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Human serum albumin (HSA) has emerged as a pivotal biomarker and prognostic indicator for various
human diseases. Real-time sensing and visual tracking of HSA in plasma or other biological systems will
immensely facilitate the basic researchers and clinicians to better understand HSA-associated biological
processes. Herein, a novel near-infrared (NIR) fluorescent probe (7-HTCF) was rationally constructed for
light-up sensing and in-situ imaging of HSA in real samples, based on the principle of twisted intramolec-
ular charge transfer (TICT). Under physiological conditions, 7-HTCF could be efficiently trapped by HSA to
form a stable complex via binding on a non-drug binding site, while the complex emitted strong fluoresce
signals around 670 nm. Further investigations demonstrated that 7-HTCF displayed a great combination of
excellent selectivity and good chemical stability, as well as rapid fluorescent response and ultra-high sen-
sitivity for HSA detection. Particularly, the newly developed light-up probe has been successfully utilized
for quantitative detection of HSA in diluted plasma samples, while its readouts are hardly affected by the
addition of therapeutic agents and herbal medicines. 7-HTCF is also successfully used for in-situ imaging
of the reabsorbed HSA in living renal cells, while this dye exhibits good cell permeability and high res-
olution for in-situ imaging in living cells. Collectively, a novel TICT-based near-infrared fluorescent probe
was devised for highly selective and ultra-sensitive sensing of HSA in plasma samples or imaging HSA
in living cells, which offered a practical tool for clinical tests and for exploring HSA-associated biological

processes.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Human serum albumin (HSA) is the most abundant protein in
serum, accounting for up to 50% of circulating proteins in healthy
individuals [1,2]. Following synthesized in hepatocytes, HSA will be
readily secreted into the portal circulation without any modifica-
tions, with a half-life of 19-21 days [3,4]. HSA plays pivotal roles
in regulating the colloid osmotic pressure and acts as a versatile
carrier for a wide range of endogenous substances and xenobiotics
[1,5]. Furthermore, HSA also has numerous other functions, such
as anti-oxidative, immunomodulatory, and neuroprotective activity
[4,6]. As a valuable biomarker, the abnormal level of albumin in
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blood or urine can reflect diverse pathological conditions, includ-
ing sepsis, hepatopathy (hepatitis or liver cirrhosis), nephropathy
(glomerular or tubules injury) and systemic inflammatory [7-9].
Moreover, HSA is widely used to treat several diseases in clini-
cal, such as hypovolemia, burns, surgical blood loss, hemodialysis,
acute liver failure [4]. Therefore, the practical tools for rapidly and
reliably detecting endogenous HSA are always desirable.

Over the past decades, several techniques including dye-binding
methods, immunochemical assays, and biomass spectrometry-
based techniques, have been applied for quantifying HSA [10-12].
Among these assays, fluorescent dyes have aroused great atten-
tion, owing to their inherent advantages including high sensitivity,
easy to use, capable for high-throughput detection and in-situ vi-
sualization or dynamic tracking of HSA (Table S1 in Supporting in-
formation) [13,14]. Currently, two major classes of HSA fluorescent
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probes including enzyme-activatable fluorescent substrates (based
on the pseudo-esterase activity of HSA) and dye-binding fluores-
cent probes (mainly based on the hydrophobic binding property of
HSA), have been reported [10,15,16]. The enzyme-activatable HSA
substrates displayed poor sensitivity even after long incubation
time, while the fluorescence signals of dye-binding HSA probes
could be easily affected by either endogenous substances or xeno-
biotics (such as drugs, herbal/food chemicals) [17]. For instance,
the detection of bromocresol green (BCG) and bromocresol pur-
ple (BCP) could be interfered by uremic toxins, as well as other
agents that bind on HSA at drug-binding sites IIA and IIIA [18,19].
Additionally, most reported dye-binding probes are restricted in
short emission wavelengths or high background signal [20]. Near-
infrared (NIR) probes can efficiently offset these shortcomings be-
cause of the improved signal-to-noise ratio and higher imaging
resolution [21-23]. Therefore, there is an urgent need for designing
and developing more practical NIR fluorescent probes with high
selectivity, improved optical features and excellent sensitivity for
sensing and imaging HSA in real samples.

Herein, on the basis of 3D structure of HSA and its excel-
lent ligand-binding capacity towards small hydrophobic molecules,
a panel of TICT fluorescent dyes (Table S2 in Supporting in-
formation) with a donor-w-acceptor (D-w-A) structure are ratio-
nally designed [17,24,25]. Coumarin is selected as a basic fluo-
rophore (electron donor), owing to its inherent advantages includ-
ing the controllable emission spectrum, significant Stokes shift,
low toxicity, and good cell membrane permeability [26,27]. A 7-
conjunction unit, which is responsible for connecting various ac-
ceptors to coumarin, enables the sensor to have unconstrained in-
tramolecular rotation [17,28]. Mechanistically, the donor and ac-
ceptor fragment are gradually twisted into a perpendicular con-
formation, resulting in the complete charge separation and facil-
itating a high TICT formation rate [28]. Usually, the TICT fluo-
rophore is non-emissive when it is in the TICT state (unbound
and free rotating state). By contrast, once the TICT-type fluo-
rescent dye is bound on the hydrophobic pocket of HSA, the
twist of D/A pair will be strongly restricted, which in turn, bring
a strong fluorescence signal [29,30]. Subsequently, these TICT-
type probes were virtually screened by molecular docking sim-
ulations, with affinity score and binding mode as criteria. Probe
1 (((E)—2-(3-cyano-4-(2-(7-hydroxy-2-oxo-2H-chromen-3-yl)vinyl)-
5,5-dimethylfuran-2(5H)-ylidene)malononitrile), 7-HTCF) exhibited
the strongest binding affinity, whose conformation distribution
and binding modes stably gathered in domain IA&B, differ from
the classical drug-binding sites (IIA and IIIA). Structurally, the ac-
ceptor moiety of 7-HTCF, TCF (2-dicyanomethylene-3-cyano-4,5,5-
trimethyl-2,5-dihydrofuran), is well suited as an electron accep-
tor to further tune the push-pull effect and intramolecular charge
transfer (ICT) characteristics, due to its superiorities of the strong
electron-withdrawing property, long emission wavelength, and
good binding-affinity towards albumin cavities [31-33]. Therefore,
the optimized probe was synthesized, characterized, and used for
further investigations (Scheme S1, Figs. S1-5S4 in Supporting infor-
mation).

Rejoicingly, 7-HTCF exhibited exceptional sensing ability to-
wards HSA (Scheme 1). Upon the addition of HSA, the absorption
peak of the probe showed to a significant red-shift from 570 nm to
630 nm, accompanied by a distinct color change (Fig. 1). Such color
change from purple to blue indicated that 7-HTCF could serve as
a “naked-eye” colorimetric indicator for HSA. Meanwhile, 7-HTCF-
HSA complex elicited an over 68.5-fold enhancement in fluores-
cence intensity around 670nm (upon excitation at 630 nm). The
fluorescence quantum yields of the probe and its complex were
0.009 and 0.189, respectively (Table S3 in Supporting informa-
tion). This mechanism, we envisaged, may be due to the hydropho-
bic cavity that limits the innate intramolecular rotation, thereby
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Scheme 1. The structure of 7-HTCF and proposed sensing mechanism towards HSA.
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Fig. 1. The changes in absorption (A) and fluorescence spectra (B) of 7-HTCF
(10 pmol/L) in the presence or absence of HSA (10 umol/L).
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Fig. 2. The fluorescence intensity of 7-HTCF (10 pmol/L) in the presence of HSA or
other tested human plasma protein under physiological conditions (pH 7.4 at 37 °C)
for 5min.

increasing the molecular coplanarity and facilitating the valence
electron transition [17]. Then, the hypothesis that restricting in-
tramolecular rotation can trigger a prominent effect was verified
by a viscosity-dependent fluorescence (Fig. S5 in Supporting infor-
mation) [29,34]. Briefly, HSA can dramatically improve and stabi-
lize the optical properties of 7-HTCF by restricting D/A twist and
immobilizing conformation [31]. The solvent effects of the probe
are consistent with a previous report that the TICT state will be
significantly stabilized in polar solvents (Fig. S6 in Supporting in-
formation) [28]. Furthermore, 7-HTCF could rapidly bind HSA to
form a stable complex with excellent photostability and thermal
stability (Figs. S7A-C in Supporting information). The complex was
extraordinarily susceptible from pH 7.0 to 9.0 while attaining the
maximum at pH 8.0 (Fig. S7D in Supporting information). It is ex-
pected to sense HSA in complex biological samples stably.
Subsequently, the specificity and anti-interference ability were
further investigated. Only HSA triggered a conspicuous fluores-
cence enhancement, while other human serum proteins, includ-
ing AAG, another high-abundance serum protein, exerted negligi-
ble changes (Fig. 2). Although BSA shared high homology and sim-
ilar structure with HSA, the fluorescence intensity of the 7-HTCF-
HSA complex was 9.5-fold higher over that of BSA. Moreover, a
diverse array of endogenous compounds, commonly therapeutic
drugs, natural products, and traditional Chinese medicine injection,
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Fig. 3. (A) Job’s plot analysis of fluorescence at 670nm against [7-HTCF]/([7-
HTCF] + [HSA]), while the total concentration was set at a constant value of 10
pmol/L. (B) The binding affinity and kinetic analysis of 7-HTCF on HSA.

also barely intervened in the detection (Figs. S8 and S9, Table S4
in Supporting information). The newly light-up probe performed
powerful anti-interference and superior specificity towards HSA
over other human proteins and biological analytes. Under physio-
logical conditions, 7-HTCF holds excellent potential for reliable and
specific detection.

The binding properties were also characterized to elucidate its
response mechanism. Fluorescence quenching assays showed that
the intrinsic fluorescence of HSA can be significantly inhibited
upon addition of the increasing concentrations of 7-HTCF (Fig. S10
in Supporting information). The calculated Ky and Kq values were
1.65 x 10* L/mol and 1.65 x 1012 L mol~! s~1, respectively, in which
the Kq value was much greater than the maximum scatter collision
quenching constant (2.0 x 101 L mol~! s—1). These findings suggest
that the quenching process of HSA by 7-HTCF is a classic static
mechanism, suggesting that the probe can tightly bind in HSA to
form a stable complex [35]. By constructing the fluorescence in-
tensity at 670 nm as a function of 7-HTCF molar fraction, Job’s plot
analysis was depicted to determine binding stoichiometry. Fluo-
rescence attained the maximum as the molar fraction of 7-HTCF
reached about 1/2 (Fig. 3A), indicating that the formation of probe-
HSA complex followed a 1:1 stoichiometry. Then, the binding affin-
ity and kinetic analysis further revealed that 7-HTCF had a rela-
tively high affinity for HSA, with an apparent dissociation constant
(Kq) of 5.41 pmol/L (Fig. 3B). Drug replacement assay further iden-
tified the specific binding site. A series of marker drugs were se-
lected, including paclitaxel (subdomain IA), ibuprofen (subdomain
11A), diflunisal (subdomain I1A), warfarin (a site marker of subdo-
main IIA), propofol (subdomains IITIA and I1IB), digoxin (subdomain
111A), and salicylic acid (subdomains IIA and IB) [36,37]. Strangely,
these site-specific drugs scarcely affected the fluorescence of the
complex, even at high concentrations (Fig. S11 in Supporting infor-
mation). In brief, 7-HTCF could bind tightly to HSA through a non-
drug binding site to form a stable complex with extremely anti-
interference ability, which may be one cause for its readouts were
barely affected by the addition of therapeutic agents and herbal
medicines.

Next, a fluorescence titration analyzed the linear response of 7-
HTCF towards HSA quantitatively. The calibration curve revealed a
satisfactory correlation (R =0.9977) over the range of 1-100 mg/L
(Fig. 4). The detection limit (LOD) was as low as 1.32 mg/L, which
was more than enough for quantifying HSA in clinical. Further-
more, considering the influence of the biological matrix, the cal-
ibrate curve was established in diluted plasma samples before
quantitative applications (Fig. S12 in Supporting information). The
recovery and precision of the method were fully investigated (Ta-
ble S5 in Supporting information). Later, 7-HTCF was employed as
a rapid-response tool to quantify HSA levels in 20 healthy volun-
teers, while the BCG method served as a control method (Table
S6 in Supporting information). Human plasma samples and eth-
ical approval was originated from Putuo Hospital, Shanghai Uni-
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Fig. 4. (A) Fluorescence spectra of 7-HTCF (20 pmol/L) co-incubated with increasing
concentrations of HSA (0-100mg/L) in PBS. (B) The quantitative curve of HSA in
PBS.
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Fig. 5. In-situ fluorescence imaging of HSA reabsorption in RPTEC cells using 7-
HTCF. (A-C) Cells were treated with 7-HTCF (10 pmol/L) for 30 min and followed by
addition of 0, 0.5 and 1 mg/mL HSA, respectively. (D) Cells were co-incubated with
probe for 30 min, then HSA (1 mg/mL) and rifampicin were added.

versity of Traditional Chinese Medicine (Shanghai, China). Every-
one participating in this project has signed the informed consent.
The HSA level determined by the 7-HTCF method agreed well with
the BCG method, with a difference of less than 10%. Its readouts
are hardly affected by the addition of herbal medicines. Moreover,
7-HTCF-based assays just required a 1000-fold dilution of plasma,
which meant that 1 pL plasma could be sufficient for HSA quan-
tification. Above all, 7-HTCF can reliably and stably detect HSA in
human plasma, providing a promising tool for the clinical diagno-
sis of HSA-associated diseases.

In healthy individuals, normal urinary albumin levels mainly
rely on the limited glomerulus filtration and the proximal tubules
reabsorption [38]. RPTEC cell was used as the renal cell model
to visualize the albumin reabsorption. Before the imaging, a stan-
dard CCK-8 assay indicated that 7-HTCF was applicable for the en-
visaged intracellular albumin imaging with good biocompatibility
(Fig. S13 in Supporting information). Following co-incubation with
7-HTCF for 30 min (Fig. 5A), no distinct red fluorescence in RPTEC
cells (without HSA), suggesting that the probe had certain stability
in the incubation system. In sharp contrast, the intensive fluores-
cence appeared upon addition with HSA, positively correlated with
HSA concentration (Figs. 5B and C). Beside, rifampicin (a nephro-
toxic drug) significantly diminished fluorescence (Fig. 5D). It is re-
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Fig. 6. (A) Root mean square deviation (RMSD) analysis of 7-HTCF bound on the
subdomain IB of HSA and AAG. (B) The binding pose of 7-HTCF (yellow) on HSA in
panorama and part.

ported that rifampicin often induces adverse renal effects, from
mild proteinuria to acute renal failure; it may impair the renal up-
take capacity [39,40]. 7-HTCF could serve as a reliable bioimag-
ing tool for albumin endocytosis in renal cells, which has broad
prospects in exploring renal recapture function and screening kid-
ney injury-related drugs.

Finally, we strived to explore the potential pocket by computa-
tional tools (Fig. S14 in Supporting information). According to the
results of early virtual screening (Table S7 in Supporting informa-
tion), in the top 10 poses, the preferred binding site was located
at subdomain IB, distinct from two major drug sites. The predicted
binding site had an 80% chance of being occupied by 7-HTCF. Be-
side, two online tools, PARS and CavityPlus, found eight (Table S8
in Supporting information) and ten possible pockets (Table S9 in
Supporting information), respectively, with these predicted sites lo-
cated at or near IB. All the possible outcomes consistently point
to IB. Therefore, the pose in the subdomain IB was targeted for
dynamics simulation under near-physiological conditions. Molecu-
lar dynamics (Fig. 6A) further suggested that such binding mode
was exceedingly stable with an RMSD value of less than 0.3. The
binding free energy of 7-HTCF towards HSA was —137.1 kJ/mol. By
comparison, the binding of AAG to the probe was less sturdy with
a binding free energy of —61.4k]/mol (Fig. S15 in Supporting infor-
mation). In the best-predicted pose (Fig. 6B and Fig. S16 in Sup-
porting information), the aromatic center of coumarin interacted
with TYR138 and TYR161 to generate mw-m stacked and w-w T-
shaped interactions. Beside, 7-HTCF was in contact with multiple
residues by van der Waals interactions and pi-alkyl hydrophobic
interactions. These results were highly consistent with the previ-
ous outcomes.

In summary, inspired by the powerful ligand-binding ability of
HSA, a novel TICT-based NIR sensor (7-HTCF) was developed for
light-up sensing and imaging HSA in human plasma and living
cells. Under physiological conditions, 7-HTCF could tightly bind
HSA at a non-drug binding site to form a stable complex, with
a 1:1 stoichiometry. The 7-HTCF-HSA complex could emit strong
fluorescence signals around 670 nm, accompanied by remarkable
changes in both color and fluorescence emission. 7-HTCF based
fluorescence assay has been well-characterized and the results
demonstrate that 7-HTCF displays a good combination of the flu-
orescence response, high sensitivity, excellent chemical and photo-
chemical stability, and outstanding selectivity towards HSA. With
the help of 7-HTCF, the levels of HSA in diluted human plasma
can be precisely quantified, while the reabsorbed HSA in living re-
nal cells can be in-situ monitored visually. Collectively, this study
offers a practical optical sensor for highly selective sensing HSA in
a variety of biological systems including plasma samples and liv-
ing cells, which provides a promising tool for investigating HSA-
associated biological processes and for clinical diagnosis of human
diseases.
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