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Efficient detection of bilirubin in human serum
through a displacement approachy
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Prabhpreet Singh @ and Subodh Kumar @ *

The present study provides, for the first time, a method for the fluorescence “Turn ON” quantification of
bilirubin (BR) in human serum through a displacement approach. The fluorescent probe THYQ exhibited a
55-fold increase in fluorescence intensity at 555 nm with HSA. The green fluorescent THYQ-HSA complex
was highly selective towards bilirubin (BR) (subdomain IB) and exhibited >90% fluorescence quenching (log
p = 4.83 + 0.12) through the displacement of THYQ, whereas the subdomain IIA and subdomain IlIA
selective drugs warfarin and ibuprofen did not displace THYQ. The non-fluorescent BR-HSA complex
displayed a linear increase in fluorescence with THYQ (logf = 4.81 + 0.13) to form THYQ-HSA complex.
The slope of titration of BR-HSA with THYQ was linearly dependent on [bilirubin] in HSA, thus enabling the
fluorescence-based detection of bilirubin below normal (0.7 mg dL% 12 pM) to hyperbilirubinemia
conditions (12.6 mg dL™%, 216 uM), with the results in good agreement with the clinical findings. The LOD
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1. Introduction

The levels of bilirubin (BR) need to be maintained for the
wellbeing of humans and thus the monitoring of BR is
critical, and has attracted increasing attention as the number
of deaths due to hyperbilirubinemia has doubled over the
past two decades." Its increased levels, such as in jaundice,
are associated with acute and chronic health burden, while
low levels have been linked to iron deficiency (anaemia) and
coronary artery diseases.® The normal concentration of
bilirubin in adult serum lies between 0.2 and 1.2 mg dL™". In
the condition of hyperbilirubinemia, it can go up to 9.9 mg
dL™ (170 uM) in an adult and even to >24.8 mg dL™" (425
puM) under critical neonatal and other hyperbilirubinemia
conditions.

At present, the clinical quantification of bilirubin depends
on the diazotization reaction between bilirubin and sulfanilic
acid, which was devised more than 100 years ago.* However,
the complexity of the chemical reactions and inhomogeneity
of biological samples make this procedure unreliable.” A
fluorescence-based assay depending on clean chemical events
could be expected to be more advantageous.
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for the detection of BR was 0.004 mg dL™ (68 nM).

Several fluorescence methods, using carbon dots,*® metal
nanoclusters,” MOFs,'>"" organic molecules,"*” have been
developed for the detection of bilirubin. However, these are
limited due to the “Turn OFF” signal and poor sensitivity and
dependence on a spiking method for clinical detection.
Recently reported coumarin-based N-oxide-Fe®" mixtures
have revealed “Turn ON” fluorescence in the presence of
bilirubin owing to the deoxygenation process by the in situ
generated Fe** (ref. 16 and 17) and have been tested and even
used for the detection of bilirubin from human serum. In
another approach, in non-fluorescent resorcinol-sucrose CDs
and Cu®>" complex, the competitive binding of Cu** with
bilirubin released the fluorescence of the CDs.* Most of these
methods for the detection of bilirubin from human serum
have a myriad of limitations and in general have low
sensitivity and depend on a spiking approach.

The human serum albumin (HSA) concentration in human
serum is between 500 and 700 uM and bilirubin remains
bound to it with high affinity, and this formed BR-HSA
complex acts as a buffer to prevent the transfer of bilirubin
from blood to the tissues and thus plays a critical role in
impairing the development of bilirubin encephalopathy.'®*’
In the literature, numerous probes for the fluorescence-based
detection of HSA have been reported, but most of these
fluorescence probes bind at Site I and Site II, ie. the
respective warfarin and ibuprofen sites of HSA. We envisaged
that a fluorescent probe (i) that could selectively bind at Site
IB - the bilirubin site of HSA - and (ii) that has a binding
constant similar to that of bilirubin with HSA so that it could

© 2023 The Author(s). Published by the Royal Society of Chemistry
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displace BR from the BR-HSA complex, with a resultant
change in fluorescence intensity (FI), could be useful for the
detection of bilirubin present in human serum without
altering the physiological conditions.

The displacement approach is based on the competition
between a probe and the analyte of interest for the binding
site. Upon the addition of the analyte, the probe is displaced
from the binding pocket, causing a signal change, such as in
UV or fluorescence. This approach can enable the easy and
real-time determination of an analyte without harming any of
the substrate,®® which is often not achieved by traditional
chemosensors. Recently reported Site IB selective fluorescent
probes, however, lack the reversible displacement of BR and
the probe with HSA under physiological conditions.!

Now, we report a fluorescent probe THYQ that can enable
the highly selective displacement of bilirubin from THYQ-
HSA complex under physiological concentrations of HSA and
that could be applied for the detection of bilirubin from
human serum. The THYQ probe displayed a 55-fold increase
in fluorescence intensity at 555 nm with HSA. The fluorescent
THYQ-HSA complex was highly selective towards bilirubin
and revealed >90% fluorescence quenching with logf = 4.83
+ 0.12, while the non-fluorescent BRNHSA displayed a linear
increase in fluorescence with THYQ with log = 4.81 + 0.13.
All the experiments for the detection of bilirubin (BR) were
performed in HEPES buffer with ~500 uM HSA. The slope of
titration of the BR-HSA complex with THYQ was found to be
linearly dependent on [BR], enabling the fluorescence-based
detection of BR below normal (0.7 mg dL™, 12 uM) to
hyperbilirubinemia conditions (12.6 mg dL ™", 216 uM). The
LOD for the detection of BR was 0.004 mg dL™" (68 nM).

2. Experimental
2.1. Materials and methods

All chemicals and solvents were purchased from Aldrich and
Spectrochem India, and were used without any purification.
The organic solvents, including DMSO, DMF, and THF, were
of HPLC grade. The 'H and *C NMR spectra were recorded
on a JEOL 400 MHz FT NMR machine using CDCl; as solvent
and tetramethylsilane (TMS) as the internal standard. The
chemical shift values of the peaks were recorded in ppm
relative to TMS as the internal standard, with the coupling
constant J in Hz, and multiplicity also noted (s = singlet, d =
doublet, t = triplet, m = multiplet). High-resolution mass
spectra were recorded on an Agilent 6520 Q-TOF mass
spectrometer with the Agilent 1200 HPLC system. Deionized
water was used throughout the experiments for preparing all
solutions and obtained using an ultra UV/UF Rions lab water
system ultra 370 series. UV-visible studies were performed
on a Shimadzu UV-2450 instrument using a slit width of 1.0
nm and matched quartz cell with a 1 cm path length, thermo
stated at 25.0 + 0.1 °C. The fluorescence spectra were
recorded on a Horiba Fluorolog-3 spectrophotometer with a
quartz cuvette of 1 cm path length. DLS experiments were
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performed at 25.0 + 0.1 °C by using a zeta sizer instrument
(Nano ZS, Malvern LTD, UK).

2.2. Synthesis

2.2.1. Synthesis of NCI-1. N,N-Dimethylacetophenone (10
mmol, 1.6 g) was dissolved in DMF (10 ml) in a 100 ml
round-bottom flask and then cooled to 0 °C. Then POCI; (30
mmol, 3 ml, 4.94 g) was added drop-wise maintaining the
temperature between 0-5 °C. The reaction mixture was
stirred at this temperature for 3 h at room temperature (RT).
When the reaction was completed (according to TLC
monitoring), the reaction mixture was poured into crushed
ice with stirring and the solution was neutralized with
potassium carbonate to pH 6 by keeping the temperature
below 5 °C. The obtained red product separated was filtered
and dried. The red solid was purified by silica gel column
chromatography to give the desired product NCI-1 (1.5 g,
71.4% yield). '"H NMR (400 MHz, CDCl;, ppm): § 10.13 (1H,
d,J=7.2 Hz), 7.66 (2H, d, J = 9.2 Hz), 6.65 (2H, d, J = 9.2 Hz),
6.56 (1H, d, J = 7.2 Hz), 3.05 (6H, s).

2.2.2. Synthesis of Th-Y. NCl-1 was dissolved in 10 ml
DMF, and a solution of Na,S (5.5 mmol, 0.43 g) in H,O was
added and the resulting reaction mixture was stirred at 60 °C
2 h. Then, an aqueous solution of chloroacetaldehyde (5.5
mmol, 0.431 g, 0.35 ml) was added and stirring was
continued for 3 h. When the reaction was completed
(according to TLC monitoring), K,CO; (5.5 mmol, 0.76 g) was
added and the solution was then cooled to RT. The
precipitates were filtered off under a vacuum to obtain the
desired product Th-Y (1.84 g, 80%). '"H NMR (400 MHz,
CDCl;, ppm): d 9.82 (s, 1H), 7.67 (d, 1H, J = 4.0 Hz), 7.57 (2H,
d,J = 8.8 Hz), 7.25 (1H, d, J = 4.0 Hz), 6.72 (2H, d, ] = 12 Hz),
3.03 (6H, s).

2.2.3. Synthesis of THYQ. 2-Methylquinoline (1.12 mmol,
160 mg) and benzoyl chloride (0.56 mmol, 80 mg) were
dissolved in DMF (10 ml). The reaction mixture was stirred at
RT for 20 min. Then, Th-Y (0.56 mmol, 130 mg) was added
and the reaction mixture was stirred at 160 °C for 5 h. The
reaction mixture was then cooled to RT and diluted with
water (30 ml). The solid was separated out by filtrating under
vacuum and was purified by column chromatography to
obtain THYQ (0.6 g, 84% yield). "H NMR (400 MHz): 6 = 3.00
(s, 6H), 6.73 (d, J = 8.8 Hz, 2H), 7.10-7.17 (m, 3H), 7.42-7.51
(m, 1H), 7.52 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 8.8 Hz, 1H), 7.69
(t,J = 7.2 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 16 Hz,
1H), 8.05 (d, J = 8.8 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H); **C NMR
(100 MHz): § 40.4, 112.5, 119.5, 120.4, 121.5, 122.5, 125.9,
126.9, 127.2, 127.5, 127.9, 128.7, 129.1, 129.6, 129.7, 129.8,
136.3, 146.3, 150.4, 155.9. HRMS (EI) mj/z calculated for
Ca3Hy0N,S (M'): 356.1347, found (M' + 1) 357.1418.

2.3. Preparation of the stock solutions

A stock solution of the fluorescent probe THYQ (1 mM) was
prepared in THF and was further diluted for preparing
solutions of the desired concentrations. For the preparation
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of 10 uM solution, 30 uL of stock solution was added in to 3
ml of the desired solvent, like THF-HEPES mixture or HEPES
buffer. Every time, only a freshly prepared stock solution of
bilirubin was used and this was prepared in DMSO. All the
proteins, amino acids, anions, and thiols were prepared by
dissolving commercial reagents in Millipore double-distilled
water.

2.4. Detection limit**

The lowest detection limit was calculated from fluorescence
studies. The standard deviation was calculated by measuring
the fluorescence data of THYQ three times. The slope was
calculated from the graph of the fluorescence intensity vs.
the concentration of the analyte added. The lowest limit of
detection (LOD) was determined by using the following
equation:

LOD = 30/k

where ¢ is the standard deviation of the blank
measurements, and k is the slope of the straight line from
the intensity vs. concentration graph.

2.5. Quantum yield calculation®?

The quantum yield (&) of the solutions of THYQ was
measured with an integrated sphere on an FL-1039A/40A
machine by using the excitation wavelength at 420 nm.

2.6. Binding constants>*

In order to determine the formation of various stoichiometric
complexes and their binding constants, the whole spectral
data of the titration experiments were evaluated using the
software SPECFIT-32. This software is able to perform a
global analysis of the equilibrium and kinetic systems with a
singular value of decomposition and using nonlinear-
regression modelling by the Levenberg-Marquardt method.
The program simulates the fluorescence data obtained
experimentally. The stoichiometry of the species formed,
distribution of species, and their association constants are
determined through the fitted model.

2.7. Measurement of circular dichroism?®

The alterations in the secondary structure of HSA in the
presence of THYQ were studied by measuring the circular
dichroism (CD) on a BIO-Kine 32 MOS 500
spectrophotometer using a quartz cuvette of path length 1
cm at 0.25 nm data pitch intervals. All the CD spectra were
taken in the wavelength range 200-250 nm. The
concentration of HSA was 0.5 uM. The helicity content was
calculated from the MRE values at 222 nm using the
following equation:

~(MRE,, —2340)
30300

% o-helix = x 100
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MRE (deg cm® dmol ') = _Oobs _
Cpnlx10

Here, the mean residue ellipticity (MRE) values were assessed

from the recorded ellipticity values (fops in mdeg at 222 nm)
using the above equations, where n designates the number of
amino acid residues (585 for HSA), and C, and 1 are the
molar concentration of HSA and the path length of the cell
(here 1 cm), respectively.

2.8. DLS sample preparation

The solvents THF and HEPES buffer were separately filtered
through a 0.02 pM filter to remove any suspended particles.
The DLS samples were prepared by diluting the 30 uL of stock
solution into 3 ml of either THF or deionized water or their
mixture and then allowed to stand for 3 h so that the solutions
became homogenous. For recording the DLS spectra, 1 ml of
solution was taken into a glass cuvette of 1 cm path length and
allowed to stand for 3 min before recording the spectra at 25
°C. Five measurements of each sample were recorded and the
mean of these are presented herein.

2.9. Collection of human blood serum samples for the
quantification of bilirubin

The human blood serum samples were collected from Dr Gill
Path's laboratory. The values of bilirubin (calculated by the
diazo method) present in human serum were provided by the
laboratory and are mentioned in Table 1 (section 5). Prior to
the fluorescence analysis, all the samples were centrifuged at
7000 rpm for 10 min. The supernatant liquid obtained was
used and stored immediately at 4 °C. All the fluorescence
measurements were carried out in a 1 ml quartz cuvette of 1
cm path length.

2.10. Determination of bilirubin in clinical samples

To the solutions of HSA (500 uM) and bilirubin (0, 10, 20, 40
uM) THYQ was added in varying amounts as 10, 20, 30, and
40 uM and the slope of the FI vs. [THYQ] graphs was
determined. The plot of the slopes of these graphs vs.
[bilirubin] was linear, and served as a calibration curve for
the quantification of BR from the real samples. The real
samples after diluting with HSA (500 uM) were titrated with
THYQ (10, 20, and 40 uM) and the slopes were calculated.
These slope values were then marked on the calibration curve
and the corresponding BR concentration was noted.

3. Results and discussion
3.1. Synthesis and characterization of THYQ

NCl-1 was synthesized by Duff's reaction of N,N-
dimethylacetophenone. The reaction of NCI-1 with
chloroacetaldehyde in DMF and Na,S yielded Th-Y in an 80%
yield. The reaction of Th-Y with 2-methylquinoline gave

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic schemes for the syntheses of NCI-1, Th-Y, and
THYQ.

THYQ (Scheme 1) in an 84% yield; HRMS (M + 1) 357.1418
(spectral data ESIT Fig. S1-S5).

3.2. Photophysical behaviour of THYQ in the THF-HEPES
buffer binary mixtures

Fluorescent probes for the recognition of HSA, in principle,
may undergo aggregation-induced quenching in water and
then, upon moving the probe in to the cavity of HSA, the
combined effect of de-aggregation and the restriction in
rotation results in a fluorescence enhancement. Therefore, as
a first step, the optical behaviour of THYQ in THF-H,O
binary mixtures was investigated.

The UV-vis spectrum of THYQ (10 uM) in THF exhibited
an absorption maximum at ~420 nm. The absorption of
THYQ displayed only a small change in its € value (€ = 26 000
+ 1200 M ' em™") upon increasing f,, (HEPES buffer) from
10% to 70% (Fig. 1A). The THYQ solution with f, 80%
showed a dramatic decrease in absorption to 7400 M~ cm™
and its maximum was blue-shifted to 415 nm. Upon further
increasing the f, to 90% and 99.9%, the absorption value
increased to >10000 M ¢cm ™" with the maximum at 410 nm
and a shoulder at ~465 nm. The tail of the absorbance band
was extended to 650 nm, pointing to Mie scattering by the
aggregates of THYQ (Fig. 1A). This blue-shift in the
absorbance maximum and decrease in the absorbance with
increasing amounts of water suggests the formation of H
aggregates.”® The appearance of the Tyndall effect by striking
a red laser beam to the solution of THYQ in 99.9% f,, further
supports the existence of aggregates (see inset Fig. 1A).

The fluorescence spectrum of THYQ (10 uM, THF) (Aex
420 nm) showed the emission maximum at 562 nm. The
solutions with increasing f, (HEPES buffer) exhibited a
gradual red-shift of their emission maxima reaching the
largest value at 647 nm in THF-HEPES buffer mixture
with 80% f,, but upon further raising the f, to =90%, a
very weak fluorescence with the maximum reversed to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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572 nm was noted. The red-shift in the emission
maximum from 562 nm to 647 nm (~A85 nm) suggests a
steady stabilization of the excited state of THYQ with
increasing the amount of the water fraction and a
decrease in the energy gap between the ground and
excited states’” (Fig. 1B and C). The inset in Fig. 1C
shows the change in colour of the solutions of THYQ in
THF-water binary mixtures under illumination of 365 nm
light. The decrease in fluorescence intensity of THYQ
with f, = 90% suggests aggregation-induced emission
quenching (AIEQ) occurred.

3.3. Effect of the microenvironment, such as the polarity,
viscosity, and pH, on the spectroscopic properties of THYQ

The microenvironment in the cavity of HSA and in viscous
aqueous medium (Lysosome, Mitochondria of cells) have a
contrasting difference between low polarity in the HSA cavity
and high polarity in a viscous aqueous medium. To validate
the effect of polarity of the medium on the fluorescence
colour of THYQ, solutions of THYQ (10 uM) were made in
solvents of varied polarity (Table S1f) with E*° values
changing from 309 to 55.4, and their UV-vis and
fluorescence spectra were recorded. THYQ in non-polar
solvents with an E;*° value ranging from 30.9 to 42.2
displayed an absorbance band at 420 nm. In DMSO, CH;CN,
and ethanol, as solvents with a higher E;*® value, THYQ
displayed an additional low-energy absorbance band at 530 +
2 nm, probably due to a strong stabilization of the ground
state (Fig. 1D). The fluorescence spectra of these solutions
(Aex 420 nm) exhibited strong positive solvatochromism with
a red-shift in the emission maximum with the increase in
polarity (Ef*° value) (Fig. 1E) and a change in the
fluorescence colour from blue in cyclohexane to yellow-
orange in ethanol (Fig. 1J). Significantly, the plot of the E*°
values of these solvents against their maximum emission
wavelengths showed a linear relationship, with a slope of
7.89 nm/E;*° unit (Fig. 1F). Such a steep change in the
wavelength of the emission maximum with an increase in
E+*° value is less known (Table $27).

The UV-vis and fluorescence spectra of THYQ in binary
mixtures of toluene and THF further validated the sensitivity
of the probe to the polarity of the medium. In most of the
fractions of toluene-THF (10-90%), there was only a small
change in absorbance, but upon increasing the fraction of
THF from 90% to 99.9%, the absorbance decreased from
0.211 to 0.177 (Fig. 1G). The emission spectrum of THYQ in
THF displayed a maximum at 572 nm, the emission
maximum of the HSA-THYQ complex. Upon steadily
increasing the amount of toluene, the fluorescence intensity
gradually decreased and the emission maximum gradually
shifted from 572 to 527 nm (Fig. 1H and I) and the
fluorescence colour of the solutions changed from green to
yellow (Fig. 1K). Therefore, this resulted in a small range of
E*° values, for THF (E;*° 37.4) to toluene (Er*° 33.9), and
showed the viability of the probe even in a narrow range.”®
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Fig. 1 (A) Absorption spectra of THYQ (10 uM) in THF-HEPES buffer binary mixtures, inset shows the Tyndall effect in the solution of THYQ in

99.9% HEPES buffer, representing the aggregation; (B) emission spectra of THYQ solutions in THF-buffer binary mixtures; (C) plot of f,, vs. the
emission intensity and the maxima for the solutions of THYQ. Inset shows the change in emission colours with increasing f,, in THF; (D) absorption
spectra and (E) normalized emission spectra of THYQ in organic solvents with increasing polarity (E1>° value); (F) linear relationship between the
emission wavelength at the maximum and E:>° values; (G) absorption spectra and (H) emission spectra of THYQ in THF-toluene binary mixtures; (1)
linear relationship between the emission wavelength at maxima and the fraction of THF in toluene. [THYQ] = 10 uM, /¢, 420 nm; (J) fluorescence
colours of THYQ solutions in various solvents under illumination at 365 nm: 1. cyclohexane, 2. toluene, 3. ether, 4. THF, 5. ethyl acetate, 6.
acetone, 7. DMF, 8. DMSO, 9. CHzCN, 10. ethanol; (K) fluorescence colours of THYQ in THF-toluene binary mixtures under illumination at 365 nm.

The fluorescence intensity (FI) of THYQ (at 572 nm) in
water—glycerol binary mixtures at up to 50% of glycerol
increased only by 1.6 times without any shift in emission
maximum, but further increase with the amount of
glycerol, especially in 80% and 90% glycerol solutions,
where the fluorescence intensity increased sharply. In the
90% glycerol-water mixture, the FI increased by 18 times in

1578 | Sens. Diagn., 2023, 2, 1574-1584

comparison to that in water and the fluorescence maximum
was shifted from 572 nm to 640 nm (Fig. S6t). The
restriction in rotation (RIR) at higher viscosity led to the
increase in fluorescence.?® Further, between pH 5-11, both
the UV-vis and fluorescence spectra of THYQ remained
stable, indicating its potential use under physiological
conditions (Fig. S77).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Selectivity and sensitivity of THYQ towards HSA

The probe THYQ upon moving into the cavity of a protein,
a hydrophobic environment, could be expected to cause an
enhancement in its fluorescence intensity and display a
blue-shift in its emission maximum compared to that
observed in water. In order to evaluate the selectivity and
sensitivity of THYQ towards HSA in comparison to different
biomolecules, 5 equivalents each of these were added to
THYQ (10 uM, HEPES buffer, pH 7.4) and the fluorescence
spectra of these solutions were recorded. It was noticed
that the presence of HSA caused a 55-fold increase in the
fluorescence intensity at 555 nm, whereas the addition of
other biomolecules, like proteins, amino acids, anions,
thiols, etc., caused practically no change in fluorescence
(Fig. 2A and S8f). Thus, the emission of THYQ in the
presence of HSA (555 nm, green) and glycerol (640 nm,
red) differentiated the two situations (Fig. 2B). In addition
to this, the presence of HSA in solution could be distinctly
differentiated without interference from any cations,
anions, thiols, amines, or amino acids (Fig. S97).

THYQ (10 uM, HEPES buffer, 0.1% THF) upon excitation
at 420 nm displayed weak fluorescence with a maximum at
570 nm. The fluorescence intensity of THYQ upon the
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addition of 50 uM HSA achieved a plateau within 5 min,
indicating its rapid response towards HSA (Fig. 2C). The
gradual addition of aliquots of HSA to THYQ led to a steady
increase in emission intensity with the maximum at 555 nm.
After the addition of 50 pM HSA, only a residual change in
fluorescence intensity was observed. However, the UV-vis
spectrum of THYQ showed only a small change upon the
addition of HSA (Fig. S13f). The plot of [HSA] vs. the
fluorescence intensity showed a linear change between 0 to
0.13 uM HSA. The LOD for HSA was 2.8 nM as per IUPAC
norms (Fig. 2D and E). Since, in human serum, the [HSA] is
500-700 uM, we were interested in knowing the binding
stoichiometry of THYQ (10 uM) with HSA under these
conditions. Here, multivariate global regression analysis of
the spectra for the titration of THYQ with HSA showed that
at [HSA] = 200 puM, one molecule of THYQ binds with two
molecules of HSA to form the THYQN(HSA), complex with
logf 9.52 and no formation of any other species at this
concentration of HSA was observed. Significantly, at [HSA] =
<20 pM, the (THYQ),HSA. complex was the major species
(Fig. S10A¥).

Therefore, THYQ in buffer existed as aggregates, which
may be in equilibrium with its monomers. Upon interaction
with HSA, the monomers bind in the cavity of HSA to give a
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Fig. 2

(A) Change in fluorescence intensity of THYQ (10 uM, HEPES buffer, pH 7.4) with 5 equivalents each of HSA, anions, thiols, amines, and

amino acids; (B) fluorescence spectra of THYQ upon the addition of HSA and glycerol; (C) time-dependent change in fluorescence upon the
addition of 30 uM HSA to THYQ (10 uM, HEPES buffer, 0.1% THF); (D) fluorescence spectra of THYQ (10 uM) with the incremental addition of HSA;
(E) plot of the fluorescence intensity vs. [HSA] at 555 nm; inset shows the linear range and LOD for HSA, where Iy and | are the fluorescence
intensities of THYQ in the absence and presence of different amounts of HSA.
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high fluorescence and the equilibrium is shifted towards the
monomers. The high fluorescence could be attributed to the
decreased polarity in the cavity of HSA and the restriction in
rotation.”® The participation of a FRET mechanism was
negligible (Fig. S147) as the UV-vis spectrum of HSA had a poor
overlap with the fluorescence of THYQ.

3.5. Mechanism of interaction of THYQ with HSA

3.5.1. Binding site prediction of THYQ in HSA. In order to
rationalize the effect of different drugs on the displacement
of THYQ in the cavity of HSA and to find the binding site of
THYQ in HSA, the solution THYQ-HSA (10:200) was titrated
with warfarin, ibuprofen, bilirubin, and hemin. Quite
interestingly, with 100 uM bilirubin/hemin (both subdomain
IB specific), the fluorescence intensity of the THYQ-HSA
complex was completely quenched. However, warfarin
(subdomain IIA specific) and ibuprofen (subdomain IIIA
specific) did not cause any substantial change in the
fluorescence intensity of the THYQ-HSA complex (Fig. 3A).
Therefore, in the THYQ-HSA complex, THYQ binds at the
bilirubin site only and was displaced upon the addition of
bilirubin and hemin only. The logp value for this
displacement process is log = 4.83 + 0.12.

3.5.2. Circular dichroism studies. Circular dichroism (CD)
experiments were performed to investigate the effect of THYQ
on the secondary structure of HSA. The far UV spectral region
of HSA (0.1 uM) displayed two characteristic dichroic bands
at 208 and 222 nm, which indicate the feature of the
o-helical structure of the protein. The addition of THYQ to
HSA resulted in a decrease in the CD signal with no
observable change in the signal wavelengths at 208 and 222
nm, suggesting only a small change in the a-helix content in
HSA. The o-helicity value of free HSA was ~70.15 and
decreased to ~65.60 in the presence of THYQ (1 equiv.),
demonstrating that the secondary structure of HSA was not
significantly affected by THYQ (Fig. 3B).

3.5.3. Dynamic light scattering (DLS) studies. DLS studies
can provide insights into the aggregation behaviour of THYQ
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in water and the changes in its size upon the addition of
HSA, which can help indicate the mechanism of interaction
of THYQ with HSA. The DLS of THYQ (10 puM, 0.1% THF)
revealed the presence of aggregates with an average
hydrodynamic diameter of 691 nm (Fig. 3C). Upon the
addition of HSA (200 uM), the aggregates of THYQ completely
disappeared and only particles with an average hydrodynamic
diameter of 7 nm could then be observed (Fig. 3D). The
further addition of HSA did not lead to any further changes
in the sizes of the particles. These particles could be
assigned to globular HSA molecules, which encapsulated
the THYQ molecules. Therefore, in agreement with the
proposed mechanism, the aggregates and monomers of
THYQ remained in equilibrium, and the monomers upon
moving in to the cavity of HSA exhibited only the presence
of HSA in the DLS experiments. The DLS experiments
further revealed that the presence of BR resulted in an
aggregation of HSA, but upon the addition of THYQ, they
reverted back to non-aggregated HSA molecules (Fig. S107),
but this did not affect the fluorescence at 430-630 nm and
so the detection of BR.

3.5.4. Effect of THYQ on the fluorescence of HSA. The
binding of the probe THYQ in the cavity of HSA was further
investigated by titrating HSA with THYQ. HSA (lex 290 nm)
displayed emission with a maximum at 345 nm. The gradual
addition of THYQ to HSA (10 uM) resulted in a systematic
quenching of the fluorescence intensity of HSA at 345 nm,
and with 150 pM THYQ, >95% of the original fluorescence
intensity was quenched. Careful analysis of these spectra
showed that THYQ led to a blue-shift in the emission
maximum of HSA by ~10 nm from 345 nm to 335 nm
(Fig. S11Bf). Multivariate global analysis of these data
showed that one HSA molecule can encapsulate two THYQ
molecules (Fig. S11Ct), which was in concordance with the
titration of THYQ with HSA and recording the fluorescence
at 555 nm.

Thus, all these studies revealed that THYQ in the presence
of excess (>200 uM) HSA preferably binds at subdomain 1B
of HSA - the binding domain of bilirubin. THYQ exhibited
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Fig. 3

(A) Effect of the increasing concentrations of site markers on the fluorescence of THYQ-HSA (10:200) complex; (B) CD spectra of HSA

with an increasing amount of THYQ; (C and D) DLS of (C) THYQ and (D) THYQ + 200 uM HSA.
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(A) Change in fluorescence spectrum of THYQ-HSA (10:200) with increasing the concentration of bilirubin; (B) linear plot showing the

decrease in fluorescence intensity at 555 nm with [bilirubin]; (C) change in fluorescence spectrum of BR-HSA (20:200) complex with [THYQ]; (D)
linear plot showing the increase in fluorescence intensity at 555 nm with [THYQ].

differential changes in fluorescence with HSA, and with
the viscosity and polarity of the medium, and has
potential for the development of a strategy for the
detection of bilirubin.

4. Protocol for the determination of
bilirubin in HSA

The preceding results showed that in the THYQ-HSA (1:20)
complex the addition of bilirubin resulted in an efficient
quenching of fluorescence, i.e. bilirubin was able to displace
the THYQ molecule from the THYQ-(HSA), complex
(Fig. 4A and B). For the displacement of THYQ, the log/
value was 4.83 + 0.12. We envisaged that if the fluorescence
probe THYQ would be able to displace the bilirubin from the
cavity of HSA, the equilibrium state between the complexes
of HSA with THYQ and bilirubin would be validated (eqn

1, Scheme 2). The addition of THYQ to the weakly
fluorescent bilirubin-HSA (1:20) displaced bilirubin with
THYQ to form a fluorescent complex (Fig. 4C and D). The
logf value was 4.81 + 0.13. It was noteworthy that the
addition of bilirubin to THYQ or HSA alone did not lead to
any significant change in fluorescence intensity under these
conditions. This provides a method for the detection of BR
from the HSA-BR mixture. Further, proteins, like pepsin,
lysozyme, and bromoaniline, did not interfere in detection
of BR (Fig. S12+).

The normal level of HSA in human serum is in the range
of 35-50 g L™! or approx. 500-700 uM. Therefore, keeping the
[HSA] = 500 uM, different concentrations of bilirubin, i.e. 0,
20, 40, 60, 80, 200, and 300 uM, were added and these
solutions were titrated with THYQ. As expected, it was found
that as the concentration of BR increased in HSA, it required
a greater and greater amount of THYQ to displace it. This

THYQ
HSANBR + THYQ ———> (HSA),THYQ + BR
weak FL BR strong FL equation 1
THYQ & ‘;‘.
0 e Yy
E .o 3 . e
, ég J _HsA_ ‘ ""‘*%
$
E’ I-o \ ); E lw.‘_

&

weak fluorescence

strong fluorescence

bilirubin

THYQ| [bilirubin
\@'& Slog Busa=4.81 log Bysa=4.83

<1y

;:@ TS
o@’fﬁ o
=y

weak fluorescence

Scheme 2 Schematic presentation of the reversible displacement of THYQ by bilirubin and vice versa from its respective complex with

HSAs.
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[bilirubin].

resulted in a decrease in the slope of the linear plot of the
fluorescence intensity vs. [THYQ]. Consequently, the slope for
the titration of the BR-HSA complex was linearly dependent
on the [BR] in Fig. 5A. The plot of the slope of these linear
plots vs. [bilirubin] (Fig. 5B) revealed that the value of the
slope changed linearly between 0-80 uM [bilirubin], and thus
may have application potential in determining bilirubin from
human serum.

5. Analysis of bilirubin in clinical
samples

Further to validate the practical application of the fluorescent
probe THYQ, the detection of bilirubin levels was performed
in human blood serum samples. For samples 1-5, 400 pl
human serum was diluted with 400 pl of HSA (500 uM, 0.01
M HEPES buffer) The fluorescence spectrum of the solution
was recorded and then aliquots of THYQ (8 pl, 10 uM) were
added twice and each time the fluorescence spectrum of the
solution was recorded. The plot of the fluorescence intensity
vs. [THYQ] was linear, for which the slope was calculated.
The [bilirubin] was calculated from the calibration curve as
in Fig. 5B and then multiplied by 2 to compensate for the
dilution factor, before finally being converted to mg dL™
(Table 1). For serum sample 6, with a higher amount of

Table 1 Comparison of [bilirubin] (mg dL™) by using THYQ as a probe
and its comparison with clinical results

Sample Diazo method Present method %

no. (mg dL™") (mg dL ™) recovery
1 0.7 0.66 + 0.02 95 +3
2 1.2 1.12 £ 0.03 94 +3
3 1.9 1.71 £ 0.05 90 + 2
4 2.9 2.71 £ 0.05 93 £2
5 3.2 3.12 £ 0.10 97 +3
6 12.6 13.37 £ 0.25 106 + 2

1582 | Sens. Diagn., 2023, 2, 1574-1584

bilirubin (as apparent from the dark yellow colour), 200 ul
serum sample was diluted with HSA (600 ul, 500 uM, 0.01 M
HEPES buffer) to four times its volume and the slope for
titration was determined by adding two aliquots of THYQ.
The [bilirubin] was calculated from the calibration curve and
then multiplied by 4 to compensate for the dilution factor.
The amount of bilirubin determined by this fluorescence
method was within +10% of that determined by a clinical
method.

Therefore, the present fluorescence-based quantification
of bilirubin is unique in that does not involve any chemical
reaction and primarily depends on the displacement of
bilirubin in HSA-BR complex by THYQ to cause fluorescence
“Turn  ON” under physiological conditions and
straightforwardly determines BR from serum. This approach
enables the real-time determination of bilirubin without
harming any of the substrate,”® which is not achieved by the
chemosensors discussed below.

The fluorescent probes reported earlier for the detection
of bilirubin (BR) were based on organic molecules and
nanomaterials and most of them show “Turn OFF” processes
(Table S3,f ref. 1, 4-7 and 10-13). Even, the fluorescent
systems showing “Turn ON” processes have a number of
limitations. The nanomaterials with “Turn ON” mechanism
towards BR are active only under strong acidic (pH 2.5, 5.0)
(Table S3, ref. 8 and 14) and basic (pH 11.4) (Table S3,} ref.
9) conditions and depend on the release of fluorescence upon
the coordination of BR with Fe*'. Moreover, BR is detected
through spiking methods and does not represent a clinical
detection. In the case of “Turn ON” fluorescent organic
molecular systems'®'” (Table S3,;f ref. 2 and 3), the redox
reaction of Fe®" (added in excess) with free bilirubin produces
Fe**, which causes deoxgenation of the probe N-oxide to
release the fluorescence. The two mechanisms are
contradictory to each other in terms of the respective
coordination and oxidation of BR with Fe** in nanomaterials
and organic systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6. Conclusions

THYQ was found to bind selectively at subdomain IB of HSA
and exhibited a 55-fold increase in fluorescence intensity at
555 nm and an LOD for HSA of 2.8 nM. The reversible
displacement of THYQ in THYQ-HSA complex with bilirubin
(log Busa = 4.83 + 0.12) and that of BR in the non-fluorescent
BRNHSA complex with THYQ (log fusa = 4.81 + 0.13) provides
an opportunity for the detection of bilirubin from human
serum through a displacement approach, with an LOD for BR
of 0.004 mg dL™" (68 nM). The slope of titration of BR-HSA
with THYQ was found to be linearly dependent on [bilirubin]
in HSA and enables a fluorescence-based direct method for
the detection of bilirubin below normal (0.7 mg dL™", 12 uM)
to hyperbilirubinemia conditions (12.6 mg dL™", 216 pM). The
results for the detection of BR by this displacement approach
in real samples were in good agreement with clinical
findings.
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