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a b s t r a c t

We here present a Förster resonance energy transfer (FRET)-based and environment-sensitive fluorescent

probe VG-1 for vicinal-dithiol-containing proteins (VDPs). VG-1 uniquely contains two sites sensitive to

the protein environment (SPE), thus it shows weak fluorescence in both blue and green channels (a low

FRET efficiency) in solution. After specifically binding with VDPs, its fluorescence in the green channel

increases, while that in the blue channel disappears, achieving the specific detection of VDPs. The obvious

signal changes in fluorescence may be attributed to that the increased rigidity of the molecular skeletons

causes the enhanced FRET efficiency. The probe also achieved the cell super-resolution imaging of VDPs

and the confocal imaging of VDPs in zebrafish.

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

Medica, Chinese Academy of Medical Sciences.

Vicinal-dithiol-containing proteins (VDPs) are a class of proteins

which contain at least one pair of thiol groups close in space at

the reduced state [1,2]. The vicinal thiols in pairs exists in two

forms including the HS-CXnC-SH, the main form composed of the

juxtaposition of cysteinyl residues presented in distant segments

of the same or different peptide chains, and HS-CC-SH, the rare

form formed by cysteines proximal in sequence [2]. Normally, both

forms contribute to the redox regulation within cells [3]. However,

the overexpression of VDPs exacerbates cellular dysfunction and

thus leads to an increased risk of diseases including cancer [4],

Alzheimer’s disease [5] and stroke [6], as this type of protein tends

to react with reactive oxygen species under oxidative stress to form

excessive disulfide-bonded proteins, a peroxide product. Thus, it is

extremely necessary to develop tools for precisely detecting and

tracking VDPs in biological systems.

In the recent years, various analytical approaches to detect

VDPs have been developed, among which the fluorescence method

has drawn much attention due to its excellent sensitivity, high

temporal-spatial resolution and non-destructiveness [7–10]. As a

result, plenty of VDPs fluorescent probes have been reported, some

of which have achieved the imaging of VDPs in vivo [11,12]. Nev-

ertheless, the fluorescent molecular probes available for selection
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in biological imaging of VDPs are still limited, and the molecular

tools for the super-resolution imaging of VDPs in living cells are

even scarcer. Thus, it is urgent to develop a powerful VDPs fluo-

rescent probe which not only has excellent detection performance,

but also can be used for the in-vivo precision imaging.

Various signaling mechanisms have been applied to the con-

struction of VDPs fluorescent probes [11]. Among them, Förster

resonance energy transfer (FRET) attracted extensive attention

because the FRET-based probes showed excellent performance in-

cluding low background interference and high sensitivity [13–16].

Normally, the switch of FRET process can be controlled through

the modulation of the donor-acceptor spacing or the spectrum

overlapping degree of donor emission and acceptor absorption

[17–19]. While, the FRET efficiency of some environment-sensitive

FRET probes largely depends on the specific environment that

these molecules are in. This inspired us to design a FRET-based

and environment-sensitive fluorescent probe VG-1 for VDPs in

this paper (Scheme 1). The probe uniquely contains two sites

sensitive to the protein environment (SPE), thus it shows weak

fluorescence in both blue and green channels (a low FRET ef-

ficiency) in solution. After specifically binding with VDPs, its

fluorescence in the green channel increases, while that in the blue

channel disappears, achieving the specific detection of VDPs. The

obvious signal changes in fluorescence attributes to the increased

rigidity of molecular skeleton which leads to the improvement

of FRET efficiency. As such, VG-1 is endowed with excellent
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Scheme 1. Chemical structure of probe VG-1 with dual-sites sensitive to the protein

environment (SPE) and the proposed sensing mechanism of probe to VDPs.

optical properties and biocompatibility, achieving the cell super-

resolution imaging of VDPs and the confocal imaging of VDPs in

zebrafish.

In detail, the fluorescent structure platform adopted by VG-1

include two environment-sensitive fluorophores. One is a coumarin

moiety mounted with a rotatable dimethylamino group and the

other one is a 4-amino-7-aminosulfonylbenzo[c][1,2,5]oxadiazole

(ASBD)-based skeleton with a large dipole moment. The former

can act as the FRET donor for its outstanding emission efficiency,

while the latter becomes the FRET acceptor for its absorption

spectrum partly overlapping with emission spectrum of the don-

ner. Due to the specific recognition of arsenic(III) to vicinal dithiols

on VDPs [12,16], the cyclic dithiaarsane group installed in this

platform can serve as the reaction site of VDPs. To verify the

rationality of FRET process between the donor and the acceptor

in VG-1, control compounds including C1 derived from coumarin

and benzoxadiazole-based C2 were prepared. The structures of C1

and C2 are shown in Fig. 1A. The synthetic routes of probe VG-1

and control compounds were depicted in Scheme S1 (Supporting

information). The spectroscopic properties of control compounds

C1 and C2 were then investigated, respectively. As shown in Fig.

1B, the fluorescence spectrum of C1 clearly overlaps with the

absorption spectrum of C2, which supports the FRET mechanism

of VG-1 constructed by the hybridization of the two related

fluorophores. We also explored the environment sensitivity of

probe VG-1. As shown in Fig. S1 (Supporting information), the

fluorescence intensities of VG-1 gradually increase with decreasing

polarity or increasing viscosity, indicating that VG-1 is highly

sensitive to changes of environmental polarity and viscosity as

expected.

With the above desired data in hands, the fluorescent sensing

behavior of VG-1 towards VDPs was then investigated. Reduced

bovine serum albumin (rBSA) can serve as the in-vitro model pro-

tein of VDPs, because the reduced BSA has eight pairs of cysteines

which are close in space [16]. As shown in Fig. 2A, the probe VG-1

in aqueous solution showed negligible fluorescence in both blue

and green channels due to the presence of dual-SPE sites capable

of freely moving. After addition of rBSA, the green fluorescence

elevated progressively with increasing concentrations of rBSA, and

the fluorescence intensity of VG-1 at 540nm displayed a well

linear relationship with the concentration of rBSA between 0 and

Fig. 1. (A) Chemical structures of control compounds C1 and C2 as the fluores-

cent analogues of FRET donor and FRET acceptor in VG-1, respectively. (B) Nor-

malized absorption spectra of C2 (2.0 μmol/L) and normalized emission spectra of

C1 (2.0 μmol/L) in Tris–HCl buffer solution (Tris–HCl:DMSO=99.8:0.2, v/v, pH 7.4,

50mmol/L, EX: 410nm). (C, D) Fluorescence spectra of VG-1 (C) and C2 (D) with

(solid line) and without (dotted line) rBSA (4.0 μmol/L) in Tris–HCl buffer solution

(Tris–HCl:DMSO=99.8:0.2, v/v, pH 7.4, 50mmol/L). The green line shows the flu-

orescence spectra (C, D) with an excitation wavelength of 410nm and the black

line shows the fluorescence spectra (C, D) with an excitation wavelength of 440nm.

Slit=5nm/5nm. Fl., fluorescence.

4.0 μmol/L. The limit of detection of VDPs was 78nmol/L (Fig. 2A).

These results proved the ability of probe VG-1 to quantitatively

determine VDPs. Besides, the fluorescence quantum yields (Ф)
and molar extinction coefficients (ε) of VG-1 before and after

reaction with rBSA were calculated and summarized in Table S1

(Supporting information). In addition, the fluorescence response of

VG-1 to rBSA was further investigated using the same excitation

wavelength (440nm) as that of ASBD. As can be seen from Fig. 1C,

the fluorescence intensity showed a 3.9-fold enhancement upon

addition of rBSA, which is far less than that using the excitation

wavelength of 410nm (10.5-fold). Subsequently, the fluorescence

response of the control compound C2 toward rBSA was also

evaluated (Fig. 1D). The fluorescence intensity at 540nm showed

a 3.5-fold increasement upon addition of rBSA with an excitation

wavelength of 410nm, while it exhibited a 6.6-fold enhancement

with an excitation wavelength of 440nm. Such results support

the FRET effect from coumarin moiety to ASBD-based skeleton

in VG-1. Moreover, it is worth noting that a distinct reduction in

fluorescence intensity was observed after adding 1,2-ethanedithiol

(EDT, a known specific ligand of trivalent arsenicals [20]) into the

solution of the rBSA-VG-1 complex (Fig. 2B), evidencing the avail-

ability of the cyclic dithiaarsane group as the VDPs reaction site.

Meanwhile, the fluorescence intensity was decreased distinctly

when guanidine hydrochloride (GndHCl, a strong protein denatu-

rant [21]) was added into the solution of rBSA-VG-1 complex (Fig.

S2A in Supporting information), indicating that our probe VG-1

is extremely sensitive to protein environment. Collectively, the

fluorescence enhancement of the detection system was attributed

to the location of the environmentally sensitive probe in a space-

constrained environment upon the specifical binding of probe with

rBSA.

Subsequently, the pH-dependent and time-dependent response

of VG-1 to VDPs were further investigated. As shown in Fig. 2C,

the fluorescence intensity of VG-1 was stable at pH values rang-

ing from 3 to 9. Better still, VG-1 showed satisfactory response to

VDPs in the pH range of 6–9. The results demonstrate that probe

VG-1 can serve well as an excellent VDPs probe in physiological
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Fig. 2. (A) Fluorescence spectra of probe VG-1 (2.0 μmol/L) in Tris–HCl buffer so-

lution (Tris–HCl:DMSO=99.8:0.2, v/v, pH 7.4, 50mmol/L) upon addition of different

concentrations of rBSA (0–4.0 μmol/L). (B) Fluorescence spectra of probe VG-1 (2.0

μmol/L) with the addition of rBSA (4.0 μmol/L) in the presence (black) and absence

(green) of EDT (1.0mol/L) in Tris–HCl buffer solution (Tris–HCl:DMSO=99.8:0.2,

v/v, pH 7.4, 50mmol/L). (C) Fluorescent intensity at 540nm of VG-1 (2.0 μmol/L)

with (black) and without (green) rBSA (4.0 μmol/L) at various pH values in Tris–

HCl buffer solution (50mmol/L). (D) Selectivity and competition response of probe

VG-1 (2.0 μmol/L) to rBSA (4.0 μmol/L) against various amino acids (20 μmol/L),

reductants (20 μmol/L) and proteins (4.0 μmol/L) at Tris–HCl buffer solution (Tris–

HCl:DMSO=99.8:0.2, v/v, pH 7.4, 50mmol/L). 1. Blank, 2. Cys, 3. GSH, 4. Gly, 5. Lys,

6. Pro, 7. Val, 8. Ser, 9. Thr, 10. Arg, 11. Ascorbic acid, 12. TCEP, 13. DTT, 14. HSA, 15.

A. oryzae β-gal, 16. BSA. (E) SDS-PAGE of VDPs and non-VDPs after treated or not

treated with VG-1. “+”: the compound was existent in the testing system; “−”: the

compound was inexistent in the testing system. EX: 410nm, slit=5nm/5nm.

environment. We then investigated the reaction kinetics of VG-1

to VDPs. The fluorescence intensity of VG-1 at 540nm was negli-

gible and almost had no significant changes within 12.0 h. While,

upon adding rBSA (4.0 μmol/L) into the solution of probe VG-1, the

fluorescence enhanced drastically and reached its maximum value

in 6.0 h (Fig. S2B in Supporting information). Therefore, in order

to obtain a precise and reproducible result, 6.0 h is adopted as an

appropriate reaction time for VDPs assay.

Next, to test the selectivity of probe VG-1 to VDPs, the fluo-

rescent responses to some biologically relevant species were mea-

sured. As shown in Fig. 2D, only VDPs influenced the emission of

probe VG-1, as expected. While, almost no distinct changes in flu-

orescence were appeared when VG-1 was mixed with other inter-

fering substance. Meanwhile, the specificity of VG-1 toward VDPs

was further confirmed by sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) (Fig. 2E). There was no obvious flu-

orescent band in the lane loaded with VDPs or non-VDPs. While,

the lane loaded with both VG-1 and VDPs displayed a remark-

able fluorescence signal, and almost no fluorescence signal was ob-

served in the lane loaded with both VG-1 and non-VDP. Coomassie

Brilliant Blue staining results proved that the fluorescent band was

related to the formation of the VDPs-VG-1 complex. These results

indicated that the probe VG-1 could achieve the highly selective

detection of VDPs. To verify practical applicability of the probe, a

competition experiment of VG-1 in response to VDPs in the pres-

ence of other analytes was performed. After adding the rBSA into

the mixture solution of VG-1 and other competitive species, the ev-

ident fluorescence changes were still observed (Fig. 2D), suggesting

that VG-1 possesses good anti-interference capability for the detec-

tion of VDPs.

Next, we further explored the bio-imaging applications of VG-1

in living HepG2 and A549 cells. Before imaging, the cytotoxicity

of probe VG-1 was investigated by using a standard MTT assay.

The results showed that the toxicity of VG-1 towards these cells

was negligible even at a concentration up to 20μmol/L (Fig. S3

in Supporting information). Subsequently, we test the potential

capability of VG-1 for detecting VDPs in living cells (Fig. 3A and

B). Dithiothreitol (DTT) was used as a positive reagent to elevate

the level of endogenous VDPs [22]. It can be seen that a weak

fluorescence signal in the green channel could be observed when

these DTT-untreated cells were incubated with VG-1 for 20min.

While an obvious enhancement in the green channel was ob-

served when the cells were pre-stimulated with DTT and further

treated with VG-1 for 20min, which supports the specificity

of VG-1 to VDPs in living cells and an appropriate incubation

time of 20min. It’s worth noting that the fluorescence changes

were absolutely reversed when the cells were pretreated with

4-aminophenylarsenoxide (PAO), a known specific ligand of VDPs

[23], further confirming its targeting towards VDPs. These above

results suggest that our probe VG-1 is satisfying and reliable

whether in biocompatibility or in selectivity and can be used for

the detection of VDPs in living cells. Subsequently, the distribu-

tion of VDPs was investigated by super-resolution imaging. As

displayed in Fig. 3C, the features of mitochondria were clearly ob-

served in DTT-treated A549 cells by the super-resolution imaging.

Meanwhile, the fluorescence of probe VG-1 in the green channel

overlapped well with that of MitoTracker in the red channel. The

cell SIM images provided high-resolution visualization of VDPs

mainly distributed in mitochondria. We here wish to clarify that

our probe VG-1 has the definite ability to detect VDPs in the

whole cell and does not target mitochondria. The reason why

VDPs were mainly found in mitochondria in our SIM images is

that VDPs themselves are mainly distributed in mitochondria

[12,16,23].

Encouraged by the above results, we sought to test the abil-

ity of VG-1 in vivo by imaging VDPs in 5-day-old zebrafish. As

shown in Fig. 3D, after incubation with VG-1, zebrafish exhibited a

weak green fluorescence signal. When zebrafish were pre-treated

with DTT and further incubated with VG-1, a remarkable enhance-

ment of green fluorescence was observed. These results clearly dis-

played that probe VG-1 owns the ability to detect VDPs in ze-

brafish, demonstrating its significant potential to investigate VDPs-

associated pathological processes through in-vivo imaging.

To summarize, we have developed a FRET-based fluorescent

probe VG-1 for VDPs by using 1,3,2-dithiarsolan as the recognition

site, coumarin moiety as the FRET donor, and ASBD-based skeleton

as the FRET acceptor. Uniquely, the probe showed a low FRET ef-

ficiency in solutions due to both donor and acceptor fluorophores

highly sensitive to environment, resulting in weak fluorescence in

both blue and green channels. After specifically binding with VDPs,

the fluorescence of the probe located in the space-limited environ-

ment was increased in the green channel while disappeared in the

blue channel, achieving the FRET-based detection of VDPs. VG-1

displayed excellent sensitivity, high signal-to-noise ratio, and good

specificity toward VDPs over various biothiols and other proteins.

Importantly, the probe with low background interference has suc-

cessfully achieved the cell super-resolution imaging of VDPs and

the confocal imaging of VDPs in zebrafish.
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Fig. 3. (A, B) Confocal imaging of VDPs in HepG2 cells (A) and A549 cells (B) by using VG-1, respectively. Column 1: cells were treated with VG-1. Column 2: cells were

pretreated with DTT, subsequently incubated with VG-1. Column 3: cells were pretreated with PAO, subsequently incubated with VG-1. Column 4: average fluorescent

intensity of VG-1-stained HepG2 cells (A) and A549 cells (B). Scale bar=20μm. (C) Super-resolution images of VDPs in DTT-treated A549 cells stained by VG-1 and the

zoomed image. A549 cells were pre-stimulated with DTT, then incubated with VG-1, followed incubated with MitoTracker Deep Red. Scale bar=10μm. (D) Imaging VDPs

in zebrafishes (left) and the average fluorescence intensity (right) from parallel images including (D, left). Column 1: zebrafishes were incubated with VG-1. Column 2:

zebrafishes were incubated with DTT, subsequently incubated with VG-1. Scale bar=500μm. Data were expressed as mean ± standard deviation (S.D.), n=3. The number of

dots represents the number of samples. The significant differences (n.s., not significant. ∗P < 0.05, ∗∗P < 0.01 vs. control were analyzed with two-sided Student’s t-test.
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