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A novel red-emitting fluorescence probe Cys-TCF has been rationally constructed for selective determination of Cys. With the aid of
Cys-TCF, the imaging analysis of Cys in live cells and zebrafishes was achieved.

ARTICLE INFO ABSTRACT

Article history: Cysteine (Cys) plays a pivotal role in many physiological and pathological processes,

Received including detoxification and protein synthesis. The abnormal levels of Cys are linked to many

Received in revised form diseases. In this study, a novel red-emitting off-on fluorescent probe Cys-TCF was masterly

Accepted constructed for discriminative detection of Cys. After a series of experimental assessment, Cys-

Available online TCF displayed higher selectivity and sensitivity for Cys over other biothilols with a low detection
limit (0.04 umol/L). More notably, the probe was also successfully applied to image Cys in live
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Small molecule biological thiols, such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH), play vital roles in many
physiological and pathological processes [1,2]. In the past decade, a variety of strategies have been developed for detecting bithiols, such
as mass spectrometry, high-performance liquid chromatography (HPLC), capillary electrophoresis, electrochemical method and optical
assays [3-5]. Compared to the optical assays, other methods required expensive analytical instruments, and cumbersome preconditioning
procedures, and are not compatible with real-time analysis and intracellular assays. Thus, optical assays, especially the fluorescence
sensing, have attracted increasing interests in biomedical researches, and a fruitful harvest of fluorescent probe has been achieved for
biological small molecules, metal ions and enzymes [6-11]. Among the small molecule biological thiols, Cys is a fundamental sulfhydryl-
containing amino acid in signal transduction and protein synthesis. The abnormal levels of Cys are closely related to many diseases,
including edema, rheumatoid arthritis, cardiovascular diseases and liver damages [12-15]. Moreover, Cys has the similar structure and
reaction activity compare to the Hcy and GSH. Thus, developed high selective and facile sensing strategies to discriminatively detect
Cys are urgent.

So far, on the basis of different recognition mechanism and fluorescent signal groups, a series of fluorescent probes for Cys detection
have been developed [16-20]. Despite these probes have tremendous advances, many probes utilized ultraviolet or visible-light as
emissions. To the best of our knowledge, probes with short emission wavelength are not a good choice for biomedical imaging because
of the potential interference triggered by short-wavelength light emission. To overcome this drawback, the fluorescent probe utilized the
red and near-infrared emission fluorescent dyes as reported group with the merits of higher tissue penetration, low tissue photo-damage
and little background interference become desired [21-25].

In this study, we constructed a novel fluorescent probe, termed as Cys-TCF, using OH-TCF (2-(4-(4-aminostyryl)-3-cyano-5,5-
dimethylfuran-2(5H)-ylidene)malono-nitrile), a red-emitting fluorophore with many applications [26,27], as the platform and the acrylate
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group as a quencher of the fluorophore. The synthetic route of probe Cys-TCF was illustrated in Scheme S1 (Supporting information).
The structure of all compounds was fully characterized by *H NMR, **C NMR and HRMS, and their original spectra were included in
Figs. S1-S3 (Supporting information). The sulfhydryl group in Cys reacts with the electron-deficient double bond forming a thioether
intermediate, which further experiences a spontaneous intermolecular cyclization to yield the fluorophore (OH-TCF). The proposed
reaction processes were illustrated in Scheme 1.

With the Cys-TCF in hand, we explored the optical properties of Cys-TCF. Initially, the absorption spectrum of Cys-TCF was recorded,
as shown in Fig. 1A. The probe shows a maximum absorption at 400 nm. After adding of Cys (50 umol/L), the maximum absorption is
red-shifted, which indicated that the conjugation between the OH-TCF and acrylate group is broken by thiol via nucleophilic substitution.
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Scheme 1. The proposed mechanism of probe Cys-TCF to Cys.

We then investigated the fluorescence response of Cys-TCF after adding Cys, the result showed in Fig. 1B. The free Cys-TCF has a
negligible fluorescence, after adding a certain amount of Cys (50 umol/L), the fluorescent intensity of reaction mixture displays a rapid
enhancement at 607 nm and reaches a plateau after 7 min, which suggested that a fast sensing response produce. Encouraged by the
above result, the change of fluorescence intensity towards varying Cys concentrations (0—200 pumol/L) was also studied in detailed (Fig.
1C). The result displays a manner of Cys concentration dependence. The calibration curve in Fig. 1D shows linear relationship (R =
0.9961) of F/F, towards the concentration of Cys. The limit of detection was found to be 0.04 umol/L based on Cp. = 30/k, where o
represents the standard deviation of the blank measurements, and k represents the linear regression slope.
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Fig. 1. Response of Cys-TCF to Cys. (A) Time-dependent absorbance spectra of Cys-TCF towards Cys. The absorbance spectra were scanned every 1 min for
12 min. (B) Time-dependent emission spectra of Cys-TCF towards Cys. The inset shows the time-dependent changes of emission at 607 nm. (C) Dose-
dependent emission spectra of Cys-TCF towards Cys. (D) Plotting the fold of fluorescence increase (F/Fo) at 607 nm (A= 530 nm) versus the concentrations of
Cys. The inset shows F/F is linear to the concentrations of Cys in the range of 0.5-10 umol/L. Data were expressed as mean + standard deviation (SD) of three
experiment.
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Fig. 2. (A) Selective recognition of Cys by Cys-TCF. The fold of fluorescence increase at 607 nm (A = 530 nm) was determined after mixing Cys-TCF with
various analytes for 10 min in the PBS buffer, pH 7.4. The concentration of Cys was 100 umol/L and the other analytes was 1 mmol/L. (B) Kinetics of the
fluorescene change upon Cys-TCF responding to Cys, GSH and Hcy. The fold of fluorescence increase at 607 nm was determined after mixing Cys-TCF with

Cys, GSH or Hcy for 10 min in the PBS buffer, pH 7.4. Data were expressed as mean + SD of three experiments.

It is well known that the application is crucial for fluorescent probe. To verify the practical application of Cys-TCF in living system,
the fluorescence intensity change of probe towards Cys over a wide pH range (5.0-10.0) were investigated, as shown in Fig. S4
(Supporting information). The fluorescence signal increases with the increasement of pH from 5.0 to 7.4 and reaches a maximum at ~7.4
and maintained from 7.4 to 9.0. This result indicated that the Cys-TCF is suitable for detecting Cys under physiological condition. Due
to the existence of abundant Hcy and GSH in living system, we further explored the selectivity of Cys-TCF toward the Cys. As shown
in Fig. 2A, the addition of Cys (50 pmol/L) could trigger a stronger fluorescent enhancement, whereas Hcy, GSH and other amino acids



give no response to the probe at higher concentration (1 mmol/L). This result demonstrates that the Cys-TCF possess high selectivity
toward Cys and could be used to detect Cys in a complex sample. Then, the time-dependent changes of fluorescence intensity upon the
reaction of Cys-TCF with Cys, Hcy and GSH were shown in Fig. 2B. The probe has weak fluorescence, while there was obvious
fluorescent enhancement from 0~12 min and reached a plateau with the addition of Cys (50 umol/L). In contrast, the Hcy and GSH give
a slight response with Cys-TCF. Collectively, this probe could selectively recognize Cys in PBS buffer.

On the basis of previous studies [28] and above results, we hypothesized that Cys could react with the terminal acrylate group based
on the cascade addition and release of the fluorophore via an intramolecular cyclization, thus a feasible reaction mechanism was proposed
(Scheme 1). In order to verify the proposed mechanism, the reaction of Cys-TCF with Cys was further analyzed by HPLC and mass
spectrometric analyses. As shown in Fig. S5 (Supporting information), the retention times of Cys-TCF and OH-TCF are 14.06 and
7.96 min, respectively. After the reaction of Cys-TCF with Cys, we found that the signal at 14.06 min disappeared and a signal at 7.81
min appeared. The retention time of new peak is consistent with the OH-TCF. This result verified the proposed mechanism that the Cys
switched on fluorescence of the probe. Furthermore, the mass spectrometric (Fig. S6 in Supporting information) results also
support the proposed mechanism.

Fig. 3. Imaging Cys in live HelLa cells. (A) control; (B) image of the cell incubated with Cys-TCF (10 umol/L) for 30 min; (C) image of the cell treated with 1
mmol/L NEM for 30 min and subsequent treatment with Cys-TCF (10 pmol/L) for 30 min. (D) image of the cell treated with 1 mmol/L NEM for 30 min, then
treatment with Cys (200 umol/L) and subsequent treatment with Cys-TCF (10 umol/L) for 30 min. Scale bar: 25 pm.

Cytotoxicity is a crucial factor for imaging applications. Firstly, we evaluated the cytotoxicity of Cys-TCF in HelLa cells by a
conventional MTT assay as described in previous publications [29,30]. The result indicates that the probe has very low cytotoxicity to
the cells below 20 umol/L and can be used for imaging applications (Fig. S7 in Supporting information). To further demonstrate the
practical applications of Cys-TCF for biomedical imaging, we first carried out the fluorescence imaging in living cells. In the control
group (Fig. 3A), the HeLa cells display no fluorescence signal. After the addition of Cys-TCF to the cultured HeLa cells, a strong red
fluorescence signal was observed (Fig. 3B). It is worth noting that when the HeLa cell was pretreated with NEM, the thiol-blocking
reagent, and then incubated with Cys-TCF (10 umol/L) for another 30 min, the fluorescence intensity of probe was nearly unchanged.
This was attributed to the blockage of the endogenous Cys by NEM (Fig. 3C). However, the group which added 100 umol/L Cys in the
NEM-pretreated HeLa cells and then incubated the cell with Cys-TCF for 30 min showed strong red fluorescence signal (Fig. 3D). These
results indicated that the change of the fluorescence of the probe is due to its reaction with Cys. One of the outstanding advantages of
red-emitting fluorescent probes is that they have low background signal in biological systems. We then applied the probe to image Cys
in living zebrafishes. As shown in Fig. 4, the control fishes display nearly no fluorescence (Fig. 4A), while 3-day-old zebrafishes were
exposed to Cys-TCF and showed strong red fluorescence (Fig. 4B). Moreover, a thiol-blocking experiment was performed to further
investigate whether the fluorescence change of probe in zebrafishes results from Cys. Similarly, the slight fluorescence were observed
in Fig. 4C, while Fig. 4D showed strong red fluorescence. The above results demonstrated that Cys-TCF is capable of monitoring the
endogenous Cys in vivo.

Fig. 4. Confocal images of Cys in zebrafishes. (A) control; (B) image of the zebrafishes incubated with Cys-TCF (10 umol/L) for 30 min; (C) image of the
zebrafishes treated with 1 mmol/L NEM for 30 min and subsequent treatment with Cys-TCF (10 umol/L) for 30 min. (D) image of the zebrafishes treated with 1
mmol/L NEM for 30 min, then treatment with Cys (200 umol/L) and subsequent treatment with Cys-TCF (10 umol/L) for 30 min. The top panel is bright-field,
the middle panel is fluorescence images from sample, and the bottom panel is merged images.

Comparisons of the proposed probe Cys-TCF with several other acrylate-functionalized fluorescent probes were summarized in Table
S1 (Supporting information). These probes provide valuable tools for study of Cys [31-36]. However, some of the probes need UV
excitation, which limits their biological applications [33,37,38]. Red or near-infrared (NIR) emission provides the advantages of higher
tissue penetration, low tissue photo-damage and negligible background interference. Nevertheless, some of the red/NIR fluorescent
probes suffer from long response time, or small Stokes shift [31,32,37,39], while the proposed probe Cys-TCF possesses fast response,



low detection limit and large Stokes shift. All these remarkable merits facilitate the biological applications of Cys-TCF in vitro and in
vivo, and make it a powerful tool to study the biological functions of Cys.

In summary, a novel red-emitting fluorescence probe Cys-TCF has been rationally constructed for selective determination of Cys. This
probe utilized the acrylate group as reaction site for Cys and has excellent sensitivity and selectivity from other structurally similar thiols
and amino acids, such as Hcy, GSH. Additionally, the probe exhibits low detection limit for Cys and low cytotoxicity to HeLa cells.
Furthermore, the experimental results of bioimaging in living cells and zebrafishes demonstrated that the Cys-TCF would have a
promising prospect in detection of Cys, and we hope that this probe will be of great benefit for many biomolecules and bioimaging
researchers.
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