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A B S T R A C T   

Monitoring abnormal viscosity in biological systems is important for basic research and clinical 
applications. Fluorescence imaging technology is adaptable for the visualization of tumor tissues 
due to its comprehensive features. However, fluorescence detection of intracellular viscosity in 
clinical samples remains challenging. We developed a promising near-infrared fluorescent probe, 
M556, for viscosity measurement. M556, which targets mitochondria, was successfully applied to 
monitor the mitochondrial viscosity in living cells. Furthermore, M556 was demonstrated to 
effectively discriminate tumors from normal tissues in a mouse tumor model and in clinical 
specimens from breast cancer patients, thus indicating the potential perioperative use of this 
probe by clinicians to assist with biopsy procedures.   

1. Introduction 

Breast cancer is one of the most common carcinomas worldwide, and surgery is the prominent treatment [1]. The detection of the 
tumor margin is extremely vital in breast-conserving surgery, and insufficient tumor removal may affect the local recurrence rate. Once 
the cancer becomes recurrent, the patient might need another operation and shoulder more risks in terms of physical, mental, and 
economic outcomes [2]. Rapid frozen pathologic examination after tumor resection is the main method to examine the margin of the 
tumor during an operation [3]; however, this method has some defects, such as a lower accuracy compared to the time-consuming 
routine approach [4]. Therefore, surgeons need a direct and efficient biomedical imaging tool to examine whether the tissue is 
invaded by cancer cells. 

Modern biomedical fluorescence imaging technology is an indispensable tool in clinical diagnosis and treatment evaluation, by 
which noninvasive and specialized observation of pathological and physiological events related to human diseases can be conducted in 
vivo [5–7]. In recent years, fluorescence imaging with near-infrared (NIR) wavelengths has gradually been applied by clinicians as a 
visualization technique because of its unique advantages [8–11]. 

Probes based on NIR fluorescence have many benefits [12,13]. First, NIR fluorescence imaging technology has an enhanced 
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signal-to-noise ratio and sensitivity compared to other methods [14]. Second, NIR light has deeper tissue penetration, and the depth 
can reach the millimeter level [15]. Third, due to its relatively low energy, NIR light induces less damage to biological samples than 
other wavelengths of fluorescent light [16]. As a result, the NIR region is often referred to as the “biological window” and has 
important applications in disease detection and diagnosis [17], drug development [18], and treatment evaluation [19]. 

An abnormal intracellular viscosity is related to changes of nucleic acids, proteins, and carbohydrates in cells, which affect various 
biological activities such as protein folding, enzyme catalytic reactions, and membrane fusion [20–22]. The alteration of mitochondrial 
viscosity is an essential factor and indicator of many diseases and cellular dysfunction, including malignant tumors, atherosclerosis, 
hypertension, diabetes, and Alzheimer’s disease [23–27]. Therefore, it is of great significance to detect the atypical viscosity of 
mitochondria in living cells for clinical diagnosis and treatment of diseases. Although there are many probes that can be used to 
measure mitochondrial viscosity [28–33], determining the relationship between disease and viscosity remains difficult due to the lack 
of a comprehensive understanding of human physiological processes and multiple disease states in animal models. Breast cancer is 
commonly treated surgically if sentinel lymph node metastasis is present. Therefore, surgeons need a tool that can assist in labeling 
lymph nodes and rapidly determine if they bear any tumor cells during an operation because common tracers, such as methylene blue, 
cannot resolve the specificity of tumor-invaded tissue. 

Given the above research requirements, in this study, we designed and synthesized an activatable NIR fluorescence probe, M556, in 
order to identify the aberrant intracellular viscosity that can be considered a biological marker for breast cancer cells. M556 exhibits a 
fluorescence quenching state under low-viscosity conditions. Conversely, high viscosity triggers the restriction of intramolecular 
rotation, which leads to an activated fluorescence signal. This probe not only shows good specificity and photostability in viscous 
solutions, but it also possesses excellent biocompatibility and low cytotoxicity in living cells. Most importantly, we demonstrated that 
the probe M556 could be used to specifically visualize tumor cells in both in-vitro and in-vivo models, as well as in clinical breast cancer 
samples, indicating the potential of this probe for clinical applications. 

2. Materials and methods 

2.1. Reagents, cell lines, and mice 

All chemical reagents and solvents were purchased from Titan Technologies (Shanghai, China), were of analytical reagent grade, 
and were directly utilized without further purification, unless otherwise stated. 1H NMR and 13C NMR spectra were recorded using a 
Bruker AV-400 NMR spectrometer. Fluorescence spectra were recorded on a Hitachi F-7000 fluorescence spectrofluorometer (Japan). 
Ultraviolet–visible (UV–Vis) spectra were obtained on an INESA L6S instrument (Shanghai, China). MDA-MB-231 and MCF-10A cells 
were purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China). BALB/c nude mice were obtained from 
Shanghai Model Organisms Center, Inc. (Shanghai, China). All procedures were approved by the Animal Welfare and Ethical Review 
Committee at Tongji University. 

2.2. Synthesis of M556 

Compound 1 (for the synthetic route, refer to Ref. [34]) (425 mg, 1.5 mmol), compound 2 (440 mg, 1.5 mmol), and piperidine (100 
μL) were dissolved in 10 mL of dry acetonitrile. The mixture was refluxed under a stream of N2 gas at 85 ◦C overnight. After the reaction 
was finished, the solvent was removed under reduced pressure to harvest the crude product, which was further purified by silica gel 
column chromatography with dichloromethane (DCM)/methanol (40/1, v/v) as the eluent to afford the target product as a green 
powder (325 mg, 39%). 1H NMR (400 MHz, DMSO‑d6) δ 8.26–8.06 (m, 2H), 7.88 (d, J = 8.4 Hz, 1H), 7.64 (t, J = 7.3 Hz, 1H), 7.51 (t, J 
= 7.6 Hz, 1H), 7.31 (d, J = 7.5 Hz, 2H), 6.79–6.55 (m, 3H), 3.99 (s, 3H), 3.46 (q, J = 6.9 Hz, 4H), 2.61 (dt, J = 11.3, 5.1 Hz, 4H), 
1.86–1.66 (m, 2H), 1.15 (t, J = 6.9 Hz, 6H). 13C NMR (151 MHz, DMSO) δ 167.57, 159.36, 154.88, 150.58, 141.88, 140.67, 133.69, 
128.70, 128.28, 126.12, 125.77, 123.13, 122.56, 114.57, 111.63, 111.24, 110.29, 102.10, 95.92, 54.76, 43.93, 34.27, 28.15, 24.34, 
20.12, 12.40. HRMS (ESI) calcd for C27H29N2OS [M − I]+: 429.1996, found: 429.1986. 

2.3. Spectrophotometric experiments 

M556 was dissolved in dimethyl sulfoxide (DMSO) to prepare a 1 mM stock solution, which was stored at − 4 ◦C. The probe was 
added to a 2-mL solution consisting of ethanol and glycerol at various ratios. The mixture was sonicated for 5 min and placed at 25 ◦C 
for 30 min to eliminate bubbles. The final working concentration of M556 was 10 μM. The UV–Vis absorption spectrum and fluo-
rescence spectrum measurements were carried out in the ethanol-glycerol system. An increase in viscosity can be caused by changing 
the percentage of glycerol in an ethanol-glycerol solution (from 100% ethanol to 100% glycerol). The maximum absorption wave-
length of the probe (720 nm) was set as the excitation wavelength for the fluorescence spectrum measurement. A series of potential 
interference species, including cysteine, homocysteine, glutathione, NaClO, H2O2, bovine serum albumin, NaHSO3, and NaCl in ul-
trapure water, were prepared to test the selectivity of the probe. To study the effects of various solvents on the emission spectra of the 
probes, stock solutions of probes were diluted in 2 mL of H2O, phosphate-buffered saline (PBS), methanol, DCM, DMSO, CH3CN, 
tetrahydrofuran (THF), ethanol, and glycerol, respectively. 
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2.4. Cell culture and cytotoxicity assay 

The cytotoxicity of M556 was examined in MDA-MB-231 cells by a cell counting kit-8 (CCK8) assay. Cells were seeded in a 96-well 
plate with approximately 5000 cells per well and incubated at 37 ◦C in a humidified atmosphere containing 5% CO2 for 24 h. M556 was 
dissolved in DMSO and added to cells to afford different final concentrations (0 μM, 1 μM, 5 μM, 10 μM, 20 μM, and 30 μM) and then 
incubated for 24 h. After that, 10 μL of CCK8 reagent was added to each well, and the plate was incubated for another 40 min. The 
absorbance of each sample was measured at 450 nm in a plate reader. The cell viability was determined by a standard CCK8 assay. 

2.5. Colocalization experiments of M556 in living cells 

The cells were incubated with 2 μM M556 for 30 min, followed by 1 μM Mito-Tracker Green FM, and then 1 × Hoechst 33342 for 
another 15 min, in sequence. After that, the cells were washed three times with PBS and then imaged. The fluorescence signals of 
Hoechst 33342 were collected at 430–480 nm with an excitation at 405 nm. The fluorescence signals of the probe M556 were collected 
at 740–800 nm with an excitation at 720 nm. The fluorescence signals of Mito-Tracker Green FM were collected at 500–550 nm with an 
excitation at 488 nm. 

2.6. Fluorescence imaging in living cells 

MDA-MB-231 and MCF-10A cells were incubated with the probe M556 (2 μM) (containing 0.1% DMSO as a cosolvent) for 30 min. 
Next, the cells were washed three times with PBS, and then 1 mL of PBS was added to observe the fluorescence signal under a confocal 
microscope. Hoechst 33342 was added to the cells after the probe, and the cells were incubated for 15 min to stain the cell nuclei. 

2.7. Establishment and fluorescence imaging of a tumor-bearing mouse model 

Six-week-old female BALB/c nude mice were purchased from Shanghai Model Organisms Center, Inc. The experiments were 
approved by the Animal Ethical Experimentation Committee of Tongji University School of Medicine, Shanghai, PR China. The mice 
were inoculated with MDA-MB-231 cells, and tumors were obtained after 14 days. The tumor-bearing mice and normal mice were 
simultaneously utilized for in-vivo imaging. The mice were anesthetized, and then M556 (10 μM, 100 μL) was injected into the leg 
muscle position of the normal mice and tumor-grafted mice hypodermically. Next, the organs (heart, liver, spleen, lung, and kidney) 
and tumors were isolated from the mice. After washing with PBS (pH 7.4) three times, these isolated organs and tumors were stained 
with M556 (10 μM). All of the images were taken by an in-vivo imaging system. 

2.8. Fluorescence imaging of clinical samples 

After the clinical specimens were obtained, they were cut to the same size and immediately incubated with M556 solution (10 μM) 
for 20 min, and then they were washed with PBS three times. Next, fluorescence imaging was performed using an in-vivo imaging 
system. Afterwards, the clinical samples were fixed with 4% paraformaldehyde solution, embedded in paraffin, sliced, and stained with 
hematoxylin-eosin, followed by microscopic observation and imaging. The study was approved by the Ethics Committee of the East 
Hospital, Shanghai, PR China. 

3. Results and discussion 

3.1. Synthesis and characterization of M556 

Twisting intramolecular charge transfer (TICT) is a classical strategy for designing fluorescent probes to monitor viscosity. It is a 
relatively common phenomenon in molecules that consist of an electron donor and acceptor pair linked by a single bond. The 
mechanism of TICT is to connect the electron donor and the electron acceptor through conjugated bonds, forming a push-pull electron- 
conjugated system. However, the twist of TICT will cause the change of the energy level difference between the ground state and the 
excited state, and the energy level difference is related to the rotation angle of the donor and the acceptor. A TICT-based fluorophore is 
an ideal sensor for detecting features in a microenvironment such as viscosity [35,36]. 

As shown in Fig. 1, the fluorescent probe M556 was synthesized from two compounds: Compound 1 is a fluorophore containing a 
diethylamino group as a strong electron donor and a rigid three-ring conjugated system to strengthen the π system, and compound 2 
(N-methyl-2-methyl benzothiazole salt cation) has an electron-accepting group that can target mitochondria. Due to its excitation and 
emission wavelengths in the NIR region, M556 can successfully sense the viscosity in tumor tissue and be utilized for the imaging of 
living systems. The chemical structure of M556 was characterized by 1H NMR, 13C NMR, and high-resolution mass spectrometry 
(Figures S1–S2 and S4). 

3.2. Fluorescence spectral analyses of M556 

Glycerol was used as a viscous medium, while ethanol was used as a nonviscous medium. Solutions of the probe (10 mM) under 
different viscosity conditions were prepared with ethanol/glycerol mixtures as the solvent. The fluorescence spectra were measured 
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with an excitation wavelength of 720 nm and a slit of 2 nm. 
The effect of viscosity changes on the fluorescence absorption spectra of the probe M556 was studied (Fig. 2). In glycerol, the probe 

exhibited a weak absorption peak at 720 nm. In contrast, a stronger absorption peak at 720 nm appeared in ethanol (Fig. 2a). By 
changing the ratio of glycerol to ethanol, a series of mixtures with different viscosities was obtained and then used as testing media to 
examine the fluorescence spectra of the probe. M556 displayed a weak emission when excited in ethanol (Fig. 2b). With the increase of 
the v/v ratio of glycerol to ethanol and the corresponding viscosity, the fluorescence intensity of M556 at the emission wavelength was 
significantly enhanced. A good linear relationship existed between the fluorescence intensity (lg I) and viscosity value (lg η) via the 
Förster–Hoffmann theory fitting, affording R2 = 0.99 (Fig. 2c). Besides, the Stokes shift was determined as 60 nm (λex = 720 nm and 
λem = 780 nm), which can be a benefit for avoiding the interference of laser signals. In addition, M556 displayed a stable fluorescent 
signal at 780 nm in 50% glycerol media, which remained almost unchanged over 3600 s (Fig. 2d), suggesting that the probe M556 has 
good photostability. 

Next, the fluorescence spectral profiles of M556 in solvents of various polarities were investigated to assess whether polarity in-
fluences the fluorescence of the probe. As shown in Fig. 2e and f, the probe exhibited a strong fluorescence emission in glycerol; in 
contrast, it showed a much weaker fluorescence in other solvents. This indicates that the probe only responds to viscosity but not 
polarity, suggesting that the probe could be used to detect viscosity changes in complex microenvironments. These fluorescence 

Fig. 2. Fluorescence spectral analyses of M556. UV–Vis absorption of M556 was investigated in ethanol and glycerol, respectively. a) Absorption 
spectra of the probe M556 (10 μM) in ethanol (red line); b) Fluorescence spectra of M556 (10 μM) in mixed solutions with different ratios of ethanol: 
glycerol; c) The linearity of lg I (fluorescence intensity) versus lg η (viscosity) of M556 (10 μM) in ethanol-glycerol solution (λex = 720 nm, R2 =

0.99); d) Time-dependent fluorescence intensity of M556 (10 μM) in 50% glycerol (T = 3600 s); e) Fluorescence emission of the probe M556 in 
various solvents with different polarities, including H2O, PBS, methanol, DCM, DMSO, CH3CN, THF, ethanol, and glycerol (λex = 720 nm, λem =
780 nm). P < 0.05 (glycerol vs. other solvents); f) Fluorescence emission of the probe M556 in various solvents with different polarities, including 
NaCl, CaCl, MgCl, Na2SO3, NaClO, GSH, H2O2, NaNO3, ZnCl2, and glycerol (λex = 720 nm, λem = 780 nm). P < 0.05 (glycerol vs. other solvents). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 1. Synthetic route of M556. The fluorescent probe M556 was synthesized from a fluorophore containing a diethylamino group and a rigid 
three-ring conjugated system, and N-methyl-2-methyl benzothiazole salt cation. The chemical structure of M556 was characterized by 1H NMR, 13C 
NMR and high-resolution mass spectrometry (Figures S1-S2 and S4). 
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properties demonstrate that M556 is an excellent fluorescent probe for identifying viscosity. 

3.3. Application of M556 fluorescence imaging in living cells 

Before being applied to living cells, the biological toxicity of M556 was evaluated by CCK8 assays using MDA-MB-231 cells. MDA- 
MB-231 cells showed more than 80% cell viability at a probe concentration of up to 30 μM and an incubation time as long as 24 h 
(Fig. S3), suggesting that M556 has a low cytotoxicity under the tested concentrations. Therefore, the probe is biologically safe for 
subsequent experiments in living cells with a working concentration of 5 μM. 

It is generally believed that organic small-molecule probes with positive charges can localize to the mitochondria of living cells. To 
confirm the subcellular localization of the probe M556, a commercially available fluorescent dye that specifically targets mitochondria 
(Mito-Tracker Green FM) was employed for this colocalization study. A fluorescence confocal microscope was used to observe cells 
treated with a mitochondrial marker and M556 (5 μM) together. We noticed that the fluorescent image of M556-labeled mitochondria 
in the red channel was well overlaid with the image obtained by the Mito-Tracker Green channel (Fig. 3), affording a colocalization 
coefficient (Pearson’s correlation) of 0.92. This result demonstrated that the probe M556 was mainly confined within the mitochondria 
of living cells. 

Next, the fluorescence characteristics of M556 in cancer and normal cells were investigated. MDA-MB-231 cells (cancer cells) and 
MCF-10A cells (normal cells) were incubated with the probe M556, and confocal fluorescence images were taken under the same 
imaging conditions. The fluorescence intensity of MDA-MB-231 cells was significantly stronger than that of MCF-10A cells (Fig. 3f). 
This observation that the viscosity of mitochondria in cancer cells is greater than that in noncancer cells is consistent with the literature 
[37–40], indicating that the probe M556 can distinguish cancer cells from noncancer cells via different fluorescence intensities. 

3.4. Application of M556 to in-vivo fluorescence imaging 

We further applied M556 to visualize the abnormal viscosity in a tumor-bearing mouse model. Weak fluorescence was detected in 
healthy mice; meanwhile, the tumor-bearing mice showed an enhanced fluorescence emission (Fig. 4a), implying that the probe M556 
could be used to reveal viscosity variation in vivo. Subsequently, the difference in viscosity between normal organs and tumors was also 
inspected with the probe M556. Weak fluorescence was observed in healthy organs, including the heart, liver, spleen, lung, and kidney, 

Fig. 3. Subcellular localization of M556 in living cells and measurement of intracellular viscosity with M556. a) Hoechst 33342 (1 × , λex =
405 nm, λem = 430–480 nm) for nuclear staining; b) M556 (5 μM, λex = 720 nm, λem = 740− 800 nm); c) Mito-tracker Green (1 μM, λex = 488 nm, 
λem = 500− 550 nm); d) Overlay of (b) and (c) in a bright field. Scale bar = 25 μm; e) The horizonal axis represents M556 and the vertical axis 
represents Mito-tracker Green. The Pearson’s correlation factor was 0.92. f) MDA-MB-231 cells (cancer cells) and MCF-10A cells (normal cells) were 
treated with M556 (5 μM) for 30 min for fluorescence imaging. The blue channel was the fluorescence signal of the Hoechst 33342 dye, and the red 
channel was the fluorescence signal of M556. Scale bar = 25 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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in contrast to the much more significant fluorescence captured in tumor tissue (Fig. 4b). This finding demonstrates that the viscosity 
level in a tumor is greater than that in normal organs and that M556 is able to detect viscosity changes in vivo. 

3.5. Application of M556 in clinical samples 

The main purpose of this study was to explore whether the probe M556 can recognize tumor cells in clinical breast cancer samples. 
Therefore, we obtained two freshly resected tissue samples from breast cancer patients in whom the existence of any tumor was 
unknown. After the two samples were incubated with M556 for 10 min, fluorescence imaging was immediately performed. These two 
unknown samples could be distinguished from each other according to the evident difference in fluorescence intensity (Fig. 5a). Af-
terwards, the sample tissues were fixed with 10% paraformaldehyde and made into paraffin sections, followed by hematoxylin-eosin 
staining and imaging (Fig. 5b). By comparing the hematoxylin-eosin staining results with the fluorescence imaging results, we 
confirmed that M556 has the potential in identifying tumors. However, the probe fluorescence intensity from cancer specimen was not 
uniformly observed, as cancer samples, which contain both normal tissue and tumor tissue with cells in different stages, were not 
uniform as well. In general, this finding indicates that the probe M556 can effectively distinguish breast tumor tissues from normal 
tissues in clinical samples and has the potential to assist in clinical surgery. 

Today, the era of fluorescence-guided tumor surgery has arrived, and its emergence can aid in the early diagnosis of cancer. Both 
amputation and surgical operations would benefit from the guidance of accurate tumor resection [5]. With further in-depth studies of 
targeted activated fluorescent molecular probes, newer and ultrasensitive molecules will be developed and utilized. Activated NIR 
probes can promote the application of NIR imaging in biomedicine, which is of great importance on the road to precision medicine. 
Noninvasive NIR image-guided surgery has brought benefits for the treatment of solid tumors, but in-vivo imaging penetration is still 

Fig. 4. Fluorescence imaging of M556 in vivo. a) A control mouse (on the left) and a tumor-bearing mouse (on the right) inoculated with MDA- 
MB-231 cells for 14 days were intramuscularly injected with 100 μL of 10 μM M556 and imaged. b) The organs and tumor tissues of the mice were 
freshly dissected and stained by M556 for imaging. 

Fig. 5. Fluorescence imaging of M556-treated clinical breast cancer samples. a) Fresh resected tissue samples from a breast cancer patient (left 
panel), and the fluorescent scanning of these samples after M556 (10 μM) staining for 20 min (right panel). b) Hematoxylin-eosin staining of the 
paraffin sections (100 × ) from the M556-treated samples shown in a). 
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limited. Nevertheless, in clinical practice, magnetic resonance imaging and positron emission computed tomography can penetrate 
deep beneath the skin to identify tumors throughout the body. Therefore, organic integration of NIR fluorescence imaging and other 
imaging methods can provide better results, finally establishing a multidimensional accurate tumor detection method in order to 
improve current surgical procedures and the prognosis of cancer patients. 

4. Conclusion 

We designed and synthesized an activatable molecular probe, M556, which exhibits excellent sensitivity, selectivity, and 
mitochondria-targeting ability. Notably, M556 was not only successfully applied to detect and visualize viscosity changes in MDA-MB- 
231 cells, but it was also effective in a tumor-bearing mouse model and clinical specimens. The probe M556 may be used perioper-
atively by clinicians to assist with biopsy procedures in the future. 
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