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ABSTRACT. Nonionic amphiphiles and particularly block copolymers of ethylene oxide and propylene oxide
(Pluronics) cause pronounced chemosensitization of tumor cells that exhibit multiple resistance to
antineoplastic drugs. This effect is due to inhibition of P-glycoprotein (P-gp) responsible for drug efflux.
It was suggested that the inhibition of P-gp might be due to changes in its lipid surrounding. Indeed, high
dependence of P-gp activity on the membrane microviscosity was demonstrated [Regev et aE(t999)

J. Biochem. 25918—24], suggesting that the ability of Pluronics to affect the P-gp activity is mediated
by their effect on the membrane structure. We have found recently that adsorption of Pluronics on lipid
bilayers induced considerable disturbance of the lipid packing [Krylova et al. (ZDi@&nistry 93930-

3936]. In the present paper, we studied 19 amphiphilic copolymers, including newly synthesized
hyperbranched polyglycerols, Pluronic and Brij surfactants, for their ability to accelerate flip-flop and
permeation of antitumor drug doxorubicin (DOX) in liposomes. It was found that not only bulk
hydrophobicity but also the chemical microstructure of the copolymer determines its membrane disturbing
ability. Copolymers containing polypropylene oxide caused higher acceleration of flip-flop and DOX
permeation than polysurfactants containing aliphatic chains. The effects of copolymers containing
hyperbranched polyglycerol “corona” were more pronounced, as compared to the copolymers with linear
poly(ethylene oxide) chains, indicating that a bulky hydrophilic block induces additional disturbances in
the lipid bilayer. A good correlation between the copolymer flippase activity and a linear combination of
copolymer bulk hydrophobicity and the van der Waals volume of its hydrophobic block was found. The
relationship between the structure of a copolymer and its ability to disturb lipid membranes presented in
this paper may be useful for the design of novel amphiphilic copolymers capable of affecting the activity
of membrane transporters in living cells.

Amphiphiles are compounds containing topologically substantial changes in cell membrane fluidity when adsorbed
separate hydrophobic and hydrophilic parts. Such architectureon the membrane in very low amounts, less than 0.1% with
ensures their ability to interact with cell membrane and respect to lipids10). The high efficiency of Pluronics and
change its properties. An addition of amphiphiles to cultured their relatively low toxicity explain their broad application
cells was shown to stimulate vesiculation processgs ( in various fields of medicine and pharmacologyl{ 14).
change electrical properties of biological membragsand A pharmacological formulation SP1049C based on doxoru-
change functional activity of membrane protei@s-8). Very bicin and two Pluronic copolymers has been recently reported
important applications of surfactants in pharmacy are deter-to undergo phase | clinical trial and was found to be efficient
mined by their ability to inhibit drug efflux systems in the in patients with advanced resistant solid tumdiSs)(
liver (3), intestine 4), and tumor cells resistant to chemo- Multiple drug resistance of tumors is frequently induced
therapeutics@—8). These studies were mainly focused on by chemotherapy and in many cases is caused by integral
the surfactants containing hydrocarbon substituents in theirmembrane proteins that are responsible for the ATP-
hydrophobic part. However, these surfactants were effective dependent efflux of drugs from cell cytoplasf®). Pluronics
only at relatively high (520%) amphiphile/lipid ratios9). can inhibit at least two of these proteins: P-glycoprotein (P-
In contrast, Pluronics [amphiphilic block copolymers of
ethylene oxide (EG)and propylene oxide (PO)] could induce ! Abbreviations: CL, cardiolipin; DMFN,N-dimethylformamide;
DOX, doxorubicin; DP, degree of polymerization; EDTA, ethylene-

T The authors express their gratitude to VolkswagenStiftung (Az.: diaminetetraacetate disodium salt; EL, egg yolk lecithin; EO, ethylene
I/77 742) and the Russian Foundation for Basic Research (Grant 03-oxide; G, glycerol; HEPESN-(2-hydroxyethyl)piperazin¥-ethane-

03-32629 and SS-602.2003.3) for financial support of this work. sulfonic acid; MES, 24{-morpholino)ethanesulfonic acid; NBD-PE,
* Corresponding author. E-mail: melik.nubarov@genebee.msu.ru. N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dipalmitoyl]phosphatidyletha-
Tel: +7(095)939-31-27. Fax+7(095)939-01-74. nolamine; PEO, poly(ethylene oxide); PG, hyperbranched polyglycerol;
*Lomonosov Moscow State University. PO, propylene oxide, PPO, polypropylene oxide; SM, sphingomyelin;
§ Forschungsinstitut“fuMolekulare Pharmakologie. THF, tetrahydrofuran; TMP, 1,1,1-tris(hydroxymethyl)propane; Tris,
' Johannes-Gutenberg-University Mainz. tris(hydroxymethyl)aminomethane.

10.1021/bi048373g CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/17/2005



Copolymers Inducing Disturbance in Lipid Membranes

gp) (17—21) and the multidrug resistance associated protein
(MRP1) R2). At least two different mechanisms of Pluronic
action were proposed by A. Kabanov et al.

First, Pluronics induce ATP depletion of cells presumably
by uncoupling of oxidative phosphorylation and thus lead
to a decrease of functional activity of ATP-dependent drug
efflux proteins (P-glycoprotein and MRP1}9—22). This
hypothesis was confirmed by the fact that FITC-labeled
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Studies of the effects of Pluronics on artificial lipid
membranes showed that these copolymers were highly potent
in disturbing lipid membranes. The interaction of Pluronics
with liposomes and planar bilayers resulted in a 2-fold
decrease in the membrane microviscosgg)( increase in
the rate of flip-flop 89), and membrane permeability toward
carboxyfluoresceind(, 41) and various weak acids or bases
including doxorubicin 42). Insertion of high quantities of

Pluronic P85 was able to permeate into the cells and washydrophilic Pluronics into a lipid membrane induced sig-

located in mitochondrial@®).

Another explanation for the Pluronic-induced ATP deple-
tion of MDR cells has been proposed by Pohl and Krylova.
They demonstrated the ionophoric activity of Pluronic L61
with cationic selectivity 23) and suggested that Pluronic-
induced ionic fluxes in plasma membrane could cause
compensatory ATP consumption by NK™-ATPase, thus
decreasing the intracellular ATP concentrati@g)(

Second, it is believed that the inhibition of P-gp ATPase
activity by Pluronics, presumably through nonspecific changes
in lipid mobility and protein conformation, has a major
contribution to the inhibition of P-gp efflux functiorid).

This hypothesis is supported by two sets of data. On one

hand, P-gp activity is highly dependent on the physical state
and microviscosity of the surrounding lipid bilayer. Changes
in the membrane microviscosity inhibited the transporter
activity (24, 25). On the other hand, adsorption of Pluronics
results in a decrease of cell membrane microviscosity, which
may be an alternative reason for inhibition of P-gp activity
(10, 17, 25).

Biological membranes are structurally heterogeneous and

too complex to reveal the factors essential for the copolymer

interactions with membranes. Therefore, many studies were

performed on artificial membranes. Of course, the results

obtained on model systems cannot be strictly extended to

biological systems, but they might help in elucidating the
first step of Pluronic interaction with a cell membrane. Using
model lipid bilayers, it was shown that addition of am-
phiphiles led to solubilization of the membran&6)(and
formation of transient pore27). The molecular mechanisms
of these processes have been widely discussed during th

last two decades. It has been proposed that, upon incorpora-

tion into a lipid bilayer, the amphiphilic molecules may alter
the membrane thicknesg8), change the hydration state of
the headgroup regior29), and affect the lipid packing due
to mismatch between their hydrophobic segments and lipid
fatty acid region 28, 30—32). P. Cullis et al. showed that
the insertion of PEGylated lipids into the membrane com-
posed of Hll-phase-forming lipids promoted formation of a
bilayer, i.e., induced Hll-|, transition @3). Similar events
were induced by other amphiphilic polymers with randomly
distributed hydrophobic tags adsorbed on liposon&. (
Formation of disk micelles was observed in the work of K.
Edwards et al.35), in which lipid molecules conjugated with
PEG oligomers were introduced into liposome membranes.
Incorporation of amphiphilic pNIPAM copolymers into the
bilayer at a temperature exceeding a lower critical solution
temperature (LCST) resulted in acceleration of flip-flop in
liposomes 86). These results are consistent with the theoreti-
cal evaluations made by R. Lipowskg7), who predicted
that the insertion of amphiphilic copolymers into a lipid
bilayer should induce its deformation due to repulsive
interactions with hydrophilic corona of the copolymer.

nificant alterations in the vesicle’s size and even shdgg (

Numerous studies searched for correlations between
diverse effects of amphiphiles and their structure. Most of
these studies were devoted to amphiphiles containing hy-
drocarbon radicals as hydrophobic blocks. Heerklotz and
Seelig investigated the relationship between the CMC of low
molecular weight neutral amphiphiles (Brij, Triton, alkyl
glucoside, alkyl maltoside series, and several ionic surfac-
tants) and their ability to bind to lipid membranes3). De
la Maza et al. studied the lytic properties of a number of
series of surfactants and correlated it with their structBig (
Pantaler and Kamp studied the relationship between the
structure of Brij and Triton surfactants and their ability to
accelerate flip-flop in erythrocyte membranes. It was found
that an increase in the volume of hydrophilic parts of these
detergents increased their flippase activig). (On the
contrary, a comparison of Pluronics whose hydrophobic
block is formed by PPO revealed the leading role of
hydrophobicity in the copolymer-mediated effects. The
increase in the length of the PPO block enhanced their ability
to inhibit P-gp mediated efflux of Rhodamine-123 from the
cells exhibiting MDR phenotype. Pluronics with intermediate
lengths (36-40) of PO chains and relatively short EO
segments (225) had the highest efficacy in MDR cells3—

21). The decrease of the efficacy of Pluronics with high
hydrophobicity was obviously due to the increasing tendency
of these copolymers to form micelles, which were less
effective than single Pluronic molecules (unimed$)( Thus,

the reports cited above demonstrate that large diversity of
he effects induced by amphiphiles was obviously predicted
y their chemical structure.

This work presents an attempt to reveal the parameters of
the polymers, which correlate with their ability to interact
with a lipid membrane. To this end, we studied the strueture
function relationship in seven series of copolymers containing
different hydrophobic and hydrophilic blocks. The signifi-
cance of the hydrophobic block was examined by comparing
the effects of copolymers containing either polypropylene
oxide (PPO) or aliphatic radicals as a hydrophobic part. The
role of the hydrophilic block was studied with amphiphilic
copolymers containing either poly(ethylene oxide) (PEO) or
branched hydrophilic polyglycerol (PGX#4—47). All 19
copolymers differing in chemical structure and length of their
hydrophobic and hydrophilic parts were tested for their
effects on the rate of lipid flip-flop and transmembrane
permeation of an antitumor drug doxorubicin. The relation-
ship between these effects and the copolymer properties
allowed discovering structural factors that determine the
disturbing ability of the amphiphiles. We believe that the
guantitative structureproperty relationships established for
amphiphilic copolymers may clarify molecular mechanisms
of their interaction with lipids and be helpful for the design
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and synthesis of novel copolymers for pharmacological
applications.

EXPERIMENTAL PROCEDURES

Materials The macroinitiators TMP (Fluka), hexadecy-
lamine (GeHssNHy; Aldrich) and Jeffamine M2005 (P&
EOsNH3; Huntsman) were used without further purification.
Glycidol (Degussa) was distilled prior to polymerization.
Tetrahydrofuran (THF; Aldrich) and diglyme (Aldrich) were
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PPO-G: H NMR spectrum (300 MHz, MeOHl) 6 4.71
(s, OH), 3.9-3.2 (m, PG scaffold), 1.09«CHs PPO);3C
NMR spectrum (300 MHz, MeOH,) 6 79.79, 78.73, 72.49,
71.23-70.77, 69.23, 62.94, 60.96, 57.75 (PG/PPO scaffold),
17.22 (-CH; PPO).

Characterization.!H NMR and 3C NMR spectra were
recorded in methanal, at copolymer concentrations of 100
g/L on a Bruker ARX 300 spectrometer, operating at 300
and 75.4 MHz, respectively. SEC measurements were carried
out in DMF at concentrations of about 3 g/L. Measurements

stored over sodium and distilled; methanol and acetone were performed with a Knauer microgel set C11 using DMF
(Sigma) were used as received. The three-block copolymersas an eluent at 48C and a Polymer Laboratories evaporative

of EO and PO (Pluronics, Table 1, serieslll) were a
generous gift of BASF Corp. Their polydispersityl(/M,)
was guaranteed by the supplier to be-1124 that was

mass detector EMD 960 operating at 1°(D. Polystyrene
standards were used for calibration.
Flip-Flop Measurements.Spontaneous and Pluronic-

confirmed for P85 and L61 preparations by size-exclusion induced lipid flip-flop in vesicular membranes was measured
chromatography using a Waters GPC system equipped withusing a fluorescence approacB9( 50, 51) based on the

Styragel HR columns, which was calibrated with Waters

kinetics of migration of a fluorescent lipid NBD-PE from

polyethylene oxide standards. The amount of peroxides inthe inner to the outer leaflet of liposomes. EL vesicles were
Pluronic preparations checked with the potassium iodide prepared with NBD-PE incorporated into the bilayer accord-

technique 48, 49) was found to be negligible. Dodecyl and

ing to ref51. Briefly, ethanol solutions of EL and NBD-PE

hexadecyl ethers of polyethylene oxide (Brij 30, 35, 56) were (0.995/0.005 w/w) were mixed in a flask, and the solvent

from Serva, and NBD-PE was from Avanti Polar Lipids.
Doxorubicin hydrochloride was purchased from the Institute
of Antibiotics (Moscow). Cardiolipin (Biolek) was 99% pure
as analyzed by TLC. A chloroform solution of egg yolk
lecithin (EL) (purity >=99%, analyzed by TLC), SM, sodium
dithionite, Tris-HCI, EDTA, MES, HEPES, and choline
chloride were from Sigma-Aldrich and used without further
purification.

Synthesesl he synthesis of PG homopolymers was based

on controlled anionic ring-opening polymerization of glycidol
using TMP as initiator as described previous#g); This

was evaporated under vacuum. A thin lipid layer was
dispersed in 10 mM Tris-HCI buffer, pH 7, supplemented
with 150 mM choline chloride and 1 mM EDTA. The lipid
dispersion was subjected to five repeated freghawing
cycles and sonicated using a 4700 Cole-Parmer ultrasonic
generator (4x 200 s, 22 kHz, 30 W). The obtained liposomes
were separated from titanium dust by centrifugation using a
Beckman microcentrifuge (10 min, 948)0The vesicles were
80—100 nm in diameter as measured by photon correlation
spectroscopy with Autosizer 2¢ (Malvern). According to the
previously reported dateb(), the NBD-PE species were
uniformly distributed between both membrane leaflets.

way of synthesis of such copolymers allows preparation of Consequently, such vesicles were denoted as symmetrically

well-defined structures with rather low polydispersi,{
Mp ~ 1.3—1.4) @4—47).

To synthesize amphiphilic copolymers of PG, two types
of initiator-cores, GsH33G, and PPO-G were prepared by
dropwise addition of a stoichiometric amount of glycidol to

labeled. To make the vesicles applicable for flip-flop kinetics
measurements, they were converted to asymmetrically la-
beled. To this end, a respective amount of a 0.25 M freshly
prepared sodium dithionite solution in 20 mM Tris-HCI
buffer, pH 10, was added to a 1.5 mg/mL suspension of the

hexadecylamine and Jeffamine M2005, respectively. The symmetrically labeled vesicles to the final concentration of

reaction was run at 120C for 30 min until no excess of

2 mM sodium dithionite. The mixture was incubated for 6

glycidol could be detected. Dissolution in warm ethyl acetate min at room temperature (¥&2 °C). Dithionite reduces
and precipitation upon cooling were repeated twice, yielding NBD nitro groups to form nonfluorescent amino groups.

the bisglycidolized, tetrahydroxyfunctional macroinitiators.

Sodium dithionite is unable to penetrate through the lipid

Thus obtained functionalized macroinitiator cores were then membraneg1). Therefore, it reduced NBD only in the outer
used instead of TMP for the synthesis of PG copolymers asmembrane leaflet. The fluorescence decay of NBD was

described previously4g).

TMP-G,: *H NMR spectrum (300 MHz, MeOHh) 6 4.7
(s x 1H OH), 3.9, 3.2 (mx 5H PG scaffold), 1.41 (m, 2H,
CH;— TMP), 0.93 (m, 3H;~CH; TMP); 3C NMR spectrum
(300 MHz, MeOHd,) 6 82—81, 80.0-79.5, 74.573.5,
73.5-72.0,72.6-70.5, 65.60-64.0, 63.5-62.0 (PG scaffold),
45.46 (G TMP), 24.39 (- CH,— TMP), 8.86 (-CH; TMP).

CigH33-Gx: *H NMR spectrum (300 MHz, MeOHh) o0
4.77 (sx 1H OH), 3.9, 3.3 (mx 5H PG scaffold), 2.62.4
(m, 6H, —CH,—N), 1.23 (m, 28H,—CH,—), 0.84 (m, 3H,
—CHa); 13C NMR spectrum (300 MHz, MeOldz) 6 81.3,
79.5,73.7,72471.7,71.2-70.3, 64.1, 62.5 (PG scaffold),
32.8 (-CH,—CH,—CHg), 30.7-30.19 (m,—CH,—), 23.46
(—CH,—CHg), 14.25 (-CHy).

measured using a Hitachi F-4000 spectrofluorometer at
Aem = 530 nm andlex = 450 nm. The dithionite treatment
of the symmetrically labeled vesicles resulted usually in
approximately 46-47% decrease in the NBD fluorescence
intensity, apparently indicating approximately -924%
content of unilamellar vesicles in the original symmetrically
labeled EL/NBD-PE vesicles. The reduced EL/NBD-PE
vesicles (asymmetrically labeled) were immediately separated
from the excess of sodium dithionite by gel filtration on a
Sephadex G-25 column equilibrated with 10 mM Tris-HCI,
150 mM choline chloride, and 1 mM EDTA buffer, pH 7.0
(TCE buffer). The fluorescence of liposomes prepared in this
fashion was denoted ag*Y™ The completeness of the
reduction of NBD-PE in the outer leaflet of the membrane
was checked by a control treatment of the asymmetrically



Copolymers Inducing Disturbance in Lipid Membranes Biochemistry, Vol. 44, No. 10, 20051045

Table 1: Structures, Composition, and Critical Micellization Concentratiohthe Studied Copolymers

D ~—~
= Q =
S g S © -
=¥ & |2 | &
£ = e 8
Polymer series gs LS Lo ; é .
s © 9 o= 51
172 - =} = -
¥ SEEEEZIE | v |E
£ SsEEsE|c |2 I3
Q = s a3 = Q =9
Pluronics Series I
30 4 2090 |0.11 |13
EO,PO, EO, (L61)
30 26 2900 (048 |13
EO, PO, EO,, (L64)
HQ 30 152 [8400 |048 |13
EO, PO, EO,, (F68)
Series IT
40 6 2750 |0.023 |13
EO,PO, EO, (L81)
40 52 4500 |0.065 |13
EO, PO, EO,, (P85)
40 122 7700 |0.091 |13
H EO, PO, EO,, (F87)
=) Series 111
EO,PO_EO, (L101) 59 9 3800 |0.002 |13
9 EO,PO,EO,, (P105) |56 74 6500 |0.008 |13
H EO,,,PO,EO,,, (F108) |50 265 | 14600 |0.02 |13
Series IV
CH3—(CHz)m—0—(CH2CH0)-H | C_H,.EO, (Brij 30) 12 4 345 |0.115 |56
(Alkyl-PEO surfactants) C,H,.EO,, (Brij 35) 12 24 1225 |0.008 |56
C,H,.EO,, (Brij 56) 16 10 700 | 0.002 |59
HON o
"'2 olf %y oAt Series V
o onfiQ
(Lm‘ﬁ}w, { < ‘\)f G, 0 27 2000 |N/A |N/A
o} o G, 0 81 6000
(PG homopolymers)
OH
Hof o
%}0 M Series VI
H O,
o
ALY
N N\
Moj[ﬁj\{/\} ";f‘bﬂm PO,EO,G, 30 2 2671 |01 |47
6
0 & PO,EO,G,, 30 20 [3601 |N/A |N/A
(PPO-PG copolymers) PO, EOG,, 30 76 7760 |1 47
szj“
HO Y orp
ﬁ\/o OLC; Series VII
N OH
ofag) “T\Lo" C,H,-G, 1 10 |981 |1 47
HO
060*' CH,-G, 1 64 5000 |1 47
(Hexadecyl-PG copolymers)

a CMC values are determined by the pyrene solubilization technique a£37

labeled vesicles with a fresh portion of dithionite. Usually =~ Asymmetrically labeled vesicles, 0.15 mg/mL in TCE
this verification test gave only a minor decay-(1.5%) of buffer, were incubated at 3%C. At given points in time,
NBD fluorescence (Figure 1, curve 1). 1 mL aliquots of the sample were treated with 20 of



4046 Biochemistry, Vol. 44, No. 10, 2005 Demina et al.

50+ correlation spectroscopy, was 10015 nm. The pH-gradient
vesicles were treated with 5M DOX, which is the
concentration of maximum DOX fluorescence.

Measurement of Partition Coefficients of the Copolymers
between n-Hexane and Watdthe bulk hydrophobicity of

Fluorescence, r.u.

201 the polymer was estimated by its partitioning in the biphasic
10 hexane-water mixture, following the approach originally
developed by Hansch et al53). Briefly, 3 mL of the
o _ . . . copolymer water solution (0.08640.004%) in 20 mM
0 5 10 15 HEPES-Tris-HCI buffer, pH 7.0, was shaken intensively
Time, min for 24 h with 15 mL of hexane in a temperature-controlled

Ficure 1: Typical curves of sodium dithionite-induced fluorescence chamber at 30C. Then, the samples were incubated for at
decay of EL vesicles asymmetrically labeled with 0.5 wt % NBD- |eag 2 h to ensure separation of the phases. Both organic
PE. Sodium dithionite solution was added to the vesicles either 5,4 5queous phases were collected. Hexane solution was
immediately after their preparation (1) or after incubation for 1 h . - .
at 30°C (2). The two-edged arrow shows theam value. evaporated to dryness, and the reS|dge was dlssolveq in Q.25
mL of water. The polymer concentration was determined in
freshly prepared 0.5 M sodium dithionite solution, pH 10, this solution (hexane phase) and in the aqueous phase using
at 20°C, and the kinetics of fluorescence decay was recordedthe barium/iodine technique as described below, and the
within 3—4 min until a new stationary fluorescence level, apparent partition coefficierfe was calculated as the ratio
l@ym was achieved (Figure 1, curve 2). The decay was due Of these concentrations. All measurements were performed
to reduction of NBD that had migrated from the inner to the in triplicate, and standard deviations were calculated.
outer leaflet (flip-flop) during incubation, thus becoming Determination of the Copolymer Concentratioiihe
susceptible to reduction by dithionite. barium/iodine method originally proposed for determination
The fraction of fluorescent NBD-PE species that had of PEO homopolymers in blood samplégl(55) was found
migrated from the inner to the outer membrane leafiet, to be applicable for measuring concentrations of any polymer
was calculated using the equation: containing ether bonds. PEO, PPO, or PG containing
copolymers were capable of forming turbid and strongly
colored colloidal complexes with Ba and k™ ions. The
100 (1) analysis was performed in a 96-well microtitration plate. Two
hundred microliters of a copolymer solution in 20 mM
HEPES-Tris-HCI buffer was treated with a 24 solution

wherea = 2[(I%™ — 1*7)/19" is the content of unilamellar ¢ 5 24 M BaChin 1 N HCl and a 25L solution of 50
vesicles in the NBD-labeled vesicle sample. This value was I,in 0.12 M KI. Three to four minutes later the optical

checked in each experiment and commonly was in the-0.92  jensities of the solutions were measured at 492 nm using a

0.96 rangef values checked at different incubation times \;itiscan 2 Plus multichannel photometer (Titertek) and
showed the kinetics of spontaneous NBD-PE transmembran€qnyerted into polymer concentrations using a calibration
migration (flip-flop). - curve for each polymer in the concentration range 0.06014
_Kinetics of Transmembrane Doxqrublcm Permeatidhe . 0.018%. The calibration curves for all substances were nearly
kinetics of transmembrane permeation of DOX, characterlzed“near up to optical densities of about 0.5. At higher
by strong fluorescence, was investigated using the procedureqncentrations of the polymer the optical density reached
described by Harrigan et al5%). The DOX molecule o iateau. Steeper slopes of the calibration curves were

contains an amino group wittkp 8.6. Thus, at pH 7. 2.5%  pserved for polymers possessing higher content of ether
of DOX molecules are uncharged and can incorporate into groups.

the vesicular membrane. If the internal vesicle cavity is
loaded with a buffer with pH 4, DOX desorbs from the ResuLTS
membrane and, being charged, accumulates inside the
vesicles. When DOX internal concentration exceedsld0 Effect of Amphiphilic Copolymers on the Rate of Flip-
its fluorescence decreases due to the self-quenching effectFlop. We have shown recently that the adsorption of Pluronic
thus diminishing the total fluorescence intensity of the L61 on EL liposome membranes resulted in a drastic
sample. This allowed us to follow the transmembrane DOX acceleration of flip-flop 89). In the present work, we
permeation by measuring the fluorescence of a sample atinvestigated changes in the flip-flop rate caused by 19
Aem = 557 nm andlex = 490 nm using an F-4000 amphiphilic copolymers of different structure (Table 1).
spectrofluorometer (Hitachi). Series Il consisted of EO and PO block copolymers
EL vesicles were prepared in 0.3 M Trisitrate buffer (Pluronics) differing in the length of their hydrophobic PPO
solution, pH 4.0, using the sonication procedure describedblocks. The effects of Pluronics were compared to those of
previously 88, 39, 42) and passed through a Sepharose CL- their analogues containing aliphatic (dodecyl and hexadecyl)
4B column, 0.8x 15 cm, equilibrated with 20 mM HEPES chains in their hydrophobic parts (Brij surfactants, series V).
Tris-HCI buffer, pH 7.0, containing 0.3 M sucrose to The other three series (WII) included hyperbranched
compensate for the osmotic pressure. Thus prepared ELpolyglycerols (series V) and their block copolymers with
vesicles had a buffer with pH 4 inside and pH 7.0 in the PPO (series VI) or hexadecylamine (series VII). The latter
surrounding medium (pH-gradient vesicles). The hydro- are novel AB-type copolymers containing one hydrophobic
dynamic diameter of these vesicles, measured by photongroup A andn glycerol residues that form a hyperbranched

asym
t

X
(1— )™M

18) =
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lower concentrations, these copolymers did not induce
disruption of the liposomes. Th&_ values listed in Table

2, column 2, were determined at the copolymer concentra-
tions that ensured membrane integrity.

To ensure that the copolymer effects on the rate of lipid
flip-flop were not due to the presence of organic contami-
nants, several copolymers (Pluronics L61, P85, polyglycerol
PPQEOsG3o, and Brij 35) were purified by size-exclusion
5 20 30 130 180 chromatography on Sephadex LH-20 using ethanol as eluent.

. . The polymer was isolated from the solution by evaporation
time, min of ethanol on a rotor evaporator at-385 °C. Polyglycerol
\';Iﬁﬁgﬁtgn ﬂgglttllcvse 801;1')\1Er?dTnEtggp-l;geLgéeoﬁiTnhiFﬁgges PPQEQCsG; was purified by three times repeated dissolution
(2). The e>¥tent of flip-flop f) was calgulated according to equ‘é. 'n. Watgr at 4.0.(? and preC|p|tat!on at 70C. .The bilayer-
andup are the initial rates of NBD-PE flip-flop in the presence and  disturbing abilities of the resulting preparations were found
in the absence of the polymer. The lines represent pseudo-first-t0 be indistinguishable from those of the unpurified prepara-
order fits. tions, indicating that impurities, if present, did not contribute
considerably to the effects caused by the copolymers. This
fact agrees with the previously reported data on the hemolytic
activity of commercial and purified preparations of Pluronic
F68 49).
The s values were determined for all copolymers (Table
2, column 2). The set of copolymers allowed differentiating
between the contributions of hydrophobic and hydrophilic
blocks of the copolymers to their flippase activity. Three
series of Pluronics were selected. Each series contained the
s same number of PO repeat units and a different number of
EO repeat units. It is seen in Figure 4A that an increase in
[PO5EO:G,], uM the degree of polymerization (DP) of the hydrophilic block
Ficure 3: Acceleration of NBD-PE flip-flop in EL liposomesy/ (n) was accompanied by a decrease in the copolymer flippase
vo, as a function of PQEGsG, copolymer concentration. activity within each series. At the same time, the flippase
activity of Pluronics increased regularly with the growth of
the length of their hydrophobic blocks. The fact that an
increase in the length of a hydrophobic block results in
greater flippase activity is illustrated in Figure 4A by drawing
a straight vertical line at = 50 and comparing the log—
values for intercept points of this line with the trends for
the series with differenin values.

An addition of every 10 PO repeat units to Pluronics
resulted in the increase in logi—+ value by 0.36 that
corresponds to the 8 = 2.3-fold growth of the copolymer
flippase activity (Figure 4). At the same time, for long
hydrophilic blocks, a similar increase in the DP of PEO at
a constanm resulted only in a minor (about 10%) decrease
in the copolymer flippase activity (solid curves in Figure
4A). An increase in the length of the PEO block at low
values resulted in a more pronounced decrease in the flippase

vplvg =1+ B;_C, (2) activity, indicating a logarithmic dependence of this param-
eter on DP. Indeed, the same data plotted in double
wherefi—s (uM 1) is the concentration-independent ability logarithmic coordinates (log;— versus logn) were linear
of the copolymer to influence the rate of flip-flop. in the entire range ofi (data not shown).

The requisite condition for determination/@f is the lack To reveal the role of the chemical structure of the
of ionic permeability of liposome membranes. If a copolymer hydrophobic block, we compared the flippase activity of
was able to promote formation of holes in the membrane, Pluronics to that of Brij surfactants in which the hydrophobic
the addition of dithionite would lead to a reduction of NBD block is formed by more hydrophobic and compact hydro-
on both leaflets of the membrane. The absence of holes wascarbon substituents. Interestingly, these copolymers caused
recognized by the fact that, first, the level of flip-flopvélue) only negligible effects on lipid flip-flop (Table 2, series V).
at infinite time did not exceed 50% (as demonstrated in This fact cannot be explained by their low affinity to lipid
Figure 2) and, second, that the fluorescence level afterbilayers because the water/lipid bilayer partition coefficients
addition of dithionite was constant in time (as shown in were reported to be 1.9 1 for Brij 30 (56) and 1.4x
Figure 1). The breakage of liposomes was really observed1® for Brij 56 (57), indicating their complete binding to
in the case of hexadecylated polyglycerols (series VII) if their the membrane. Therefore, the inability of these compounds
concentration exceeded 1 mM. However, when added atto accelerate flip-flop in contrast to PPO-based amphiphiles

10+

Vel Vg

hydrophilic “corona”. In summary, copolymers containing
three types of hydrophobic parts (PPO, dodecyl and hexa-
decyl radicals) and two types of hydrophilic blocks (PEO
and PG) were studied for their ability to stimulate flip-flop
in lipid membranes.

Flip-flop of NBD-PE is a rather slow process that develops
within 2.5 h at 30°C (Figure 2, curve 1). Addition of 4 mM
PO;EOsG; resulted in a 2-fold acceleration of flip-flop
(Figure 2, curve 2). The effect of the copolymers was
quantified as a ratio of the initial rates of flip-flop in the
presence of the polymerd) and in its absencevf). The
effect was proportional to the bulk concentration of the
polymerCy. A representative curve for one of the copolymers
studied is shown in Figure 3. This dependence can be fitted
by a linear equation:
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Table 2: Copolymer Effects on Rate of Flip-Flgfy() and DOX Permeationsgox), Partition Coefficients in Biphasic WateHexane System
(log Puwater-nexand, @nd Literature Data on loB Values for Copolymer Partitioning between Water and Lipid Bilayer @agteripid)

acceleration of acceleration of

flip-flop DOX transport |09 Puwaterhexane l0g Pwater-iipid
copolymer (Bi-1), uM 1 (Boox), uM 1 (measured) (lit. data)
series |
EOQ:PO3EQ; (L61) 0.1640.01 0.04+ 0.01 —0.244-0.037 1.65389)
EO13POs0E D13 (L64) 0.07+0.01 0.022 —1.83+0.27 N/A2
EO76PO30EO;6 (F68) 0.01+ 0.05 N/A —3.54+0.53 N/A
series Il
EO;POyEQC; (L81) 0.564 0.045 0.23+0.02 —0.114+0.02 N/A
EO2PQuoEO,6 (P85) 0.22+ 0.06 0.1+ 0.01 —2.65+ 0.4 N/A
EOs1POuoEOs1 (F87) 0.06+ 0.01 0.02+ 0.2 —3.1940.48 N/A
series Il
EOsPOsEOs (L101) 1.35+0.13 0.55+ 0.06 0.114+0.017 N/A
EOPO56EO,6 (P105) 0.214+0.03 N/A —2.64+0.4 N/A
EO13P Os0E 132 (F108) 0.11+ 0.02 N/A —3.65+ 0.54 N/A
series IV
Ci12H2sEO,4 (Brij 35) 0.00354+ 0.0012 N/A —1.7940.06.4 1.3143
C12H2sEO; (Brij 30) 0.01+ 0.003 N/A 3.20+ 0.61 6.2843)
Ci16H33EOno (Brij 56) 0.028+ 0.003 N/A 2.32+0.52 5.16 §6)
series V
Go7 0 0 N/A N/A
Gs1 0 0 N/A N/A
series VI
PO30EOsG2 0.565+ 0.07 0.06+£ 0.01 —0.514+0.02 N/A
PO30EO:G3o 0.19+£0.02 0.0071t 0.001 —2.454+ 0.07 N/A
PO30EOsG76 0.11+£0.02 (8.5+0.9)x 104 —4.07+£0.16 N/A
series VII
C1eH33Gio 0.13£0.02 0.03£0.01 —2.204+0.58 N/A
C1eH33-Ges 0.06+ 0.01 0.01+ 0.005 —2.924+0.11 N/A
aN/A, not available.
A L101
0- n [
- lpro PPO,EOG,  @Lg1
fea) IIIII S\ * mP105
_______ O L61
g 14 AcmGw orgs W F108
- NN 16064 R L4 .F87
PPO, EO.G
.Brljso 30 630
-2 'Y g F68
o158 PPO_EOG,,
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'3 T .
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FiIGURE 4: Ability of amphiphilic copolymers of series ), 1l (@), Il (H), IV (®), VI (), and VII (») to accelerate flip-flopf;—) as

a function of DP of their hydrophilic (A) and hydrophobic (B) blocks. Solid lines in (A) indicate the traces corresponding to the series with
a constant length of hydrophobic blocks. The dashed drop lines in (A) indicate the effects of copolymers with the same DP of their hydrophilic
block and different lengths of hydrophobic blocks.

is likely determined by a lower size of their hydrophobic showedfs values of 0.13«M~* and 0.055uM ™1, respec-
block as compared to the slightly hydrophobic and bulky tively, which were nearly 1 order of magnitude higher than
PPO chain. those of Brij 35 and Brij 30. This fact indicates that the bulky
Unexpectedly, the copolymer containing 2 glycerol resi- polyglycerol blocks, being attached to the membrane, are
dues, 30 PO repeat units, and 6 EO repeat unitsBRGy) somewhat helpful in disturbing it. At the same time,
exhibited nearly 3-fold higher flippase activity in comparison homopolymers of glycerol caused no effect on the rate of
to Pluronic with the same amount of PO repeat unitsfEO flip-flop (Table 2, series V) obviously due to their inability
PO;EQ,, L61) (Table 2, cf. series VI and I). This fact to adsorb on the lipid membrane.
indicated the importance of the chemical structure and shape The results lead to the conclusion that PPO is much more
of the hydrophilic block. The significance of the chemical effective in the disturbance of the lipid bilayer than hydro-
structure of the hydrophilic block was also revealed when carbon groups. When introduced into amphiphilic molecules,
the flippase activity of hexadecyl surfactants containing the bulky hyperbranched polyglycerol also promotes distur-
hyperbranched polyglycerols (series VII) was compared to bances in the lipid bilayer.
that of alkyl-PEO surfactants (Brij, series IV). Hexadecyl- Effect of Copolymers on DOX Permeation into Liposames
PG containing 10 and 64 glycerol repeat units (series VII) The disturbance of the lipid bilayer and acceleration of lipid
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Ficure 5: Influence of PPGPG copolymers (series VI) on the
rate of DOX permeation through pH-gradient liposome membranes.
(A) Kinetics of DOX permeation in the absence of a copolymer
(1) and in the presence of 4M (2), 8.8uM (3), and 22uM (4)
POssEO:G,. Effective rate constants of the corresponding curves
are indicated in the plot. (B) Acceleration of DOX permeation
(kplko) caused by PQEGsG; (a), PQeEOCsG2o (b), and PQEOsGre

(c) as a function of the copolymer concentration.

flip-flop caused by polymer adsorption can be expected to

increase membrane permeability toward noncharged mol-

Biochemistry, Vol. 44, No. 10, 200%1049

In the experiments described above, we have used uni-
lamellar liposomes composed only of EL, while natural cell
membranes contain a large variety of other phospholipids
and sphingolipids. To understand if our model is relevant to
the effects induced by the amphiphiles in a more complicated
system, we studied the effects of the copolymers on
liposomes composed of two-component lipid mixtures. One
of the components was always EL, while the other was either
bovine brain SM as a marker of protein-rich rafts or egg CL
as a marker of mitochondria. The content of SM and CL
was varied in the range-60% (mole). The effect of
Pluronic L61 on the permeability of mixed liposomes
containing up to 50% (mole) of the additive was the same
(Bpox Was 0.04+ 0.01uM™1) as in the case of liposomes
composed of pure EL. It means that the addition of SM and
CL into the membrane does not influence the ability of
Pluronic L61 to accelerate DOX permeation.

The relationship between the structure and the ability of
a copolymer to accelerate DOX permeation into liposomes
is seen from Table 2 (column 3). All Pluronics studied in
the present work were able to accelerate DOX permeation
in accordance with our previously reported resu8, 39,
42). At the same time, the effect strongly depended on the
molecular structure of the copolymer. The effects of copoly-
mers of the I, Il, and Ill series containing the lowest amounts
of EO and differing in the length of their PPO block indicate
that increasing the length of the hydrophobic block aug-
mented the copolymer effect on the rate of DOX permeation.
At the same time, a comparison of Pluronics inside each
series, differing in the length of their hydrophilic EO blocks,
showed that an increase in the content of EO repeat units in
the copolymer decreased its ability to facilitate DOX
permeation. Thus, the relationship between the copolymer
structure and its ability to facilitate DOX permeation (Table
2, column 3) was quite similar to the correlation observed

ecules. To evaluate this effect, we investigated the influencefgy flip-flop.

of the polymers on the rate of pH-induced accumulation of
DOX in liposomes. DOX accumulated inside the liposomes

in response to the pH gradient between the inner cavity

(pH 4) and the external solution (pH 7). The kinetics of DOX

permeation is a pseudo-first-order process and is character

ized by an effective rate constdgtthat was readily measured
from the rate of quenching of DOX fluorescence inside the
liposomes (Figure 5A, curve 1). A similar measurement of
DOX permeation kinetics in the presence of a copolymer
gave a constanke (curves 2-4), the ratiokp/ky being a
measure of the copolymer effect on the bilayer permeability
toward DOX at a given copolymer concentration.

The hydrophilic homopolymers PEO and PG (Table 2,
series V) did not accelerate DOX permeation at all, while
block copolymers of PPO and PG did, especially in the case
of POxEQG; (Figure 5B, curve afpox = 0.06 uM™).

However, their influence weakened steeply with an increase
in the DP of their PG blocks (Table 2, series VI).

Hexadecyl-PG copolymers (Table 1, series VII) were also
able to accelerate DOX permeation, albeit at a relatively high
concentration 0.41 mM, and were ineffective at a concen-
tration less than 0.4 mM. However, the addition of these
copolymers at a concentration above 1 mM (close or above

The increase in the copolymer concentration led to a linear CMC) resulted in an unusual kinetics of DOX permeation.

growth of thekg/ky values (Figure 5B). The slopes of these
lines, denoted agipox (Figure 5B), are concentration-

Once initiated, the exponential decay of DOX fluorescence
turned into growth, indicating DOX efflux from the vesicles.

independent parameters of the copolymer effect on the ratePresumably, this was due to liposome disruption and/or

of DOX permeation. The proportionality betweleyi, values
and the copolymer concentratidy was observed for all

formation of large holes in lipid membranes leading to
dissipation of transmembrane pH gradient. Thus, hexadecyl-

solubilization of low molecular weight compounds in Plu-

DOX in a narrow concentration range.
In contrast to hexadecyl-modified polyglycerols, PPO-PG

ronic micelles may decrease the rate of their accumulation
in the cells (9). To avoid these effects, the concentrations copolymers affected the properties of the lipid bilayer at
of the copolymers were varied in the intervals below or close rather low concentrations 25 ¢M), and no substantial

to CMC in all experiments. It was found that, at higher leakage of the internal buffer was observed. Thus, the effect
concentrations (about 10 CMC), leakage of liposomes and of PO;EO:G, copolymers on the permeation of the un-
dissipation of the pH gradient were observed. charged form of DOX was not due to formation of pores in
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the bilayer; obviously, it was caused by facilitation of DOX
diffusion through the bilayer.
Analysis of the copolymers’ influence on the rates of two

LOg Pwater-hexane

different processes in the bilayer, flip-flop and DOX transport -31 v L IL T

(Table 2, columns 3 and 4, respectively), showed that the 4L V. . . . .

copolymers exhibiting flippase activity could also increase 0 50 100 150 200 250

membrane permeability toward DOX. A comparisorbgéx DP of hydrophilic block, n

andp:_ values revealed high mutual correlatidh= 0.95, FiGURE 7: Relationship between the number of hydrophobic (A)

N = 13, Figure 6). This fact indicates that both effects are and hydrophilic (B) repeat units in the copolymer and their bulk

. : . ydrophobicity. Ordinate: hydrophobicity evaluated as the loga-
manifestations of the same phenomenon, a disturbance o ithm of their partition coefficients in a watehexane biphasic

the lipid bilayer caused by amphiphilic copolymers. system. Symbols: series®}, Il (@), [l (W), [V (#),VI (%), and
Both Si—+ andfpox values are determined by a superposi- VIl (a).
tion of the copolymer abilities (1) to bind to the membrane
and (2) to disturb its packing. Obviously, these properties from Figure 7A was found to be very low (0.0320.010).
may be independent of each other; i.e., copolymers can havdt means that only polymers containing tens of PO repeat
high ability to adsorb on lipid bilayers, but once bound they units are hydrophobic, while amphiphilic copolymers in our
can have no effect on the rate of flip-flop or DOX study exhibit low hydrophobicity.
permeation. At the same time, another copolymer with a  An increase in the number of hydrophilic ethylene oxide
relatively low affinity to lipid membranes, still being or glycerol repeating units in the copolymer decreased their
adsorbed, may induce high disturbance of the bilayer. It partition coefficient in the waterhexane mixture (Figure
seems relevant to compare the copolymers’ flippase activity 7B). Importantly, the variation in DP of the PPO block from
and its ability to bind to lipid membranes. Since the binding 30 for Pluronic L61 to 59 for Pluronic L101 increased the
of a substance to a lipid membrane correlates with its hydrophobicity by only 0.35 lod® unit. At the same time,
partition coefficient between aqueous phase and an organican increase in the length of the PEO block by 22 EO repeat
solvent 63, 57, we analyzed the bulk hydrophobicity of all  units (from 4 for Pluronic L61 to 26 for Pluronic L64)
copolymers studied and compared it with the copolymer resulted in a more pronounced decrease of the copolymer
ability to accelerate dynamic processes in the membrane. hydrophobicity by 1.59 log? units (Table 2, column 4).
Evaluation of Copolymer Hydrophobicitfo evaluate the ~ Thus, variation in the DP of the PPO block caused less
hydrophobicity of the copolymers, we measured their pronounced changes in the copolymer hydrophobicity than
partitioning in a biphasic watethexane system and calcu- that due to the PEO block. Pluronics with close content of
lated the respective |0Bwater-nexaneValues. The estimation  EO repeat units [10% (w/w) in L61, L81, and L101; about
of the partition coefficients of surfactants meets an obvious 50% in L64, P85, and P105; and about 80% in F68, F87,
difficulty due to the possibility of formation of micelles and and F108 Pluronics] have similar hydrophobicities. It means
reversed micelles both in water and in the organic phase,that the bulk hydrophobicity of Pluronics is determined
respectively §3, 57—59). However, it has been shown that mainly by the EO/PO ratio in the copolymer rather than by
the distribution of a surfactant between water and oil remains the DP of its PPO block.
constant below CMC 59). In this case, solubilization An increase in the EO content in alkyl-PEO surfactants
processes do not contribute substantially to the measuredseries V) resulted in a nearly linear decrease in their
values of the partition coefficients. Therefore, we measured hydrophobicity (Figure 7B, line 1V) in accordance with the
the copolymer partitioning at concentrations -t5times previously reported dat®8). The l0gPuwaterhexanevValue for
lower than the CMC. Brij 30 (DPreo = 4) measured in the present work (3.20
The values of lod that we obtained are presented in Table 0.21) was nearly equal to that obtained by Greenwald et al.
2, column 4. It was found that an increase in the length of (59) for partitioning of this surfactant to isooctane (log
the hydrophobic PPO block in Pluronics L61, L81, and L101 Puater-isooctane= 3.19). This fact confirms our estimation.
increases copolymer hydrophobicity (Table 2, column 4). The It is essential that the steepness of theFogurve sharply
log P values increased linearly with the number of PO repeat decreases with the increase in the number of hydrophilic EO
units (Figure 7A). The increment for one PO unit calculated repeat units (Figure 7B). The lo® values of highly
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hydrophilic Pluronics containing more than 100 EO repeat block of Pluronics was disclosed by Batrakova et al. in
units leveled off (Figure 7B). Obviously, the bulk hydro- studies of cultured cell2Q, 21), and the same conclusion
phobicity of these copolymers quickly reached a limit close was obtained in the present study on liposomes (Figure 4).
to that of long EO homopolymers. A good agreement was observed previously between the
The last column in Table 2 represents watkpid bilayer influence of Pluronics on the microviscosity of normal and
partition coefficients available in the literature for some of tumor blood cells 10), multidrug-resistant cells1{—19),
the copolymers. It is noteworthy that these values are aboutand liposome membrane8g). Thus, the results obtained
3 orders of magnitude higher than those measured in theon liposomes are in accordance with those obtained on living
water-hexane system. This fact indicates that the incorpora- Cells. It means that an artificial liposome system adequately
tion of amphiphilic copolymers into membranes occurs much mimics initial stages of polymer interaction with cell
easier than into a bulk hydrocarbon phase. Obviously, membranes.
copolymer incorporation into the membrane requires less The ability of each copolymer to accelerate flip-flop and
dehydration as compared to its transfer into the bulk oil DOX permeation was determined at various copolymer
phase. concentrations below CMC. It was found that both effects
However, the comparison of Id@eripa vValues published ~ Were proportional to the copolymer concentration, in agree-
previously and 10@Puater nexanedata measured in the present Ment with the previously reported datd( 42). The slope
paper fit a straight line lo@Puater-ipia = 3.03 + 0.97 log of this dependgnce (Figure 3) is a concentratlon—|nerendent
Puater hexaneWith a slope close to unity and intercept about Parameter, which reflects the ability of a polymer to influence
3. This proportionality means that the hexameater partiton ~ the corresponding process. The characteristic rates of flip-
coefficients followed the copolymer affinity for the lipid flop and DOX permeation differ by several orders of
bilayer. Therefore, the coefficients |d08aer_hexaneCan be magnitude %0, 61). Nevertheless, the copolymer effects on
used as a hydrophobicity scale of the copolymers’ ability to these processes showed a close mutual correlation (Figure

partition into a lipid bilayer. 6). The capacity to enhance both processes has been
previously described for Pluronic L6B8%). Now we can see
DISCUSSION that this property is common for a broad spectrum of

) . ~amphiphiles of various chemical structures. This finding

In the present work, we have examined the relationship strongly indicates that the effects of amphiphiles on both
between the structure of amphiphilic copolymers and their processes are manifestations of a common cause, which we
ability to change the properties of a lipid bilayer in liposomes. denote as the ability of a copolymer to induce disturbances
To this end, we have tested 19 amphiphiles differing in length jn the liquid-crystalline packing of lipid membrane.
and chemical structure of their hydrophobic and hydrophilic  The main results of the present work were obtained using
blocks. Three series of PEO-PPO block copolymers (Plu- one-component EL liposomes. However, we found that the
ronics) were compared with detergents of the alkyl-PEO ¢opolymers exhibited the same effects on mixed liposomes
(Brij) series. To assess the role of the hydrophilic block, we containing up to 50% (mol) of CL, a mitochondrial marker,
have tested novel copolymers containing hyperbranchedor M, the marker of protein-enriched lipid rafts. This fact
polyglycerols as their hydrophilic block. All copolymers were - sypports the possibility of the copolymers’ interaction with
examined for their ability to influence two membrane lipid rafts, membrane “dwellings” of P-gp, and with mito-
properties: lipid flip-flop and permeability toward the chondrial membranes, the putative targets of Pluronic effect
antitumor drug DOX. in living cells (14, 18—20).

The model systems used for the investigation of these The key question of our study concerns the features of
processes were proposed previously and thoroughly studiedthe chemical structure of the copolymer that ensure its ability
The technigue of flip-flop measurement based on quenchingto adsorb onto a lipid bilayer and affect its properties. We
of NBD-labeled lipid fluorescence by dithionite was origi- found that the length of the copolymer hydrophobic block
nally proposed for living cells§0) and further applied for s of prime importance for its disturbing ability (Figure 4).
studies of much slower translocation of lipids in artificial |t could be suggested that the bilayer disturbance caused by
membranes50). the copolymers should depend on their ability to bind to the

To study the kinetics of DOX interaction with cell membrane. Previously, H. Heerklotz and J. Seelig have
membranes, two types of liposomes were proposed: (1)shown that surfactant partitioning into a lipid membrane
liposomes filled with DNA that bind DOX with an effective  correlates with its CMC43). The importance of CMC values
constant about 2M (61—63) and (2) pH-gradient liposomes  of Pluronics for their chemosensitizing effects was also
(52). The characteristic rates of DOX permeation in both demonstrated by Batrakova et al8]. Nevertheless, we
systems were found to be similar. This fact indicates that found that the correlation between I@ig-+ and log CMC
the rate of the whole process is limited by drug diffusion was poor R = —0.37), indicating that the copolymer
through the lipid bilayer and does not depend on the way of membrane interactions could hardly be mimicked by the
formation of the transmembrane gradient of DOX chemical formation of copolymer micelles. Besides, this result points
potential 61, 62). Although our present data may or may to existence of some other parameter that contributes to the
not be directly relevant to the mechanisms of chemosensi-copolymer disturbing ability.
tization of MDR cells, there are some common features of To reveal the factors essential for the copolymer flippase
the copolymer interactions with artificial and cell membranes. activity, we turned to the theoretical predictions made by
Thus, the rate of DOX accumulation both in cells and in Lipowsky 37) and Balgavy and Devinsk§), who showed
liposomes is determined by permeation of the unchargedthat inclusions into lipid bilayers induced deformations in
form of the drug 62). The important role of the hydrophobic the membrane. It was reasonable to suggest that such
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0.51 contribution in the copolymer disturbing ability was com-
0.0. L101 parable to that of lodP.
' 2 The fact that Brij copolymers and Pluronics can be
o 0.57 described by a common correlation indicates that the effects
a 104 of these amphiphiles have common nature and they differ
8’ only quantitatively by the volume of their hydrophobic
— 151 blocks. It may be concluded that the disturbances induced
201 by these copolymers are mainly caused by insertion of their
' hydrophobic blocks into the membrane and are increased as
-2.51 Brij35 the size of these blocks grows.
3 3 ) M 3 . The intercept of the line corresponding to polyglycerols
0.182LogP, . . +0.155V, ' ou is higher than that for PEO-based surfactants by 0.7,

. . indicating that polyglycerol corona makes additional (about
Ficure 8: Correlation between the effects induced by copolymers 5-fold) contribution to the disturbance in the headgroup

of series +IV (®) and VI and VIl (A) on the rate of NBD-PE . . .
flip-flop (log fi_1) and the linear combination of their bulk €9'0N of the membrane in comparison to the PEO hydro-

hydrophobicity (109 Rater-nexand and van der Waals volume of their  Philic block.
hydrophobic block Yhyarophobic bloc)- This additional disturbing ability of these copolymers not
described by the volume of their hydrophobic block may be
deformations should be proportional to the volume of the due to several reasons. One of the possible explanations for
inserted compound. Keeping this in mind, we calculated the the differences in the flippase activity of Pluronics and PPO-
van der Waals volumes of the hydrophobic block for all PG copolymers may be based on the differences in the block
copolymers under study using Hyperchem 7.0 software architecture of these copolymers. Pluronics are three-block
(Hypercube Inc.). These volumes varied from 0.8%rfor copolymers, and two modes of their incorporation into bilayer
hydrocarbon radicals to 3.8 rfrfor PPO chains withm = are discussed in the literaturdQ( 41, 66, 67). First, the
50. Thus, we built a two-parameter correlation between log hydrophobic PPO block may adopt a coil conformation with
Pi—+ and the linear combination of the copolymer bulk both PEO blocks directed to the external side of the
hydrophobicity (logP) determined in the watethexane membrane (U-conformation). In the case where Pluronics
system (Table 2, column 4) and the volume of its hydro- are added to liposomes during their preparation, the polymer
phobic block. We found that the latter two parameters, may incorporate into the membrane by spanning its hydro-
109 Puwater-hexane@NdVhygrophobic biock WETE linearly independent,  phobic block through the hydrophobic region, while PEO
and since the mutual correlation coefficient for the investi- blocks direct to opposite sides of the membrane (spanned
gated copolymers was less than 0.1, they could be used forconformation). Kostarelos et al. hypothesized that the latter
correlation analysis. The best fit of experimental data was mode of incorporation seems to be less probable in the case
achieved with a linear combination of Id@ater-hexane@nd of addition of the copolymer to preformed vesicles, as it
Vhydrophobic blockMultiplied by the corresponding coefficients  requires dragging of the hydrophilic PEO blocks through the
0.182 l0gPuater-hexane T 0.15hydrophobic biock These coeffi- hydrophobic region of the membrar®6]. At the same time,
cients were obtained using multiple regression analysis of it is known that block architecture has a strong influence on
the data with the NCSS 2000 program (copyright by Jerry the ability of PEO/PPO block copolymers to form micelles
Hintze). The results are presented in Figure 8. They distinctly and incorporate into lipid bilayers. It is known that two-
break up into two nearly parallel separate lines, one of which block copolymers are characterized by lower CMC values
refers to PEO-based copolymers, i.e., Pluronics and Brij (68). It may be supposed that the larger disturbing ability of
surfactantsRR = 0.95), and the other refers to polyglycerols polyglycerol-based surfactants in comparison with Pluronics
(R=0.85). may be determined by their two-block architecture, which
The relative contributions of the copolymer hydrophobicity determines their enhanced ability to incorporate into a bilayer.
and the volume of their hydrophobic block may be evaluated = Another reason of additional disturbing ability of polyg-
from the comparison of the coefficients by which they are lycerol-based copolymers may arise from their bulky hy-
multiplied in the correlation equatiort), The coefficient drophilic corona. Homopolymers of polyglycerol do not
by which the volume is multiplied in the correlation equation exhibit any ability to interact with bilayers (Table 2, series
(0.155,T-value 8.18) is close to that for 1dg(0.182,T-value V). However, attachment of a hydrophobic anchor, hexadecyl
3.95), indicating a significant contribution of the size of the or PPO block, provides them with the ability to incorporate
hydrophobic block into the disturbing ability of a copolymer. into the fatty acid region of the bilayer. The hydroxyl groups
It should be emphasized that the calculated van der Waalsof polyglycerols may form hydrogen bonds with the head-
volumes of the hydrophobic blocks represent the minimal groups of lipids, resulting in the incorporation of the polymer
space occupied by the polymer. This parameter does not takento the polar region of the membrane. Large volume and
into account the conformation of the polymer in a lipid stiffness of the hyperbranched hydrophilic block of these
bilayer or its radius of gyration. The volume occupied by a polymers would provoke disturbances in this region and thus
real polymer coil in the membrane is determined by a number cause additional disturbances in the membrane. If so,
of factors including the persistence length of the polymer dendrimers and other hyperbranched polymers should also
and its thermodynamic compatibility with the lipid surround- be effective in the disturbance of membrane structure. Indeed,
ing. The accuracy of the estimation decreases for polymerspolyamidoamine dendrimers were recently shown to facilitate
with long hydrophobic blocks. However, even using the DNA permeation into living cells more effectively than linear
minimal estimates 0fVhygrophobic biock We found that its polycations 69).
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The quantitative structureactivity relationship analysis
of the copolymer effects on lipid bilayer described in the
present paper permits formulation of requirements for the
amphiphilic copolymer structure that ensure its ability to
disturb lipid bilayers. First, the copolymer should have a large
hydrophobic block. Obviously, its molecular weight should
be comparable to or exceed that of lipid molecules. The
hydrophobicity of this block should not be very high because
this would impart the copolymer high tendency to micelli-
zation that was shown to be unfavorable for the copolymer
chemosensitizing activity2Q). In contrast to alkyl-containing
surfactants, Pluronics ideally meet this requirement. The
log P value for each PO repeat unit is only 0.0320.01,
while for each methylene group it is about 0.55. Block
copolymers with hydrocarbon chains whose size is compa-
rable to that of polypropylene oxide in Pluronics would be
water insoluble and, therefore, could not be used in biological
systems. It may be hypothesized that copolymers consisting
of other ether monomers with polar groups in their hydro-
phobic block would also meet this requirement.

The results presented rely essentially on homologous sets
of amphiphiles with polyether-based hydrophilic heads and
two types of hydrophobes. Certainly, this cannot encompass
the complexity of lipid-surfactant mixtures, neither can it
address the effects on biological membranes containing a
significant amount of proteins. The commonality found
between these molecules, however, is important and espe-
cially useful for developments in the areas specifically using
these polyether-based compounds.
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