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Introduction
As we all know, a relatively constant intracellular 

microenvironment is crucial for cells to maintain normal life 
activities. An abnormal intracellular microenvironment will 
interfere with cell life activities and cause a series of diseases 
such as hypertension and diabetes [1,2]. As an important 
class of intracellular microenvironment, viscosity is closely 
related to physiological and pathological processes such as 
signal transduction, metabolite diffusion, and biomolecular 
interaction, so it is crucial to detect viscous changes in living 
cells [3]. Mitochondria are a kind of important organelle in 
cells, and mitochondria are involved in a variety of cellular life 
processes, including ROS generation, ATP synthesis, apoptosis, 
and cell differentiation [4-6]. 

Mitochondrial function is closely related to mitochondrial 
viscosity and mitochondrial metabolism. Mitochondrial 
viscosity can regulate related biological processes and affect 
mitochondrial protein regulation, respiratory status, and 
signal transduction [7,8]. Abnormal changes in mitochondrial 
viscosity can damage cell function, accelerate aging, and 
lead to diabetes, Parkinson’s disease, Alzheimer’s disease 
and many other diseases [9-12]. Therefore, it is important to 

visualize changes in mitochondrial viscosity for the diagnosis 
of corresponding diseases, but it remains a great challenge.

For a uniform and stable environment, the viscosity can be 
measured with a viscometer (e.g., rotary viscometer, capillary 
viscometer, etc.). For speciϐic microenvironments, especially 
organelle viscosity in cells, macroscopic testing tools such 
as viscometers do not work [13,14]. Magnetic resonance 
elastography (MRE) is a new imaging technology that can 
measure hardness and viscosity simultaneously. However, its 
imaging resolution is low and it cannot measure intracellular 
mitochondrial viscosity [15,16]. Fluorescence technology has 
the unique advantages of strong selectivity, simple operation, 
and little damage. Fluorescence microscopy can be used to 
visualize organelles of living cells [17-19] and the subcellular 
life activity in living cells can be revealed by measuring speciϐic 
subcellular microenvironment information with ϐluorescent 
probes [20]. 

Based on this method, viscosity-sensitive ϐluorescent 
probes targeting mitochondria can be developed to observe 
changes in mitochondrial viscosity.

Viscosity-sensitive mitochondrial ϐluorescent probes 
have made signiϐicant progress in the past few years, and 
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As a vital index of the mitochondrial micro-environment, mitochondrial micro-viscosity plays 
a fundamental role in cell life activities. Normal mitochondrial viscosity is a necessary condition 
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can lead to a series of mitochondria-related diseases. Therefore, it is essential to observe 
mitochondrial viscosity for physiological and pathological processes. Given the conventional 
viscosity measurement methods (viscometer, etc.) cannot monitor the changes in mitochondrial 
viscosity, the fl uorescence method supplemented with the fl uorescent probe is widely used to 
observe the changes in mitochondrial viscosity. In view of the booming development in this area, 
this review describes the applications of viscosity-responsive mitochondrial fl uorescent probes 
in biological samples from the cellular and tissue levels. We hope that this review will deepen 
our understanding of mitochondrial viscosity and related fi elds, and promote the development of 
viscosity-sensitive mitochondrial probes and other organelle fl uorescence probes.

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.aac.1001029&domain=pdf&date_stamp=2022-08-26


Viscosity-sensitive mitochondrial fl uorescent probes and their bio-applications

 www.advancechemjournal.com 039https://doi.org/10.29328/journal.aac.1001029

many ϐluorescent probes have been developed for measuring 
mitochondrial viscosity. Typically, such probes usually contain 
a ϐluorophore and a rotor. In general, the molecular rotor can 
rotate relative to the ϐluorophore in a medium with low viscosity, 
and its ϐluorescence intensity is weakened or its ϐluorescence 
lifetime is shortened. In contrast, in highly viscous media, 
molecular rotation is inhibited, and the ϐluorescence signal or 
ϐluorescence lifetime is signiϐicantly enhanced. Due to the high 
mitochondrial membrane potential (MMP), the probes with 
positive ion salts were designed to target mitochondria. So, 
the rotors with positive ion salts are suitable for visualizing 
mitochondria. The overall design concept and the sensing 
mechanism of the probe for mitochondrial viscosity are 
shown in Figure 1. In this review, we mainly introduce the 
application of viscosity-sensitive mitochondrial ϐluorescent 
probes in imaging cells and biological tissue samples in recent 
years. We expect that this review will attract a broad audience 
from sensors and microenvironments, and promote the 
development of detection, optical reagent imaging, biology, 
and medical science.

Application of viscosity-sensitive mitochondrial probe

Measurement of mitochondrial viscosity in living 
cells: In general, mitochondrial membrane viscosity is high 
in living cells and can be measured by probes targeting the 
mitochondrial membrane, which is the most common way 
to measure mitochondrial viscosity. Baek, et al. developed 
sensitive ϐluorescent dyes (TDHC, Figure 2A) which can real-
time monitor the viscosity of the motor neuron mitochondria. 
The dye has good stability, and it can be used for high-ϐidelity 
imaging of mitochondrial  transport. So, the process of tubular 
mitochondria’ rapid transport along the dendrites and axons 
in primary cortical neurons was clearly visualized [2]. Park, 
et al. developed an asymmetric far-infrared mitochondrial 
ϐluorescence probe (SFC-CY007, Figure 2A) [21], which 
can observe changes in mitochondrial viscosity in cells. In 
addition, SFC-CY007 has high brightness and photostability, 
which is expected to be used to observe mitochondria-related 
diseases. Zhang, et al. developed a novel viscosity-sensitive 
ϐluorescent probe with a large Stokes shift (ZF1, Figure 2A), 

which has a near-infrared ϐluorescence emission peak and a 
large Stokes shift, and it can be used to observe mitochondrial 
viscosity. Sui, et al. designed and developed a water-soluble 
ϐluorescent probe that can target mitochondria (probe 1,
Figure 2A). The probe consists of three parts: BODIPY 
(ϐluorophores), TPP (mitochondrial targeting groups), and 
PEG (increased water solubility), and the probe has high 
water solubility, high ϐluorescence quantum yield, good 
photostability, low cytotoxicity, and excellent mitochondrial 
targeting properties [22]. Zhang, et al. developed a viscosity-
sensitive mitochondrial probe (HJVPI, Figure 2B) that can 
be used to image mitochondria with high ϐidelity [23]. The 
number of such probes is relatively large, and they can 
visualize mitochondria viscosity in living cells. However, such 
probes cannot quantify mitochondrial viscosity, and the study 
of probes that enables quantifying mitochondrial viscosity is 
still in progress.

Simultaneous measurement of mitochondrial viscosity 
and ions in living cells

Mitochondria contain many ions and biological 
macromolecules, and these ions, biological macromolecules, 
and the microenvironment of mitochondria jointly affect the 
physiological function of mitochondria. Therefore, probes that 
can observe the ions and viscosity of mitochondria are helpful 
to monitor the physiological state of mitochondria. Sun, et 
al. developed a two-photon ratio ϐluorescent probe (TP-1BZ, 
Figure 3A) that can simultaneously visualize mitochondrial 
viscosity and ONOO-. The probe shows high targeting to 
mitochondria and high response to viscosity, and it can observe 
the changes in mitochondrial viscosity. In addition, the probe 
also shows the high response to ONOO-. Its detection limit is 
12.1 nM, which further indicates its potential application in 
pathology [24]. Ren, et al. developed a ϐluorescent probe that 
could image mitochondrial viscosity and H2O2 in living cells 
with different ϐluorescence signals (MitO-VH, Figure 3A). 

Figure 1: Viscosity identifi cation mechanism of molecular probes.

 

Figure 2: A. Several probe structures for measuring mitochondrial viscosity in 
living cells. B. Structural formula and cell imaging pictures of probe HJVPI.
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When the probe responded to the viscosity, it would emit a 
ϐluorescence peak of 607 nm (red ϐluorescence), and when 
the probe responded to H2O2, it would emit a ϐluorescence 
peak of 510 nm (green ϐluorescence). Therefore, the probe 
can observe viscosity and H2S in mitochondria with two 
ϐluorescence colors [25]. Li, et al. developed a dual-response 
ϐluorescent probe (MitO-VS, Figure 3A, 3B) for viscosity and 
hydrogen sulϐide detection, which can observe changes in 
mitochondrial viscosity in the red channel and image H2S in 
the green channel to achieve dual-channel imaging of viscosity 
and H2S [26]. This probe can observe the ions and viscosity 
of mitochondria, which is useful for biologists. However, these 
kinds of probes are much less, and it is hard to design and 
synthesize the probes. The probes able to image mitochondrial 
viscosity and other ions are still in progress.

Observation of mitochondrial viscosity in tissues

Compared with cells cultured in vitro, it is difϐicult to 
image organelles in tissues. Mainly because biological tissues 
contain a variety of ions and biological macromolecules, and 
their composition is relatively complex. In addition, compared 
with visualizing tissues, many cellular states and essential 
functions presented in tissues are often missed when imaging 
cells cultured in vitro, so imaging intracellular organelles in 
tissues are more exquisite and reliable for biologists, which 
creates difϐiculties in imaging organelles in tissues [27]. Guo, 
et al. developed a novel mitochondria-targeted rhodamine 
analog (RV-1, Figure 4A), which is sensitive to mitochondrial 
viscosity and can detect viscosity changes in living cells, 
zebraϐish, and live mice [28]. Chen, et al. developed a viscosity-
sensitive near-infrared mitochondria ϐluorescent probe 
(NIR-V, Figure 4A) that can be used to image a diabetic mouse 
model [29]. Fang, et al. developed a dual-channel ϐluorescent 
probe for in-situ imaging mitochondrial H2S/viscosity (pre-
MITO, Figure 4A), which can distinguish mitochondrial H2S/ 

viscosity in the brain of a drosophila model of Parkinson’s 
disease, and it exhibits low H2S and high viscosity compared 
with normal ϐlies [30]. Dai, et al. developed a viscosity-
sensitive near-infrared ϐluorescent probe (NI-VD, Figure 
4A) that can observe viscosity changes in mitochondria in 
cells and organisms. Importantly, it can distinguish normal 
kidneys from diabetic kidneys by detecting changes in cell 
viscosity [31]. Zhang, et al. developed a viscosity-responsive 
probe that can distinguish normal and cirrhotic mouse liver 
tissues (Figure 4B) [32]. The probe has weak ϐluorescence 
in normal liver tissues and strong ϐluorescence intensity in 
cirrhotic tissues, thus it was applied to distinguish between 
normal and cirrhotic mouse tissues. The probes have high 
permeability to tissues, and they can visualize the viscosity 
changes in mitochondria. However, these probes are not able 
to qualify the viscosity of mitochondria in tissues. Moreover, 
due to the relatively complex environment in tissues, there are 
few studies on this kind of probe, and we hope to make further 
progress on this kind of probe.

Conclusion 
Observing mitochondrial viscosity in cells and tissues 

is of great interest to physiologists and pathologists, and 
the research in this area has also attracted the interest of 
experts in the ϐield of ϐluorescent probes. Currently, viscosity-
sensitive ϐluorescent probes have good targeting ability to 
mitochondria, high ϐluorescence intensity, and quantum 
yield, and they can observe the changes of viscosity in cells 
and tissues. Although the current mitochondrial-sensitive 
ϐluorescent probe can quantify the viscosity in solvents, it 
still cannot achieve the quantitative detection of viscosity in 
cells and tissues, and the related research is still in progress. 
In addition, this paper will help readers understand the 

Figure 3: A. Several fl uorescent probe structures can identify mitochondrial 
viscosity and ions in living cells. B. Recognition mechanism of probe MitO-VS.

Figure 4: A. Several fl uorescent probe structures for measuring mitochondrial 
viscosity in tissues. B. Tissue image of the probe.
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relationship between mitochondrial viscosity and health/
disease, and we look forward to achieving exciting progress 
through the collaboration of experts from all ϐields. Therefore, 
we hope that this paper can promote the research progression 
of diseases related to mitochondrial viscosity.
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