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Fluorescence quenching method is an effective tool for obtaining important information about different
properties of biophysical and biochemical systems. In the present study quenching of fluorescent probes
p-terphenyl and pyrene by europium chelate were observed in phosphatidylcholine liposomes. Europium
chelates (EC) belong to a new class of potential antitumor drugs with high cytotoxic activity. These
compounds are of particular interest for biomedical investigations and diagnostics, since their spectral
characteristics are optimal for decrease of light scattering in biological patterns and background signal.
However, the application of such drugs in a free form is limited by their high toxicity and metabolic
instability. One efficient way to increase drug efficiency is based on using different drug delivery systems
such as liposomes. Highly adaptable liposome-based nanocarriers currently attract increasing attention,
because of their advantages, viz. complete biodegradability, ability to carry both hydrophilic and
lipophilic payloads and protect them from chemical degradation and transformation, increased therapeutic
index of drug, flexibility in coupling with targeting and imaging ligands, improved pharmacodynamic
profiles compared to the free drugs, efc. The present study was focused on examination of lipid bilayer
interactions of europium chelate (here referred to as V10). Fluorescence intensity of membrane-
incorporated probes — pyrene and p-terphenyl — was found to decrease with increasing concentration of
the drug, suggesting that V10 represents an effective quencher for these probes. This finding was
explained by the drug penetration into hydrophobic membrane core, followed by the collision between
V10 and probe molecules and subsequent fluorescence quenching. The acquired fluorescence quenching
data were quantitatively interpreted in terms of the dynamic quenching model.
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PACHPEJEJIEHUE XEJIATA EBPOITUS B JIMITAIHbIA BUCJI0M
MO JAHHBIM TYHIEHUS ®JYOPECHEHIIUU n-TEP®EHUJIA U IIMPEHA
JLA. JII/IMaHCKaﬂl, A.B. lOI[I/lHI[eBl, B.M. prconal, I I opﬁemcol,
T. ﬂeﬂnreopmenz, A. Bacvmenz, C. Ka.nosmonaz, H. Jleces?

! Xapuvroscruii nayuonansuoi ynusepcumem umeny B.H. Kapasuna, ni. Cé0600w1, 4, Xapvkos, 61077
’Kagpedpa npurnadnoii opzanuyeckoii xumuy, @axyromem Xumuu, Yuusepcumem Coduu, Boreapus
Mertox TymeHus GIryopecieHInH ABIsIeTcs 3PPEKTHBHBIM CPEACTBOM TOIYICHHU BaXKHON HHMDOpMAIHH
0 Pa3IMYHBIX CBOHCTBAaX OMO(GU3NYECKHX W OHMOXMMHYECKHX CHCTeM. B maHHOI pabore TyIieHme
(hyopecueHIuu IByX (hIyOpECEHTHBIX 30HI0B MUPEHA U n-Tep(eHIa XeIaToM eBPOIHs Ha0I0JaI0Ch
B (QocdaTHIUIXOIMHOBBIX JIMIIOCOMaX. XeNlaThl eBPONUsl MPUHAUIeKAT K HOBOMY  Kiaccy
MOTEHINMATIBHBIX ~ IPOTHBOOMYXOJEBBIX  IIpenapaToB, O0OJaJalOMmMX  BBICOKOW  ITMTOTOKCHYHON
aKTHBHOCTBIO. DTH COCAMHCHUA NPEACTABIAIOT OCO6I)II>1 HUHTEPEC IJid 6I/IOMe[ll/IL[I/lHCKI/lX l/ICCJ'Ie[lOBaHl/Iﬂ u
JAUAardHoCTUKHU, TIOCKOJIbKY HX CHCKTPAJbHBIC XapaKTCPUCTHUKHU SABJIAIOTCA OHNTHUMAJbHBIMU  JJIA
YMCHBIIICHUS BKJIaJa pacCesHHus OHOJOTHYECKUX o0pasinoB u (oHoBOH (ayopecueniun. OmHako
MPUMEHCHHUE TAaKMX JIEKAPCTBEHHBIX TMPEIMapaToB B CBOOOIHOM (opMe OrpaHMYEeHO HUX BBICOKOM
TOKCHYHOCTBIO ¥ MeTabO0IM4YecKOH HecTaOMIbHOCThI0. OfMH M3 METOJ0B yBelnndeHus 3PpQPEeKTHBHOCTH
MOTOOHBIX JICKAPCTB OCHOBAaH HA WCIOJNB30BAHUM PA3IHMYHBIX CHCTEM JOCTABKH, TAKUX KaK JIUTIOCOMBEL.
[IpuMeHeHHEe IUTIOCOMANBHBIX HAHONEPEHOCUYHMKOB (PapMaKOJOTHUECKUX IIpenapaToB B HACTOAIICE
BpeMsl TpUBJIEKaeT 0co0oe BHUMAaHHWE Omarofaps WX CIEAYIOMMM TPEHMYIISCTBAM: IIOJHOW
OMOCOBMECTHMOCTH, CIIOCOOHOCTH MEPEHOCUTHh KaK TUMO(WIBHBIE, TaK U TUAPO(UIBHBIC COSTUHEHHS,
YMEHBIICHUIO TOKCUYHOCTH, YBEJIIMYCHHIO TEPaleBTUYECKOTro WHAekca W T. A. JaHHas pabora Obnia
c(hoKycHpOBaHa Ha UCCIIEIOBAHUN B3aUMOJEHCTBHUS XenarTa eBponus (0003HauYeHHOTO B padboTe kak V10)
C JIMNMIHBIM OucioeM. bBbUlo HaiieHO, YTO MHTEHCHUBHOCTh ()IyOPECHEHIMH JIOKAJIM30BAHHBIX B
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MeMOpaHe 30HIOB MUpEHa W n-Tep(eHUIa YMEHBIIAIach MPH YBEIMYCHUH KOHIIEHTPAIMH IpernapaTta.
OT0 CcBUAETENBCTBYET O ToM, uto V10 sBusgercs 5(Q(EKTHBHBIM TYIIUTENEM Ui 3THX 30HIOB.
Hab6mronaemoe tymenue (iyopecieHIin SBIseTCs pe3yIbTaTOM CTOJIKHOBEHHS TaHHBIX (i1yopodopos ¢
MPOHUKHYBIIMMU B OHCIOW MoOJEeKyJamMH mpemnapara. llomydeHHBIE pe3ynbTaThl OBUIM YHCIEHHO
MIPOaHATIM3UPOBAHBI B PAMKaX MOAEIH JTUHAMUYECKOTO TYIICHHS.

KJIIOUEBBIE CJIOBA: xenmar eBpomwus, JIMIOCOMBI, ()IyOPECUEHTHBIC 30H[bI, TYIICHHE
hyopecueHIu

PO3MO/IIJ XEJIATY €BPOIIIIO B JIIJHUAM BILIAP
3A JAHUMMU I'ACIHHA ®JIYOPECUHEHIIT n-TEP®EHLTY M MIPEHY
JL.O. JIumanceka', A.B. FOginues', B.M. prcosal, I'.I1. F'opGenko’,
T. Ile.nireoprieBz, A. Bacnn’enz, C. Ka.nosmonaz, H. Jleces?
! Xapriscokuti nayionansnuii ynisepcumem iveni B.H. Kapasina, ni. Céo6oou, 4, Xapxis, 61077
’Kaghedpa npuxnaonoi opeaniunoi ximii, @axynemem Ximii, Ynisepcumem Cogiiu, Boreapin

Meron raciHHs ¢uryopecueHnii € epekTHBHUM 3aco00M oJiepKaHHS BaxJMBOI iH(opmalii, cCTOCOBHO
pi3HMX BiacTuBOCTeH Oio(hiznuHuX i OioXIMIYHMX cucTeM. Y NaHild poOoTi raciHHs ¢uryopecueHii 1BoxX
(GIIyopecHeHTHHX 30HIIB MipeHy W  n-TepeHiTy XelaTOM  €BPOMil0  CcIocTepiramocs Y
(dochaTHIMIXOMIHOBUX JIITOCOMAax. XeNaTH €BPOIII0 HaleXaTb 0 HOBOTO KIACY ITOTCHIIIHHIX
MPOTUIYXJIMHHHX IIPENapariB 3 BUCOKOIO IIUTOTOKCHYHOIO aKTUBHICTIO. LI CTIONMyKH TakoX MPUBEPTAIOTH
0COONMBY yBary IpH BHKOPHUCTaHHI iX y OlIOMEAWYHHX IOCTIKEHHAX Ta IIarHOCTHIN, OCKUIBKH iXHi
CIIEKTPaJIbHI XapaKTEPUCTUKNA € ONTHUMAaIbHUMH JJIsi 3MEHIIEHHS BHECKIB PO3CiOBaHHs O10JOTTYHHX
3pa3kiB i ponoBoi (uryopecueHuii. OgHaK 3aCTOCYBaHHS TaKHMX JIKapChbKUX MpenapaTiB y BUIbHIN (opmi
OOMEXEeHO IXHBOIO BHCOKOIO TOKCHYHICTIO W MeTaboJliyHOI HecTabuibHicTI0. OAMH 3 MeToiB
301IbIIEHHST €PEKTUBHOCTI IMOMIOHUX JIIKIB 3aCHOBYETHCSI HA BUKOPHCTaHHI PI3HUX CHUCTEM IOCTa4yaHHS,
HAalpHKJIaJ — JIIOCOM. 3acTOCYBaHHS JIIOCOMAJIbHUX HAaHOIIEPEHOCHHUKIB ()apMaKOJIOTTYHHX TIpernapaTiB
Ma€ HACTYIIHI IepeBaru: MoBHy 010CyMiCHICTb, 3[JaTHICTh NEPEHOCHTH SIK JINOMUIBHI, TaK 1 riapodinabHi
3'€/IHaHHS, 3MEHIICHHS TOKCHYHOCTI, 301IbLIEHHs TeparneBTUYHOro iHAaekcy W T. i. [lana pobota Oyna
30CepeKeHa Ha JTOCIiKEHHI B3a€EMOJIl Xenara €Bpomito (To3HadeHoro B poOoTi sk V10) 3 imigHnM
Gimapom. Byrno 3HaiineHo, 0 iHTEHCHBHICTH (DIyOpECIeH il JOKaTi30BaHNX Y MEeMOpaHi 30HAIB MipeHy
it n-TepeHiry 3MeHITyBaIacs mpu 30UIbIICHAI KOHIIeHTpaii mpenapaty. Lle ceimants mpo Te, mo V10 €
eeKTUBHUM racHUKOM (uyopecuenuii mmx 30HHIB. CrocrepexxyBaHe raciHHs (uyopecueHiii €
pe3ynapTaTOM 3iTKHEHHS HaHuX (uyopodopiB i3 MONEKylnaMu Mpemapary, IO MpOHHKIX Yy Oimrap.
OTtpumaHi pe3yiabpTaTé OyIH YHCEIbHO MPOaHATI30BaHi y paMKax MOJeINi AUHAMIYHOTO TaciHHS.
KJIFOUYOBI CJIOBA: xenat eBpotito, JIIOCOMH, (IIyOpEeCLEHTHI 30HI1, TaCiHHS (QJIyopecueHLiT

Interest in design of novel pharmaceutical formulations is currently focused on the
achievement of correlation between the activity of a drug and its side effects. A lot of
chemotherapeutic agents have a narrow therapeutic index. Increase of the drug doses to a
concentration, required for therapy, is often causes various side effects [1]. Sometimes, drugs
can’t attain to invaded tissue because of their instability and destruction in an organism [2].
Thus, chemotherapeutic molecules either can affect the surrounding tissues or may be
eliminated untimely. To improve drug pharmacokinetics and to achieve high therapeutic
index it is necessary to use the targeted delivery of a drug close to its destination (invaded
tissue). This problem has been discussed in recent reviews [3-5]. Modern drug delivery
systems involve formulations based on polymer materials (polymer conjugates, microspheres
and wafers) [6], osmotic pumps, microchips [5] and different lipid based carrier systems (lipid
microbubbles, microspheres and microtubules, solid lipid nanoparticles, oily suspensions,
lipid implants, submicron lipid emulsions, liposomes) [7]. Among these systems liposomes
represent the most promising drug carrier due to the following advantages. First, liposomes
are constructed from lipids which have biological origin [7]. This feature makes liposomes
fully biocompatible and in the case of liposomes destruction, lipids can be used by organism
as building material. Second, the amphiphilic structure of liposomal phospholipids allows
loading these systems by both lipophilic and hydrophilic compounds [8]. The drugs,
encapsulated into liposomes, become protected from the degradation and transformation in an
organism. Variation of liposome size and composition allows to realize targeted delivery of a
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drug, minimize side effects and enhance therapeutic index [9]. Recently, liposomes have been
applied as delivery systems for proteins and peptides (interleukin-2, B-glucuronidase [7]),
plasmid DNA [8,3] and local anesthetics (prilocaine, lidocaine and mepivacaine [10]).
Utilization of delivery systems is especially important in cancer therapy. Liposome-based
formulations of several antineoplastic drugs such as daunorubicin, amphotericin-B,
doxorobicin [5], lurtotecan, nystatin, annamycin etc. [3] are currently available on the market.
However, there are several problems limiting the application of liposomes viz. their stability,
low drug entrapment, particle size control and short circulation half-life of vesicles [11].
Particularly, stability of liposomal formulations depends on a number of factors including
liposomal size and composition as well as drug molecular weight and lipophilisity [12,13]. In
view of this, prior to use the liposomes as nanocarriers it is necessary to know the character of
interactions between compound in question and lipid membrane. One of the fundamental
tasks related to the development of liposomal drug formulations is identification of drug-
membrane partition coefficient. This parameter characterizes the ability of hydrophobic
compound to incorporate into nonpolar membrane region. Lipid-to-water partition coefficient
can be obtained using several physical techniques, e.g. dialysis [14,15], absorption and
fluorescence spectroscopy [16], centrifugation [17], chromatography [16] etc. In spite of their
advantages these methods have a number of shortcomings such as tediousness and
requirement of relatively large quantities of the compounds under question [18]. Therefore,
considerable efforts are currently devoted to elaboration of more accessible and convenient
methods. Lakowicz et al. [19] have proposed a novel method for the assessment of drug-
membrane partition coefficient. This approach is based on the dependence of probe
fluorescence intensity on quencher concentration [20]. In the case of fluorescent probe
incorporated into hydrophobic membrane region the more effective inclusion of investigated
drug will result in more efficient quenching.

The present study was undertaken to evaluate lipid association ability of europium
coordination complex, referred to here as V10. This compound belongs to a wide class of
lanthanide chelates. Currently these substances became the subject of increasing interest in
many areas, including biomedical analysis [21], NMR studies [22], laser techniques [23], and
bioanalytical assays [24]. It is due to their unique photophysical features such as long
fluorescent lifetime [25] and long Stokes’ shift [24] allowing efficient temporal
discrimination of background interferences. In addition, lanthanides and their complexes
possess antibacterial and antitumor properties [26].

In this study we use V10 as a collisional quencher for the fluorescent probes pyrene and
p-terphenyl to obtain information on the binding of this potential drug to liposomal memranes
consisting of phosphatidylcholine. The molar partition coefficient of V10 has been calculated
by comparing the extent of probes fluorescence quenching obtained under different lipid
molar concentrations.

MATERIALS AND METHODS

Egg yolk phosphatidylcholine (PC) was purchased from Biolek (Kharkov, Ukraine).
Pyrene was obtained from Sigma (Germany), p-terphenyl was from Signe (Latvia). Eu(III)
coordination complex V10 (Fig. 1) was synthesized as described previously [27]. Lipid
vesicles composed of PC were prepared using the extrusion technique [28]. The thin lipid film
was obtained by evaporation of lipids’ ethanol solutions and then hydrated with 1.2 ml of 5
mM Na-phosphate buffer (pH 7.4). Lipid suspension was extruded through a 100 nm pore
size polycarbonate filter. Fluorescence measurements were performed with LS-55
spectrofluorimeter (Perkin Elmer, Great Britain) equipped with magnetically stirred,
thermostated cuvette holder. The decrease in fluorescence intensity at 465 nm for pyrene and
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at 358 nm for p-terphenyl (which were excited at 340 and 280 nm, correspondingly) was
monitored as a function of increasing concentration of V10.

THEORY

Fluorescence lifetime and fluorescence intensity can be significantly changed by addition
of different substances to the probe environment. Particularly, it can result to decrease of
fluorescence intensity (fluorescence quenching). Quenching can be conditioned by various
processes which occur upon interactions between fluorophore and surrounding molecules, e.g.
collision (dynamic quenching) [29], ground-state complex formation (static quenching)[30],
molecular rearrangements, energy transfer efc [20]. Fluorescence quenching is a source of
valuable information in a study of drug-membrane interactions [18]. Particularly, this method
was used to estimate the relative membrane location of ciprofloxacin [31], anti-inflammatory
drug nimesulide [32] and oxicams [33]. Also it was applied to determine diffusion
coefficients of quinone [34] and lipid/water partition coefficients of quinine [32],
chlorpromazine [18] and nimesulide [34].

Since probe molecules emit from the lowest excited state, the measured fluorescence
intensity is proportional to the concentration of excited probe molecules (A*). The transition
of probe from excited (A") to a ground state (A) may occur according to the following
scheme:

ks Athy

/’”A 7:\7\/9\,

A > ()
excimtion\‘* A+Q j—» A

quenching

\

where k; and &, and k, are the rate constants, Q is a quencher. The first two processes in this
scheme describe transition with emitting of light and without it [35]. The last process is a
quenching.
At the absence of quencher the concentration of excited probe molecules is equal to:

N R P 2)
where [A]y — 1s initial concentration of excited probe molecules, 7, is a fluorescence lifetime
in the absence of quencher:

7, =1/(k +k,). 3)

While probe molecules are accessible for quencher, the transition from excited to a ground
state is described as:

[A*] — [A*]Oe*(kﬁkz*kq[g])t — [A* ]Oe—t/r (4)
where 7 is a fluorescence lifetime in the presence of quencher:
T =1/(k; +k,+k,[O]). (5)

Since the decrease in fluorescence intensity caused by quenching is equal to the decrease in
fluorescence lifetime, substituting eq. (3) into eq. (5) gives

F, 7, k+k+k[O]

L= = T l+kr 6

F r k, +k, "olC] (©)
where k, is the bimolecular rate constant for the dynamic quenching, F, and F are
fluorescence intensities in the absence and presence of quencher. The expression (6) is called

Stern-Volmer equation and the product of k7, is referred to as the Stern-Volmer constant,
Ksy [20,35].
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RESULTS AND DISCUSSION
The structure of europium chelate (EC) under study is shown on Fig. 1, A. To gain
insight into V10 influence on the structure of liposomal membranes the investigation of
pyrene (Fig. 1, B) and p-terphenyl (Fig. 1, C) fluorescence quenching were carried out.
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’ O)]
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Fig. 1. Chemical structures of V10 (A), p-terphenyl (B) and pyrene (C)

Fluorescent probes employed in this work are highly lipophilic compounds, located in the
hydrophobic membrane region. The changes in the fluorescence emission spectra of these
probes have been monitored upon titrating PC liposomes with V10. It has been found that EC
addition to the liposomes resulted in decrease of fluorescence intensity of pyrene and p-
terphenyl without shift of maximum position (Fig. 2). This finding provides evidence that
europium complex represents an effective quencher of pyrene and p-terphenyl fluorescence.
The mechanism of quenching is most probably due to spin-orbit coupling and intersystem
crossing to the triplet state [20].

Initial lipid concentration 61.8 pM Initial lipid concentration 64.7 uM
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Fig. 2. Fluorescence spectra of pyrene (A) and p-terphenyl (B) in suspension of PC liposomes at varying EC
concentrations. Initial pyrene and p-terphenyl concentrations were 1.4 and 1.1 uM, respectively.

V10 is a highly hydrophobic complex, tending to locate in the nonpolar membrane
region. This process results in increase in frequency of collisions between the drug and probe
molecules. EC molecules distribute between water and lipid phase:

[QT ]VT = [Q]m Vm + [Q]w Vw (7)
where [Q]r — total quencher concentration, V,, and Vy, are the volumes of membrane and
water phases, respectively. Thereby, to give correct interpretation of the observed quenching

of membrane-bound probes, it is necessary to evaluate the lipid—water partition coefficient of
EC.



74

L.A. Limanskaya, A.V. Yudintsev, V.M. Trusova et al.

According to a commonly used methodology [16,20], partition coefficient is determined
as a ratio of compound concentrations in lipid ([Q]n,) and water ([Q]w) phases:

P=[0],/10], (8)

Quencher concentration in the membrane phase can be obtained using partition coefficient as
follows:

_ PO,
o = e +-a)

where o, =V, /V, is the volume fraction of membrane phase. Substitution of this expression

)

into the Stern-Volmer equation (eq. (6)) gives:
F, .k P[O]
F 1 Pa, +1-a, K[l (10)

where k, is the bimolecular quenching constant for the membrane-bound fluorophore,
k,, =k,P/(Pa,+1-a,) is the apparent quenching constant. It is easy to notice that this
parameter should depend on volume fraction of membrane phase ¢, (and lipid concentration):

1 11 1
—=q,| ——— [+—.
k ’"(k kaj k, P

app m

(11)

m

According to this approach &, and P can be obtained from the dependence of k;pl , ON Q.
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A) B)
Fig. 3. Stern-Volmer plots of pyrene (A) and p-terphenyl (B) quenching by europium complex in PC liposomes.

The dependences of relative fluorescence intensity (Fo/F) of pyrene and p-terphenyl on
EC concentration were analyzed according to eq. (10). The obtained Stern-Volmer plots are
shown on Fig. 3.

Table 1. Parameters of pyrene and p-terphenyl quenching by europium chelate

Pyrene quenching | p-terphenyl quenching
[L]x10°M | k2" x10° | [L]x10°M | k2 x10°
2.5 6.6 +0.15 1.9 49+0.13
3.7 4.7+0.07 4.6 4.3+0.05
5.0 3.9+0.08 6.5 3.8+0.05
6.2 3.9+0.07 9.3 4.1+0.05
7.4 2.9+0.03
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The linearity of these plots suggests that pyrene and p-terphenyl fluorescence quenching
arises from collisions between probe and quencher molecules (dynamic quenching) [20].
Approximation of the experimental results by the eq. (10) allowed us to evaluate the

apparent Stern-Volmer constants (kg =74k, ) as a slope of linear curve. The obtained

parameters are presented in Table 1.

Pyrene quenching by V10 p-terphenyl quenching by V10
12 in PC liposomes - 0.274 in PC liposomes
L L]
0.26
1.0
0 0.25 1
= 084 v 0244
= =}
X 0.6 ~ 0.23-
04 = 0. P=3.0x10
N 0.214 k =1.6x10
02 k =73x10
“7 0.20
0~0 T T T T T T T 0419 T T T T T T T T T
00 01 02 03 04 05 06 07 0.0 01 02 03 04 05 06 0.7 08 09
o x10° a x10°
m m
A) B)

Fig. 4. Dependence of the apparent quenching constant of pyrene (A) and p-terphenyl (B) on volume fraction of
lipid phase.

The values of kg” were divided on the pyrene and p-terphenyl fluorescence lifetimes
(37.3 [36] and 1 ns [20], respectively) to calculate k,,,. As seen from Fig. 4, this parameter

exhibits nearly linear dependence on lipid concentration. The results of £k, (,)

approximation by equation (11) are presented in the Table 2.

Table 2. Parameters of V10 partitioning into PC bilayer

Fluorescent P P K Correlation
probe " " coefficient
Pyrene 0.55-0.79 5.2x10* 7.3x10° 0.96

p-terphenyl 0.05-0.21 3.01x10° 1.6x10" 0.72

*fuwis a fraction of quencher in a lipid phase: f, = Pa, /(Pa,, +1-a,).

The obtained high partition coefficients provide evidence that europium complex under
study can by efficiently incorporated into the lipid phase of PC membrane. This finding is in a
good agreement with our previous results, obtained for other europium complexes [37].
Smaller partition coefficient received using p-terphenyl probably is explained by different
localization of probe and drug molecules. Apparently, p-terphenyl lies close to the membrane
polar region, becoming more accessible to water quenching. This hypothesis is confirmed by
astonishingly high value of k, (1.6x10'%) exceeding diffusion limit (~10'’). On the other
hand, lipid concentration used in experiment with p-terphenyl was small in order to obtain
reasonable values of f;,,. In this case EC was found to be less partitioned into the lipid phase.

CONCLUSIONS
The membrane interactions of europium chelate have been characterized using
fluorescence quenching technique. A novel method for the quantitative analysis of the
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membrane partition of this drug is proposed. The obtained results established that europium
chelate under study represents an effective quencher for fluorescent probes p-terphenyl and
pyrene. The recovered ability of V10 to quench these membrane probes provides direct
evidence for incorporation of this drug into membrane interior. This assumption correlates
with obtained high values of V10 partition coefficient (~10*). This parameter was found to be
only on order of magnitude smaller than the previously estimated by Mattila and co-workers
for antipsychotics HPD and CPZ, and the antineoplastic compound DOX [38].

These results create the basis for the development of liposomal formulations of europium
coordination complexes as highly promising potential antineoplastic drugs.
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