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ABSTRACT: The limitations of prevailing probes for the
detection of human serum albumin (HSA) and HSO;™ make it N =
challenging to apprehend the cooperative effect of both HSA and s
HSO;™ in biological systems. Herein, we present a multi-responsive
fluorescent probe MGTP, which distinguishes HSA from bovine -
serum albumin (BSA) through an ~104-fold fluorescence enhance- ~ Weak fluorescence
ment at an emission maximum of 595 nm with HSA and only an
~10-fold increase at an emission maximum of 615 nm with a e
shoulder at 680 nm with BSA. The absorbance spectrum of MGTP +MGTP

also discriminates HSA and BSA with the respective absorption
maxima at 543 nm and at 580 nm. MGTP in the confined space of
HSA or BSA undergoes instantaneous conjugate addition of
HSO;™ and results in a ratiometric change in fluorescence intensity
with diminishing of red fluorescence (600 nm) and emergence of green fluorescence (515 nm). MGTP in the absence of SAs does
not react with HSO;™ in phosphate-buffered saline buffer and reacts sluggishly in the dimethyl sulfoxide—water 1:1 mixture. The
limit of detection values for the detection of HSA and HSO;™ are 4 and 6.88 nM, respectively. The drug binding studies reveal that
MGTP preferably confines itself at the bilirubin site of HSA. In MCF-7 cancer cells, MGTP is localized into mitochondria and
reveals both exogenous and endogenous visualization of HSO;™ through a change in fluorescence from the red to green channel.

MGTP & 1
l

y
430 530 630 730 430 530 630 730
wavelength (nm) wavelength (nm)
HSA + MGTP HSA + MGTP +
HSO;

1. INTRODUCTION Sulfur dioxide (SO,) is a new member of the gasotransmit-

—26 . . . .
The utmost abounding serum protein human serum albumin ter” " family in the cardiovascular system and is generated
(HSA) has three homologous helical domains—I, II, and II, endogenously 19 c.ytosols .and mlFOC}zlgilgrla up9n the ox?dat'lon
each possessing two subdomains—TIA, IB, IIA, IIB, IIIA, and of .SUIful‘-COHtalmn-g amino acids. During respiration,
IIIB. HSA serves as the depot and carrier protein by reversible bes1de§ CO, _SOZ is also breathed out, and the excrgta fr‘om
interaction of exogenous and endogenous compounds. The the kidneys include sulfite and sulfate. In physiological
transportation of various drugs, metabolites, and fatty acids is conditions, sulfites are formed_ by the I'EilCtIOIl +0f S0, 3r_1d
carried out by HSA present in blood plasma.' ™ Any change in waterg;o 5O, + H,0 « Hy80," < HSO,” + H' < SO~ +
the levels of HSA in body fluids is a direct warning for 2H*."" The mitochondrial enzyme sulfite oxidase catalyzes the
physiological malfunctioning of visceral organs, especially the oxidative .degradat.ion of cys_teine and methionine. and also
liver and kidneys.® The level of HSA in blood plasma is usually plays 2 vital role in detoxifying exogenously supplied sulfite
used to screen liver and kidney function and diseases such as from ggc;ld, pharmaceutical P_rOdUCt_S’ and antlmlcr?blal
coronary heart diseases,” multiple myeloma,® diabetes agents.” " However, the deficiency in the sulfite oxidase
mellitus,”'® kidney diseases,'’ ™ neurometabolic disor- enzyme or the error in the biosynthetic pathway results in the
) )

ders,'>'® and liver cirrhosis.'”"2° The abnormalities in liver accumulation of sulfite in biological fluids or tissues.>>>* The
such as cirrhosis or hepatitis can cause hypoproteinemia—a

condition with a reduced level of HSA in plasma. Diabetes Received: November 7, 2022 0
mellitus, cardiovascular diseases, or renal disorder can cause Accepted: December 20, 2022
microalbuminuria—a condition with a high level of HSA in Published: January S, 2023 RS \
urine. Therefore, detection for urinary albumin is of great £ ‘é‘! ‘:
clinical importance for diagnosis of albuminuria and related
diseases.”' ™
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accumulation of sulfite affects the mitochondrial homeostasis
in rat brain mitochondria and also induces mitochondrial
swelling and reduces the mitochondrial membrane potential
and Ca** retention capacity.”® Bisulfite is associated with
respiratory abnormalities®® and brain cancer.”” Therefore, it is
important to develop an effective approach for the
determination of bisulfite in biological systems especially, in
blood serum.”®™*' Fluorescence is an effective method"**’ for
the detection of analytes, and over the past few years, a number
of fluorescent probes have been reported to detect SO;>7/
HSO;~.**"* Despite the considerable research studies
dedicated toward the pathological and physiological effect of
HSO;™ and HSA, detailed investigation is still required.
Despite the collective or cooperative effects and functions of
HSA and HSO; in biological systems, real-time sensing of both
the species still remains an undiscovered area, and strenuous
research is needed.

There is only one example in the literature where the
cooperative function of HSO;™ and HSA has been investigated
in real-time biological systems. Qu et al. reported a TICT-
based probe for the detection of HSA and HSO;”
simultaneously with a ratiometric change in fluorescence.”

Herein, we report a TICT-based multi responsive
fluorescent probe MGTP, which distinguishes HSA from
bovine serum albumin (BSA) by using both UV-—vis
spectroscopy and fluorescence spectroscopy. MGTP with
HSA exhibits a 104-fold enhancement in fluorescence with a
maximum at 595 nm, while with BSA, it gives only a 10-fold
fluorescence enhancement at 615 nm with a shoulder at 680
nm (Scheme 1). MGTP in a confined space of HSA/BSA

Scheme 1. Salient Features of Probe MGTP
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undergoes instantaneous addition of HSO;™ resulting in the
ratiometric change in fluorescence from orange/red to green in
<2 min. MGTP is preferably confined at the bilirubin site of
HSA or BSA. MGTP on incubation with MCE-7 cells reveals

intense red fluorescence in mitochondria, which is further able
to detect both exogenous and endogenous HSO;™ in MCF-7
cells, consistent with the shift in emission from red to green.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of MGTP. The
condensation of MGZ with 3-ethyl-2-methylbenzo[d]thiazol-
3-ium iodide (1) in DMF gave MGTP, an orange red solid, in
65% yield (Scheme 2). The '"H NMR spectrum of MGTP
along with other required signals shows the presence of a 1H
doublet at 6 7.94 with the coupling constant | = 16 Hz and
confirms the trans geometry around the double bond. '*C
NMR and high-resolution mass spectrometry (HRMS) data
further endorse the structure of MGTP (Figures S1—S7).

2.2, Effect of Dimethyl Sulfoxide—Water Binary
Mixtures on UV-Vis and Fluorescence Spectra of
MGTP. To rationalize the role of water on the photophysical
and aggregation properties of MGTP, its solutions were
prepared in dimethyl sulfoxide (DMSO)—H,O [phosphate-
buffered saline (PBS) buffer, pH 7.4] binary mixtures, and
their UV—vis and fluorescence studies were performed. The
solutions were allowed to equilibrate at 25 °C for 2 h before
recording the data. The UV—vis spectrum of MGTP (10 yM)
in DMSO displays a high energy band at 385 nm and a low
energy band at 585 nm. With a regular increase in f,, the
absorption maximum at 585 nm is gradually blue-shifted with
the decrease in absorbance. In DMSO—H,O (1:9), the low
energy absorption maximum is blue-shifted by 75 nm from 585
to 510 nm (Figure 1A). The UV—vis spectrum of MGTP (10
uM) in water (99.9%) becomes broad with a shoulder at ~610
nm. The plot of wavelength of the absorption maximum
against f,, shows a gradual blue shift in the absorption band
with increasing f,, and is also associated with the decrease in
absorbance (Figure 1B). This gradual decrease in absorption
and the blue shift in the absorption band of MGTP with
increasing amounts of water are assigned to the face to face
stacking, that is, H-type aggregation, of MGTP molecules.’>?
On excitation at 415 nm, the fluorescence spectrum of MGTP
(10 uM) in DMSO displays a structured emission band with
maxima at 680, 605, and 515 nm. In the DMSO—H,0 (9:1)
binary mixture, fluorescence intensity decreases sharply by
factors of 12, 6.8, and 55.9, respectively, at 680, 605, and 515
nm (Figure S8) in comparison to that in DMSO. The
spectrum showed emission maxima at 617 and 494 nm. The
increase in f,, up to 40% results in an increase in fluorescence
intensity at 617 nm, and a further increase in f,, causes a
gradual decrease in fluorescence intensity (Figure 1C). In
99.9% water, the fluorescence spectrum becomes broad and
emits in the region 660—825 nm. The emission maximum
wavelength decreases linearly with increasing f,, in DMSO—

Scheme 2. Synthesis and Michael Addition of HSO;~ on MGTP
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Figure 1. (A) UV—vis spectra of MGTP (10 #uM) and (B) plot of the
maximum absorption wavelength and their respective absorbance vs
fw in DMSO—water binary mixtures; (C) fluorescence spectra of
MGTP (10 uM), (A, = 415 nm); and (D) plot of the emission
maximum wavelength and their fluorescence intensity vs f, in
DMSO—water binary mixtures.

H,O binary mixtures (Figure 1D) and is consistent with face to
face stacking of MGTP molecules, that is, H-type aggregation.

2.3. Differential Spectroscopic Response of MGTP to
HSA over BSA and Other Biomolecules. The selectivity of
MGTP (10 xM, PBS 10 mM, pH 7.4, 0.1% DMSO) toward

serum albumins (SAs) was investigated by UV—vis spectros-
copy and fluorescence spectroscopy in the presence of
commonly intervening bio-analytes such as trypsin, aspartic
acid, histidine, pepsin, lysozyme, bromelain, lysine, and
hemoglobin (50 yM each) and was found to show change
only with SAs, HSA and BSA (Figure 2A). The UV—vis
spectrum of MGTP exhibits an absorption band with a
maximum at 522 nm along with a shoulder at ~610 nm. In the
presence of has, the absorbance of the 522 nm band increases,
associated with the red shift to 543 nm, whereas the shoulder
at ~610 nm disappears. However, BSA exhibits a sharp
increase in absorbance at 580 nm, and the absorbance at 522
nm decreases (Figure 2B). The solutions of MGTP having
HSA and BSA appear red fluorescent under illumination of 365
nm light, whereas the solutions possessing other bio-species
appeared non-fluorescent, just like MGTP solution. On
excitation at 415 nm, MGTP with HSA (50 uM) exhibits a
104-fold increase in fluorescence intensity with a maximum at
595 nm, whereas with BSA (50 uM), it results in only a 10-fold
increase in fluorescence intensity at 615 nm with a shoulder at
680 nm (Figure 2C). Therefore, both UV—vis and
fluorescence spectra can be used to distinctly distinguish
between HSA and BSA. HSA and BSA have only ~76% similar
structural and amino acid homology.”® The 24% variance in
the amino acid sequence is responsible for difference in their
optical behavior toward MGTP. However, there are few probes
in the literature that exhibit a higher increase in fluorescence
intensity with HSA than with BSA,”>* but the discrimination
between HSA and BSA with different absorption and emission
maxima is not available.

2.4. Quantitative Detection of HSA and BSA with
MGTP. MGTP (10 uM, PBS 10 mM, pH 7.4, 0.1% DMSO)
on excitation at 415/520 nm displays very weak emission with
a maximum at 665 nm. On addition of HSA to MGTP (1., 415

10

=)
°

e 30
§ A 104 fold 0ss | B c MGTP + HSA 5 (D) MG_TP +HSA E ©
= = ex =520 nm s 6 595?('
Ts weTe | MGTP | MGTP oA MGTP + BSA 812 2 6 54 4
HSA BSA S 2 o
4 4 035 MGTP + HSA = o o 4 510 nn
56 o 6 2 18 <15 °
< Box = @ T4 010203040506070
- w & E [HSA) M
4 02 445
< 12 %
015 = e )
MGTP ;"
2 10 fold 01 2 MGTP + B! 63
0.05
0 o € < B Q2 Ec O Cc @ 0 0 0 0
425 480 535 s: 645 700 425 495 565 635 705 775
ga % 3 § g é z-)- 3 % _czf wavelength (nm) wavelenglR (nmgJ 415 515wavelegéa| (nm) e 815 450 550 wavflg‘r]\glh ("4)50 850
FEZcgs
3 T &
10 0.4 545 03 04 04
MGTP MGTP + BS, J MGTP + BSA
X T (G) MGTP + HSA (H) MGTP +HSA , 4 (1) 580 nm ) Laeee
sl % 535 nm 540 AA e .
% 03 _ A e 03
HSA], [MGTP;
= . [HSA]; [MGTP] g Abs, 4 o o
= 6 % R =53 shge .
7 A 3 A g
§ ..’0 At 502 5 a® <oz J
-3 % S 2530 g g
2 - s
‘ﬁ: ol 0.1 z o 01
2 4 .o‘...’. |sobesti int 525 .C Wavelength
"'y HSA] [MGTP; ¢ sobestic poin maximum Isobestic point
{ I ] 480, 580 nm A4 _
0 0 520 02 0425 480 535 500 645 700 0
0 20 40 60 80 425 480 535 590 645 700 0 20 40 60 0 20 40 60
[HSA] uM Wavelength (nm) [HSA] um Wavelength (nm) [BSA] um

Figure 2. (A) Fluorescence intensity of MGTP (10 uM, PBS, pH 7.4, 0.1% DMSO) at 595 nm in the presence of different bio-analytes (50 uM
each). Inset: photograph of (left) MGTP (10 uM), (middle) MGTP (10 uM) + (HSA, S0 uM), and (right) MGTP (10 uM) + (BSA, 50 uM), all
three in 99.9% PBS. (B) UV—vis spectra of MGTP (10 uM) in the absence and the presence of HSA (S0 pM) and BSA (50 uM). (C)
Fluorescence spectra of MGTP (10 uM) with HSA and BSA (50 M), A, 415 nm. (D) Fluorescence spectra of MGTP (10 zM, PBS 10 mM, pH
7.4,0.1% DMSO) with HSA (50 M) with 4, values of 415 and 520 nm; (E) change in the fluorescence spectrum of MGTP (10 uM, PBS 10 mM,
pH 7.4, 0.1% DMSO) with the gradual addition of HSA, A, 415 nm, inset: plot of fluorescence intensity vs [HSA] at 595 and 510 nm; and (F)
distribution of various stoichiometric species with addition of HSA to MGTP. (G,I) Change in the UV—vis spectrum of MGTP on gradual
addition of (G) HSA and (I) BSA. (H) Plot of the change in wavelength of the absorbance maximum and absorbance at the maximum on addition
of aliquots of HSA. (J) Plot of change in absorbance at 588 nm on addition of aliquots of BSA.
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Figure 3. (A) Change in fluorescence of MGTP (10 uM)—HSA (50 uM) and (B) change in fluorescence of MGTP (10 uM)—BSA (50 uM) in
PBS (10 mM, pH 7.4) with bilirubin, warfarin, and ibuprofen. 4., = 415 nm.

nm), two emission bands at 515 and 695 nm are observed. On
using the 520 nm excitation wavelength, only the emission
maximum at 595 nm with an enhanced intensity is found
(Figure 2D). In order to evaluate the ease in complex
formation, HSA (50 uM) was added to MGTP (10 uM), and
fluorescence spectra were recorded at different intervals of time
(Aey = 415 and 520 nm). It has been found that the
fluorescence intensity of the solution increases gradually
(Figure S9A) with time and within 20 min of addition of
HSA becomes stable. Similarly, BSA (50 uM) with MGTP (10
uM) shows an increase in fluorescence with time but requires
~90 min for completion of interaction (Figure S9B).
Therefore, the interaction of MGTP with HSA is reasonably
fast. Upon incremental addition of HSA to MGTP (10 uM,
PBS 10 mm, pH 7.4, 0.1% DMSO), the fluorescence intensity
increases gradually between 0 and 70 yM concentrations of
HSA and then achieves a plateau (Figure 2E). The limit of
detection (LOD) values as determined (Figure S10) by the
equation 30/slope are ~4 and ~1 nM, respectively, on using
excitation wavelengths of 415 and 520 nm. The LOD for HSA
(4 nM), though not best in the literature (0288 nM),”" is far
better than that of HSA present in urine (500 nM). The
analysis of these titration data through non-linear regression
analysis shows the formation of HSA N MGTP (1:1) and
(HSA), N MGTP (2:1) stoichiometric complexes with log

ﬂ[HSA][MGTP] = 431 and log ﬂ[HSA]Zﬂ[MGTP] = 9.03. The
distribution of species depends on the concentration of HSA,
that is, at <20 uM HSA, 1:1 species dominates, but at a higher
concentration of HSA, the 2:1 species (HSA), N MGTP is in
higher amounts (Figure 2F). Similarly, the incremental
addition of BSA to MGTP results in a gradual increase in
fluorescence between 0 and 70 uM BSA, which then achieves a
plateau (Figure S11A,B). The analysis of titration data through
non-linear regression analysis shows the formation of BSA N
MGTP (1:1) and (BSA), N MGTP (2:1) stoichiometric
complexes with log Bipsajmcre) = 447 and log Bpsajanimcre] =
8.50 (Figure S11C). The LODs as determined by the equation
30/slope are ~45. and ~S nM, respectively, on using excitation
at 415 and 520 nm (Figure S12).

To understand the ground-state interaction of MGTP with
SAs, we also analyzed the change in the UV—vis spectrum of
MGTP with HSA and BSA. On addition of HSA (Figure
2G,H), the absorption maximum of MGTP at 522 nm is
gradually red-shifted with the increase in absorbance, and with
S equiv of HSA, the absorption maximum shifts from 522 to
543 nm. Two isosbestic points at 480 and 580 nm point to the

2642

equilibrium between reactants and products. Interestingly, on
addition of aliquots of BSA to MGTP, the absorbance
gradually increases at 580 nm up to the addition of S equiv
of BSA and achieves a plateau (Figure 21]). The presence of
two isosbestic points at 535 and 619 nm points to the
equilibrium between reactants (MGTP and BSA) and
products. Quite significantly, MGTP gives different UV—vis
and fluorescence spectra with HSA and BSA and points to the
differential interaction of MGTP with HSA and BSA.

2.5. Sensing Mechanism of HSA/BSA by MGTP. In
general, HSA and BSA possess two highly active binding sites
site-I and site-II for selective binding with warfarin and
ibuprofen. In recent years, subdomain IB, a bilirubin binding
site, has been rationalized for selectivity toward hemin and
fusidic acid. To rationalize the binding of MGTP with HSA/
BSA at these binding sites, the solutions of MGTP (10 M)
with HSA (50 pM) and BSA (50 uM) were titrated with site-
specific drugs such as bilirubin (subdomain IB), warfarin
(sudlow site I, subdomain IIA), and ibuprofen (sudlow site II,
subdomain IIIA). The solution of MGTP (10 uM)—HSA (50
uM) reveals >99% quenching of fluorescence intensity with
bilirubin (S0 uM) (Figure 3A). However, warfarin and
ibuprofen cause only <10% quenching even when present in
100 #M amounts. The plot of [bilirubin] against log[ FI] shows
a linear change between 0 and 50 uM bilirubin with R* =
0.996. Similarly, fluorescence of the MGTP (10 uM)—BSA
(50 M) solution undergoes nearly complete quenching with
bilirubin, but warfarin and ibuprofen cause a small fluorescence
enhancement. The presence of warfarin and ibuprofen in the
MGTP—BSA mixture enhances the binding of MGTP in BSA
at the bilirubin site. The plot of [bilirubin] versus log[FI]
reveals a linear change (R* = 0.985) between 0 and 100 uM
bilirubin (Figure 3B). Therefore, MGTP preferably binds at
subdomain IB, a bilirubin binding site, in both HSA and BSAs.

The pH of the medium is a microenvironment that
considerably affects the photo-physical behavior of a molecule.
In order to rationalize the effect of pH, the solutions of MGTP
in water (1% DMSO) were adjusted to different pH values,
and their UV—vis and fluorescence spectra were recorded.
UV—vis spectra of MGTP (10 M) on recording at varied pH
values between 2 and 11 show the presence of two absorption
bands at ~500 and 400 nm. At a pH of 11, the absorption at
500 nm (€ = 27,500) is the maximum, and on lowering the pH,
it gradually decreases and attains a minimum at a pH of 3 (€ =
2000). The absorbance of MGTP at 415 nm remains stable
between pH values of 6 and 11 (¢ = 14,000 + 1000); however,
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Figure 4. Fluorescence response of MGTP (10 uM) + HSA (50 M) in PBS (10 mM, pH 7.4) (A) toward various anions (100 M) and (B,C)
toward HSO;™ in the presence of various anions, A, 415 nm. (D,F) Spectral response of MGTP + HSA (10 yM:50 uM) and MGTP + BSA (10
UM:50 uM) on gradual addition of HSO;". (E,G) Ratiometric change in fluorescence at 595 and 515 nm on incremental addition of HSO3™; A,
415 nm. (H) Time-dependent change in the fluorescence spectrum of MGTP (10 M) on addition of HSO;~ (50 uM) in DMSO—PBS (1:1) (10
mM, pH 7.4); inset: (left) photograph of MGTP (10 uM) + HSA (50 #M) in 99.9% PBS and (right) MGTP (10 uM) + HSA (50 uM) + HSO;~
(50 uM) in 99.9% PBS. (I) Plot of emission intensity at 467 and 600 nm vs time (min); inset: (left) MGTP in 1:1 PBS—DMSO, pH 7.4, and
(right) MGTP (10 uM) + HSO;~ (S0 4M) in 1:1 PBS—DMSO, pH 7.4. (J) Time-dependent fluorescence spectra of MGTP (10 uM) + HSA (50

uM) on addition of HSO;~, showing the change in emission intensity at S15 and 595 nm vs time (min); A,

= 41S nm.

on lowering the pH, molar absorptivity gradually increases and
reaches 31,500 + 1000 at a pH of 3 (Figure S13A). MGTP
(Aex = 415 nm) gives very weak fluorescence between pH
values of 7 and 11, but under acidic conditions, the
fluorescence gradually increases with the emission maximum
at ~660 nm with a 30-fold increase in fluorescence intensity at
a pH of 3 in comparison to that at a pH of 7.0 (Figure
S13B,C). The analysis of these fluorescence data through
global regression analysis reveals the equilibrium between
neutral, mono-cationic, and di-cationic species (Figure S14)
with variation in pH values. The fluorescence intensities of
MGTP N HSA and MGTP N BSA also remain stable between
pH values of 7 and 11. Therefore, MGTP can be used to study
interactions with SAs under physiological conditions.

2.6. Response of MGTP toward HSO;~ and Other
Anions. The solution of MGTP (10 uM) + HSA (50 uM) in
PBS buffer (10 mM, pH 7.4) gives a low energy absorption
band at 543 nm, and the color of the solution appears pink. On
addition of different analytes (100 uM) F~, Br~, I", SCN",
N;~, "OAc, CN7, NO;7, HOCI, H,0,, Na,S, CYS, HCYS,
GSH, and SO,>", the absorption spectrum or the color of the
solution shows practically no change. However, on addition of
HSO;", the absorbance between 450 and 650 nm is depleted
(Figure S15A) and the solution becomes pale yellow. Michael
addition (point 2.7, Figures S18 and S19) of HSO;™ on the
double bond breaks the conjugation between hydroxyphenyl
benzothiazole and benzothiazolium moieties to deplete the
color. In fluorescence experiments, addition of analytes,
namely, F~, Br~, I", SCN7, N;~, TOAc, CN~, NO;~, HOC],
H,0,, Na,S, CYS, HCYS, GSH, and SO,*", (100 uM each),
displays no change in fluorescence emission at 595 and S15
nm. However, on addition of HSO;~, the fluorescence
intensity at 595 nm is completely diminished and that at 515
nm is enhanced (Figure 4A). This results in a change in
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fluorescence color of solution from red to green. To check the
interference of different analytes in the detection of HSO;",
the solutions of MGTP (10 M) + HSA (50 uM) in PBS
buffer (10 mM, pH 7.4) possessing (100 uM each) F~, Br~, I",
SCN7, N;7, "OAc, CN7, NO;~, HOCI], H,0,, Na,S, CYS,
HCYS, GSH, and SO,2~ (100 uM) were treated with HSO;~
(50 uM). It is found that none of the anions interfere in the
fluorescence-based detection of HSO;~ (Figure 4B). The plot
of intensities of these spectra at 595 nm (red bars) and 515 nm
(green bars) clearly shows the selectivity of probe MGTP
toward HSO;™ (Figure 4C). On gradual addition of aliquots of
HSO;7, to the solution of MGTP (10 uM) + HSA (50 uM),
the simultaneous decrease and increase in the emission
intensity, respectively, at 595 and 515 nm are observed
(Figure 4D). The plot of ratio of fluorescence intensity
(Flsisnm/s05nm) 2gainst [HSO;™] displays a linear relationship
(R* = 0.9901) between 0 and 4 uM concentrations of HSO,~
(Figure 4E). The LOD for HSO;™ is determined to be 6.68
nM according to the equation 30/slope (Figure S15B), which
is much better than reported earlier”” ™ in the presence of
HSO;™. The very low detection limit provides an edge for
MGTP to determine HSO;™ in living systems under
physiological conditions. Similarly, the solution of MGTP +
BSA (1:5) in PBS buffer (99.9%) on titration with HSO;™ in a
cuvette exhibits the simultaneous decrease and increase in
fluorescence intensity, respectively, between 600—700 and
500—580 nm regions (Figure 4F,G). /the LOD is determined
to be 10 nM according to the equation 36/slope. The bright
pink (day light) and red (365 nm light) fluorescent solution of
MGTP (10 uM, PBS (10 mM, pH 7.4) and HSA (50 #M) on
addition of HSO;~ (50 M) becomes green fluorescent within
30 s (Figures 4H and S16A). Therefore, encapsulation of
MGTP in HSA facilitates the addition of HSO,™ on it.>*** On
keeping the solution for 30 min further, no change in
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fluorescence intensity at 595 nm or at 515 nm is observed. The
solution MGTP (10 uM, PBS buffer 10 mM, pH 7.4) appears
purple in day light and on addition of different species
including HSO;~ does not show any change in its color, even
on keeping for 24 h (Figure S16B). In buffer, MGTP exists as
aggregates with a hydrodynamic diameter of 802.6 nm (Figure
S17), and these aggregates restrict the addition of HSO;™ on
the double bond. We also evaluated the addition of HSO;™ in
the molecularly dissolved state of MGTP. MGTP (10 M) in
DMSO-PBS (1:1) on addition of HSO;~ (50 #M) undergoes
a change in its fluorescence from red to cyan (4, = 467 nm)
but requires >60 min for the completion of the addition
process (Figure 41]).

2.7. Reaction Mechanism of MGTP with HSO;™. The
sensing mechanism of MGTP for the detection of bisulfite has
been examined by '"H NMR and HRMS studies. On addition
of HSO;™ to MGTP (DMSO-ds—water, 9:1) (Figure S18), the
proton signals were in general shifted up-field. In the '"H NMR
spectrum of MGTP, the proton signal at § 7.95 (H.) is
assigned to the alkene moiety on the basis of the coupling
constant ] = 16 Hz. On addition of HSO;", this signal
disappears and new signals appear at § 4.30 (H,, 2H) and §
4.08 (H,, 1H). The presence of these 2H and 1H signals
clearly indicates that the double bond undergoes Michael type
addition by HSO;~, and the 1H singlet at & 9.85 (Hy)
corresponds to HSO;™. The change in fluorescence color of
the solution in the NMR tube from red (only MGTP) to cyan
(MGTP + HSO;™) resembles the phenomenon that occurred
in the DMSO—buffer (1:1) mixture. The similar blue shift in
the fluorescence (Figure 4D) on addition of HSO;™ to
MGTP—HSA solution corroborates the Michael type addition
of HSO;™ to MGTP in the presence of HSA. The HRMS
spectrum of MGTP exhibits a parent peak at 415.0915
corresponding to the [C,cH,;N,0,5"], MGTP moiety. After
the addition of 2 equiv of HSO;™, two new peaks appear at
497.0614 and 519.0469, corresponding to MGTP—HSO;™ and
MGTP-SO;Na, respectively (Figure S19). All these exper-
imental results corroborate that MGTP undergoes Michael
addition with HSO;™.

2.8. Fluorescence Imaging of Exogenous and
Endogenous HSO;™ in MCF-7 Cells. Before bio-imaging
experiments, in vitro cytotoxicity of MGTP in MCEF-7 cell lines
was evaluated using a standard MTT assay. MCF-7 cells
treated with MGTP (50 uM) for 24 h show >80% cell viability,
which demonstrate the low toxicity of MGTP-treated cells.
MCE-7 cells on incubation with MGTP (10 uM) for 1 h
display fluorescence in the red channel and a very weak
fluorescence in the green channel (Figure SA;—A,). MCF-7
cells on incubation with HSA (50 uM) for 3 h followed by the
incubation with MGTP (10 M) for 1 h (Figure S, compare
C; with A;) exhibit strong fluorescence in the red channel and
a weak fluorescence in the green channel. MCF-7 cells
pretreated with HSA (50 uM, 3 h) and HSO,~ (50 M) for 1
h display almost no fluorescence in the red channel and a
strong fluorescence in the green channel (Figure SD,,D;).

These results clearly show the conjugate addition of HSO5™
on MGTP molecules in MCEF-7 cells in the presence of HSA.
We further studied the endogenous generation of HSO;™ by
incubation of MCF-7 cells with GSH (500 M) and Na,S,0,
(250 uM). The incubation of MCF-7 cells with HSA (S0 uM,
3 h) and MGTP (10 uM, 1 h) and then with GSH (500 uM)/
Na,$,0; (250 uM) again result in the depletion of red
fluorescence and the appearance of green fluorescence.
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Figure S. Images of MCF-7 cells (A;—A,) only incubated with
MGTP (10 uM) for 1 h; (B,—B,) incubated with MGTP (10 uM)
for 1 h and then with HSO,™ (50 uM) for 3 h; (C,—C,) incubated
with HSA (50 uM) for 3 h and then with MGTP (10 uM) for 1 h;
(D,—D,) incubated with HSA (50 uM) for 3 h and then with MGTP
(10 uM) for 1 h and further treated with exogenous HSO;~ (50 uM)
for 3 h; and (E,—E,) incubated with HSA (50 uM) for 3 h and then
with MGTP (10 uM) for 1 h and further treated with GSH (500
4UM)/Na,$,0; (250 M) for 3 h (endogenous generation of HSO;").
Scale bar: 60 uM.

Significantly, incubation with GSH (500 yM) and Na,$,0,
(250 pM) releases HSO;~ endogenously, which on conjugate
addition on MGTP gives green fluorescence (Figure SE,—E,).
In order to rationalize the role of HSA on bio-imaging of
HSO;~, we also studied the incubation of MCF-7 cells with
MGTP and HSO;~ (50 uM, 3 h), without incubation with
HSA. Quite significantly, no change in fluorescence in the red
channel is observed for MCF-7 not incubated with HSA on
treatment with HSO;~ (50 uM) (Figure SB;—B,). These
results clearly show that the sequential interaction of MGTP
with HSA and then with HSO;™ gives, respectively, red and
green emissions.

The benzothiazolium salts are known to be selectively
internalized by the mitochondria of the cells. The co-staining
of MCF-7 cells with MGTP (10 uM) and commercial
MitoTracker green (500 nM) for 1 h gives a Pearson
coefficient of 0.884 between green (MitoTracker) and red
(MGTP) and confirms the good mitochondrial specificity of
MGTP in MCF-7 cells (Figure 6A;—Ag). MCF-7 cells
incubated with HSA and then co-stained with MGTP and
MitoTracker green give a Pearson coefficient value of 0.94
between the fluorescence in the red and green channels
(Figure 6B,;—B;).The MCF-7 cells incubated with HSA, then
with MGTP and Mito Red, and then with GSH (500 uM)—
Na,$,0; (250 M) give a Pearson coefficient of 0.893 (Figure
6C,—Cs). These results clearly define that the selective
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Figure 6. Images of MCF-7 cells incubated with (A;—A,) MGTP (10 4M) and MitoTracker green (500 nM); (B,—B,) HSA (50 uM) for 3 h, then
with MGTP (10 M) and MitoTracker green (500 nM) for 1 h, and then with HSO;™ (50 uM) for 3 h; and (C1 to C4) HSA (50 uM) for 3 h,
then with MGTP (10 M), MitoTracker red (500 nM) for 1 h, and then with GSH (500 uM)—Na,S,0; (250 uM). LASER 405, 488 nm. Scale

bar: 6 uM.

internalization of MGTP in mitochondria is also followed by
its interaction with HSA and HSO;™ in the mitochondria of
MCE-7 cells.

3. CONCLUSIONS

Thus, the multi-responsive fluorescent probe MGTP discrim-
inates between HSA and BSA through the respective ~100-
fold and ~10-fold increases at 595 nm with HSA and
broadening of emission with a shoulder at 680 nm with
BSA. HSA and BSA could also be differentiated by their
respective UV—vis maxima at 543 and at 580 nm. MGTP in
the confined space of HSA or BSA undergoes instantaneous
conjugate addition of HSO;™ and results in a ratiometric
change in fluorescence intensity with diminishing of red
fluorescence (600 nm) and emergence of green fluorescence
(515 nm). LOD values for the detection of HSA and HSO;~
are 4 nM and 6.88 nM, respectively. In MCF-7 cancer cells,
MGTP is localized into mitochondria and finds application for
bio-imaging of both exogenous and endogenous HSO;~
through the change in fluorescence from red to green.

4. EXPERIMENTAL SECTION

4.1. Materials and Equipment. All chemicals were
purchased from Spectrochem and Sigma-Aldrich and were
used as received. MGZ was synthesized by the reported
procedure given in Supporting Information Section S2. Thin-
layer chromatography was performed on aluminum sheets
coated with silica gel 60F254 (Merk, Darmstadt). Deionized
water was obtained from an ULTRA UV/UF Rions Lab Water
system Ultra 370 series. NMR spectra were recorded on a
JEOL 400 MHz NMR spectrometer with TMS as the internal
standard. Mass spectra were obtained from a mass Bruker
micro TOF QII mass spectrometer. Absorption spectra were
recorded on a SHIMADZU-2450 spectrometer equipped with
a Peltier system as the temperature controller. Fluorescence
spectra were recorded on a Fluorolog Horiba scientific model:
FL-1039A/40A. Quartz cuvettes of 1 cm path length were used
for the absorbance and fluorescence measurements. Dynamic

2645

light scattering (DLS) measurements were performed at 25.0 +
0.1 °C using a Zetasizer nano ZS instrument. The details of
preparation of stock solutions, recording of UV—visible and
fluorescence spectra, DLS studies, determination of the
detection limit and binding constants, and stoichiometry and
drug binding studies of MGTP—HSA with warfarin, ibuprofen,
and bilirubin are given in the Supporting Information

4.2. Synthesis of MGTP. The solution of MGZ (256 mg, 1
mmol) and 3-ethyl-2-methyl benzothiazolium iodide (305 mg,
1 mmol) in DMF (3 mL) was stirred at 90 °C for 8 h. The
brick red solid separated was filtered and was recrystallized
from ethanol to get pure compound MGTP. Yield 83%, 450
mg, '"H NMR (DMSO-d,, 400 MHz, ppm): § 1.49 (t, ] = 7.2
Hz, 3H, CH,), 497 (q, ] = 7.2 Hz, 2H, CH,), 7.24 (d, ] = 8.8
Hz, 1H, ArH), 7.49 (t, ] = 7.2 Hz, 1H, ArH), 7.59 (t, J = 7.2
Hz, 1H, ArH), 7.78 (t, ] = 7.2 Hz, 1H, ArH), 7.87 (t, ] = 7.2
Hz, 1H, ArH), 7.94 (d, J = 16, 1H, CH=CH), 8.11 (d, ] = 8
Hz, 1H, ArH), 8.19 (d, ] = 8 Hz, 2H, ArH), 8.26—8.30 (m, 2H,
ArH), 842 (d, J = 7.6 Hz, 1H, ArH), 8.86 (d, ] = 2 Hz, 1H,
ArH); BC NMR (DMSO-ds, 100 Hz, ppm): 14.29, 44.46,
111.15, 113.97, 116.52, 117.96, 119.39, 122.15, 124.42, 125.30,
126.12, 126.61, 128.19, 129.46, 132.48, 134.76, 140.87, 149.06,
150.61, 151.30, 159.82, 163.41, 167.96, 171.68 HRMS
C,6H,N,0,S* requires exact mass 415.0933 M*; found
(M) at 415.0920.
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