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The phosphonium-based optical probes attract ever growing interest due to their excellent chemical and photophysical stability, high
aqueous solubility, long wavelength absorption and emission, large extinction coefficient, high fluorescence quantum yield, low
cytotoxicity, etc. The present study was focused on assessing the ability of the novel phosphonium dye TDV to monitor the changes
in physicochemical properties of the model lipid membranes. To this end, the fluorescence spectral properties of TDV have been
explored in lipid bilayers composed of zwitterionic lipid phosphatidylcholine (PC) and its mixtures with cholesterol (Chol) or/and
anionic phospholipid cardiolipin (CL). It was observed that in the buffer solution TDV possesses one well-defined fluorescence peak
with the emission maximum at 533 nm. The dye transfer from the aqueous to lipid phase was followed by the enhancement of the
fluorescence intensity coupled with a red shift of the emission maximum up to 67 nm, depending on the liposome composition. The
quantitative information about the dye partitioning into lipid phase of the model membranes was obtained through approximating the
experimental dependencies of the fluorescence intensity increase vs lipid concentration by the partition model. Analysis of the
partition coefficients showed that TDV has a rather high lipid-associating ability and displays sensitivity to the changes in
physicochemical properties of the model lipid membranes. The addition of CL, Chol or both lipids to the PC bilayer gives rise to the
increase of the TDV partition coefficients compared to the neat PC membranes. The enhancement of the phosphonium dye
partitioning in the CL and Chol-containing lipid bilayers has been attributed to the cardiolopin- and cholesterol-induced changes in
the structure and physicochemical characteristics of the polar membrane region.
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During the last decades the phosphonium-based optical probes attract ever growing interest due to their
favorable characteristics, namely, the excellent chemical and photophysical stability, high aqueous solubility, long
wavelength absorption and emission, large extinction coefficient, high fluorescence quantum yield, low cytotoxicity,
etc [1-14]. The above properties render phosphonium dyes highly suitable for the selective staining of
mitochondria [3-5], antioxidants detection [6, 7], probing the structural differences of DNA/RNA grooves [1, 2],
exploring the tumor multidrug resistance [8], to name only a few. More specifically, the cyanine-based phosphonium
dyes can be used for the kinetic differentiation between homo-and alternating AT-DNA forming dimers within DNA
minor grooves [l, 2]. Moreover, the cyanine-based phosphonium dyes demonstrated the strongly selective
antiproliferative activity toward HeLa cancer cell lines [1]. The phosphonium-tagged coumarin derivatives can be
used for the identification of the peptide fragment [9]. In recent years it was shown that phosphonium-based
fluorophores are highly efficient for mitochondria imaging with phosphonium groups serving as specific targeting
sites toward mithochondria [3-5]. Specifically, Li and colleagues developed a perylene-based phosphonium
fluorophore possessing the dual-emissive luminescence in living cells [3]. The possibility of mitochondria imaging
in living cells was described also for a new conjugated phosphonium salt TPP characterized by the high intracellular
selectivity toward mitochondria and the aggregation-induced emission [4]. A highly efficient cellular uptake and
specific accumulation in mitochondria was observed for cyanine-based phosphonium probes possessing the potential
dependent mitochondria-related fluorescent signal without exhibiting the cell toxicity [5]. Moreover, the
phosphonium conjugates proved to be very effective in monitoring the oxygen variations within mitochondria [10]
and measuring the hydrogen peroxide levels [11]. Furthermore, numerous studies have demonstrated that
phosphonium fluorescent dyes can be effectively used for optical detection of disease-related protein aggregates,
amyloid fibrils [12,13]. In particular, a phosphonium dye TDV was used as a mediator in the amyloid-scaffolded
multichromophoric systems for monitoring the amyloid transformation of the N-terminal fragment of apolipoprotein
A-I [12] and insulin [13]. Moreover, previous studies suggested that phosphonium dyes may prove of value in
elucidating the mechanism of DNA interactions with pathogenic protein aggregates [14].

As a next logical step in evaluating the biomedical potential of phosphonium-based fluorescent probes, the present
study was directed at assessing an ability of the novel phosphonium dye TDV to monitor the properties of lipid bilayers.
More specifically, the aim of the present study was two fold: i) to obtain the quantitative information about the dye
partitioning into lipid phase of the model membranes and ii) to assess the TDV sensitivity to the changes in the
physicochemical properties of the lipid bilayer.
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EXPERIMENTAL SECTION
Materials
Egg yolk phosphatidylcholine, beef heart cardiolipin and cholesterol were purchased from Sigma (St. Louis. MO,
USA). The phosphonium dye TDV (Fig.1) was provided by Professor Todor Deligeorgiev, University of Sofia,
Bulgaria. All other materials were commercial products of analytical grade and were used without further purification.
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Figure 1. The structural formula of TDV

Preparation of lipid vesicles

Unilamellar lipid vesicles composed of zwitterionic lipid phospatidylcholine (PC) or PC mixtures with anionic
lipid cardiolipin (CL) and sterol cholesterol (Chol) were prepared by the extrusion method [15]. The thin lipid films
were obtained by evaporation of lipids’ ethanol solutions. The dry lipid residues were subsequently hydrated with 5 mM
sodium phosphate buffer, pH 7.4 at room temperature to yield lipid concentration of 1 mM. Thereafter, lipid suspension
was extruded through a 100 nm pore size polycarbonate filter (Millipore, Bedford, USA). In this way, 6 types of lipid
vesicles containing PC and 5, 10 or 20 mol% CL, 30 mol% of Chol or the combination of 10 mol% CL and 30 mol% of
Chol with the content of phosphate being identical for all liposome preparations. Hereafter, the liposomes containing 5,
10 or 20 mol% CL are referred to as CL5, CL10 or CL20, respectively, while the liposomes bearing 30 mol% Chol are
denoted as Chol30, respectively. Accordingly, the liposomes with cardiolipin content 10 mol% and cholesterol content
30 mol% were marked as CL10/Chol30.

Spectroscopic measurements

The stock solution of TDV was prepared by dissolving the dye in 10 mM Tris buffer, pH 7.4. The concentration of
TDV was determined spectrophotometrically, using the extinction coefficient &,,, =2.1x10°M 'em™ The dye-
liposome mixtures were prepared by adding the proper amounts of the probe stock solutions in buffer to the liposome
suspension of different composition varying the lipid concentration from 0 to 4.76 uM. The dye-liposome mixtures
were incubated for an hour. The steady-state fluorescence spectra were recorded with FL-6500 spectrofluorimeter
(Perkin-Elmer Ltd., Beaconsfield, UK) at 20°C using 10 mm path-length quartz cuvettes. The excitation wavelength
was 480 nm. The excitation and emission slit widths were set at 10 nm.

Partitioning model
The TDV binding to the model lipid membranes has been analyzed in terms of the partition model [16]. The total
concentration of the dye distributing between aqueous and lipid phases ( Z, , ) can be represented as:

LZiyw=Zp+Zy, (1
where subscripts /' and L denote free and lipid-bound dye, respectively. The coefficient of dye partitioning between the
two phases ( K, ) is defined as [16]:

zV,
K,==t". 2
ZF VL

where V,,, V, are the volumes of the aqueous and lipid phases, respectively. Given that under the employed

experimental conditions the volume of lipid phase is much less than the total volume of the system V,, we assume that
V, =V =1 sm®. Therefore
zZVy  Z

tot

— — tot . (3)
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The dye fluorescence intensity measured at a certain lipid concentration can be calculated as:

K.V,
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where a,, a, represent molar fluorescence of the dye free in solution and in a lipid environment, respectively. From
the Egs. (3) and (4) one obtains:
B Ztot(af + a,K, V)

1+ K,V,

1

&)

The volume of lipid phase can be determined from:
Vo= NCIVS, (©)
where C, is the molar lipid concentration, f; is mole fraction of the i-th bilayer constituent, v, is its molecular volume

taken as 1.58 nm?, 3 nm?® and 0.74 nm® for PC, CL and Chol respectively.
The relationship between K , and fluorescence intensity increase (Al ) upon the dye transfer from water to lipid

phase can be written as [16]:

KVl —1
AI:[L_[W: P L( max W)’ (7)
1+K )V,

where I, is the fluorescence intensity observed in the liposome suspension at a certain lipid concentration C, , [}, is

the dye fluorescence intensity in a buffer, /___ is the limit fluorescence in a lipid environment.

X

Lipophilicity calculation
The resources of the virtual computational laboratories (http://biosig.unimelb.edu.au/pkcsm/prediction#,
http://www.swissadme.ch/ and https://mcule.com/apps/property-calculator/) were used for the calculation of the
lipophilicity of the examined dye.

RESULTS AND DISCUSSION
To examine how the TDV lipid associating ability depends on the membrane physical properties, at the first step
of our study the emission spectra of this phosphonium dye were recorded in the buffer solution and liposomal
suspensions of different composition. TDV was found to be weakly-emissive in the buffer with the fluorescence
maximum at 533 nm. Typical fluorescence spectra measured at increasing lipid concentration are presented in Fig. 1.
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As seen in Fig. 1, the TDV transfer from the aqueous to lipid phase resulted in a significant increase of the
fluorescence intensity coupled with a red shift of the emission maximum A, up to 67 nm, depending on liposome
composition (Table 1). The observed fluorescence enhancement is most likely to arise from the decreased mobility of

the fluorophore and the reduced polarity of its surroundings. To quantitate the dye partitioning in the lipid phase of the
model membranes, the experimental dependencies A/(C,) were obtained (Fig. 2). The resulting binding isotherms were

hyperbolic in shape for all dye-lipid systems under study. To obtain the quantitative parameters of the TDV partitioning
into lipid bilayers of varying composition the binding curves were approximated by the equation (7).
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Figure 2. [sotherms of TDV binding to the model lipid membranes. TDV concentration was 1.0 pM. Solid lines represent an
approximation of the experimental profiles A/(C,) by equation (7).

The parameters of TDV partitioning into lipid bilayers are presented in Table 1. The analysis of partition
coefficients showed that TDV possesses a rather high lipid-associating ability. Importantly, the estimated K, values for

the model membranes of different lipid composition are in good agreement with the lipophilicity of TDV evaluated
using the resources of different virtual computing laboratories (Table 2). A molecular parameter, such as lipophilicity, is
commonly used to characterize the tendency of a molecule to distribute between water and water-immiscible
solvent [17] and can be expressed by a term accounting for hydrophobic and dispersion forces, and polarity
term [18,19].

Table 1. Parameters of TDV partitioning into lipid systems

A, nm K, x10’ Al x10* Fluorescence anisotropy
PC 602 0.96+0.2 4.8+0.9 0.165
CL5 600 2.4+0.4 3.7£0.6 0.161
CL10 600 3.94+0.6 3.5+0.6 0.161
CL20 600 6.4+1.1 3.7+£0.7 0.163
Chol30 594 1.4+0.4 5.7£0.8 0.169
CL10/Chol30 596 3.3+0.5 6.1+£0.6 0.160

It turned out that addition of CL and Chol to PC bilayer gives rise to the increase of partition coefficients
compared to the neat PC membrane. In terms of the modern theories of membrane electrostatics partition coefficient
can be represented as consisting of electrostatic and nonelectrostatic terms [20,21]:

szexp({wd-l—wB +wh+wn+wd}/kT) ®)

orn
where w,, characterizes the Coulombic ion-membrane interactions; w,,, corresponds to the free energy of charge
transfer between the media with different dielectric constants; w, is the term determined by hydrophobic, van der Waals
and steric factors; w, related to the membrane hydration; w, depends on the membrane dipole potential [21-23].
Considering the cationic nature of TDV, the observed increase in K, values with an increase of the CL content can be
explained by electrostatic dye-lipid interaction.

However, in an attempt to interpret the observed increase of the partition coefficients for TDV in the presence of
the anionic lipid CL, one should bear in mind the ability of CL to modify the physicochemical properties of the lipid

bilayers [24, 25]. Specifically, Shibata et al, based on the FTIR data, demonstrated that CL negative charge tends to
move the N* end of P-N dipole parallel to the membrane surface, causing the rearrangement of water bridges at the
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bilayer surface and stabilizing the intermolecular hydrogen-bonded network including hydrational water [24]. They
hypothesized that the above perturbations in the bilayer surface are coupled with the increased amount of the
membrane-bound water in the presence of a cone-shaped CL molecules, leading to the enhancement of the hydration of
ester C=0 groups in the presence of cardiolipin [24]. Moreover, the ability of CL to increase bilayer hydration was also
evidenced from the molecular dynamic simulations of lipid membranes with cardiolipin [25].

Table 2. Lipophilicity of TDV calculated using the resources of the virtual computational laboratories

Resource Method LogP
XLOGP3 8.01
WLOGP 6.21
http://www.swissadme.ch/ MLOGP 6.25
SILICOS-IT 7.61
Consensus 6.00
https://mcule.com/apps/property-calculator/ 6.2095
http://biosig.unimelb.edu.au/pkcsm/prediction#) 6.2095

To determine whether i) the novel phosphonium dye is sensitive to the changes in lipid packing density and
reflects the CL-induced changes in the hydrophobic membrane part; or ii) TDV preferentially resides in the polar part of
the lipid bilayer and the increase in K, values in the CL-containing membranes is caused by alterations in the bilayer

physicochemical properties produced by cardiolipin, the fluorescence anisotropy of TDV was measured (Table 1). It is
known that the fluorescence anisotropy of the membrane-bound dye is determined by the rate of its rotational diffusion
and reflects the changes in lipid packing density. As illustrated in Table 1, the anisotropy values of TDV appeared to be
insensitive to the changes in membrane composition, indicating that the dye is most probably located in the polar
membrane region. Most likely, the phosphonium part of TDV resides in the polar water/membrane interface, while the
rest part of its molecule penetrates more deeply into the membrane interior.
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Figure 3. Possible bilayer location of TDV

Additional argument in favour of the TDV ability to monitor the physicochemical properties of the polar
membrane part comes from the fluorescence response of this phosphonium dye to the presence of Chol. As seen in
Table 1, the measured anisotropy values in the Chol-containing membranes are comparable with those obtained in pure
PC and PC/CL membranes, therefore the TDV location in the non-polar membrane part seems less probable due to a
well-known ability of Chol to produce tighter lateral packing of lipid molecules (condensing effect) [26]. An
assumption was made that the observed increase in K, value in the presence of cholesterol is associated with the ability

of Chol to alter hydration and packing density of lipid membranes [27-30]. It was previously shown that cholesterol is
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capable of producing the increase in separation of phospholipid headgroups [27]. Moreover, numerous studies provide
evidence for the decreased polarity at the level of glycerol backbone of phospholipids in the presence of
cholesterol [28-30]. The TDV sensitivity to the membrane hydration is confirmed by the observed blue shift of the
position of emission maxima in the presence of Chol in comparison with CL-containing and pure PC membranes,
indicating that TDV accommodates in the less polar environment in the presence of cholesterol. The blue shift of the
emission maxima in the presence of cholesterol was observed also for Prodan and Laurdan [30,31]. Given that addition
of Chol to PC bilayer gives rise to the increase of partition coefficients compared to the neat PC membrane, the
possibility of the TDV preferential interactions with cholesterol cannot be excluded. Most probably, similarly to
Prodan, TDV tends to reside in the cholesterol-rich regions of the lipid bilayer [31]. Moreover, one cannot rule out the
possibility that TDV is sensitive to the Chol-induced changes in the dipole potential of lipid bilayer [3,4,32]. To
uncover the factors contributing to the membrane association of TDV, further studies are needed.

CONCLUSIONS
To summarize, the present study has been undertaken to evaluate the potential of the novel phosphonium dye to
trace the changes in the physicochemical properties of the model lipid membranes. TDV was found to display a marked
lipid-associating ability and high sensitivity to the physicochemical properties of lipid bilayers. Based on the
comprehensive analysis of the binding parameters and spectral characteristics of TDV in the different lipid systems it
was assumed that membrane electrostatics and hydration can contribute to the membrane association of TDV. High
environmental sensitivity of the examined posphonium dye allowed us to recommend this probe for membrane studies.
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B3AEMO/JIS1 HOBOT'O ®OCP®OHIEBOI'O 30HAY 3 JTIINIIHUMU MEMBPAHAMMN:
®OJYOPECHEHTHE JOCJIAKEHHS
O. KutHsKiBCbKa
Kadgheopa meouunoi ¢hizuxu ma 6iomeduunux nanomexnonoziu, Xapxigcokuii HayionarvHuil yuigepcumem imeni B.H. Kapasina
M. Ceo600u 4, Xapxis, 61022, Ykpaina

OcraHHIM 4YacoM ONTHYHI 30HAM Ha OCHOBI ()OC(OHII0 NPUBEPTAIOTH BCE OUIBIIMI IHTEpeC 3aBASKH iX UyJOBiM XiMiuHIH Ta
(oTodi3nuHiil cTabLIEHOCTI, BUCOKIH PO3UHHHOCTI y BOJI, MOTJIMHAHHIO T BUIIPOMIHIOBAHHIO B JTOBTFOXBIJILOBIH 001aCTi, BETUKHX
KoeQilieHTax eKCTHHKIIi, BUCOKOMY KBaHTOBOMY BHXOJy (iIyopecueHuii, HU3bKili HUTOTOKCHYHOCTI, Tomo. [laHa pobGora Oyna
CIIPSIMOBaHa Ha OIIHKY YyTJIMBOCTI HOBOro (ocdonieBoro 6apsHrka TDV 10 3MiH (i3MKO-XIMIYHHX BIIACTUBOCTEH MOJICIBHHX
minigHux MeMmOpaH. 3 1€l MeToro, Oysio JocCiimKeHo (GiyopecueHTHI crekTpainbHi BiaactuBocTi TDV B mimignux OGimrapax, mo
CKJIQIANTUCh 13 LBiTTepioHHOrO IHinigy ¢ochatuannxoniny (OX) Ta fforo cymimei 3 xomectepuHoMm (Xon) Ta/abo aHIOHHUM
¢docthomimimom kapaionininom (KJI). Bussunocs, mo B Oydepromy pozunni TDV mae ogun noOpe BHpakeHHI ik emiccii 3 Ha
nosxwuHI xBI 533 HM. [lepexin 6apBHUKA 3 BOJHOI B JiMiAHY (a3y CyNpoBOIKYBaBCS 3pOCTAHHSAM iHTEHCHBHOCTI (byopecieHiii
30HIY, TIOPSI i3 YEPBOHMUM 3CYBOM MAaKCHMYMY BHUIIPOMIHIOBAHHS, BEJIMUMHA SKOTO Jocsrana 67 HM, 3aJIeKHO BiJ CKJIALy JIITOCOM.
Byna orpnmana kinbkicHa iH(OpMAIis IOA0 pO3NOJUTy OapBHUKA B JimiaHy (a3zy MOJEIbHHX MeMOpaH IUIIXOM alpoKCHMaril
CKCTIIEPUMEHTAIBHUX 3QJIC)KHOCTEH 3MIHM IHTCHCHBHOCTI (DJIyOpPECLEHINT 30HIY Bifi KOHIEHTpALii JIIiAy MOJCIUTI0 PO3MOALTY.
AHaii3 OTpUMaHUX KOC(III€HTIB PO3MOALTY JEMOHCTPY€E BHCOKY JIiIig-acolifordy 3aatHicTh TDV Ta #oro 4yTiuBicTh 10 3MiH
(bi3UKO-XIMIYHHX BJIACTHBOCTEH MOAENIBHUX JinigHux MemOpan. Brirouenust KJI, Xoin ab6o 06ox mimiaiB 1o ®X Gimapy cpuuuHsIIO
30inbienHst koediientie posnoxaity TDV, mnopiBusHo 3 uuctumu DX memOpanamu. 3pocTaHHs KOe]illiEHTIB PO3MOALTY
¢docdonieBoro OapBHHKa B JimiaHux MemOpanax, mo mictiuian KJI Ta Xoi, Oyio iHTepnpeToBaHO B paMKax YsBICHb IPO 3MiHH
CTPYKTYPH Ta (Pi3UKO-XIMIYHIX XapaKTEPUCTUK MOJIAPHOT 001acTi MeMOpaHH il BIUIMBOM KapiOJiMiHy Ta XOJECTCPUHY.

KirouoBi cioBa: ¢pocdonieBnii 3011, mimiaHi MeMOpaHu, HIyopecHeHLis, pO3MoIi.



