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Abstract

The noncovalent interaction of a number of cationic and anionic meso-substituted polymethine (carbocyanine) dyes
with sodium deoxycholate (NaDC) as a biologically important surfactant was studied by spectral-fluorescent
methods. The following dyes were studied: 3,3’-di(3-hydroxyethyl)-9-methylthiacarbocyanine-iodide (K1), 3,3'-
di(3-hydroxyethyl)-5,5'-dimethoxy-9-ethylthiacarbocyanine iodide (K2), 3,3',9-trimethylthiacarbocyanine iodide (K3,
Cyan 2), 3,3'-di(y-sulfopropyl)-9-methylthiacarbocyanine-betaine (A1), and 3,3'-di(y-sulfopropyl)-4,5,4',5'-dibenzo-9-
ethylthiacarbocyanine-betaine (A2, DEC). Upon addition of increasing concentrations of NaDC, the absorption spec-
tra of dyes K1-K3 in aqueous solutions exhibit changes due to the formation of dye aggregates and their subsequent
decomposition into monomers. The formation of aggregates of K1-K3 leads to broadening of the absorption spectra
and an appearance of additional bands. Upon binding to the surfactant, the cis-monomers of the dyes undergo partial
cis—trans conversion, which is accompanied by an increase in the fluorescence intensity. The binding constants of
the dyes to NaDC were estimated on the basis of Scatchard and Hill models from the dependences of the absorption
and fluorescence spectra on the concentration of NaDC.

Keywords Polymethine (cyanine) dyes - Sodium deoxycholate - Micelles - Fluorescent probes - cis—trans conversion -
Aggregation

Introduction it possible to use them as spectral-fluorescent probes for
biomacromolecules and for biological imaging [2, 3]. A

Polymethine (cyanine) dyes possess a unique set of number of works were devoted to studying the

photophysical and photochemical properties, which de-
termine the broad scope of applications of these com-
pounds [1]. The high sensitivity of polymethine dyes to
the properties of the molecular microenvironment makes
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photophysics of polymethine dyes in normal and reverse
micelles formed from various types of synthetic surfac-
tants [4-7]. In addition to synthetic surfactants, there is
a large class of biologically important natural surfactants
— bile salts (BS, or cholates), the structure of which
differs significantly from that of synthetic surfactants.
Cholate molecules have a steroid skeleton, the concave
side of which is hydrophilic due to the presence of OH
groups, and the convex side with angular methyl groups
is hydrophobic [8]. When BS concentration increases
above a critical value, micelles begin to form: initially
primary micelles are formed due to hydrophobic inter-
actions between the convex regions of the molecules
(with an aggregation number of 2—10), and then second-
ary micelles are formed due to hydrogen bonding be-
tween primary micelle associates (with an aggregation
number of 10-100). Hence, a number of authors identi-
fy for BS two values of critical micelle concentrations
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(CMC): CMC1 and CMC2 for primary and secondary
micelles, respectively [9-12].

In a number of works, systems containing BS were studied
by the method of spectral-fluorescent probes using xanthene
and benzophenoxazine dyes [13, 14]. At present, the interac-
tion of polymethine dyes with BS is not sufficiently studied
(only qualitative data were obtained) [ 15]. Photochemical pro-
cesses in two polymethine dyes in BS micellar systems were
studied in [16].

In this work, the noncovalent interaction of
polymethine dyes with BS was studied by spectral-
fluorescent methods in more detail, with estimating the
binding constants. As objects of the study, a number of
meso-substituted thiacarbocyanines and sodium
deoxycholate (NaDC) as BS were chosen (see Fig. 1):
the cationic carbocyanines 3,3'-di({3-hydroxyethyl)-9-
methylthiacarbocyanine chloride (K1), 3,3'-di(f3-
hydroxyethyl)-5,5'-dimethoxy-9-ethylthiacarbocyanine
chloride (K2), 3,3',9-trimethylthiacarbocyanine iodide
(K3, or Cyan 2, previously studied in [15]), and the anionic
dyes 3,3'-di(y-sulfopropyl)-9-methylthiacarbocyanine betaine
(A1) and 3,3'-di(y-sulfopropyl)-4,5,4',5'-dibenzo-9-
ethylthiacarbocyanine betaine (A2, DEC in [15]). The binding
constants of the dyes to NaDC were estimated.

Experimental

Materials

Tiacarbocyanine dyes K1, K2, A1 and A2 were obtained from
Prof. B.I. Shapiro (Research Institute “Khimfotoproekt”,

Moscow), and dye K3 from Prof. C.M. Yarmoluk (Institute
of Molecular Biology and Genetics, National Academy of

Sciences of Ukraine). Sodium deoxycholate (NaDC) was
commercially available (Sigma—Aldrich). Distilled water
was used as a solvent.

Analysis Methods and Equipment

The absorption spectra were measured on an SF-2000
spectrophotometer (Russia), and the fluorescence spectra
on a Fluorat-02-Panorama spectrofluorimeter (Russia),
using quartz semi-microcells. The fluorescence excita-
tion spectra were corrected for the sample transmission
and the spectral characteristic of the excitation channel.

The fluorescence quantum yields (@gq) of dyes K1 and K2
were determined by comparison with a standard, 3,3'-
diethylthiacarbocyanine iodide (DTC, @p¢p=5% in metha-
nol [17]), using Eq. (1):

(lfTst)F n
(I_T) Fst ngt Qofl(st)

- - 1)
Prl Fo = Pri(st)
where T and T are the transmittances of the standard
and dye solutions, respectively, at the excitation wave-
length; F and F' are the integrals of the emission bands
of the standard and the dye, respectively; and ny and n
are the refraction indexes of the standard and dye solu-
tions respectively (n=ng for the same solvents) [18].
Under the experimental conditions, 7~ Tg; the experi-
mental error was £10%. The fluorescence quantum
yields of other dyes were determined earlier [19, 20].

The measurements were carried out at a temperature of 22 +
2°C.

The deconvolution of the absorption spectra of the dyes
into components corresponding to the monomeric forms and
aggregates was carried out using the iterative procedure [21].

I, OO GO

(CH2)7
HO

(CH2)7
HO Ccr
K1

(CHz)z
OH

CnAXT)

(CH2)3 (CHz)s
/ \

SO5”
CsHsNH*

Al
Fig. 1 Structures of studied compounds

@ Springer

Ccr
K2

Csz
’: (CH2)3 (CHZ)z
037

CsHsNH*

A2 (DEC)

(CHz)z
OH I
K3

CH3 H3C




J Fluoresc (2019) 29:1161-1170

1163

Results and Discussion

Spectral-Fluorescent Properties of the Dyes
in Aqueous Solutions

In aqueous solutions, the meso-substituted thiacarbocyanines
K1-K3 are present mainly in the monomeric (M) form. In the
absorption spectra, the M bands of K1-K3 have a short-
wavelength vibronic shoulder at about 500 nm typical for
cyanine dyes. Due to their hydrophobic properties, K1-K3
tend to form unstructured aggregates in aqueous solutions;
the contribution of the aggregate absorption leads to some
broadening of the absorption spectral bands. In aqueous solu-
tions, cyanines under study have low fluorescence quantum
yields (see Table 1 and [19, 20]). The maxima of the fluores-
cence excitation spectra of K1-K3 and Al are
bathochromically shifted with respect to those of the absorp-
tion spectra (see Table 1). The anionic dye Al in an aqueous
solution is present in the monomeric form, and a single band is
observed in the fluorescence spectrum of Al.

It is known that meso-substituted cyanines in solutions are
in the form of cis- and trans- isomers, being in equilibrium,
which depends on the solvent polarity. In polar solvents the
equilibrium is shifted toward cis-isomers, whereas in nonpolar
ones to trans-isomers. The isomers differ in their spectral-
fluorescent properties [23, 24]. In particular, cis-isomers of
thiacarbocyanine dyes absorb at shorter wavelengths than
trans-isomers, (for example, the trans-isomer of K3 has
Aabs X ~ 547 nm, while the cis-isomer has Aps" " = 535 nm
[19]). In addition, the trans-isomers of the dyes possess fluo-
rescence, while the cis-isomers practically do not fluoresce.

The low fluorescence quantum yields and the discrepancy
between the absorption and excitation spectra are due to the
presence of the dyes in aqueous solutions mainly in the form
of nonfluorescent cis-isomers (trans-isomers are present in
trace quantities).

The anionic dye A2 (DEC) is also characterized by an
equilibrium between cis- and trans-isomers; in addition, this
dye in aqueous solutions is prone to dimerization. At cap ~ 1—
2 uM, the dye is present mainly in the dimer (D) form with
Aabs % =535 nm, which is in equilibrium with M (in the form

Table 1 Maxima of the absorption (A,p,s™™), fluorescence (Aq™) and

fluorescence excitation (Ao, ") spectra, as well as Stokes shifts
(ANSIOkes = \gmax _ )\ maxy - differences between the maxima of the

of the cis-isomer). The absorbance of the cis-monomer in the
absorption spectra corresponds to the M-shoulder with A, ™
~ 575 nm [6, 7]. The effects of isomeric equilibrium and
aggregation determine the weak fluorescence of A2 in aque-
ous solutions, which is caused by the presence of traces of the
trans-isomer (the fluorescence excitation spectrum with
Aex X ~ 595 nm), whereas the cis-isomer and the dimer of
A2 do not fluoresce [6, 7, 22].

Interaction of the Cationic Dyes K1-K3 with NaDC

Upon the introduction of NaDC into aqueous solutions of K1
and K2 (ck; = cxp = 1-2 uM), changes in the spectra are ob-
served, which are explained by the noncovalent interaction of
dye molecules with the surfactant (similar changes were ob-
served upon the introduction of cholates into an aqueous so-
lution of K3 [15]). In the region of relatively low concentra-
tions of NaDC cnapc ~ 1-2 mM < CMCI (for NaDC, CMC1
and CMC2 are 2.4 and 6.5 mM, respectively [11, 12]), a
decrease in the intensity of the bands of dye cis-monomers is
observed in the absorption spectra. In the case of K1, the
decrease in the absorption band is accompanied by its broad-
ening and a bathochromic shift of the maximum (see Figs. 2,
3: Al X ~ 4 nm). At cnape = 2.4 mM, an additional short-
wavelength shoulder appears in the K2 absorption spectra
Aaps ™™™ ~ 535-540 nm; see Electronic Supplementary
Material). The main absorption band of K2 also shifts to the
long-wavelength region (AAgs™™ ~ 12 nm; see Electronic
Supplementary Material).

Similar effects were observed in the case of K3: at enapc ~
1 mM, the initial absorption band of the dye decreases and
broadens with the appearance of a short-wavelength shoulder
in the spectra [15]. These changes indicate the presence of
aggregates of the dyes, which are formed on NaDC molecules.

The aggregates of K1 and K2, formed in the presence of
NaDC, as those of K3 [15], emit fluorescence with a broad
spectrum, the maximum of which lies in the long-wavelength
region Ag™™ ~ 630-660 nm) and the excitation spectrum is
shifted to the short-wavelength side with respect to the absorp-
tion bands of the M forms of the dyes. Therefore, these aggre-
gates can be attributed to H-aggregates of the dyes. In

excitation and absorption spectra (AN = A, ™™ — Agps ), and fluores-

cence quantum yields (@gq) for dyes K1-K3 and Al, A2 in aqueous
solutions

Dye Aabs X, nm An®, nm AN nm Aex ™, nm AN nm O % Ref.

K1 544 566 22 551 7 0.20 This work
K2 563 586 23 573 10 0.15

K3 535 564 29 548 13 0.30 [19]

Al 542 556 14 548 6 0.64 [20]

A2 535 (dimer), ~575 (cis-M) 623 ~48 595 ~20 [6,7,22]
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Fig. 2 a Absorption (solid lines /—6) and normalized fluorescence
excitation spectra (dashed lines /-3") of dye K1 (cx;=1.8 uM) at
various concentrations of NaDC: (I, I', A =585 nm) 0, (2, 2', Ae =
630 nm) 2.17, (3) 5.46, (4, 3", A =610 nm) 10.1, (5) 22.4, and (6)
78.0 mM; (b) normalized fluorescence spectra of K1 (A =525 nm) at
(1)0,(2)2.17,(3) 5.47, and (4) 12.6 mM NaDC

particular, the maximum of the fluorescence excitation spec-
trum of the aggregates of K1 A" = 521 nm (see Fig. 2), and
in the case of K3 A, "™ =490 nm, with the Stokes shift being
as high as 130-170 nm.

An increase in NaDC concentration leads to decomposition
of the aggregates of K1-K3 into monomeric molecules. In the
absorption spectra of K1 and K2, the aggregate bands disap-
pear at cnape ~ 4.0 mM (i.e., at cyapc <CMC2 =6.5 mM);
simultaneously the M band of the dyes grows, and its
bathochromic shift increases. For example, in the case of K1
and K2, the most dramatic spectral changes occur in the
NaDC concentration range from 0 to ~5 mM (see Fig. 2).
For K3, the aggregates begin to decompose into dye mono-
mers bound to the surfactant at cx,pc > 6 mM. A growth in the
monomer absorption band (Ay,s " = 545-550 nm) and an

@ Springer

concentration of NaDC. The CMC values are marked with vertical
green lines

increase in the fluorescence intensity (Ag"** =576 nm) are

observed in the spectra, which correspond to the monomeric
dye K3 associated with the surfactant [15]. Fig. 4a shows the
results of deconvolution of the absorption spectra of dye K3
into Gaussian components (monomers and aggregates), and
Fig. 4b shows the changes in the intensities of the absorption
bands of the aggregates and the monomeric dye molecules
under the action of NaDC.

The fluorescence intensity (/) of dyes K1-K3 in the pres-
ence of NaDC increases significantly: for K2 at cnapc =
3.92 mM, I/l = 14. Since dyes K1-K3 without NaDC are
in the cis-form (with trace amounts of the frans-isomer), the
appearance and growth of the #rans-isomer upon the addition
of NaDC (Fig. 4b) indicates partial cis—trans conversion oc-
curring upon binding of the dyes to NaDC. The fluorescence
quantum yields of the trans-isomers of the cationic cyanines
associated with NaDC may increase as a result of spatial fix-
ation of fragments of dye molecules, which leads to a decrease
in the rates of internal conversion and an increase in the quan-
tum yield of fluorescence as a competing process. At the same
time, the absorption spectra of the monomers of dyes K1-K3
remain broader than the fluorescence excitation spectra mea-
sured at the same concentrations of NaDC (at cnapc >
CMC2 =6.5 mM). This indicates simultaneous binding to
NaDC of the trans- (fluorescent) and cis- (nonfluorescent)
isomers of the dyes.

The data of Fig. 4b clearly show changes in the dye state in
a solution with increasing surfactant concentration: conver-
sion of initial (cis) monomers of K3 into aggregates at rela-
tively low surfactant concentrations (some monomers remain
in the solution), which decompose into monomers at higher
surfactant concentrations. The latter process is accompanied
by partial cis—trans isomerization of the dye.
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The phenomena observed may be explained as fol-
lows. The interaction of carbocyanine dyes with NaDC
occurs noncovalently due to Coulomb forces and hydro-
phobic interactions. For cationic dyes K1-K3, both
Coulomb and hydrophobic forces lead to attractive in-
teraction between the dye and surfactant molecules. This
results in the formation of dye—surfactant associates
(dye aggregates on surfactant templates) even at low
surfactant concentrations (<KCMC1). With increasing the
surfactant concentration (up to ~CMC2 and above), high
concentration of formed micelles with strong hydropho-
bic interaction with dye molecules leads to

decomposition of dye aggregates to form associates of
monomeric dyes with micelles. The interaction with the
surfactant also leads to a certain cis—trans shift of the
isomeric equilibrium and binding of both (cis and trans)
isomers to micelles. Since, unlike cis-isomers, trans-iso-
mers of meso-substituted thiacarbocyanine dyes have
fluorescence, the cis—trans conversion leads to growing
fluorescence. This may be due to lowering polarity of
molecular microenvironment of a dye molecule on bind-
ing to a micelle, because for meso-substituted
thiacarbocyanine dyes a decrease in the solvent polarity
results in a shift of the cis—trans equilibrium toward the
trans-isomer [15].

Interaction of the Anionic Dyes A1 and A2 with NaDC

When small amounts of NaDC (cnapc about CMC1)
were introduced into an aqueous solution of the anionic
dye Al (ca;=1.2 uM), no noticeable changes were ob-
served in the absorption or fluorescence spectra. This
shows the absence of the interaction of the dye with
molecules and small micelles of NaDC. With an in-
crease in the surfactant concentration above CMC2, a
long-wavelength shift of the maximum of the absorption
spectrum of Al is observed (see Fig. 5): at cnapc =
30 mM AAp™ ~ 9 nm. In the fluorescence spectrum
of Al, A\g™* ~ 578 nm (Fig. 5, curves 2, 7), and the
fluorescence intensity increases: at cnapc ~ 8 mM [/
Iq0=3.7; at cnape =30 mM Iy/lno=14. The position of
the maximum of the fluorescence excitation spectrum
does not coincide with that of the absorption spectrum
and is shifted bathochromically (A "**=567 nm,
whereas Ay r =551 nm, at the maximum surfactant
concentration cnzpc =30 mM).
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Fig. 5 (I, 2) Absorption, (3-5) fluorescence (Ao =540 nm), and (6, 7)
fluorescence excitation (A, = 590 nm) spectra of dye Al (ca; = 1.3 uM)
at different concentrations of NaDC: (/, 3, 6) 0, (4) 10.8, and (2, 3, 7)
30 mM. Inset: change in the fluorescence intensity of A1 as a function of
NaDC concentration. The CMC values are marked with vertical green
lines
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When increasing concentrations of NaDC are introduced
into a solution of A2 (ca» = 1-2 uM), changes in the absorp-
tion spectra due to the decomposition of dye dimers into cis-
monomers (A\*®,. ~ 580 nm) begin at low surfactant concen-
trations (cnapc = CMC1=2.4 mM) and continue to CMC2
[15]. The fluorescence intensity of A2 increases due to con-
version of the dye into the trans-isomer. The main fluores-
cence growth begins at surfactant concentrations above
CMCT; the fluorescence growth continues even at surfactant
concentrations much higher than CMC2 [15].

In the case of the interaction of anionic dyes Al and
A2 with anionic NaDC, to form a dye—surfactant com-
plex, the contribution of hydrophobic interactions should
exceed the effect of electrostatic repulsion. For Al, no
noticeable spectral-fluorescent changes occur at
[NaDC]<CMCI, and only at surfactant concentrations
in the region of CMC2 the changes due to the cis—trans
conversion are observed. This means that the energy of
hydrophobic interaction of Al with molecules and
smaller (primary) micelles of NaDC is insufficient for
overcoming the electrostatic repulsion upon the forma-
tion of the complex. However, this energy is sufficient
for larger (secondary) NaDC micelles. For A2, which is
mainly present in the dimeric form in aqueous solutions,
the energy of hydrophobic interactions with molecules
and small micelles of NaDC (at [NaDC]<CMCl1) is
enough for a shift of the dimer—monomer equilibrium
(Eq. (8)) toward the monomer (in the cis form). As
for K1-K3, the interaction of the dyes with secondary
micelles (at [NaDC] ~ CMC2 and above) leads to par-
tial conversion of the cis-isomers into the trans form.
The lowering micropolarity may be also the reason for
the cis—trans conversion observed for dyes Al and A2
[15] even at very high surfactant concentrations (>>
CMC2), which is due to rearrangement of secondary
micelles (probably related to their enlargement).

Estimation of the Association Constants of the Dyes
with NaDC

The results obtained show that the interaction of the dyes with
NaDC leads to a partial cis—trans conversion, which is accom-
panied by the fluorescence growth. For cationic dyes K1-K3,
the processes of the interaction with NaDC include the forma-
tion of aggregates (at low concentrations of the surfactant) and
their decomposition (at higher concentrations of the surfac-
tant). As a consequence, modeling of the interaction of the
dye with the surfactant for estimation of the association con-
stant is complicated and possible only with some simplifica-
tions. As can be seen from above, dyes K1-K3, as well as A1,
in dilute aqueous solutions are present mainly in the form of
monomers, and the aggregates of K1-K3 are formed as inter-
mediates at low NaDC concentrations, which then, with

@ Springer

growing surfactant concentration, decompose into monomers
associated with the surfactant (A1 does not form aggregates).
If we neglect the intermediate formation of the aggregates and
assume that the monomers (M) of dyes K1-K3, as A1, imme-
diately bind to the surfactant micelles (#S),,;., then for these
dyes we obtain the following simplified scheme:

Ka
M+ (ns)mic 2 M@(ns)mic’ (2)

where (nS)mic 1S a surfactant micelle consisting of several
NaDC molecules (the number of NaDC molecules n> 1) or
a single NaDC molecule (7= 1) and M@ (nS),,;c is a complex
dye—surfactant.

Then, to evaluate the binding constants, the dependence
similar to the Scatchard equation [25, 26] can be obtained:

Mb/(MO_Mb) = Ka(ns)o_KaMba (3)

where My/(My — M) is the ratio of the concentrations
of dye molecules associated with NaDC (M) and un-
bound dye molecules (My) (Mg=M,;+ My); (nS), is the
total concentration of micelles ((nS)q=[S]o/n=(nS), +
(nS)¢= (nS)¢ under the considered conditions, where
[S]o is the molar surfactant concentration); and K, is
the effective dye—surfactant association constant.

For the binding of the fluorescent frans-isomer of the dye,
the value of My/(My — My,) can be determined from the fluo-
rescence data:

Mp/(Mo-Myp) = (F~F¢) /(Finax—F), 4)

where F and F are the fluorescence intensities of the
dye in the presence and absence of the surfactant, F,.y
is the fluorescence intensity under the condition of bind-
ing 100% of the dye molecules (determined graphically
from the fluorescence intensity in coordinates 1/F versus
1/[S]o) [27].

Under the considered conditions (nS)q > > M, then

M/ (Mo—My) = K4 (nS), = Ka[S]o/n (5)

The experimental dependences obtained from the
spectral data for dyes K1 and K2, and the results of
their fitting to Eq. (5) are shown in Fig. 6a. The
Scatchard plot (Fig. 6a) for the cationic dyes is charac-
terized by the deviation of the experimental points in
the regions of low and high NaDC concentrations
(cnapc = CMC2). This is mainly due to the formation
of dye aggregates at relatively low surfactant concentra-
tions and the interaction of the dyes with secondary
micelles at higher surfactant concentrations.
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Fig. 6 a Plots in the coordinates My/M¢ versus [S]y obtained from the
fluorescence data for the interaction of dyes (/) K1 and (3) K2 with
NaDC; straight lines (2) and (4) represent the results of fitting plots to
Eq. (5); (b) Hill plot (points) obtained for dye K2 (/) from fluorescence
data in the presence of NaDC and its approximation (line) in the frame-
work of the two-step approach (see text); (2, 3) the results of calculations
by Eq. (7) with (2) n=4 (Ky; = 1/Ky1; = 185 Lmol M and 3) n=2 (Koo =
/Ky =37.3 Lmol ). The approximation curve / was obtained as a sum
of the data corresponding to curves 2 and 3

The values of K,/n obtained from the slopes of the straight
lines given by Eq. (5) (Fig. 6a) are presented in Table 2.

The second model (an analogue of the Hill model
[28, 29]) implies the participation of the monomers of
dyes K1-K3 and Al in the formation of associates
(micelles) of NaDC upon the interaction with » mono-
meric surfactant molecules:

K,
M +nS 2M@ (nS),.s (6)

where S is a monomeric surfactant molecule, n is the
cooperativity coefficient corresponding to the number
of surfactant molecules in a dye—surfactant associate

Table2  Parameters of binding of dye molecules to NaDC micelles (the
binding constant for the fluorescent frans-isomer K,, the number of
surfactant molecules in a micelle 7) in the framework of the Scatchard
and Hill models

Dye K, /n (Scatchard) K, (Hill) K, (Hill) n 1o
L mol !

K1 49.9 123 18.1 4 2

K2 74.7 185 373 4

K3 35.1 179 13.3 3

Al 10.3 15.8 26.0 6

A2 ~96 (K,o/n) 228 216 6

M@ (nS)i., With n>1. Then, to estimate the effective
equilibrium constant of the complexation reaction (K,)
of the trans-monomers of dyes K1-K3 and Al with
NaDC from the fluorescence data, we can use the Hill
equation in the conventional form:

F-F "
o= o= )
Froax—Fo K+ S%

where 0 = (F — Fo)/A(Fmax — Fo) is the portion of binding
sites occupied by the dye in the form of a fluorescent trans-
isomer (determined as earlier from the fluorescence data); S¢is
the concentration of unbound surfactant molecules (under the
considered conditions, Sy~ [S]y), Ky is the Hill constant
(Ky =1/K,); n is the Hill coefficient characterizing the
cooperativity of binding [28, 29]. The complexity of the equi-
librium in the system cationic dyes—NaDC determines the
need for using a model with at least two Hill constants (Ky,
Kipp) and coefficients (n;, n,y) for accurate fit (R2 =0.995-
0.999) of the fluorescence data. In this model, two dye—
surfactant association steps are assumed: the first step (with
Ky, n1), which dominates at lower surfactant concentrations
([S]o<0.01 M for K2), and the second step (with Ky, 15)
dominating at higher [S], (Fig. 6b). The second step may be
attributed to participation of the primary micelles containing
dye molecules in the formation of the secondary micelles. The
values of K,;, n; and K,,, n, obtained from the fluorescence
data using the Hill equation are given in Table 2.

The anionic thiacarbocyanine dye A2 in aqueous solution
is in the form of dimers (D) in equilibrium with cis-monomers
(Mis) (Eq. (8)), with the equilibrium strongly shifted toward
the dimers. Upon the introduction of increasing concentrations
of NaDC, we may notice two main stages of the interaction of
A2 with the surfactant [15]. At relatively low surfactant con-
centrations ([S]y < CMC2), mainly dimers of A2 decompose
into cis-monomers bound to the surfactant (M;s@ (7S)mic;
Egs. (8), (9)). At higher surfactant concentrations ([S]y>
CMC2), mainly cis—trans conversion of the bound monomers
occurs [15]. Then the interaction of A2 with the surfactant at
the first stage includes the following processes:
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K
Mg 2D (Kp = D]/ Mas]?) (®)
K,
Meis + (I’lS)miC 21 Mcis@(ns)mic <9)

Then, denoting the concentration of the dye bound with
NaDC micelles as M, (cis-isomer) and the concentrations of
free and bound micelles as (nS); and (nS),, and taking into
account that (nS)¢= (nS)o — (nS), = (nS)g — My, (Where (nS)g is
the total concentration of micelles) and the concentration of
the free dye Mg = /D/Kp, in the framework of the
Scatchard model [25, 26], we can obtain Eq. (11):

My/vVD = K1 /VKp ((1S)y—My). (11)

Since under the experimental conditions, the concentration of
the surfactant is much higher than that of dye A2, we may as-
sume that (nS)y > > M,,. In this case, Eq. (11) can be rewritten as

My /VD=K, /v/Kp(nS),. (12)

The equilibrium concentrations of dimers and cis-mono-
mers of A2 in aqueous solutions were determined from the
absorption spectra using deconvolution of the spectra into
Gaussian components—dimer and monomer bands (see
[21]). The molar extinction coefficients (¢) for dimers and
cis-monomers of A2 were determined from changes in the
intensities of the bands with changing the concentration of
the dye and were found to be 8.06 x 10* and 1.1 x
10° L mol ' em™', respectively. With allowance for the found
values of ¢, after determining the equilibrium concentrations
of dimers and cis-monomers of A2, the dimerization constant
Kp (Eq. (8)) was estimated to be 9.0 x 10° L mol ' at 23 °C.
Then from the linear plot of Mpyv/D versus [S]o (Eq. (12)), the
value of K,;/n was obtained to be ~200 L mol .

At the second stage of the interaction of A2 with NaDC
([S]o> CMC2), cis-monomers of A2 bound to micelles are
partially converted into #rans-monomers. This is due to rear-
rangement of the secondary micelles (probably related to their
enlargement) [15]:

Ko

Meis@ (1) i + (1S)mie © Mirs @ (1) iy (13)

The value of K,»/n ~ 96 L mol ! was obtained from the
fluorescence data (Ag™** =610 nm) using Egs. (4) and (5).

The Scatchard binding constant of the anionic dye A1 was
found to be lower than those of the cationic dyes K1-K3 and
significantly lower than that of A2. This can be explained by
the same charges of dye A1l and the surfactant, which lowers
the interaction energy of the dye with the surfactant. The large
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value of the binding constant of A2 with NaDC is apparently
due to its significant hydrophobic properties, which stabilizes
the dye in the complex and favors the interaction of A2 with
NaDC.

If we use the Hill model (stimulation of micelle formation
by the monomeric molecules of A2) [28, 29], Egs. (6) and (8)
will be valid. Denoting the proportion of surfactant micelles
occupied by the dye as 0, and the concentration of dye—
surfactant associates (M@ (nS)mic) as My (My =K, VD
/v/Kp [So], because (nS), >>M,) we can obtain Eq. (14):

0 = My/My = My/(2D + Mp) = Ka[SO}"/<2x/l_)/\/KD + Ka[SO]”).
(14)

Thus, to estimate the effective equilibrium constant of the
complex formation reaction (K,) A2 with NaDC, the follow-

ing modification of the Hill equation that takes into account
equilibrium (6) and Egs. (12)—(14) can be applied:

F-Fy S JKp
Fmax_FO KI]Z[ +S’% 2\/5

(15)

The results of the calculations using Eq. (15) are given in
Table 2.

Since the experimental data are fairly well approximated by
the Hill model, this may suggest participation of dye mole-
cules in the formation of surfactant micelles (primary and
secondary). In the framework of this model, which assumes
stimulation of micelle formation by dye molecules, the con-
stants for stimulation by dyes K1-K3 of the formation of
primary micelles (K,) and the Hill coefficients (#,) are higher
than those for secondary micelles (K5, n,) (see Table 2). This
could be due to a screening effect of the anionic surfactant on
the dye cation in primary micelles upon its stimulation of the
formation of secondary micelles. For the anionic dyes Al and
A2, which have the same charge as the surfactant, this effect is
practically absent, and the values of K,; are close to K.

Conclusions

The present work is devoted to a detailed study of the spectral-
fluorescent properties of polymethine (carbocyanine) dyes
when interacting with sodium deoxycholate, representative
of BS. The amphiphilic nature of the molecular structure of
BS gives them the ability to carry out transport functions,
transfer compounds and ions through biological tissues and
membranes. As bio-surfactants, BS play an important role in
metabolic processes, drug consumption [30]. Prospects for the
use of BS as promising agents for drug delivery [31], encap-
sulation of biologically active compounds and pharmaceutical
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agents [32—34] are being actively studied. The strong depen-
dence of the spectral-fluorescent properties of meso-substitut-
ed polymethine dyes on the microenvironment permitted us to
use such dyes in studies of molecular association of BS in
aqueous solutions, the properties of the associates formed,
and the interaction of BS molecules and associates with sol-
utes. The present work has shown similarity in the behavior of
cationic cyanines upon the interaction with NaDC: aggregate
formation at relatively low NaDC concentrations and aggre-
gate decomposition at higher concentrations. For all dyes
studied, both cationic and anionic, their binding to BS mi-
celles was observed. This opens up the possibility to encap-
sulate in BS micelles solutes with different charges. The trans-
formations of the dyes (aggregation—deaggregation, dimer—
monomer, cis—trans) were observed in the wide range of
NaDC concentrations, which reveals changes in the structure
and properties of BS associates. With allowance for some
approximations, the binding constants of the dyes to NaDC
were estimated on the basis of the Scatchard and Hill models.
Since the experimental data are fairly well approximated by
the Hill model, this may suggest participation of dye mole-
cules in the formation of surfactant micelles.

The pronounced changes in the spectral-fluorescent prop-
erties of meso-substituted carbocyanine dyes allow us to rec-
ommend these dyes as candidates for the role of fluorescent
probes to control the formation, structure and properties of
bile salt associates (micelles).
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