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Abstract: Glycation of albumin proteins is considered the
pathophysiological hallmark of several chronic fatal disor-
ders, including diabetes mellitus (DM) and Alzheimer’s
disease (AD). The optical detection of glycated albumin is a
simple and cost-effective tool with diagnostic implications
for DM and AD. Herein, we developed a cyano derivative of
the benzothiazole-phenothiazine conjugate (TcyP) -based far-
red fluorescence probe for the differential detection of
glycated bovine serum albumin (BSA¢) over native BSA and

oxidized BSA (BSAp). The selective fluorescence
enhancement of TP in the presence of native BSA and
BSA, and significant quenching in the presence of BSAg
account for the distinct interaction between the probe and
different structural variants of BSA. The high photostability
and differential response towards native BSA and BSA infer
that TcyP is a potential molecular tool to assess the glycation
induced structural changes of albumins.
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DM is considered one of the most prevalent metabolic
disorders affecting more than 415 million individuals globally,
and the number of cases is estimated to cross over 642 million
by 2040."% The dreadful nature of DM is associated with
several neurological disorders like AD. DM triggers the
development of AD by promoting the blood-brain barrier
damage,** leading to the accumulation of misfolded amyloid
B (AP) peptides in the AD brain and related toxicities.” ™ The
complications and evidence of DM link in neuropathological
diseases have led researchers to monitor blood glucose levels
critically. Quantitative determination of glycated proteins,
especially glycated hemoglobin Alc (HbAlc), is considered
one of the potential tools to detect hyperglycemia.”” However,
the analysis has limitations regarding the use of HbAlc as a
short-term regular glycemic control.'®'"! The serum albumin
proteins (BSA: bovine serum albumin and HSA: human serum
albumin) account for ~50% of the total blood protein content
and exhibit several biomechanical properties, including on-
cotic pressure maintenance,"*"”! metal chelation,"" interaction
with biomolecular entities,">'! transport of both endogenous
as well as exogenous cargo ligands, and immunomodula-
tion.'? The remarkable ligand-binding features of albumin
proteins are attributed to undergoing glycation at multiple
sites, which is of significant interest to researchers and
clinicians as a credible indicator of serum blood glucose
level.'™®") The nonenzymatic glycations of those albumin
proteins are a type of post-translational modifications where
the nucleophilic addition of reducing sugars to the free amine
or carbonyl groups of proteins forms reversible Schiff base
intermediate which rearranges to form the Amadori products
and further rearrangements like oxidation or cyclization trigger
formation of advanced glycated end products (AGEs).”” The
serum albumin proteins of the native BSA consisting of 583
amino acids with 67% helix, 10% turn, and 23 % extended
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chain configuration with 17 disulfide bridges form a triple-
domain conformation.”?"! The secondary structure of BSA is
vital to maintain the structure-function relationship and the
aberrant structural changes are implicated in various patho-
logical conditions (Figure 1A). In addition to glycation, BSA
undergoes substantial structural changes upon oxidation
(BSA,).” The formation of BSA, from native BSA triggers
the accumulation of reactive oxygen species (ROS) under
pathological conditions in the body and a critical indication of
oxidative stress, which is linked with disease conditions of
DM, age-related disorders, and neurological disorders.>
The nonenzymatic glycation of BSA is an inevitable repercus-
sion of increased blood glucose levels under the DM
conditions, potentially facilitating the formation of heteroge-
neous AGEs. The AGE-associated structural changes promote
the formation of neurofibrillary tangles (NFT) and amyloid
plaques, eventually leading to AD development.”**”! In this
context, selective detection of different structural variants of
BSA is of foremost importance from the clinical perspective.
The conventional methods for detecting glycated proteins,
including glycated hemoglobin and albumin, are based on
various chromatography, electrochemistry, and immunochem-
istry techniques.''**>% In the recent past, advanced immuno-
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Figure 1. (A) Schematic representation of BSA and its structural variants as pathophysiological markers. (B) The design strategy of D-T-A
architecture based far-red fluorescence probe (T¢\P) and its application in the differential detection of different structural variants of BSA.

assay sensory platform,*"! enzymatic assay,”? and
electroluminescence™’ based techniques have been reported
for the detection of glycated albumins. For bio-analyte
detection, the optical methods and assays are considered
advantageous due to their simple design, ease of handling, low
cost, and rapid quantification ability.*” In practice, bio-analyte
responsive far-red fluorescent probes can outweigh visible
fluorescence probes for in vitro and in vivo applications, as
they cause minimal photodamage to the samples, exhibit
intense tissue penetration ability, and circumvent the problem
of autofluorescence from the surroundings.? In this aspect,
the tailored design of far-red (650 nm—900 nm) fluorescence
probes for the detection of various biological analytes and
markers have gained considerable attention from the scientific
community.?**% For in vivo applications, laser light source for
excitation and two-photon microscopy techniques will be
useful. While a range of fluorescence probes have been
reported for the detection of BSA or HSA,****¥ far-red
fluorescence probe for the selective and differential detection
of structural variants of BSA has not been documented. For
instance, the extent of glycation and oxidation of BSA are
found to be elevated in DM patients, and these structural
alterations significantly impair the inherent binding affinity of
BSA to a range of external ligands, including drugs and
probes.** The conformational changes modify the three-
dimensional structure and make the ligand binding cavities
(site T and site II) narrow and shallow with leading to
compromised accessibility. Therefore, designing fluorescence
probes to differentially interact with the glycated albumin by
sensing the structural changes is challenging.

In this work, we designed a far-red donor-m-acceptor
(D-n-A) system-based benzothiazole-phenothiazine probe
(TnP) for the differential detection of structural variants of
BSA. The photostability of fluorescent probes is a primary
determinant for its practical utility. Incorporation of cyano
group in the bridge (vinyl linkage) of donor and acceptor
moieties was considered in our probe design.®'! This electron-
withdrawing cyano group suppresses the oxidative photo-
bleaching and significantly improve the photostability and
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applicability of the probe (T P)."' ! It has been established
that the cyano group substantially prevents the dye degradation
from singlet oxygen species® and a beneficial strategy to
improve the photostability. Incorporation of electron-with-
drawing cyano group in the design strategy influences the
energy difference profile between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of TP that triggers the far-red emission
along with improving the photostability. The probe was
synthesized by conjugating N-methyl phenothiazine (electron-
donor, D) with 2-(cyanobenzothiazol-2-yl) acetonitrile (elec-
tron-acceptor, A) moiety through a vinyl linkage (m-linker
unit) employing Knoevenagel-type condensation. The pheno-
thiazine was treated with sodium hydride (NaH) under ice-
cold condition followed by addition of methyl iodide (Mel)
and the reaction mixture was heated at 40°C to obtain 10-
methyl-10H-phenothiazine (1) (Scheme S1). The intermediate
1 was treated with phosphonium oxychloride (POCl;) in DMF
under heating conditions to obtain 10-methyl-10H-phenothia-
zine-3-carbaldehyde (2). Finally, the intermediate 2 was
condensed with 2-(cyanobenzothiazol-2-yl) acetonitrile by
Knoevenagel-type condensation in the presence of an organic
base to obtain the desired product TP as an orange-red solid.
All the intermediates and the final product were characterized
by NMR and HRMS analysis. The D-n-A molecular system
TP, exhibits a weak fluorescence signal in phosphate buffer
saline (PBS: 10 mM, pH=7.4) with A,,=672nm upon
excitation at 480 nm (Figure S1). The observed spectral
behavior is particularly interesting from the perspective of an
ideal fluorescent molecular sensor (non-fluorescent in free-
state and strongly fluorescent in the analyte bound-state)
(Figure 1).%**%! The weakly fluorescent Tc\P show turn-on
emission in the presence of BSA. TP was found to
selectively detect BSA in mixed samples consisting of various
biological analytes. Subsequently, the detection of different
structural variants of BSA (BSA, and BSA;) was considered.
The differential sensing ability of TP towards BSA variants
was monitored through a series of spectroscopy measure-
ments.
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The photophysical properties of fluorescent probe TP are
interesting due to the presence of donor and acceptor units
linked through the =m-bridge, which is responsible for the
formation of an internal charge transfer (ICT) state in the polar
environment.”” The probability of forming an ICT state and
response of TP towards different solvent systems was
assessed by recording the absorbance and fluorescence spectra
in solvents of varying polarity (Figure S2A and S2B). The
data showed a gradual shifting of absorption (A,,, =464 nm in
toluene to 484 nm in PBS) and emission (A, =628 nm in
toluene to 672 nm in PBS) maxima towards longer wavelength
regions accompanied by the reduction in emission intensity
with increasing solvent polarity from toluene to PBS. The
observed bathochromic shift in polar solvents accounts for the
stabilization of the excited state and photoinduced ICT. The
observed data can be explained by the Lippert-Mataga theory
(effect of solvent polarity on fluorophore), which provides a
definitive approach to analyze the photophysical data of the
probe in solvents of varying polarity.”® The mathematical
expression of the Lippert-Mataga equation is as follows:

— 2_
(8 1/2€+1_n 1/2n2+1)WE—/4G)2

Va— Vg = 2/hc a3
where, £ is the Planck’s constant, ¢ is the speed of light, a is
the radius of the cavity in which the fluorophore resides, n is
the refractive index of the solvent, and ¢ is the dielectric
constant of the solvent, v,_and v are the wavenumbers (cm ™)
of absorption and fluorescence, and p; and pg correspond to
the dipole moments of the probe in the respective ground and
excited states. The change in the spectral shifts is verified by
analyzing the reorientation of solvents upon interaction with
the probe molecule, which is termed as orientation polar-
izability [Af(e,n)] and expressed by the mathematical formula,

[Af (e,n)] = <8_1/25+1 - n2—1/2n2+1>

The non-linear Lippert plot validates specific interaction
between TP and solvents of different polarity, and the
change in energy of the fluorophore is dependent on the
dielectric constant of the medium (Figure S3). The photo-
stability of the probe was investigated by irradiating TP
(10 uM, PBS:DMSO, 1:1, v/v) with a 100 W high power light
source. The negligible changes in the absorbance intensity
upon irradiation for 1 h confirmed the excellent photostability
of Te\P (Figure S4). The observed photostability of the probe
TenP reinforced the design strategy of incorporating cyano-
group in the probe. Further, we investigated the stability of
TenP in different external physical and chemical conditions
such as temperature, pH, and in the presence of various
reactive oxygen species (ROS). To assess the thermal stability,
we recorded the fluorescent spectra of TP (10 uM) in PBS
over the temperature range of 20-80°C upon exciting at
480 nm. The emission spectra at different temperatures
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showed minimal changes confirming the thermal stability of
TenP (Figure S5). We incubated TP (10 uM) in solutions of
varying pH (1 to 13) for 10 min, and the fluorescent spectra
were recorded. The TP fluorescence did not change
significantly over a broad pH range, which confirmed pH
stability of the probe and its suitability under the physiological
conditions (Figure S6). Under extreme physical (temperature)
and chemical (pH) stimuli, viz., above 70°C and below pH 2,
marginal reduction in the basal fluorescence of TP was
observed. These are mostly outside the biologically relevant
conditions and not expected to affect the utility of the probe.
The cellular oxidative stress is a common phenomenon under
disease conditions, and it is essential to investigate the fate of
TcnP under these conditions. We recorded fluorescence spectra
of TeyP in the presence of different ROS (H,0,, HO®, NO,",
NO;™ and ClO"). For the experiment, TP (10 pM) was
incubated with ROS (50 uM) in PBS (10 mM, pH=7.4) for
10 min, and the TP emission was monitored upon excitation
at 480 nm. Interestingly, the TP emission remained mostly
unaffected by ROS at their high concentrations, which
affirmed the suitability of the probe for practical applications
under cellular conditions (Figure S7).

Next, the utility of TP as a molecular probe to sense the
albumins was evaluated. The structural homology between
BSA and HSA makes them identical in terms of ligand binding
ability. The selectivity of the probe TP towards BSA and
HSA was investigated in comparison with other biological
analytes such as trypsin, glutathione, and skimmed milk. The
fluorescence spectra were recorded by exciting TP (10 pM)
at 480 nm in PBS buffer and maintaining the stoichiometric
ratio of probe:analyte at 1:1 (Figure 2A). TP showed a
hypsochromic shift (~55nm) in its fluorescence maxima
(Amax =672 nm) upon interaction with BSA or HSA. A
significant enhancement in the fluorescence emission intensity
(~7- and 6-fold increment for BSA and HSA, respectively)
was also observed. While, negligible changes in the
fluorescence emission intensity of TP in the presence of
trypsin and glutathione were observed, which revealed the
selectivity of the probe towards albumins. Notably, the slight
fluorescence response of the probe observed for skimmed milk
is attributed to the presence of albumin proteins. The crystal
structure analysis of BSA and HSA protein revealed three
different drug-binding domains (domains I, II, and III), and the
drug molecules generally bind to the sudlow 1 and sudlow 2
sites present in domain II and I11.57%

The sudlow site I is known for the entrapment of hydro-
phobic drugs within its large hydrophobic cavity, and the
hydrophobic nature of TP accounts for its potential binding
in sudlow site 1. The fluorescence titration experiment was
performed to gain insight into the binding interactions between
BSA and T\P. Increasing concentrations of BSA (0-900 pM)
were titrated against a fixed concentration of the probe TP
(10 uM), and the changes in fluorescence emission intensity at
619 nm was monitored upon excitation at 480 nm (Figure 2B).
With BSA titration, the A, value of the probe shifted towards
a lower wavelength accompanied by the gradual increase in
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Figure 2. (A) Selective detection of albumins (HSA and BSA) by TcyP (A, =480 nm A.,,=619 nm) over other biological analytes (trypsin, GSH,
skimmed milk). (B) The change in emission spectra of TcyP (10 yM) upon addition of increasing concentration of BSA (0-900 pM). (C) The
change in intrinsic fluorescence of BSA (10 pM) (A, =278 nm, A.,,=340 nm) with increasing concentration of T¢yP (0-700 yM) and (D) the
corresponding Stern-Volmer plot of intrinsic fluorescence change of BSA with increasing concentration of TcyP to calculate K, (quenching

constant). NFI: Normalized fluorescence intensity.

the emission intensity. The enhancement in emission intensity
and hypsochromic shift in the emission maxima validates the
confinement of the probe in one of the hydrophobic pockets of
BSA. The entrapment of TP within the hydrophobic cavity
of BSA is anticipated to influence the conformation of the
protein and potentially alter the protein microenvironment.
The detailed information on the structural changes can be
obtained by examining the intrinsic fluorescence at 340 nm,
which corresponds to the characteristic signal of tryptophan
units of BSA. BSA (10 uM) was titrated with the increasing
concentration of TP (0700 uM), and the change in the
fluorescence was measured at 340 nm (A,=278 nm). The
increasing concentrations of TP showed a gradual decrease
in the fluorescence emission intensity at 340 nm, indicating
possible changes in the microenvironment of aromatic residues
of BSA upon binding with TP (Figure 2C). In most of the
cases, upon interaction with external chemical probes, proteins
get denatured, which is validated by the distinct hyperchromic
shift of emission maxima at the tryptophan region.”” How-
ever, the absence of any characteristic shift in the intrinsic
fluorescence band (A, =340 nm) confirmed that the interac-
tion of TqyP with BSA does not cause the unfolding or
denaturation of the protein. The Stern-Volmer plot investigated
the fluorescence quenching data, and the extent of quenching
was quantified by the following equation 2.
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IO/I = 1 +KqTq[Q} = 1 + KSV[Q]

Where, I, and I are the steady-state fluorescence intensities
in the absence and presence of quencher, respectively, Kgy is
the Stern-Volmer quenching constant, 1, is the average lifetime
of the protein without the quencher, and [Q] is the concen-
tration of the quencher (T¢\P). The Kgy value was determined
by plotting I/I at 340 nm against the probe concentration
(Figure 2D) and was found to be 5.26x10° M™' as measured
by the linear regression assessment, which ensures effective
interaction between BSA and TP. BSA, accounts for several
pathological conditions in the body,’™ and investigating the
ability of the probe to interact with BSA, is of great interest.
To assess the interaction, the native BSA was subjected to
oxidation by incubating BSA (10 uM) with hydrogen peroxide
(H,0,, 100 uM), ferrous sulfate (FeSO,, 10 uM) and EDTA
(10uM) in PBS at room temperature in the dark. The
oxidation was monitored by the spectral change and cyclic
voltammetric analysis. As observed from the fluorescence
spectroscopy data, the emission band of BSA corresponds to
the tryptophan fluorescence (A.,=340nm, A, =278 nm)
significantly reduced indicating the changes in the micro-
environment of the tryptophan region upon oxidation (Fig-
ure 3A). Cyclic voltammetry analysis confirmed the oxidation
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Figure 3. (A) The characteristic changes in intrinsic fluorescence of
BSA upon oxidation (A, =278 nm A_,,=340 nm). (B) Cyclic voltam-
metry analysis to assess the changes in current density of BSA
(inset) upon oxidation (BSAg). (C) Emission spectra of T P with
native BSA and BSA, in PBS (A,=480nm A,,=619 nm). NFI:
Normalized fluorescence intensity.

of BSA. The native BSA showed a characteristic oxidation
peak at —0.63 V and the less intense reduction peak at
—0.70 V for electrochemical oxidation and reduction cycles,
respectively (Figure 3B inset). However, BSA, showed a
broad maximum in the range of —0.65 to —0.61 V for the
oxidation, while no peak was observed for the reduction
(Figure 3B). In general, the disulfide bridges of BSA are
susceptible to oxidation, and the reduction leading to a
possible rearrangement of the disulfide bonds of BSA. In the
case of BSA,, the absence of any reduction peaks indicates the
complete oxidation of BSA. Next, we monitored the inter-
action of ToyP with BSA, by spectrophotometry method. As

Isr. J. Chem. 2021, 61, 222—-230

© 2021 Wiley-VCH GmbH

Israel Journal
of Chemistry

discussed (vide supra), TP exhibits fluorescence response
with BSA, and we were intended to understand the probe
response to BSA, in comparison to native BSA. TP (10 pM)
was treated with BSA or BSA, (10 uM) in PBS at room
temperature for 15 min, and emission spectra were recorded
upon excitation at 480 nm. The data showed that the emission
intensity of TP in the presence of BSA, is significantly
higher compared to native BSA (Figure 3C), suggesting that
ToyP  differentially interacts with BSA and BSA,. The
observed photophysical changes revealed that TP exhibits
moderate differential sensing ability to detect BSA, over
native BSA.

As discussed earlier, BSA; is a biomarker for DM and
provides information on the average glucose level in the
blood.®" As an endogenous glycemic control, the differential
detection of BSA; by TP can be an important diagnostic
tool for the early detection of DM. The glycation of albumin
proceeds via nonenzymatic attachment of glucose residues to
the free amino groups of lysine and arginine moieties followed
by the formation of Schiff base intermediate, which further
undergoes Amadori-rearrangement to form more stable keto-
amine or fructosyl-lysine products known as Amadori product
(Figure 4A). The glycation of BSA (50 uM) was carried out in
the presence of glucose (S5mM) in PBS at 37°C under
continuous incubation for 28 days. Concentration-dependent
photophysical studies monitored the extent of glycation of the
incubated BSA. The change in emission intensity of trypto-
phan residue of BSA at 340 nm was recorded upon excitation
at 278 nm (Figure 4B). The data showed a decrease in
emission intensity at 340 nm in the case of BSAg, which
indicates the changes in the tryptophan microenvironment
upon glycation. Further, the change in emission intensity in
the range of 400-550 nm was measured upon excitation at
370 nm. The characteristic fluorescence signals in the region
400-550 nm are the predictor of the formation of glycated
products (Figure S8). The glycation of BSA and the formation
of AGEs are accompanied by major structural changes in the
protein with globular to B sheet-like conversion.'™”

In this context, the thioflavin-T (ThT) assay is a reliable
method to probe the structural changes in BSA; due to the
high affinity of ThT dye towards B sheet-like structures.?
The assay was performed by treating different concentrations
of native BSA or BSAg (2, 5, and 10 uM) with ThT (10 uM),
and the change in emission intensity at 480 nm was recorded
upon excitation at 440 nm (Figure S9). There are no significant
changes in the ThT fluorescence intensities in the presence of
native BSA. While, BSA; showed a concentration-dependent
enhancement in ThT fluorescence intensities, and fluorescence
enhancement was significant at 10 pM concentration of BSAg,
which revealed alterations in the secondary structure of BSA
due to glycation. The structural changes of BSA due to
glycation were further confirmed by CD spectroscopy meas-
urement (Figure 4C). The CD spectra of BSA (10 uM) and
BSA; (10 uM) were recorded in PBS. The CD spectrum of
native BSA showed characteristic peaks at 205 nm and
225 nm corresponding to the a-helix structure. The CD
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Figure 4. (A) Schematic representation of glycation of BSA under high blood glucose levels and the formation of AGEs. (B) Intrinsic
fluorescence change of BSA upon glycation (A, =340 nm, A,=278 nm). (C) Circular dichroism (CD) spectra of native BSA and BSA¢
confirming the changes in helical content upon glycation. (D) The change in fluorescence intensity of TcyP (10 pM) with different
concentration of BSA and BSA; (10 and 100 uM) (A, =480 nm, A.,,=656 nm). (E) Intrinsic fluorescence change of BSA; (10 pM) monitored
at 530 nm upon the increasing concentration of the probe (0 to 100 uM) (A,,=480 nm, A.,,=656 nm). (F) Intrinsic fluorescence change of
BSA¢ (10 pM) (A,=278 nm, A, =340 nm) recorded with increasing concentration of Ty P (0-100 uM). Inset is the enlarged view of the box,
which shows changes in intrinsic fluorescence intensity of BSA¢ in the presence of varying concentrations of the probe. NFI: Normalized

fluorescence intensity.

spectrum of glycated BSA showed a decrease in the peak
intensities at 205 nm and 225 nm indicating a reduction in the
helical content. This result is in good agreement with ThT
fluorescence assay data and confirmed major structural
changes to native BSA upon glycation. Next, we performed
the matrix-assisted laser desorption and ionization (MALDI)
analysis of BSA and BSAg using 2,5-dihydroxybenzoic acid/
sinapinic acid (20: 80) as the matrix (Figure S10). The MALDI
spectrum showed an increased molecular mass peak for
glycated BSA compared to native BSA. The increased
molecular weight suggests BSA modification upon addition of
more than four glucose residues, which subsequently undergo
rearrangements to form the glycated derivatives. Next, we
investigated the utility of TcyP to differentially probe BSA4
against native BSA. TP (10 uM) was treated with native
BSA (10 and 100 uM) or BSA; (10 and 100 uM) and
incubated for 15 min at room temperature. The emission
spectra of TP was recorded upon excitation at 480 nm
(Figure 4D). The characteristic enhancement in the emission
spectra of TP at 619 nm along with hypsochromic shift was
unchanged for native BSA. However, significant quenching of
fluorescence emission with a bathochromic spectral shifting (~
55 nm) was observed in the case of BSA; in comparison to
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native BSA. Notably, the emission spectra of BSA; showed a
characteristic band at 530 nm (Figure 4E), which is a signature
band corresponding to the glycation of arginine units in BSA
that unambiguously confirmed the formation of AGEs and
Arg-194, Arg-196, Arg-198, Arg-217, Arg-409, Lys-204 and
Lys-413 present in sudlow I and sudlow II sites are typically
responsible for ligand interaction."” The glycation predictably
makes significant structural alterations and conformational
changes in the sudlow sites due to covalent attachment of
glucose units to the amine groups of lysine and arginine
residues followed by the cyclic rearrangement to form AGEs.
The concentration-dependent study was performed, where the
concentration of probe was varied from 10 to 100 uM, and
BSA; concentration was fixed at 10 uM (Figure 4E). The
careful observation of the fluorescence data revealed that the
characteristic signature band of AGEs at 530nm was
decreased upon interacting with the probe. A subsequent
increase in the probe concentration results in the disappearance
of the AGE band and reappearance of the intense fluorescence
signal at 655 nm, which is gradually enhanced with probe
concentration. The glycation-induced modifications of amino
acid residues in the drug-binding sites alter the surface area,
width, and volume of the binding pockets, which prevents the
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probe accessibility and alters the binding interactions. To gain
further insights on the probe-analyte interaction, the changes
in intrinsic tryptophan fluorescence (A,,=340nm, A, =
278 nm) was monitored by titrating increasing concentrations
of the probe (10 to 100 uM) to a fixed concentration of BSA,
(10 uM). As discussed earlier, the glycation induced structural
changes (helix to B-sheet transition) exposes the drug-specific
sudlow sites and alters the tryptophan microenvironment of
the protein, which reflected in the quenching of tryptophan
fluorescence intensity of BSA; as compared to native BSA
(vide supra). The observed increased trend in tryptophan
fluorescence quenching as a function of probe concentration
(10-100 uM) suggests that the probe interaction further
contributes to the structural alteration of BSAg (Figure 4F).
The glycation and oxidation induce significant structural
alteration to native BSA, which is believed to significantly
change the conformation of drug-binding sites (sudlow I and
sudlow II). To\P binds to the hydrophobic drug-binding pocket
of native BSA, as revealed by the changes in intrinsic
fluorescence signal of protein and turn-on emission of the
probe. The conformational changes of BSA upon glycation
and oxidation significantly affect the intrinsic protein and
probe fluorescence responses, which result in the observed
differential detection patterns.

We have developed a fluorescence probe TP with a D-n-
A molecular system for the differential detection of structural
variants of BSA. The detailed photophysical studies performed
with TP established the selective and differential detection
of BSA/HSA, BSA,, and BSA. The photostable TP exhibit
highly specific turn-on fluorescence emission and distinct
photophysical properties in the presence of BSA/HSA and
BSA, with a maximum enhancement for the latter The
glycation of native BSA resulted in significant conformational
changes and showed a prominent fluorescence quenching
response in the presence of the probe as compared to other
BSA analytes (BSA/HSA or BSA,). The structural modifica-
tion of BSA upon oxidation (BSA,) and glycation (BSAg)
have distinctively influenced the binding interaction of TP,
which resulted in differential fluorescence response. This study
underlines the importance of differential detection of structural
variants of BSA as the alternative method to blood glucose
level measurements for the diagnosis of various pathological
conditions. Further, modifications and improvements to the
methods and protocols reported here are anticipated to provide
novel diagnostic tools for DM and associated disease con-
ditions.

Synthesis of 10-methyl-10H-phenothiazine (1). To a
stirred solution of 10H-phenothiazine (500 mg, 2.50 mmol) in
DMF in a high-pressure sealed tube, NaH (60 mg, 2.50 mmol)
was added at 0 °C. The reaction mixture was stirred for 30 min
at 0°C followed by 15 min at room temperature. To the same
solution, Mel (2 mL, 4.55 g, 32.11 mmol) was added dropwise
and stirred at 40 °C for 24 h and the reaction was monitored by
thin layer chromatography (TLC). After completion of the
reaction, the crude reaction mixture was purified by column
chromatography on silica gel using ethyl acetate: hexane as

Isr. J. Chem. 2021, 61, 222—-230

© 2021 Wiley-VCH GmbH

Israel Journal
of Chemistry

eluent to yield a white solid 1 in good yield (60%). 'H NMR
(400 MHz, DMSO dg): 6 7.22 (t, J=7.7 Hz, 2H), 7.16 (d, J=
7.8 Hz, 2H), 6.96 (dd, J=7.7 Hz, 4.1 Hz, 4H), 3.31 (s, 3H).
3C NMR (100 MHz, DMSO d,): § 145.3, 127.7, 126.7, 122.4,
122.0, 114.5, 35.0. HRMS (ESI) m/z: caled for C;3H; NS [M
+H]*, 214.0684; Found, 214.0671.

Synthesis of 10-methyl-10H-phenothiazine-3-carbalde-
hyde (2). To a stirred solution of 1 (500 mg, 2.34 mmol) in
DMF (2 mL), POCl; (1.5 mL, 1.81 g, 11.83 mmol) was added
dropwise under nitrogen atmosphere at 0°C. The reaction
mixture was stirred under the same conditions for 40 min
before it was brought to room temperature and stirred for
20 min followed by 3 h at 60°C and monitored by TLC. After
completion of reaction, the reaction mixture was poured into
ice-cold water to obtain a yellow-brown precipitate of 2 in
good yield (62%). '"H NMR (400 MHz, DMSO dg): 6 9.80 (s,
1H), 7.75 (d, J=8.4 Hz, 1H), 7.61 (s, 1H), 7.25 (t, J=7.7 Hz,
1H), 7.18 (d, J=7.6 Hz, 1H), 7.10 (d, J=8.4 Hz, 1H), 7.02 (t,
JT=7.4Hz, 2H), 3.39 (s, 3H). °C NMR (100 MHz, DMSO dq):
8 190.6, 150.4, 143.7, 130.9, 130.4, 128.0, 127.2, 126.9, 123.5,
122.4, 121.1, 115.4, 114.5, 35.6. HRMS (ESI) m/z: calcd for
C,,H;;NOS [M]", 241.0561; found, 241.0967.

Synthesis of 2-(benzothiazole-2-yl)-3-(10-methyl-10H-
phenothiazin-3-yl) acrylonitrile (TyP). To a stirred solution
of 2 (500 mg, 2.07 mmol) in ethanol (30 mL), piperidine
(283 uL, 244 mg, 2.86 mmol) was added dropwise. The
reaction mixture was stirred at room temperature for 20 min,
to which ethanol solution of 2-(benzo-thiazol-2-yl) acetonitrile
(690 mg, 3.96 mmol) was added. The reaction mixture was
stirred at room temperature for 24 h and monitored by TLC.
After completion of reaction, the reaction mixture was kept at
—20°C overnight for precipitation. The obtained dark-orange
precipitate was washed with hexane and purified by column
chromatography on silica gel using ethyl acetate: hexane as
eluent. The product obtained as an orange solid in excellent
yield (80%). '"H NMR (400 MHz, DMSO d,): & 8.24 (s, 1H),
8.15 (d, J=7.9 Hz, 1H), 8.02 (dd, J=16.9 Hz, 8.4 Hz, 2H),
7.90 (s, 1H), 7.56 (t, J=7.6 Hz, 1H), 7.49 (t, J=7.6 Hz, 1H),
7.26 (t, J=7.7Hz, 1H), 7.20 (d, J=7.3 Hz, 1H), 7.13 (d, J=
8.7 Hz, 1H), 7.03 (t, J=7.5 Hz, 2H), 3.40 (s, 3H). "C NMR
(100 MHz, DMSO dy): 8 163.5, 152.9, 148.6, 146.4, 143.5,
128.1, 126.9, 123.5, 122.8, 122.3, 115.4, 114.8, 101.8, 35.5.
HRMS (ESI) m/z: calced. for C,3HsN;S, [M+H]", 398.0779;
found, 398.0837.

BSA Oxidation and Characterization. For the oxidation
of BSA, BSA (10 uM) was pretreated with FeSO, (10 uM)
and EDTA (10 uM) in PBS (10 mM, pH=7.4) for 5 min and
then H,0, (100 uM) was added and the sample was incubated
for another 10min at room temperature under dark
condition.[** The oxidation of BSA was monitored by cyclic
voltammetry (CV) and fluorescence measurements. The
samples were purged with argon for 30 min to degas the
electrolyte. The cyclic voltammetry was performed in PBS
(10 mL, 10 mM, pH=7.4) using Ag/AgCl (1M KCI) as a
reference electrode, glassy carbon as a working electrode and
Pt coil as the counter electrode. The CV spectra were recorded
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at a scan rate of 0.1 V/s in the range of —1 V to —0.24 V. The
change in the fluorescence intensity was measured at A.,=
340 nm upon excitation at 278 nm.

Glycation of BSA. BSA (50 uM) was incubated with
glucose (SmM) in PBS (10 mM, pH=7.4) at 37°C for
28 days under constant agitation.!® The glycation of BSA was
monitored by the change in the fluorescence spectra at A, =
340 nm upon excitation at 278 nm and A.,=485nm upon
excitation at 370 nm, respectively, which are the characteristic
region to monitor glycation of BSA. After glycation of BSA,
the sample was extensively dialyzed in PBS (10 mM, pH=
7.4) using the PVDF membrane (14 kDa) for 48 h to remove
excess glucose molecules. The concentration of glycated BSA
was measured by Bradford’s assay. The stock solutions were
stored at —20°C.
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