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Aim. Here we synthesize a series of benzoindolium squaraine dyes with N-substituents (SQ) and
examine these dyes as fluorescent probes to detect serum albumins. Methods. Organic synthesis,
fluorescent spectroscopy, absorption spectroscopy, fluorescent microscopy. Results. The spectral-
luminescent properties of SQ dyes in the aqueous solution were investigated in the presence of
bovine serum albumin (BSA), human serum albumin (HSA), equine serum albumin (ESA),
ovalbumin (OVA), beta-lactoglobulin (BLG) and lysozyme (LYS), as well as in the presence of
nucleic acid. The maxima of excitation spectra of the studied dyes in the buffer solution ranged
within 623673 nm, with the fluorescence emission maxima lying between 635 and 690 nm. All
these dyes showed a similar increase in the fluorescence intensity with serum albumins and at the
same time with the red shift up to 12 nm, which could point out the binding of the dyes to proteins.
These dyes demonstrate a noticeably lower fluorescence intensity in the presence of OVA, BLG,
and LYS, which structurally differ from serum albumins. The studied dyes gave no significant
fluorescent response to the addition of nucleic acids. The equilibrium constants of dyes binding
to BSA (K) were estimated as 3.0 + 0.3x10° M-! for SL-2411 and 2.4 + 0.6x105 M-! for SL-2412.
Based on the relative values of K, we could suppose that the mechanism of dye-BSA binding is
the interaction of the chromophore of the dye with the protein globule. It was shown that SL-2411
penetrates the cell membrane and distributes in the cytoplasm without co-localization with
MitoTracker Green. Conclusion. These dyes could apply fluorescent spectroscopy for protein
detection and potentially visualize cell components with minimum to no autofluorescence.

Keywords: squaraine dyes, serum albumins, fluorescent spectroscopy, absorptions spec-
troscopy, fluorescent detection, fluorescence microscopy
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Introduction

There are many fluorescent dyes with different
structures, which can be successfully used for
the detection and visualization of various bio-
molecules [1-5]. Squaraine (SQ) dyes are a
class of organic dyes derived from the aro-
matic squaric acid core and containing elec-
tron-donating aromatic rings at the diametri-
cally opposite sides of the four-member ring.
These dyes are widely used due to their high
molar extinction coefficient, absorption, and
fluorescent emission in the visible and far-red
regions. Depending on the structure, SQ dyes
potentially can be applied in photodynamic
therapy [6, 7], solar cells [8], optical bioima-
ging [9], NIR-fluorescent probes, and la-
bels [10]. Besides, the development of far-red
fluorescent probes based on SQ dyes for pro-
tein detection in solution has been also de-
scribed [11-14]. Detection of proteins is es-
sential in chemical and biochemical analyses,
biotechnology, and immunodiagnostics. Serum
albumins are the major transport proteins in
blood plasma for many compounds like hor-
mones, fatty acids, etc.; to perform this func-
tion, serum albumins can bind various li-
gands [15]. The binding of dyes to biomole-
cules is realized in two ways: covalent labeling
and non-covalent interaction. Non-covalent
binding of dyes to proteins generally leads to
the long-wavelength shift of the absorption and
emission spectra of the dyes and to an increase
in the fluorescence quantum yield [16]; it af-
fects the functional activity of the biomolecule
to a lesser extent [17]. Serum albumins possess
several sites for the ligand binding. The pri-
mary binding sites (first described for HSA)
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are sites [ and II [18]. The complex formation
between SQ dyes and bovine serum albumin
(BSA) was studied by ligand displacement
experiments using dansylamide (DNSA) for
the site I selectivity and dansylproline (DP)
for the site II binding [19].

The site-selectivity experiments demon-
strated binding to the sites I and II of BSA (with
preference to site II). The binding of SQ dyes
with serum albumins is used for biomedical
imaging applications [20], for the determina-
tion of drug-to-albumin binding constant [21],
and for the investigation of conformational
changes in proteins [21]. The selective detec-
tion of BSA by SQ dye using the fluorescence
lifetime imaging microscopy (FLIM) method
was applied to monitor the endocytosis of BSA
in live cultured cells in real-time to explain
some biochemical processes [22].

Previously we have studied a series of dif-
ferent classes of dyes, including benzothiazole
aza-substituted squaraine dyes; they demon-
strated an enhancement of emission intensity
up to 400 times and the shift of excitation and
emission maxima up to 60 nm in the presence
of albumins [12, 23]. In the present paper, a
series of squaraine benzoindolium dyes are
studied (Fig. 1). The spectral-luminescent
properties of SQ dyes were characterized in
the buffer solution in the presence of bovine
serum albumin (BSA), human serum albumin
(HSA), equine serum albumin (ESA), ovalbu-
min (OVA), beta-lactoglobulin (BLG), and
lysozyme (LYS) of distinct structure. The bin-
ding constants of the dyes were calculated,
additionally, their permeability to cells and
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SL-2243

distribution within them were determined by
fluorescent microscopy.

Materials and Methods

Synthesis of studied dyes

SQ dyes were synthesized by condensation
reactions between the corresponding N-substi-
tuents benzoindolium salts and squaric acid
(Schemel). For obtaining the studied dyes, the
mixture of the corresponding salt (5 mmol)
and squaric acid (2 mmol) was boiled in an
n-butanol/toluene (2:1 v/v) mixture using a
Dean-Stark apparatus. The reaction solution
was cooled and concentrated under vacuum.
The resulting precipitate was washed with
water and purified by preparative TLC with a
mobile phase of CH,Cl,-CH;0H (9:1). The
structures of obtained dyes were confirmed by
TH NMR.
(42)-4-[(1,1-dimethyl-1H-benzo[e]indoli-
um-2-yl)methylene]-2-[(E)-(1,1-dimethyl-1,3-

SL-2411

Fig. 1. Chemical structures of stu-
died SQ dyes

dihydro-2H-benzo[e] indol-2-ylidene)methyl]-
3-oxocyclobut-1-en-1-olate (SL-2417), mp
271-275 °C (dec); 'H NMR(400 MHz,
DMSO-dy): 6 7.98 (d, J = 8.6 Hz, 2H), 7.93
(dd, J=18.7,4.3 Hz, 4H), 7.63 (d, /= 8.8 Hz,
2H), 7.57 (t, J = 7.7 Hz, 2H), 7.36 (t, J =
7.5 Hz, 2H), 5.79 (s, 2H), 1.95 (s, 12H);
LCMS: m/z 497.3 [M+H"], R¢;= 0.81 min.
(42)-3-0x0-4-[(1,1,3-trimethyl-1H-benzo[ e]
indolium-2-yl)methylene]-2-[(£)-(1,1,3-tri-
methyl-1,3-dihydro-2H-benzo[e]indol-2-yli-
dene)methyl] cyclobut-1-en-1-olate (SL-2412),
mp 274-277 °C (dec); 'H NMR(400 MHz,
DMSO-dg): 6 8.22 (d, J = 8.6 Hz, 2H), 8.00
(dd, J=18.7,4.3 Hz, 4H), 7.70 (d, J = 8.8 Hz,
2H), 7.60 (t, J = 7.7 Hz, 2H), 7.43 (t, J =
7.5 Hz, 2H), 5.81 (s, 2H), 3.68 (s, 4H), 3.30
(s, 4H), 2.52 (s, 2H), 1.95 (s, 10H); LCMS:
m/z 525,3 [M+H*], Ry = 1.268 min.
3-butyl-2-((2)-{3-[(E)-(3-butyl-1,1-dime-
thyl-1,3-dihydro-2 H-benzo[ e]ind-2-ylidene)
methyl]-2-hydroxy-4-oxocyclobut-2-en-1-yli-
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SL-2417,R =H
SL-2412, R = CHj,

SL-2243, R = C,Hg
SL-2411, R = C3HgS05 CsHgN*

dene}methyl)-1,1-dimethyl-1H-benzo[e]indo-
lium (SL-2243), mp 272-275 °C(dec); "H NMR
(400 MHz, DMSO-dy): 6 8.21 (d, J = 8.5 Hz,
2H), 8.01 (d, J = 8.6 Hz, 4H), 7.70 (d,
J=28.9 Hz, 2H), 7.61 (t,J = 7.8 Hz, 2H), 7.44
(t, J=7.6 Hz, 2H), 5.86 (s, 2H), 4.21 (s, 2H),
2.52 (s, 12H), 1.94 (s, 8H), 1.74 (s, 3H), 1.43
(q, J = 7.6 Hz, 3H), 0.95 (t, J = 7.3 Hz, 4H);
LCMS: m/z 608,3 [M+H"], Ry = 1.493 min.

dipyridinium 4-{(2E)-2-[((32)-3-{[1,1-
dimethyl-3-(4-sulfonatobutyl)-1H-benzo[e]
indolium-2-yl|methylene} -2-oxido-4-oxocy-
clobut-1-en-1-yl)methylene]-1,1-dimethyl-1,2-
dihydro-3H-benzo[e]indol-3-yl} butane-1-sul-
fonate (SL-2411), mp 270-275 °C (dec); 'H
NMR(400 MHz, DMSO-dy): 6 8.87 (d,
J=5.5Hz, 4H), 8.49 (t,J = 8.0 Hz, 2H), 8.22
(d, J= 8.7 Hz, 2H), 7.99 (d, J = 8.8 Hz, 8H),
7.73 (d, J = 8.8 Hz, 2H), 7.60 (t, J = 7.7 Hz,
2H), 7.44 (q,J=1.5, 6.8 Hz, 2H), 5.86 (s, 2H),
4.19 (d, J = 8.1 Hz, 4H), 1.94 (s, 10H), 1.83
(q, J=17.5 Hz, 4H), 1.74 (p, J = 7.1, 5.8 Hz,
4H); LCMS: m/z 383,2 [M-2H"]*/2,
R¢=0.78 min.
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Scheme 1. Synthesis of squaraine dyes

Materials used

Dimethyl sulfoxide (DMSO), methanol, and
0.05 M Tris-HCI buffer (pH 7.9) were used as
solvents. Human serum albumin (HSA), bo-
vine serum albumin (BSA), equine serum al-
bumin (ESA) and ovalbumin (OVA), beta-
lactoglobulin (BLG), lysozyme (LYS), as well
as deoxyribonucleic acid (DNA) from salmon
testes were purchased from Sigma-Aldrich
(USA).

Preparation of the solutions

The 2 mM stock solutions were prepared by
dissolving the dyes in DMSO. The stock solu-
tions of proteins (HSA, BSA, ESA, BLG, LYS,
and OVA) were prepared by dissolving in
0.05M TRIS-HCI buffer (pH 7.9) in a concen-
tration 0.2 mg/ml. Protein concentrations in
stock solutions were equal to 3 uM for BSA,
HSA, and ESA and 4.5 uM for OVA, BLG,
and LYS. DNA stock solution (6 mM b.p.) was
prepared in 0.05M TRIS-HCI buffer (pH 7.9).
The free dyes’ working solution was prepared
by diluting the dye stock solution in 0.05 M
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TRIS-HCI buffers (pH 7.9). Working solutions
of the dyes and proteins were prepared by add-
ing dye stock solution to protein stock solution.
The concentrations of dye in working solutions
amounted from 5 to 10 uM. All working solu-
tions were prepared immediately before the
experiments.

General information

NMR spectra were acquired on a Bruker
Avance III 600 spectrometer. ESI mass spectra
were recorded on an ESI Q-tof Ultima API
mass spectrometer (Waters). HPLC-MS anal-
ysis was performed using the Agilent 1100 LC/
MSD SL separations module and Mass Quad
G1956B mass detector with electrospray ioni-
zation (+ve or -ve ion mode as indicated).
HPLC was performed using a Zorbax SB-C18,
Rapid Resolution HT cartridge, 4.6x30 mm,
1.8 um i.d. column at a temperature of 40 °C
with gradient elution of 0-100 % CH;CN in
0.1 % ag. HCOOH at a flow rate of 3 mL/min
and a run time of 2.8 min. Absorption spectra
of studied dyes were recorded on a SHIMADZU
UV-VIS-NIR spectrophotometer UV-3600.
Spectra were recorded at 350-850 nm regions.
Fluorescence excitation and emission spectra

were registered using the fluorescent spectro-
photometer Cary Eclipse (Varian, Australia).
All spectral measurements were performed at
room temperature in quartz absorption cuvettes
(Ix1 cm).

Estimation of affinity of dyes SI-2411
and SI-2412 binding to BSA (binding
constant K)

The equilibrium constant of the dyes S1-2411
and S1-2412 binding with BSA (binding con-
stant, K) was estimated based on experimen-
tal measurements of the dependence of the
fluorescence intensity of these dyes (5 uM)
on BSA concentration in 0.05 M Tris-HCI
buffer (pH 7.9) as described in [23]. Shortly,
the calculation of K was performed, assuming
that each protein globule has # sites for dye
binding (and that the equilibrium constant of
binding with different binding sites has equal
values). The dye fluorescence intensity is
proportional to the number of bound dye
molecules. Under these conditions, the ex-
perimentally obtained curve of the dye fluo-
rescence intensity was presented as the de-
pendence of (I — Iy) on Cp, and further fitted
with the dependence:

Y:Ax[1+

where x = Cp, Y= (1— 1)), A = (I,x — 1p); Cp and C; are
total concentrations of protein globules and dye molecules
respectively; / is the observed fluorescence intensity of the
dye at the protein concentration Cp, while [, and 7, are
fluorescence intensities of the free dye in the absence of
protein, and of all dye molecules bound to the protein, re-
spectively. First, the n and A4 values were obtained as fitting
parameters. Further, the values of n were fixed at the inte-
ger values the closest to those obtained by fitting, and so
fitting was repeated to obtain the values of K and A.

xXn 1 \/(1 xXn 1 )Zxxn]
272xC, 2xKxC, 2 2xC 2xKxCy

c M

Cell culture cultivation

The human ovarian cell line (A2780) was
obtained from Sigma-Aldrich. A2780 cells
were grown in RPMI-1640 medium supple-
mented with 10 % fetal bovine serum (FBS),
1 % l-glutamine, and 1 % penicillin/strepto-
mycin. Cells were cultivated to 80-90 % con-
fluence and detached from the flask by using
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trypsin/EDTA solution (0.025 %/ 0.01 %, w/v,
Biochrom GmbH, Germany) in PBS.

Live-cell fluorescent imaging

Cells were cultivated as described above. For
the live-cell staining, the cells were resus-
pended in the RPMI-1640 medium containing
5% FBS, 1 % L-glutamine, and 1 % penicillin/
streptomycin and seeded at concentration
80 cells/uL per glass-bottom fluorescent dish
(p-Dish 35 mm, high, ibidi GmbH, Germany).
Every dish with 2 ml total volume was left at
37 °C in the chamber filled with CO, (5 %)
overnight. The cells were washed the next day
(2 x 2 mL DPBS), and a fresh portion of HBSS
(2 mL) was added. Solutions of Hoechst
33342, MitoTracker Green, and the dye
SL-2411 in DMSO were added into separate
and the same dishes for 30 min of incubation.
Then the cells were washed twice with PBS,
and the fresh HBSS (2 ml) was added. The
fluorescence images were taken with a Zeiss
Axio Vert.Al and filter set: ex 625-655/em
665-715 nm (deep red) for the detection of
SL-2411, ex 335-383/em 420—470 nm (blue)
for the detection of Hoechst 33342, ex 450—
490/em 500-550 nm (green) for the detection
of MitoTracker Green. Objective: 40x/1.30.
Oil (DIC). Obtained images were analyzed
using free software Fiji/Imagel v1.52b [24].

Result and Discussion

Spectral-luminescent properties
of free dyes in methanol and aqueous
buffer solution

Spectral properties of the studied dyes in meth-
anol and Tris-HCI buffer (pH 7.9) are pre-
sented in Table 1. The absorption maxima of
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the SQ dyes in methanol are located in the
range of 658—676 nm, and the molar extinction
values were moderate in the range (0.41-0.70)
x10%> M-lem-!. The exception is the dye 2411,
for which the extinction coefficient is quite
high and equals to 2.31x10°> M-'cm!. It should
be mentioned that, though the absorption ma-
xima of SL-2243 and SL-2411 have similar
shape and maximum, their molar extinction
coefficients differ about three times.

Table 1. Molar extinction coefficient at 1, of the
dyes (5 pM) in methanol and buffer solutions

methanol buffer
Ama, M | €, 105M-lem! | A, nm | g, 10°M-lcm!
2417 676 0.41 644/690 0.2/0.17
2412 658 0.63 618/676 0.14/0.11
2243 662 0.70 628/674 | 0.17/0.15
2411 662 2.31 612/658 0.9/2.1

Fig. 2 represents the absorption spectra of
the examined dyes in methanol (a) and Tris-
HCI buffer (b). The optical density of the dyes
in methanol (Fig. 2a) was normalized to unity
at the corresponding dye’s maximum wave-
lengths. The spectra of all studied compounds
in methanol possess a close shape with a strong
maximum and a weak short-wavelength shoul-
der, which is characteristic of the monomeric
form of the dyes. The spectrum of SL-2417 is
the most noticeably different (in the sense of
both shape and maximum wavelength), appar-
ently due to hydrogen atoms in N-positions
instead of carbon ones. As for the solutions of
the dyes in buffer (Fig.2b), the shape of ab-
sorption spectra of SL-2417, SL-2412 and
SL.-2243 undergoes a strong change. Namely,
instead of a single sharp band, two broad bands
appear, both shifted by 30-40 nm to the short-
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and long-wavelength region compared to the
corresponding spectrum in methanol (Tablel).
We believe that such changes probably occur
due to the aggregation of the three mentioned
dyes in an aqueous solution. At the same time,
for the dye bearing sulfonate groups (SL-2411),
the shape of the absorption spectrum in the
buffer is similar to that in methanol (658 nm),
except for the appearance of a stronger small
short-wavelength minor maximum (612 nm).
Hence, dye aggregation in the buffer is much
less intensive than in three other dyes. This
occurs most possibly due to the double nega-
tive charge of the SL-2411 dye molecule,
which causes the coulomb repulsion of the
molecules, this repulsion being destructive to
dye aggregation.

Concentration-dependent aggregation in
aqueous solution was studied for dyes with a
more pronounced tendency to aggregation. All
three dyes (SL-2417, SL-2412, and SL-2243)
have similar aggregation behavior. Fig. 3c
shows concentration-dependent aggregation
on the example of a dye SL-2412. As shown

A

——5L2417
1.0 SL2412

SL2243
———nLZ411 |
0.8 = 'In’l|| I|

0,6 fEdr |

0.4 A

Normalized Absorption

00— : o

A, nm

in Fig. 3c, an increase of the concentration
from 1uM to 25 uM at 20 °C results in a tran-
sition between the monomeric (A max at
670 nm) and aggregated (A max at 624 nm)
states. At lower concentrations starting from
1 uM, monomeric species dominate in the dye
spectrum. At a concentration of 7 puM, the
optical density of the dye monomeric and ag-
gregated maxima is in equilibrium. This may
indicate a thermodynamic equilibrium between
the monomeric and aggregated states. From
10 uM, the aggregated species slightly domi-
nate in the spectrum.

All dyes in an aqueous buffer show weak
fluorescence in a free state, except for the dye
SL-2411 (Table 2). The excitation wavelengths
of the studied dyes are located in the range of
662—673 nm, whereas the fluorescence emis-
sion maxima lie between 675 and 690 nm, with
small Stocks shifts (12—17 nm). The fluores-
cence excitation maxima of all four dyes in the
buffer are close to the corresponding maxima
of absorption spectra in methanol. This means
that the dyes fluorescent emission corresponds

B 054
——SL2417
——SL2412
044 SL2243
SL2411
= 03
§=
=
o
=
=]
o
= 024
<
0.1 I N P
>l R\
i
- B
Py o
o T T T — |
500 600 700 800

b, nm

Fig. 2. The absorption spectra of the studied SQ dyes in methanol (normalized; 4) and in 0.05 M Tris-HCI buffer pH

7.9 (B). Dye concentration 5 pM.
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to the dye monomer form emission. Thus, the
low intensity of fluorescent emission of the
dyes SL-2417, SL-2412, and SL-2243 is due
to the formation of non-fluorescent aggregates
by most of these dye molecules in water solu-
tion. Such a concept explains that the fluores-
cence intensity of the dye SL-2411 (which stays
mostly in monomer form) is much higher.

Spectral-luminescent properties of free
dyes in the presence of globular proteins
and DNA

Further, we studied spectral properties of the
dyes in the presence of bovine, human and
equine serum albumins as well as in the pre-
sence of other globular proteins (lysozyme,
beta-lactoglobulin, ovalbumin) and DNA
(Table 2). It is seen from Table 2 that the pres-
ence of proteins and DNA leads to the shift of
maxima of excitation and emission spectra to
either the long-wavelength (up to 28 nm) or the

short-wavelength ( up to — 19 nm) spectral
range. All the studied dyes showed an increase
of fluorescence intensity in the presence of
serum albumins. The highest increase was ob-
served for the dye SL-2412 (588, 169, and 460
times for BSA, HSA, and ESA, respectively).
The dyes SL-2417 and SL-2243 demonstrate
the specificity to ESA (73.5 and 19.5 times,
respectively). Noteworthy, despite the similar
structures of BSA, HSA, and ESA, the men-
tioned dyes SL-2412, SL.-2417, and SL-2243
demonstrate different sensitivity to these serum
albumins. The dye SL-2411 demonstrated ap-
proximately the same fluorescence response in
the presence of BSA, HSA, and ESA; it is
generally lower than those for other studied
dyes. This can be explained by notably higher
intrinsic fluorescence of the dye SL-2411.

All squaraine dyes demonstrated noticeably
lower fluorescence intensity in the presence of
OVA, which is structurally different from se-

Table 2. Spectral properties of SQ dyes in buffer and [in] the presence of structurally different proteins

or DNA.
In buffer In BSA presence In HSA presence In ESA presence
P e | | | o) | | ] | | e v
SL-2417 | 665 | 678 | 4.6 | 684 | 698 64 | 139 | 671 | 675 | 105 | 22.8 | 681 | 686 | 338 | 73.5
SL-2412 | 673 | 690 | 2.7 | 666 | 671 | 1600 | 588 | 668 | 674 | 461 | 169 | 667 | 673 | 1250 | 460
SL-2243 | 668 | 682 | 188 | 670 | 680 | 162 | 8.6 | 672 | 680 | 125 | 6.6 | 672 | 678 | 367 | 19.5
SL-2411 | 662 | 675 | 502 | 682 | 692 | 5250 | 10.5 | 678 | 688 [ 4700 | 9.4 | 682 | 688 | 3850 | 7.7
In LYS presence In BLG presence In OVA presence In DNA presence
Dye Aexs Aemo | Livs | fiye/ | Aexs dem | Ibies | IeLg/ | Aexs Aems | Lowas Aews Xem> | Iona/
nm nm a.u. 1, nm nm a.u. Iy nm nm a.u. low/ly nm nm 1,
SL-2417 | 693 | 705 | 11.2 | 2.4 | 683 | 698 | 157 | 3.4 | 675 | 678 | 123 | 26.7 | 663 | 678 | 1.26
SL-2412 | 660 | 671 | 181 67 669 | 677 15 5.5 | 673 | 676 | 277 | 102 | 669 | 682 | 2.28
SL-2243 | 673 | 678 | 205 | 1.1 | 675 | 689 | 18.6 | 0.99 | 674 | 680 | 557 | 29.6 | 668 | 680 | 1.04
SL-2411 | 662 | 674 | 675 | 13 | 662 | 674 | 812 | 1.6 | 677 | 681 | 1700 | 3.4 | 664 | 676 | 1.16

Aex (Aem) — maximum wavelength of fluorescence excitation (emission) spectrum; I, — emission intensity of dye in a
free state (in a.u.-arbitrary units); Iprorenspna’lo — increment of the dyes fluorescent intensity in the presence of
proteins/DNA (in numbers of times)
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rum albumins. The exception is the dye
SL-2412 which showed a 102-fold increase in
emission in complexes with OVA. As for the
other three dyes (SL-2417, SL-2243, and
SL-2411), the enhancement of their fluores-
cence intensity in the presence of OVA does
not exceed 29.6 times. The fluorescent re-
sponse of the studied dyes to lysozyme is also
strongly different, with intensity enhancement
up to 67 for SL-2412 and below 2.4 for the
other three dyes. For all four studied dyes, the
presence of BLG led only to slight or no en-
hancement of fluorescence intensity (up to 5.5,
respectively). Finally, all studied SQ are not

A 0,35 4

0,25 4
[BSA]

0,20 -

Absorbance

0154

0,104

005

0,40 -

0.35

0.20

Optical density. au.

0,15 o

0,10 -

0,05

sensitive to DNA since they do not increase
fluorescence intensity. Since two squaraine
dyes, SL-2411 and SL-2412, are specific to all
serum albumins with BSA preference, we have
estimated their equilibrium binding constants
to this serum albumin.

For dye SL-2412, the most sensitive and
specific to serum albumins, we measured its
absorption and fluorescence spectra in the
presence of BSA to study the effect of a free
dye aggregation on its sensitivity to the pro-
tein. Absorption and fluorescence spectra of
SL-2412 in the presence of BSA in concentra-
tions from 0 to 30 uM are presented in Fig.3a

B

|BSA|

Fluorescence Intensity (a.u.)

T T T 1
) 6RO T00 T20

A, nm

Fig. 3. A — Changes in the absorption spectra of
SL-2412 (5uM) with the addition of BSA (from 0 to
30 uM); B — fluorescence emission spectra of SL-2412
(5uM, A, = 630 nm) in the presence of BSA (from 0 to
30 uM); C — concentration-dependent aggregation of a
squaraine dye SL-2412 (1-25 uM) and the correspon-
ding absorption spectral changes.
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and Fig.3b, respectively. With the increasing
BSA concentration, redistribution between the
absorption maxima of the aggregate form of
the dye (618 nm) and the monomers (676 nm)
is observed [25]. Thus, we found an increase
in the peak of the monomeric form of the dye
following an increase in the protein concentra-
tion, and the peak of the aggregated form
(618 nm) acquires the shape of the shoulder
of the main peak (676 nm). In parallel, there
is an raise in the fluorescence of the dye
SL-2412 with increasing concentration of BSA
near 668 nm corresponding to the monomer
form of the dye. This can be related to the
destruction of dye aggregates due to the inter-
actions between protein and dye. As a result
of this interaction with BSA binding sites, the
fluorescence intensity increased due to (1)
destruction of non-fluorescent aggregates and
(2) further increase in monomer dye intensity
because of the limited rotation of the dye mo-
lecule fixed on the protein. This correlates with
the concentration-dependent aggregation be-
havior of the free dye SL-2412 (Fig. 3c¢).

Estimation of equilibrium constants
of dyes binding to BSA

To characterize the affinity of the interaction
of the dye with BSA, we estimated equilibrium
constants of the binding of dyes SL-2411 and
SL-2412 with this serum albumin. These two
dyes, having the same chromophore, possess
quite different N,N’-substituents, resulting in
the difference in size and charge (SL-2412 is
electrically neutral, SL-2411 has a double
negative charge). At the same time, though the
responses of both dyes to the BSA presence
are quite different (Igga/I) being 588 for SL-
2412 and 10.5 for SL-2411, Table 2), this does
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not necessarily mean a weaker binding of
SL-2412 as compared to SL-2411, since the
lower value of Igga/I of the former is to the
high extent due to its high value of free dye
fluorescence 1. This is because SL-2411 is
mostly monomeric in water solution, whereas
SL-2412 strongly aggregates (as discussed
above). Thus, the equilibrium constants of the
SL-2411 and SL-2412 dyes binding to BSA
were estimated by fitting the data of experi-
mental measurements of the fluorescence in-
tensity of the dyes with the increasing amounts
of BSA (Fig. 4).

Fitting was performed using fixed integer
values of the number of dye molecules per
BSA globule n. The best fitting was obtained
for n = 6 in the case of SL-2411 and n = 3 for
SL-2412. For these values of n, the K obtained
by fitting was equal to (3.0 = 0.3) x 10° M-!
for SL-2411 and (2.4 £ 0.6) x 10°> M-! for SL-
2412. Based on the relative values of K, we
could suppose that the mechanism of dye-BSA
binding is the interaction of the chromophore
of the dye with the protein globule, without
noticeable participation of N,N’-substituents
of SL-2411 in the binding. At the same time,
it should not be forgotten that for each dye,
binding to different binding sites of the globule
with the same binding constant was supposed.
Meanwhile, it is quite possible that for each
dye, binding to different sites in a globule is
characterized by different values of binding
constant.

The fluorescence microscopy study.

The human ovarian cancer A2780 cell line was
used to study the ability of dye S1-2411 to
penetrate the cell membrane and their appli-
cability as the probes for fluorescence imaging
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Fig. 4. Dependence of I-I; on BSA concentration and its approximation by the equation (1) for the dyes SL-2411 (4)
and SL-2412 (B). I and I, are fluorescence intensities of the dye in the presence of specific BSA concentrations and
free dye, respectively. Approximation was performed for the fixed values of n = 6 for SL-2411 and n =3 for SL-2412

(see Materials and Methods for details).

of living cells. The two standard dyes — blue
fluorescent dye Hoechst binding to nuclear
DNA and green fluorescent mitochondria-spe-
cific dye MitoTracker Green — were used for
the co-staining (Fig. 5). Irradiation with 335—
383 nm wavelength was used to excite the
Hoechst fluorescence, and a blue filter was
used to detect the emission of the dye (420—
470). We have found that dye S1-2411 can
penetrate through the cellular membrane and
stain the cell components, but not the nucleus.

A B

C

The dye does not accumulate in the nucleus as
shown by co-staining with Hoechst: no co-
localization with the nuclear DNA dye is ob-
served. Co-staining of the cells with the stu-
died dyes and Mitotracker Green (a dye spe-
cific for mitochondria) was carried out to un-
derstand the organelle-specificity of the dyes.
Irradiation with 625-655 nm wavelength was
used to excite the dye fluorescence, and a deep
red filter was used to detect the emission of
the dye (665715 nm); for MitoTracker Green,

Fig. 5. S1-2411 (A) staining A2780 cells at a concentration of 1 uM. Co-localization with Hoechst (B8) and MitoTracker
Green (C), their channels merged image (D). Scale bars — 20 pm.
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the excitation 450—490 nm wavelength was
used to excite the fluorescence and a green
filter 500-550 nm to detect the emission. As
seen from Fig.5, S1-2411 showed no co-loca-
lization with mitochondria-specific dye
MitoTracker Green. Although the specificity
of the dye SI-2411 to any organelle remains
unclear, the staining pattern’s shape allows
assuming the dye to bind to lysosomes.

Conclusions

The spectral-luminescent properties of SQ
dyes in the aqueous solution and in the pres-
ence of bovine serum albumin (BSA), human
serum albumin (HSA), equine serum albumin
(ESA), ovalbumin (OVA), beta-lactoglobulin
(BLG) and lysozyme (LYS), and nucleic acid
(DNA) were investigated. The maxima of ex-
citation spectra of the studied dyes in the buf-
fer are located at 623—673 nm, with the fluo-
rescence emission maxima lying between
635—690 nm. The addition of serum albumins
leads to the shift of excitation and emission
maxima of the dyes to the long-wavelength
spectral region for 8—12 nm, which could point
out the binding of the dyes to proteins. The
highest increase in fluorescent intensity was
observed for the dye SL-2412 (588, 169, and
460 times for BSA, HSA, and ESA, respec-
tively). The dyes SL-2417 and SL-2243 dem-
onstrate the specificity to ESA (73.5 and
19.5 times, respectively). Studied dyes
SL-2417, SL-2411, and SL-2412 demonstrate
noticeably lower fluorescence intensity in the
presence of OVA, which is structurally diffe-
rent from serum albumins. These dyes gave no
significant fluorescent response upon the ad-
dition of DNA. Two squaraine dyes, SL-2411
and SL-2412, are specific to all serum albu-
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mins with a preference for BSA. Thus, we
have estimated their equilibrium constants of
binding to this serum albumin. The equilibrium
constants of dyes binding to BSA (K) were
estimated as 3.0 = 0.3x10°> M-! for SL-2411
and 2.4 + 0.6x10°> M-! for SL-2412. Based on
the close values of K, we could suppose that
the mechanism of dye-BSA binding is the
interaction of the chromophore of the dye with
the protein globule. For the most sensitive and
most specific to serum albumins dye SL-2412,
its absorption and fluorescence spectra were
studied. With the increasing BSA concentra-
tion, the redistribution between the absorption
maxima of the aggregate form of this dye
(618 nm) and the monomers (676 nm) is ob-
served towards an increase in the monomeric
maximum. There is also an increase in the
fluorescence of the dye SL-2412 with an in-
creasing concentration of BSA near 668 nm,
which is related to the destruction of dye ag-
gregates due to the interaction with BSA bin-
ding sites. It was shown that the dye SL-2411
penetrates the cell membrane and distributes
in the cytoplasm without co-localization with
MitoTracker Green. Although the specificity
of the dye SL-2411 to any organelle remains
unclear, the shape of the staining pattern al-
lows assuming the dye binding to lysosomes.

These dyes could be applicable for the pro-
tein detection by fluorescent spectroscopy and
for the potential visualization of the cell com-
ponents with minimum or no autofluorescence.
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N-aakinbHi gyHKUioHai30BaHI cCKBapaiHOBI
OapBHUKH K (piiyopecueHTHi 30HIU IS AeTeKIil
CHPOBOTKOBHUX aJILOYMiHIB.

A. T. Cunrorina, C. B. Uepniii, M. 0. Jlocunpkuii,
I". O3kam, 10. JI. Cnomincekuii, A. P. CuHroriu,
B. I. Ilexuro, A. A. Moxip, C. M. SIpmoitok

Meta. CuHTe3 Ta JOCIiIKEeHHs cepii OeH301HI0IIEBUX
CKBapeiHOBHX OapBHUKIB 13 N-3amicHukamu (SQ) sk
(IyopeceHTHUX 30HIIB ISl BUSIBJIGHHSI CHPOBaTKOBHX

116

ansOymiHiB. MeToau. OpraHiuHMil CHHTE3, (NTyOpEeCLIeHT-
Ha CIEKTpOCKoIis, abcopOuiliHa crieKTpocKoris, ¢ryo-
peciieHTHa Mikpockoris. Pesynsrarn. JlociipkeHi Crek-
TPaJILHO-TFOMIHECIIEHTHI BJIaCTMBOCTI OapBHHKIB SQ y
BOJHOMY PO34YHHI Ta B MPUCYTHOCTI OMYavoro CHpoBaT-
koBoro anbOyMminy (BSA), cupoBaTkoBoro ams0ymiHy
monuan (HSA), KIHCBKOTO CHPOBAaTKOBOTO alIbOyMiHY
(ESA), oBans0yminy (OVA), 6era-naxrornoOyminy (BLG)
ta jizoruMy (LYS), a Takox B IpUCYTHOCTI HYKJIETHOBOT
KHCIOTH. MaKCHMyMH CIIEKTPIB 30yKEHHS TOCITiKYyBa-
HUX OapBHUKIB y Oy(epHOMY pO34HHI pO3TaIIOBaHI B
niana3oHi 623-673 HM, TIpU ILOMY MakCUMyMHU (iryopec-
IIeHIIi1 3HaXOMIThes B obmacti 635-690 um. [Ipaktnano
yci OapBHUKHU IEMOHCTPYIOTH 301IbIIEHHS IHTCHCUBHOC-
Ti iryopecuieHii i3 CHpoBaTKOBUMH ajibOyMiHAMH OJTHO-
YacHO i3 YepBOHHUM 3MIIEHHAM 10 12 HM, 00 MOXe
BKa3yBaTH Ha 3B’sI3yBaHHS OapBHUKIB 13 Oinkamw.
[TokazaHo, 1110 GapBHUKH IMPOSIBISIFOTH TIOMITHO HIDKIY
iHTEeHCHBHICTB (iryopecueHtii B mpucytHocTi OVA, BLG
ta LY'S, 110 CTpYyKTYypHO BifIpi3HAIOTHCS BiJf CHPOBATKOBHX
anpOyMmiHiB. JlocmipkeHi OapBHUKHM HE JAlOTh 3HAYHOI
(ryopecnienTHOT peakiii B MPUCYTHOCTI HYKJICTHOBOT
kucnoty. KoncranTtn 38’ s3yBanHsa O6apBHUKIB 3 BSA (K)
cranoBiTh 3,0 + 0,3x105 M- s SL-24111 2,4 +0,6x10°
M1 s SL-2412. Buxonauy 3 BiZHOCHUX 3Ha4eHb K,
MO>KHA MIPUITYCTHTH, III0 MEXaHi3M 3B’ A3yBaHHS OapBHUKA
3 BSA monsirae y B3aemoii xpomodopa 0apBHHKA 3 OLI-
KoBMMU rpynamu. byno nokasano, mo SL-2411 nponukae
yepe3 KIITHHHY MeMOpaHy Ta pO3NOAUISETECSA B IIUTO-
ruiasmi Oe3 criybHOI Jokamizanii 3 MitoTracker Green.
BucnoBkn. [IpencraieHi 6apBHUKH MOXYTh OyTH 3a-
CTOCOBHI 151 (IIyOpPECIEHTHOI CIIEKTPOCKOITi MPH BH-
SIBJICHHI OLIKIB 1 IS MOTEHINIMHOI Bi3yaJTi3arlii KOMIOHCH-
TiB KIIITHHY 3 MiHIMaJTEHOO a00 30BCIM BiJICYTHBOIO aBTO-
(hiryopecrieHIi€ro.

KnmouyoBi caoBa: ckBapaiHOBI OapBHHKH, CHPOBAT-
KOBi altbOyMiHH, (hITyopecIieHTHA CIEKTPOCKOMis, abcopo-
HiliHa CIIEKTPOCKOIIis, (DIIyOpEeCIeHTHE NEeTEKTYBaHHSI,
(hiryopecrieHTHa MIKpOCKOITist
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