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The synthesis and application of a colour-switch 
β-arylethenesulfonyl fluoride fluorescent probe in 
the detection of serum albumin 
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ABSTRACT 

Proteins play a pivotal role in regulating important physiological processes and serve as important 
biomarkers for many diseases. Herein, we present a new strategy for bovine serum albumin 
(BSA) detection using a novel colour-switch fluorescent probe CPV-ESF ((E)-2-(4-((Z)-1-cyano-2- 
(4-(diethylamino)phenyl)vinyl)phenyl)ethene-1-sulfonyl fluoride). CPV-ESF reacts with nucleo-
philic amino acids of BSA via 1,4-Michael addition click chemistry to create a covalently linked 
CPV-ESF:BSA complex, which can be easily detected by a fluorescence colour-switch response. 
The sensing mechanism, sensitivity and selectivity of CPV-ESF for BSA detection as well as its 
application for cell imaging have been investigated.  

Keywords: 1,4-Michael addition chemistry, aggregation-induced emission, BSA, click chemistry, 
fluorescence probe, protein detection. 

Protein detection is of fundamental importance in biological research and medical 
diagnosis.[1] Of all the proteins, serum albumin is the most abundant in blood plasma 
(55–60%) and has many physiological functions such as functioning as a transporter for 
carrying, distributing and delivering different exogenous or endogenous ions, fatty acids 
and small molecules, such as pharmaceuticals, in the body.[2] Many diseases alter the 
distribution of albumin between the intravascular and extravascular compartments; 
therefore, detecting human serum albumin (HSA) levels in biological fluids is of clinical 
importance for the diagnosis of many diseases, such as cancer, diabetes, liver disease, 
inflammation, rheumatic disease and cardiovascular diseases. For example, urinary 
albumin is deemed an important clinical indicator of chronic kidney disease (CKD).[3,4] 

Bovine serum albumin (BSA) is composed of 583 amino acid residues and its secondary 
structure is the most analogous to HSA as they share 76% amino acid sequence homol-
ogy, and it has therefore been widely investigated as a substitute for HSA in different 
fields owing to its availability and lower cost.[5,6] Furthermore, owing to its stability and 
non-interference, BSA has been used in biochemical applications as a protein concentra-
tion standard, enzyme stabilizer, and in ion and protease detection, etc.[7] Owing to 
its wide range of applications, the determination of BSA concentration has received 
considerable research interest. Conventional approaches for the detection of BSA include 
radioimmunoassay and enzyme-linked immunosorbent assay.[8,9] However, these meth-
ods involve expensive reagents and complex preparation, limiting the application of 
these techniques. Therefore, there is a high demand for rapid, simple, convenient 
methodologies for protein detection in biological samples. 

Fluorescence is an indispensable technique for visualizing proteins, tracking physio-
logical and pathological processes and diagnosing diseases in complex biological 
systems.[10] Small molecule ‘switchable’ fluorescent probes, which induce changes in 
the fluorescence properties (intensity and/or wavelength) upon interaction with the 
target analyte, are particularly useful for this purpose because they allow simple and 
rapid detection.[11–13] The most prevalent probes for the detection of proteins are 
fluorogenic substrates that allow the monitoring of hydrolases,[14,15] such as glycosidases 
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and proteases, by either turn-on fluorescence or fluorescence 
resonance energy transfer (FRET).[16] However, the design of 
fluorescence probes for non-enzymatic proteins remains more 
challenging and they often rely on non-covalent interactions 
that can be affected by reaction medium, ionic strength, 
surface morphology and protein foldedness, thus having a 
low reliability.[17,18] Recently, peptide-based molecular bea-
cons have been reported for proteins that bind specific short 
peptide sequences.[19] However, the limitation of the beacon 
system is that it can only be applied to polypeptide-binding 
protein receptors. Additionally, many small molecule fluores-
cent probes suffer from the aggregation-caused quenching 
(ACQ) effect.[20] The fluorescence intensity decreases dramat-
ically when the fluorescent molecules are used at high con-
centration or in the solid state. For example, even a dilute 
solution (10 µM) of N,N-dicyclohexyl-1,7-dibromo-3,4,9,10- 
perylenetetracarboxylic diimide (DDPD) in THF is highly 
luminescent but its emission weakens when water is added 
to the THF, owing to the immiscibility of DDPD with water, 
which increases the local luminophore concentration and 
causes the DDPD molecules to aggregate, leading to an 
ACQ effect.[21] Like DDPD, pyrene is also an ACQ lumino-
phore. In the low concentration region (c < 0.1 µM), it is 
highly emissive at 390 nm. However, when its concentration 
is increased to 0.1 mM, its emission becomes weaker and 
further increasing the concentration leads to a corresponding 
decrease in its emission intensity until, at the concentration 
of 0.1 M, the peak at 390 nm disappears owing to the 
concentration-quenching effect.[21] 

While the ACQ effect can be beneficial,[22] it can also 
compromise the performance and application of organic 
dyes as biosensors in many scenarios, as the biosensors 
can only be used in dilute solutions, which limits the sensi-
tivity and signal-to-background ratio.[23,24] The use of ACQ 
dyes in imaging processes is also limited as they are used in 
very dilute solutions and such small numbers of dye mole-
cules can be quickly photobleached when a harsh laser beam 
is used as the excitation light source. The photostability 
cannot be improved by using higher fluorophore concentra-
tion owing to the accompanying concentration-quenching 
effect.[25] Furthermore, the ACQ effect is often favourable 
for developing fluorescent turn-off biosensors, rather than 
their turn-on counterparts; fluorescent turn-on sensors 
have many advantages compared with fluorescent turn-off 
sensors, such as a lower detection limit, higher signal-to- 
background ratio and higher sensitivity.[26] The development 
of aggregation-induced emission luminogens (AIEgens) has 
provided an excellent class of fluorescent scaffolds for protein 
detection. The concept of aggregation-induced emission (AIE) 
refers to a unique phenomenon where some fluorogens are 
non-emissive or weakly emissive in dilute solutions but 
become highly luminescent when the molecules are aggre-
gated in concentrated solutions. The emergence of luminogens 
with AIE characteristics addresses the deficiencies of ACQ 
fluorophores.[21] 

β-Arylethenesulfonyl fluorides have excellent biocom-
patibility as clickable functionalities and have been widely 
applied across several diverse areas of chemistry.[27,28] 

However, despite their versatile reactivity and potential, the 
use of β-arylethenesulfonyl fluorides in fluorescence technol-
ogies remains underexploited. Recently, we reported the 
first β-arylethenesulfonyl fluoride fluorogenic probe, which 
was successfully applied for the detection of trypsin.[29] 

Herein, we demonstrate the potential of a new colour-switch 
β-arylethenesulfonyl fluoride fluorescent probe (E)-2-(4-((Z)- 
1-cyano-2-(4-(diethylamino)phenyl)vinyl)phenyl)ethene-1- 
sulfonyl fluoride (CPV-ESF) with AIE properties that could 
be widely used for the detection of proteins. In contrast to 
our previous β-arylethenesulfonyl fluoride probe, which 
was non-fluorescent when molecularly dissolved in aqueous 
solution, CPV-ESF remains strongly emissive and therefore 
is able to function as a colour-switch fluorescent probe. 
Equipped with a highly electrophilic vinyl sulfonyl fluoride 
moiety, CPV-ESF can conjugate to proteins such as BSA via 
a 1,4-Michael addition reaction with nucleophilic amino 
acid side chains (cysteine and lysine), leading to a change 
in π-conjugation, which can be easily detected by UV-vis or 
fluorescence spectroscopy (Fig. 1).[30] 

CPV-ESF was synthesized in a simple two-step procedure 
(Supplementary Scheme S1) and was characterized by 1H,  
13C and 19F NMR spectroscopy and high-resolution mass 
spectrometry. The synthesis began with a Knoevenagel con-
densation between 4-(diethylamino)benzaldehyde and 2-(4- 
iodophenyl)acetonitrile to give the donor–acceptor (D–A) 
core,[31] followed by a palladium-catalyzed fluorosulfonyl-
vinylation to introduce the vinyl sulfonyl fluoride function-
ality ready for covalent bond formation. CPV-ESF displays 
strong fluorescence on aggregation or in the solid state, 
features characteristic of typical AIE active molecules, 
inspiring us to investigate the AIE properties further. CPV- 
ESF possesses an absorption and an emission maximum at 
455 and 625 nm respectively in DMSO solution, with a large 
Stoke shift of 170 nm observed (Fig. 2a). We then used 
mixed solvent systems (DMSO/toluene (Fig. 2b), DMSO/ 
H2O (Fig. 2c), DMSO/CHCl3 (Supplementary Fig. S1)) to 
evaluate the AIE properties of CPV-ESF. Fluorescence spectra 
of CPV-ESF in DMSO with increasing content of water, a 
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Fig. 1. Design rationale of CPV-ESF and the mechanism of conju-
gation of BSA.   
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poor solvent for CPV-ESF, are shown in Fig. 2c, d. At a low 
water fraction, affected by the electron donor–acceptor (D-A) 
structure, the emission of CPV-ESF became suppressed in 
polar solvent owing to the twisted intramolecular charge 
transfer (TICT) effect.[32] However, at higher water fractions, 
fluorescence intensity enhancement was observed, demon-
strating the AIE nature of the molecule. Meanwhile, when 
toluene was used as the poor solvent with DMSO, an increase 
in fluorescence intensity was observed up to 60%. However, 
increasing the content of toluene beyond this, the fluores-
cence emission of CPV-ESF decreased with a blue shift, 
which we attribute to the low polarity of toluene and the 
poor solubility of CPV-ESF in toluene resulting in its precipi-
tation (Fig. 2b). As shown in Supplementary Fig. S1, when 
CHCl3 was used as a poor solvent, no significant fluorescence 
intensity change was observed with increasing CHCl3 frac-
tion until 90% CHCl3, where a decrease in fluorescence 
emission intensity was seen again, with a blue shift possibly 
due to the poor solubility in CPV-ESF. The observed spectral 
shift in CPV-ESF when solvents of varying polarity were used 
led us to investigate the solvatochromic nature of CPV-ESF. 
As shown in Fig. 2e, only a minimal change in spectral shift 
of CPV-ESF was observed in polar solvents such as phosphate 
buffer saline (PBS) buffer, DMSO and acetonitrile. However, 
for less polar solvents, the emission spectra displayed a blue 
shift with decreasing solvent polarity. Overall, the emission 
peak shifted from 520 nm in non-polar toluene to 632 nm in 
PBS solution. When comparing the emission maximum and 
the logarithm of the dielectric constant of the solvents, we 
found a large change in the CPV-ESF emission maximum in 
less polar solvents (toluene, CHCl3, THF) relative to polar 
solvents (acetone, MeCN, DMSO, PBS buffer) (Fig. 2f). 

Following the photophysical characterization of CPV- 
ESF, we investigated the ability of CPV-ESF to detect BSA. 
In our initial test, we incubated BSA (10 μM) with CPV-ESF 
(100 μM) at 37°C in NaHCO3 buffer for 1 h. As shown in 
Supplementary Fig. S2, a blue-shifted spectral profile was 
observed in comparison with CPV-ESF itself. The spectral 
differences of CPV-ESF following incubation with BSA can 
be rationalized by the extension of the π-conjugate of the 
vinyl group and the contribution of the electron- 
withdrawing sulfonyl fluoride of CPV-ESF, which was 
removed following conjugation to BSA; thus, a hypsochro-
mic shift was observed, enabling the detection of BSA. We 
initially performed the experiments in NaHCO3 buffer at pH 
9 assuming a basic environment was needed to facilitate the 

1,4-Michael addition reaction; however, conjugation between 
CPV-ESF and BSA worked similarly well at pH 7 in PBS buffer 
(Supplementary Fig. S2). Next, we performed a fluorescence 
titration experiment to further investigate the effect of BSA on 
its fluorescence intensity. As indicated in Fig. 3a, the fluores-
cence intensity of CPV-ESF (100 µM) originally peaked at 
620 nm and then shifted to 530 nm in the presence of BSA. 
Intriguingly, the fluorescence intensity ratio at 530 and 
620 nm (I530/I620) increased with increasing BSA concentra-
tion in an inversely exponential manner (Fig. 3b). At lower 
BSA concentration (up to 2.0 μM), a linear relationship 
between I530/I620 and the BSA concentration was found, 
from which we obtained the limit of detection (LOD) with 
the equation LOD = 3σ/K, where σ, the standard deviation, 
denotes the standard deviation for three blank readings and 
K is the slope of the fitted line. The LOD of the CPV-ESF for 
BSA was calculated to be 0.11 μM (or 7.26 mg/L), which 
would be suitable for applications like urinary albumin detec-
tion. The specificity of CPV-ESF for BSA detection was also 
examined using a selection of proteins and common biomole-
cules, including glutathione (GSH) and cysteine, to which 
CPV-ESF could potentially bind. As shown in Fig. 3c, d, 
following incubation for 1 h, only BSA induced a clear hypso-
chromic shift in comparison with CPV-ESF and gave the 
strongest fluorescence intensity ratio at 530 and 620 nm. 

Finally, preliminary investigations into our proposed 
sensing mechanism were performed using the surrogate 
compound S1 where the double bond had already reacted, 
therefore blocking the reactive site (Fig. 3e, f). As previously 
shown, incubation of CPV-ESF with BSA results in a blue- 
shifted spectral profile that we propose is due the change in 
π-conjugation. However, in compound S1, the double bond 
recognition site has already reacted and therefore it was 
proposed that no change in fluorescence would occur. As 
shown in Fig. 3e, no change in fluorescence was observed 
following incubation of compound S1 with BSA for 1 h at 
37°C in contrast to the spectral shift observed with CPV-ESF 
and BSA. This observation is supported by density functional 
theory (DFT) calculations that showed CPV-ESF had an elec-
tron donor–acceptor type structure, with the HOMO local-
ized on the electron-donating diethylamino group and LUMO 
localized on the electron-withdrawing β-arylethenesulfonyl 
fluoride group. On reaction with the model system of mor-
pholine, we observed similar localization of the HOMO on 
the electron-donating diethylamino group, while the LUMO 
was more localized on the electron-withdrawing cyano 

Fig. 2. Photophysical characterization of CPV-ESF: (a) Normalized UV/vis absorbance of CPV-ESF (red) in DMSO and emission spectrum 
(black) in 99% H2O. (b) Fluorescence emission spectra of CPV-ESF in toluene/DMSO mixtures, with increasing fraction of toluene from 0 to 
99%. (c) Fluorescence emission spectra of CPV-ESF in DMSO/H2O mixtures, with increasing fraction of H2O from 0 to 99%. (d) Plot of 
fluorescence intensity of CPV-ESF at 620 nm in DMSO/H2O mixtures, with increasing fraction of H2O from 0 to 99%. (e) Normalized 
fluorescence spectra of CPV-ESF in solvents with different polarity. (f) Correlation of emission maximum of CPV-ESF in solvents with different 
polarity vs dielectric constant (ɛ) of solvent in logarithm; 50 μM dye concentration and 440 nm excitation wavelength were used for all 
measurements.    
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group. We attribute the larger energy gap observed in the 
reacted form of CPV-ESF (2.92–3.33 eV) to the loss of conju-
gation (Supplementary Fig. S3). Furthermore, in our previous 
work on β-arylethenesulfonyl fluoride fluorogenic probes, we 
demonstrated BSA covalently modified the probe using 
sodium dodecyl‐sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE); as CPV-ESF has the same recognition moiety, 
they are likely to have the same sensing mechanism. 
Cumulatively, this suggests that the sensing mechanism is a 
covalent reaction between the electrophilic double bond of 
CPV-ESF and nucleophilic residues of BSA, which offers addi-
tional advantages over previous methods. Lastly, we incu-
bated the pre-formed CPV-ESF:BSA complex (100:10 μM) 
with trypsin at 37°C for 1 h. A fluorescence turn-off effect 
was then observed (Supplementary Fig. S4), suggesting the 
digestion of BSA by the protease trypsin and highlighting the 
importance of the AIE effect in the detection process of BSA. 

We observed good uptake of CPV-ESF in cells when doing 
confocal laser scanning microscopy experiments (Fig. 4). 
CPV-ESF uptake was further validated by use of Z-stack 
image acquisition showing dye penetration in both 
cytoplasm and nucleus. These results highlight the promise 
of CPV-ESF as a chemical tag for future experiments in 
biological systems. 

In summary, we synthesized and applied the novel fluo-
rescent probe (E)-2-(4-((Z)-1-cyano-2-(4-(diethylamino) 
phenyl)vinyl)phenyl)ethene-1-sulfonyl fluoride (CPV-ESF) 
for a straightforward method for BSA detection. Compared 
with previous BSA detection methods, the CPV-ESF:BSA 
sensing system is simple to prepare and its formation is 
easily detected using UV-vis or fluorescence spectroscopy 
owing to change in π-conjugation. Furthermore, preliminary 
investigations suggest the sensing mechanism to be via a 
covalent reaction between CPV-ESF and BSA and the AIE 
characteristics of CPV-ESF, offering several advantages over 

previous methods. Collectively, this proof-of-concept study 
demonstrates the potential of CPV-ESF as a simple fluores-
cence protocol for the detection of BSA. 

Supplementary material 

Supplementary material is available online. 
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