mitochondria (Fig. 3).

In addition, time-lapse imaging was performed after the cells

were stained with CB-Cl or CB-H (Figs. 4a and b). For CB-Cl, af-

ter the cells were stimulated by light irradiation, the mitochon-

dria were damaged and the MMP decreased [39]. CB-Cl escaped

Fig. 3. Fluorescence images of CB-Cl (1 μmol/L) in living HeLa cells. Cells incubated

with probe for 30 min and co-stained with different commercial dyes. For CB-Cl,

λex =488 nm, λem =580–610 nm. For Hoechst 33342, λex =405 nm, λem =420–450

nm. For endoplasmic reticulum blue-white DPX (ER-Blue), λex =405 nm, λem =460–

490 nm. For LiDR, λex =633 nm, λem =650–680 nm. For LTDR, λex =633 nm,

λem =650–680 nm. For MTDR, λex =633 nm, λem =650–680 nm. Scale bar: 10 μm.

from mitochondria and bound to RNA in the cytoplasm and nucle-

olus (Fig. 4c, Movies S1 and S2 in Supporting information). In ad-

dition, the dyes outside the cell permeated into cell again, which

resulted in increasingly bright fluorescence in the cytoplasm and

nucleoli (Fig. 4b). And the time-lapse imaging captured from the
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Fig. 4. Fluorescence images of CB-Cl and CB-H in living HeLa cells. (a) Time-lapse imaging of living HeLa cells treated with CB-Cl or CB-H (488 nm, 15 mW/cm2). The time-

dependent fluorescence intensity of living cells after probe treatment was shown in (b). (c) Schematic representation of mitochondria-to-nucleolus translocation of CB-Cl

under light-stimulated conditions in living cells. (d) Colocalization of CB-Cl and RNAselect after irradiation. (e, f) Cells were pretreated with CB-Cl (1 μmol/L) for 30 min,

then incubated with CCCP (20 μmol/L) (e) or LPS (20 μg/mL) (f) for 15 min (488 nm, 2 mW/cm2). λex =488 nm, λem =580–610 nm. Scale bar: 20 μm.

control group (Fig. S11 in Supporting information) indicated the

probe could not enter the nucleolus under dark conditions. And

the colocalization experiments with Lidi Deep Red (LiDR) and Lyso

Tracker Deep Red (LTDR) after light irradiation showed that CB-

Cl may have gone to other organelles after escaping from the mi-

tochondria (Fig. S12 in Supporting information), but this did not

affect the nucleolus lighting up. While for CB-H, fluorescence in

both cytoplasm and nucleolus was quenched quickly (Movies S3

and S4 in Supporting information), which also reflect the excel-

lent optical stability of CB-Cl. This nucleolar targeting properties of

CB-Cl after light exposure was further verified by co-staining with

commercial probes RNAselect and Hoechst 33342 (Fig. 4d and Fig.

S13 in Supporting information). To evaluate whether the probe CB-

Cl can be used to detect the degree of mitochondrial damage in

living cells, a model of mitochondria damaging induced by car-

bonyl cyanide 3-chlorophenylhydrazone (CCCP) was applied (Fig.

4e) [24]. It has been first confirmed that CCCP at the concentration

of 20 μmol/L can induce a decrease in MMP without causing cell

death (Figs. S14 and S15 in Supporting information). After normal

staining with CB-Cl, the cells were treated with CCCP to lose MMP

and simulate mitochondria damage. As shown in Fig. 4e, the CCCP-

treated mitochondria were progressively broken and fragmented,

and the nucleolus in the living cells were light up. Similarly, the

same experimental conditions were employed with human astro-

cytes cells, and similar mitochondrial targeting results were de-

tected (Fig. S16 in Supporting information). After the cells were

treated with the inflammation-inducing factor lipopolysaccharide

(LPS) for 6 h to induce an inflammatory reaction [40], during this

process the mitochondria were also stimulated and damaged. Ob-

viously, the probe also lights up the nucleoli in inflammatory cells

(Fig. 4f). While, the living HeLa cells treated with mitochondrial

protection drug idebenone (IDBN) [41] could not be detected any

fluorescent signal in the nucleolus (Fig. S17 in Supporting infor-

mation). The mitochondria-nucleolar translocation of CB-Cl results

from the changes in mitochondrial damage and decreased MMP,

which indicates that it can be used to evaluate mitochondria in-

tegrity and MMP changes.

In conclusion, we precisely designed a homologous probe CB-Cl

that can migrate from mitochondria to nucleoli after mitochondrial

damage. CB-Cl shows a large Stokes shift and high affinity for nu-

cleic acid in vitro, and is not responsive to various ions and pH

changes. Molecular docking also proves that the probe can pro-

duce high binding energy with RNA through electrostatic inter-

action. Living cell staining show that CB-Cl has a good targeting
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effect on mitochondria, and it will be transferred to the nucleoli

after mitochondrial damage. These results indicate that the probe

can monitor mitochondrial damage by illuminating the nucleolus,

which has guiding significance for the design of related probes and

the prevention and treatment of mitochondrial related diseases.
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