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Spectral and photophysical properties of norsquaraine dye Nor—-Sq were investigated
and compared with those for 3-carboxypentyl substituted squaraine Sq in aqueous buffer
solutions, organic solvents and under interactions with proteins in order to obtain fluorescent
labels for proteins with improved properties. Both dyes absorb and fluoresce in the same
spectral region, but Sq has higher the molar absorptivity and is much more sensitive to polarity
and viscosity of the medium, as well as to the presence of proteins. The absence of a substituent
at the nitrogen atom in norsquaraine molecule provides the pH-sensitivity of Nor-Sq in the
range of 9.0-11.4. As a result, Sq is more preferable for using in the most of biomedical
applications, where interaction with proteins increases the brightness of the dye due to changes
of polarity and/or viscosity of environment, while Nor—Sq is applicable for pH monitoring and
in assays, where signal should not depend on changes in dye molecule environment.

Keywords: norsquaraines, squaraines, protein conjugates, fluorescent pH-sensors.

ITopiBHAHHA BOMOPO3YMHHUX CKBAPATHOBOTO TAa HOPCKBAPaiHOBOTO OApBHUKIB AK duy-
OpPECIeHTHUX MaTepiaxiB maaa meauko-Giogoriuamx zacrocyBaus. [.B.I'ogop, O.C.Koaocosa,
O0.M.O6yxosa, AJI.Tamapeyyw, JI.JI.Ilayenrep

3 MeTo0 OTPMMAHHA (IYOPECIEHTHMX MITOK AJA GiNKiB 3 MOKPAIIEHUMU BJIACTUBOCTAMU
MOCTiI;KeHO Ta TIOPIBHAHO CHEKTPaJbHi Ta (orodismuni BaacTUBOCTI HOPCKBapaiHOBOTO GAPBHMU-
ka Nor—-Sq 3 BracTuBocTaMu 3-KapOOKCUIEHTUIBAMIIIEHHOTO cKBapaina S¢ y Boguux GydepHux
posSUMHAX, OPTaHIUYHUX POSUYMHHUKAX i mpu B3aemoxii 3 Gimkamu. O6maBa GapBHUKM TOTJIMHA-
0Th 1 (PuIyopecLionTs B OZHOMY CIEKTPAJbHOMY [ianasoHi, ase SqQ mae GlibIl BUCOKUI KO-
edinienT excruHruii i € Habararo GlabI UYTIMBHUM [0 HOJApHOCTL i B’AskocTi cepemosmina i
npucyTHocTi 6inkie. BigcyTHicTs samicHmka y aromMa asoTy B MOJIEKYJII HOpPCKBapainy sabesire-
uye pH-uyrausicts Nor—-Sq y apiamasoni 9,0-11,4. B pesyabrari SQ € GLibll IepeBAKHUM IJIA
BUKOPUCTAHHA y OlabirocTi MernKo-0i0J0rivaMX TOCHiIKeHb, 1e B3aeMoIid 3 Oinkamu 30ijbIrye
sicKpaBicTh GapBHUKa yepes sMiHM moJasapHOCTi 1 B’ sisKocTi cepegoBuimia, B Toit yac sk NOr-Sq e
npufiHATHUM Aaa Mouitopunry pH i B ananisax, me curuaj He TOBUHEH 3aJeyKaTH Bif 3MiHM
OTOUEHHST MOJEKYJIU GapBHUKA.

C menpio moayueHUs (PIYOPECIeHTHBIX METOK A OelKOB ¢ YJIYUINIeHHBIMU CBOMCTBAMU
VICCJIEIOBAJIVICH M CPABHUBAJNUCH CIIEKTPANbHEIE U (hoTOPU3UUYECKIe CBOIICTBA HOPCKBAPAWHOBOTO
kpacurens Nor—-Sg co ceoiictBamMu 3-KapGOKCHUIICEHTUJI3AMEIIEHHOI'O CKBApauMHA SC B BOLHBIX
OydepHBIX PacTBOpax, OPraHUYECKHX PACTBOPUTEAAX 1 IIPU B3aumopelicrsuu ¢ Oearxamu. OGa
KpacuTels IOIJIOMIAIT U (IYOPECIMPYIOT B OLHOM W TOU e objacTy CIeKTpa, HO S umeer
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6oJsiee BBLICOKUI KO(PPUIIMEHT SKCTUHKIIMU W ropasgo 0ojiee UYBCTBUTEJIEH K TMOJAPHOCTH U
BABKOCTU cpeJbl W K TPUCYTCTBUIO OenkoB. OTCyTCTBME 3aMecTHUTEJsI y aToMa asoTa B
MoJieKyJie HOpcKBapamHa obecrneunBaer pH-uyscrBuTenmbmocts NOr—-Sq B amamasone 9,0-
11,4. Tlokasano, uro Sq GoJiee IPEAIOYTUTEEH [IJA HCIONb30BAHUA B OOJBIIMHCTBE MEIU-
KO-0MOJIOTMYECKUX MCCHEeLOBaHUI, I/e B3aMMOJeHcTBUE C OeJKAMH YBEJIUYUBAET SPKOCTh
Kpacuressd M3-32 USMEHEHUA IIOJNSAPHOCTU W/WIMU BASKOCTHU Cpenbl, B To Bpema Kak Nor-Sq
JIy4llle IPUMEHATHh A MoHuTopuHra pH m B amanusax, rge CUIHAJ He JOJMEH 3aBHUCETb OT

U3MEHEHUA OKPYIKEHUA MOJEKYJbl KPacUTeJd.

1. Introduction

Squaraines, a subclass of cyanine dyes,
whose structure includes 3-oxocyclobuten-1-
olate moiety (squaric acid residue) in the
polymetine chain as well as the terminal
heterocyclic moieties, have found a wide
field of applications in biomedical investiga-
tions [1-83]. Squaraine dyes comprising in-
dolenine based terminal end groups are of
the highest interest, in particular, for
biomedical research due to their increased
brightness and photostability [4]. Another
advantage of squaraines is their red or near
infrared (NIR) absorption, which is found
in biological "transparency window”™ and
possibility of use for excitation the cheap
and easily available 633 or 640 nm lasers
[6]. This allows getting minimal interfer-
ence with biological tissue absorption and
autofluorescence, especially for in vivo ap-
plication. Squaraines may be substituted
with various functional groups at the indo-
lenine nitrogens [6—8] as well as remain un-
substituted as in the case of so-called
norsquaraines [9]. The last ones arouse the
increased interest due to their applicability
as fluorescent pH-probes. Recently there
was reported the comparative analysis of
squaraines versus norsquaraines [10]. Ac-
cording to the results of the comparison of
spectral properties of these two subclasses
of squaraine dyes, norsquaraines exhibit a
substantially reduced sensitivity to the mi-
croenvironment and to the presence of pro-
teins and other biomolecules in solution.
Thus it was assumed that norsquaraines due
to low non-specific interactions might be
useful for development of assays based on a
specific interaction of the dye-biomolecule
conjugates with biological counterparts in
heterogeneous biological media, where the
presence of non-targeting proteins and
other large-molecular-weight biomolecules
could affect the assay. But squaraines as
well as norsquaraine dyes under investiga-
tion in [10] are hydrophobic and non-reac-
tive, so they can not be bound to proteins
covalently and their strong aggregation in
aqueous media does not allow using them
for investigation of dye-protein interac-
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tions. The work [9] describes the water-sol-
uble norsquaraines, some of them contain-
ing carboxy-groups were conjugated to pro-
tein, and compares their spectral properties
with conventional squaraines. Due to the
relevance of water-soluble pH-sensitive
norsquaraines we have chosen one of them
(Nor-Sq) to be the object of the present re-
search. Nor—-Sq has functionality for binding
to proteins because it contains carboxypentyl
groups in position 3 of indolenine moieties [9]
(Fig. 1). It is known that dyes with car-
boxypentyl group in position 3, like pen-
tamethinecyanine dye Alexa Fluor 647, have
superior properties when used in conjugates
with proteins as compared to a dye with this
group in position 1, like Cy5 [11-13].

So the aim of this work was to compare
the spectral and photophysical properties of
norsquaraine label Nor—8q versus 3-car-
boxypentyl substituted squaraine Sq (Fig. 1)
to show their applicability for labeling of pro-
teins in biomedical research. In this field the
sensitivity of squaraine and norsquaraine to
the microenvirenment, and their behavior to-
wards proteins were investigated.

2. Experimental

Synthesis. The dyes Nor-Sgq and Sq were
synthesized according to known procedures
[9, 14].

Bovine serum albumin (BSA, essentially
fatty acid free, fraction V, reagent grade
>96 %) and bovine immunoglobulin G (IgG),
Sephadex G50 were purchased from Sigma
and used without further purification. Sol-
vents, salts for buffers and other materials
were from Merck and used as is.

The phosphate buffer pH 7.4 (67 mM) (PB)
was prepared by dissolving Na,HPQO,-2H,0
(9.596 g) and KH,PO, (1.743 g) in 1 L of
Milli-Q water. Bicarbonate buffer of pH 9.0
(0.1 mM) was obtained by dissolving NaHCO;
(8.401 g) in 1 L of Milli-Q water.

Spectral. All the absorption spectra were
recorded in 1 em quartz cells at 25°C using
a PerkinElmer Lambda 85 UV/Vis spectro-
photometer. Absorption maxima were deter-
mined with an accuracy of +0.5 nm and
rounded off.
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Fig. 1. The molecular structure of norsquaraine Nor—Sq, squaraine Sq, and pentamethinecyanine

dyes Alexa Fluor 647 and Cy5.

The fluorescence measurements were
done in 1 em standard quartz cells at 25°C
using a Varian Cary Eclipse spec-

trofluorometer. All emission spectra were
corrected by the spectral sensitivity of the
PMT. Emission maxima were determined
with an accuracy of 1.0 nm.

Quantum yields were measured in a
standard 1 em quartz cell on a Varian Cary
Eclipse spectrofluorometer at 25°C for the
solutions of free dyes in different solvents,
for dye-protein complexes and conjugates in
PB. All dyes were excited at 620 nm (A,,),
with an excitation slit width of 5 nm and
emission slit width of 2.5 nm. All fluorophore
concentrations were adjusted to be ~ 0.5 uM.

The quantum yields (QYs) were calcu-
lated according to Eq. (1) [15] using Cy5 in
PB as reference (®p = 27 %) [16].

Py = (1)
= Qpcys - (F/Feys) - (Agys/A) - (n?/ngys) ,

where ®pcys is the quantum yield of Cy5,
FCy5 and F are the integrated areas of the

fluorescence spectra (F = I(A)dA) of Cy5 and
the solution under investigation; ACy5 and A
are the absorbencies at the excitation wave-
length (620 nm) of Cy5 and the sample
under examination; ngys and n are the re-
fractive indices of PB and the solvent,
where the dye under examination is dis-
solved, correspondingly.

The QY of each sample was inde-
pendently measured 3—4 times and the aver-
age value was calculated. The quantum
yields of the dye-protein conjugates were
measured for various dye-to-protein ratios
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(D/P) and then the QY for D/P=1 was
determined by a non-linear interpolation.

Molar absorptivities (€). The dye (7—10 mg)
or protein was dissolved in the PB (50 mL),
the obtained stock solution was diluted to
the concentration cpye ~ 0.5 uM and the ab-
sorbance (4) at the absorption band maxi-
mum was measured in a 5 cm standard
quartz cell. The molar absorptivities were
calculated according to the Beer-Lambert
law. The molar absorptivity for each com-
pound was independently measured three
times and the average value was taken. The
reproducibility for determining the molar
absorptivity was within +2,000 M~ lem™1.

Spectral characteristics of dyes in pres-
ence of proteins (dye-protein complexes)
were measured at cpye = 0.5 uM and BSA or
IgG concentration 6 mg/mL.

Protein labeling. A dye (1 mg) was dis-
solved in 100 puL of anhydrous DMF. Then
N,N,N’,N’-tetramethyl(succinimido)-uronium
tetrafluoroborate (TSTU) (0.5 mg) and N,
N-diisopropylethyl-amine (DIPEA) (3 uL)
were added and the mixture was stirred at
room temperature for 1 h. The progress of
reaction was monitored by TLC (Silica gel
60 RP-18, water-acetonitrile). The obtained
stock solution of the dye-NHS-ester was
used without purification for the further con-
jugation with proteins. Solutions of BSA
(3 mg) or IgG (1 mg) in 0.5 mL of bicarbonate
buffer were prepared. Aliquots of the NHS-
activated dye stock solution (in the range of
5—50 uL) were added to each protein solution
and stirred for 38 h at 25°C to form the dye-
protein conjugates. The conjugates were sepa-
rated from the unbound dye by gel-permeation
chromatography on Sephadex G50 (eluent:PB).
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Determination of the dye-to-protein ratio
(D/P). To calculate the dye-to-protein ra-
tios each conjugate was diluted with PB in
such a way that the absorbance at the long-
wavelength absorption maxima of the dye-
protein conjugate (Awnj(;\max)) was in the
range of 0.1-0.2 when measured in a 1 cm
quartz cell. Subsequently the absorbencies

at  the A ,imax) and at 278 nm
(Aconj(A278)) were determined. The absorb-
encies of the free dye at 278 nm

(ADye(A278)) and at the absorption maximum

Dye(kmax)) were also taken. The dye-to-
protein ratio (D/P) was determined accord-
ing to the Eq. 2 with the assumption that
the molar absorptivities of the dyes were
not changed after conjugation to protein
[16, 17]:

D/P= Aconj()»m(lx) ’ gprOtein/(Aconj(A278)) - 2
_ Abyen278) (

) - A
ADye(Xmax)

conj (Kmax)/EDye’
where Eprotein is the molar absorptivity of
protein at 278 nm (BSA: 43,824 M lem™!
[18, 19] at 278 nm; IgG: 201,700 M~ lem™1,
experimentally determined);

€pye 18 the molar absorptivity of dye at
the absorption maximum (Nor-Sq:
188,000 M~lem™1; Sq: 290,000 M~lem™1).

Determination of brightness. The brightness
of conjugates was calculated according [20]:

Total brightness=¢ - QY - D/P, (3)

where € is the molar absorptivity of dye, QY
is quantum vyield at the certain dye-to-pro-
tein ratio (D/P) of conjugates.
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Fig. 2. Absorption and emission spectra of
norsquaraine Nor—Sq (solid line) and squaraine
Sq (dashed line) in PB (che = 0.5 uM).

3. Results and discussions

3.1. Spectral properties of free dyes

The absorption and emission maxima
(Aax), molar absorptivities (g), quantum
yields ( ®p), Stokes’ shifts (Avy,) as well as
the absorption and emission bands
halfwidths (Avy,9) of Nor-Sq and Sq in PB,
ethanol, methanol and glycerol are summarized
in Table 1 while the absorption and emission
spectra in PB are shown on Fig. 2. As the
indicator of solvent polarity the normalized em-
pirical parameter Ely\f was taken [21].

Sq and Nor—-Sq absorb and fluoresce in the
red region of spectra where biological objects
are mostly transparent [22]. In PB, which is
the most commonly used buffer in biological
research, absorption and fluorescence maxima
are 639/657 nm for norsquaraine Nor-Sq and
635/644 nm for squaraine Sq with molar ab-
sorptivities € =188,000 M lem™1 and ¢=
290,000 M lem™1, respectively (Fig.2). A
slight red-shift of Nor—Sgq as compared to

Table 1. Spectral characteristics of Nor-Sq and Sq in PB, ethanol, methanol and glycerol (che = 0.5 uM)

Dye Media EY PonanlAb) D (Bm), | Avyy, | Avy 5(Ab), | Avy o(Bm), | e, M- tem™t | &g, %
nm nm cm cm cm

Nor-Sq |PBpH 7.4| ~1 | 639 657 430 840 810 188,000 33
Glycerol |0.812| 655 672 390 800 750 n/d* 45
Methanol | 0.762 | 652 668 370 780 740 n/d 37
Ethanol | 0.654 | 656 673 390 770 730 n/d 36
Sq |PBpH 7.4| ~1 | 635 644 220 620 700 290,000 12
Glycerol |0.812| 646 657 260 600 670 n/d 80
Methanol | 0.762 | 640 649 220 590 640 n/d 40
Ethanol | 0.654 | 643 653 240 580 660 n/d 48

* not determined

Functional materials, 27, 4, 2020
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Sq by 4 and 13 nm for absorption and emis-
sion respectively (Fig. 2) is perhaps due to
the more planar molecular structure of
norsquaraine [10]. The absorption and fluo-
rescence spectra of the dyes exhibit a well-
defined shoulder (Fig. 2), which can be at-
tributed to the vibrational transitions [23-
25]. It is known that squaraines exhibit a
strong tendency to form nonfluorescent ag-
gregates, which leads to increase of shoul-
der in the absorbance spectrum [26] and
mirror symmetry breaking. At concentra-
tion 0.5 uM of the investigated dyes the
absorption and emission bands demonstrate
no violation of the mirror symmetry rule,
which evidences for no aggregates forma-
tion as well as no substantial conforma-
tional changes or solvation effects occur in
the excited state (Fig. 2). Due to the more
rigid and planar structure of norsquaraines
as compared to squaraines [10] the decrease
of Stokes shift (Avy) for Nor-Sq was ex-
pected, but actually it happens the other
way around: Stokes shift of Nor-Sq
(430 cm™1) in PB is higher than that for Sq
(220 cm™1) (Table 1). The increase of Stokes
shift for Nor-Sq is likely due to its mole-
cule higher polarity evaluated from the di-
pole moment as compared to Sq molecule.
The dipole moments of norsquaraines and
squaraines of similar structures were inves-
tigated in [10] and it was shown, that
norsquaraines are presented by more polar
conformer. But another and maybe more
substantial reason of the increased Avg of
Nor—-Sq is supposedly solvation shell rear-
rangement or a change in the intramolecu-
lar H-bonds between oxygens of squarylium
moiety and hydrogens of NH-groups in the
excited state.

The half-width (Avl/z) of the fluores-
cence band of Nor-Sq is lower by 80 em 1
than that for the absorption band, in the
case of Sq the situation is quite opposite —
the absorption band half-width is narrower
by 80 ecm~l. This fact leads us to assume
that the rigid structure of norsquaraine
molecule becomes even more rigid and pla-
nar in the excited state, while squaraine
molecule contrariwise becomes less rigid in
the excited state resulting in the broaden-
ing of emission band half-width.

The quantum yield of Nor-Sq in PB is
2.7 times higher than for Sgq and are 33 %
and 12 %, respectively.

Sensitivity to microenvironment of the
dye is the significant factor to be taken into
account when the dye is used for biomedical
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applications. Interaction with bioobjects
usually leads to change in local polarity,
hindering the vibrational motion of the dye
molecule, while the presence of amino and
carboxy-groups in the binding site affects its
local acidity. Thus we investigated the influ-
ence of media polarity, viscosity and acidity
on the spectral properties of Nor-Sq and Sq.

The influence of solvent polarity on the
spectral properties of the dyes was investi-
gated by measurements in PB, methanol and
ethanol (Table 1). The absorption maxima of
dyes are red shifted by 17 nm for Nor-Sq
and 8 nm for Sq with a decrease in solvent
polarity from water to ethanol. Thereby,
both dyes exhibit negative solvatochromism,
but in case of Nor-Sq it is more pronounced.
As it can be seen from the Table 1, the
Stokes shifts as well as the absorption and
fluorescence bands half-widths are de-
creased accordingly to the decrease of the
solvent polarity for the both dyes. It is
worth to note that all aforementioned sol-
vents are polar and protic, capable to form
hydrogen and other intermolecular bonds
forming the solvate shell around the dye
molecule. The both dye should have higher
polarity in the ground state, which is stabi-
lized by polar solvents, as compared to the
excited state [27], which is expressed by the
negative solvatochromism, while for Nor—Sq
changes in polarity (dipole moment) in the
excited state is more vivid and leads to more
substantial solvate shell rearrangement. As
stated above this can be also the reason for
the larger Stokes shift of Nor-Sg. Another
possible explanation for the broadening of
Nor—-Sqg spectra and almost twice as large
Stokes shift can be the intramolecular pro-
ton transfer between indolenine nitrogen
and squarate oxygen, which happens in the
excited state.

As it is known, squaraines are quenched
in polar solvents [26, 28], so fluorescence
quantum yields of the dyes increase from
polar aqueous buffer to solutions in less
polar environment like methanol and etha-
nol. In the case of Sq the fluorescence quan-
tum vyield value increases by 3.3 times in
methanol and by 4 times in ethanol, compared
to its quantum yield in PB. While the quan-
tum yield of Nor-Sq upon moving to a less
polar medium is changed only by ~ 1.1 times,
thus it remains almost unchanged. In this
way, the polarity of the medium, unlike in
case of squaraines, does not affect the quan-
tum yield of norsquaraines.

Thus we can conclude that Nor-Sq is
more sensitive to polarity of the media by

Functional materials, 27, 4, 2020
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absorption and emission band maxima
shifts, while Sq shows more significant
changes in the quantum yields.

Viscosity-dependent spectral behavior of the
dyes was investigated in glycerol, which has
similar polarity as methanol (0.812 vs. 0.762)
[21] but much higher viscosity — 1400 mPa-s
vs. 0.6 mPa-s for methanol, and 0.9 mPa-s for
aqueous buffer. The increase in the viscosity of
the solvent causes the increase in the quantum
yields of both dyes, but Sq revealed to be more
sensitive to viscosity changes than Nor-Sq: the
quantum yield of Sqg in glycerol is 80 %,
which is twice higher than in methanol, while
the quantum yield of Nor-Sq in glycerol in-
creases only in 1.2 times as compared to
methanol. The lower increase of Nor-Sg quan-
tum yield in highly viscous media could be
related to the presence of intramolecular H-
bonds between the proton of NH-group and the
oxygen atom of the squaric acid moiety, which
makes molecule more rigid and conformation-
ally stable in the solvents (Fig. 1a) [10]. Tak-
ing into account that the increase in the quan-
tum yield of Nor—Sq in glycerol relative to PB
is not as significant as for Sq (1.4 wvs.
6.7 times), squaraine dye is more preferable
for biological applications, such as monitoring
of changes in membrane, nuclear and cytoplas-
mic viscosity.

Nor—-Sq is known to be sensitive to the
media acidity in the range of pH about 9-12
[9]. It does not show noticeable changes in
spectral properties in pH range between 2—
8.5 either, but long-wavelength absorption
band (639 nm) at higher pH decreases and a
new band with maximum at 519 nm ap-
pears, whereby the fluorescence consistently
quenches and becomes undetectable above
pH 12 (Fig. 3). The absorption and emis-
sion characteristics of squaraine Sq in their
turn exhibit no noticeable sensitivity to the
media pH within the range between 2-11
(Fig. 8 insert a, insert b). Thus, the absence
of a substituent at the nitrogen atom in
norsquaraine molecule provides the pH-sen-
sitivity of Nor-Sq due to deprotonation of
terminal heterocyclic nitrogen [9].

The values of pK, of Nor-Sq calculated
from the absorption and emission titration
curves are 10.15 and 10.11, respectively, as
it was shown in [9]. This range of pH is
rarely reached in living systems, thus Nor-Sq
can be used to label the majority of proteins
for biomedical investigations without any
risk to be transformed into deprotonated
form. Care should be taken only for conju-
gation with proteins which have high
isoelectric point.
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Fig. 3. Absorption (a) and emission (b) spectra
of norsquaraine Nor-Sq vs. pH and the absorp-
tion (insert a) and emission (insert b) titration
curves of norsquaraine Nor-Sg and squaraine
Sq (excitation wavelength was 620 nm).

3.2. Dye-protein interaction

3.2.1. Non-covalent complexation with
proteins (BSA and IgG)

The spectral and photophysical properties
of squaraines are known to be substantially
affected by the presence of proteins [29-
31]. The absorption and emission maxima,
molar absorptivity, fluorescence intensities,
and quantum yields of Nor—-Sq and Sq dyes
investigated in this work in the presence of
BSA and IgG are shown in Table 2.
Comlexation with BSA (cggpy = 6 mg/mL)
results in red-shifts of norsquaraine and
squaraine absorption and emission bands
relative to spectra in PB by 17 and 13 nm
for Nor-Sqg, 8 and 10 nm for Sq for absorp-
tion and emission, respectively (Table 2). It
can be explained by binding of the dye
molecules with the hydrophobic areas of
proteins [32, 33], which are inaccessible to
water molecules. As a result, polarity of
local environment of the dye molecules de-
creases and spectral behavior of the dyes
change. As it is shown in the Fig. 4, with
an increase in the concentration of BSA, the
fluorescence spectra are red-shifted for the
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Table 2. Spectral characteristics of the dyes (che ~ 0.5 uM), non-covalent dye-BSA and dye-IgG

complexes (cpmtem

= 6 mg/mL) and conjugates with BSA and IgG (D/P = 1).

Dye Media Xmax(Ab), Kmax(Em), Avst_, Avl/z(élb), Av1/2(Em), g, M—lem™! | ®F, %
nm nm cm cm cm
Nor-Sq PB pH 7.4 639 657 430 840 810 188,000 33
Complex with 656 670 320 870 820 158,000 41
BSA pH 7.4
Complex with 639 657 430 840 810 178,000 33
IgG pH 7.4
Conjugate with 655 670 340 900 820 n/d* 14
BSA pH 7.4
Conjugate with 646 663 400 970 860 n/d 21
IgG pH 7.4
Sq PB pH 7.4 635 644 220 620 700 290,000 12
Complex with 643 654 260 800 710 234,000 40
BSA pH 7.4
Complex with 635 646 270 620 700 278,000 13
IgG pH 7.4
Conjugate with 643 654 260 730 680 n/d 65
BSA pH 7.4
Conjugate with 639 650 270 670 690 n/d 33
IgG pH 7.4
) 3000
both dyes and at concentration of BSA a) Nor-Sq-BSA complex
6 mg/mL its maxima almost coincide to the 2500 Cope = 0.5 1M
maxima of dyes in ethanol. With an in- 5 0 mg/mLBSA
crease of BSA concentration the fluorescence ° 2000+ 8; mg;mtBBssﬁ\
intensity of nor-Sq decreases by a factor of 2 ool 06 mamLBSA
1.8, when excited at 620 nm, since its absorp- )
tion spectra shift significantly (by 17 nm) to S 1000.
the red region. Despite the fluorescence in- =
tensity of complexes decreases, the quantum 5004
yield of the Nor-Sq increases by 1.2 times
0

to 41 % at concentration of 6 mg/mL of
BSA. The absorption spectra of Sq shifts
only by 8 nm and its quantum yield is more
sensitive to the polarity of the environment,
therefore Sq reveals at 8 times higher fluo-
rescence intensity and 3.8 fold increase of the
quantum yield when complexed with BSA,
which are more significant than for
norsquaraine (Fig. 4b, Table 2). Upon non-co-
valent complexation with BSA the molar ab-
sorptivities of dyes are slightly decreased
compared to the free dyes in PB and amounts
to 158,000 M~lem™! and 284,000 M~lem™1
for Nor—Sq and Sq, respectively. The Stokes’
shift of Nor—-Sq decreases in the presence of
BSA (Table 2), while Sq-BSA complex Stokes’
shift, contrariwise, is slightly increased upon
complexation.

Since IgG is less hydrophobic protein
than BSA [34], in the presence of IgG
(c1gq = 6 mg/mL) only a slight decrease of
molar absorptivity indicates the formation
of complexes. Other spectral characterestics
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C
3 1501
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o
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[T
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Fig. 4. Fluorescence spectra of Nor-Sq (a)
and Sq (b) (che = 0.5 uM) in presence of dif-
ferent BSA  concentrations
6 mg/mL) in PB pH 7.4.

(cgga = 0-

for Nor—-Sq do not change, while for Sq they
change only slightly (Table 2).
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Fig. 5. The normalized absorption spectra of conjugates Nor—Sq-BSA (a), Sq-BSA (b), Nor-Sq IgG (c),

and Sq-IgG (d) at different D/P.

Thus, Sq is more preferable for application
in biomedical studies which deal with non-co-
valent complexation of a dye with protein,
since a low sensitivity of Nor-Sq to proteins
could significantly reduce the reliability of
the results. Increasing of the hydrophobicity
of proteins allows obtaining the more notice-
able changes in spectral properties of dyes.

3.2.2. Covalent dye-protein conjugates

The studies of the interaction of Nor-Sq
and Sq with biomolecules were also per-
formed by covalent binding of the dyes with
BSA and IgG molecules. The spectral prop-
erties of dyes after conjugation with pro-
teins (D/P = 1) are shown in Table 2.

The covalent labeling to protein changes
the media polarity around the dye creating
more hydrophobic environment than the sur-
rounding. Thus, it leads to red-shifted ab-
sorption and emission maxima of Nor-Sg and
Sq conjugates as compared to spectra in PB
(Table 2). In case of BSA conjugates for both
dyes this shifts are more pronounced (8-
16 nm) than for IgG (4-7 nm). As well as in
the case of complexes with proteins, Nor—-Sq
in conjugates is more sensitive by its red-
shift (6—-16 nm) to binding with proteins

Functional materials, 27, 4, 2020

than Sq (4-10 nm). The Stokes’ shifts of
norsquaraine conjugates with proteins have
a trend to decrease (Table 2), while the
Stokes’ shifts of Sq upon conjugation are
increased.

The quantum yields of squaraine-protein
conjugates are known to be higher both for
BSA- and IgG-conjugates than those for free
dyes [14], which is a consequence of a de-
crease in polarity after labeling of dye to
protein. And this trend is the same for
squaraine Sq: the quantum yield is 5.4 fold
increased for BSA-conjugate and 2.8 fold for
IgG-conjugate. Oppositely, the quantum yield
of Nor—Sg-conjugates decreased in 2.4 times
for BSA-conjugate and 1.6 times for IgG-con-
jugates as compared to quantum yields in PB.

The decrease in the quantum yields of
Nor—Sqg-conjugates with proteins we attrib-
ute to the formation of the non-fluorescent
dye-aggregates on protein surface. It should
be taken into account that conjugation is a
statistical process, and conjugate with the
average D/P value of 1 really contains a
series of protein molecules with different
quantities of dye (i.e. 0, 1, 2...). Conjugates
with 2 or more dye molecule on the one
protein molecule can form aggregates. To
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Fig. 6. The relation of QY vs. D/P of dye-protein conjugates (a) and total brightness vs. D/P of

dye-protein conjugates (b).

confirm this hypothesis we have obtained
and compared the conjugates with D/P 1,
1.5, 2 for BSA and 1, 2, 3.5 for IgG. The
appearance of the new, shorter-wavelength
band with a maximum at about 615 nm for
Nor-Sg-BSA conjugates is demonstrated on
Fig. ba. The shoulder associated with the dye
aggregation [35], can be found in the same
spectral range as the short-wavelength vibra-
tional band in non-aggregated molecules. The
intensity of the aggregation band increases
with the increasing of D/P. At the same time
no any evidence of shoulder-increase for Sg-
BSA conjugates is observed (Fig. 5b). Low
tendency of Sq to form aggregates is related
to higher quantity of sulfo-groups in its
structure as compared to Nor-Sg. So, aggre-
gation of Nor-Sq plays a critical role and
reduces the quantum yield of BSA-conjugates
with increasing of D/P and fluorescence is
almost quenched at D/P ~ 2 (Fig. 6a). The la-
beling of Nor—Sq with 1gG allowed getting the
conjugates with higher D/P due to the larger
size and higher hydrophilicity of IgG molecule
(Fig. 6a), but aggregation in the case of Nor—
Sg-conjugates with IgG is also observed (Fig.
5¢) unlike the Sq-lgG conjugates (Fig. 5d).
One of the most important parameters for
practical use of dye-protein conjugate in
biomedical applications is the total bright-
ness, which is calculated by multiplying the
molar absorptivity, quantum yield and D/P
ratio of the conjugate (see Eq. 8). This pa-
rameter characterizes the fluorescence re-
sponse, which can be obtained from the one
labeled protein molecule. The optimal value of
brightness is estimated by testing of the conju-
gates with D/P ratios in a range as wide as it
is possible. The plots of total brightness of BSA
and 1gG conjugates of Nor—Sq and Sq vs. the
D/P ratios of these conjugates are given on
Fig. 6b.
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As it can be seen from the Fig. 6b Nor—Sq
conjugates have the maxima of brightness
at D/P ~ 0.8 and D/P ~ 3 for BSA- and IgG-
conjugates respectively. Squaraine Sq forms
much brighter conjugates, which even do
not reach the maximum value of brightness
at the investigated D/P range. We associate
this with the higher tendency of Nor—Sq to
aggregate which leads to quenching and
consequently brightness decrease when D/Ps
are increased. Thus we can assume that
presence of higher quantity of sulfo-groups
in Sq structure allows the preparation of
conjugates with higher quantum vyields,
brightness and D/P, which are more prefer-
able for biological applications.

4. Conclusions

In summary, we have compared the spec-
tral and photophysical properties of
norsquaraine Nor-Sq wvs. those for 3-car-
boxypentyl substituted squaraine dye Sq in
water, organic solvents and under interac-
tions with proteins. In organic solvents
spectral maxima of Nor-Sq are red shifted
as compared to Sq, while the molar absorp-
tivity of squaraine is higher providing the
improved accuracy of fluorescent measure-
ments using Sq. The both dyes exhibit nega-
tive solvatochromism, but spectral maxima
of Nor-Sqg are more significantly blue-shifted
in polar media than those for Sq. However,
the quantum yield of Nor-Sq is almost un-
changed with decrease of the solvent polarity,
while for Sq it increases significantly (by
3—4 times), which is the same more prefer-
able for fluorescent methods. Squaraine dye
also is more sensitive to the viscosity of the
medium, than Nor-Sg. Meanwhile, the ab-
sence of a substituent at the nitrogen atom in
norsquaraine molecule provides the pH-sensi-
tivity of Nor-Sq in the range of 9.0 —11.4, as

Functional materials, 27, 4, 2020
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a result, norsquaraine can be applicable for
pH monitoring by fluorescence methods.
Non-covalent binding to BSA results in
more significant changes of Sq spectral
properties than for Nor-Sq, but the proper-
ties of both dyes in complex with 1gG re-
main almost unchanged. The covalent label-
ing with proteins leads to the increase of
quantum vyield of Sq, while the quantum
yield of Nor-Sq decreases, so the conjugates
of Nor-Sq possess the lower brightness.
Thus, it is more preferable to use Sq for the
most of biomedical applications, where
probing increases the brightness of the dye
due to changes of polarity and viscosity of
environment, while Nor-Sq is applicable for
pH monitoring and in assays, where signal
should not depend on changes in dye mole-
cule environment.
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