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Abstract

In the present study, we investigated the interaction of the non-ionic surfactants polyoxyethylene alkyl ethers
(C,E,) with erythrocyte membranes. For this purpose we have performed hemolytic assays under isosmotic conditions
with five surfactants in the 8 polyoxyethylene ether series. By applying to the hemolytic curves a quantitative
treatment developed for the study of surface-active compounds on biomembranes, we could calculate the surfactant
lipid molar ratios for the onset of hemolysigs*) and for complete hemolysi® ). This approach also allowed the
calculation of the binding constants for each surfactant to the erythrocyte membrane. Results,in,the C E series were
compared to those obtained for Triton X-100, a well-known non-ionic surfactant with valuescadnd HLB in the
range of the alkyl ethers studied. Inside the series the lytic effect increased with the more hydrophobic homologues
(C1oEg<CE<C.E KC ,E £C ;E ) with Re values between 3:1 and 0.03:1. The effect f G E and ¢ E was
found to be in the range of that caused by Triton X-100, proving that,C E surfactants are strongly her@olytic.
2002 Elsevier Science B.V. All rights reserved.
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1. Introduction importance worldwide since their detergency, wet-
ting and foaming properties allow their use in

Most non-ionic surfactants are ethylene oxide industrial and household produdty. Other appli-
derivatives and they have an enormous economic cations of non-ionic surfactants include the extrac-

—_— g ) _ tion of membrane proteinf2—6| or preparation of
Abbreviations: cmc, critical micelle concentration; C,E ,

polyoxyethylene alkyl ether; HLB, hydrophilic—lipophilic bal- ~ drug-delivery formulationg7,8]. _
ance; Ht, hematocrit; PBS, phosphate buffered saling; M ,  Non-ionic surfactants are also used in membrane
molecular  weight; ~ Triton X-100, r-octylphenoxypoly studies, since they can induce solubilization of the

ethoxyethylene. . _ . . o )
*Corresponding author. Tel+55-19-3788-6143; fax+55- b.”ayer (5,9 11]. leading to mixed-micelle forma

19-3788-6129. tion. In 1985, Lichtenberg proposed a treatment to
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x= 8 CEg 8 Polyoxyethylene decyl ether
x=10 CpEg 8 Polyoxyethylene lauryl ether
CH3(CH;),CH,0(CH,CH,0)gH x=12  Cy4Eg 8 Polyoxyethylene mirystoyl ether
x=14 CysEg 8 Polyoxyethylene palmitoyl ether
x=16 CgEg 8 Polyoxyethylene stearoyl ether
H3‘C CHs;
Y )
HC C CH,—C—<  O(CH,CHy0)g,1oH Triton X-100
H;C CH,

Fig. 1. Chemical structure of the non-ionic surfactants studied.

compounds on biomembrandg$2] allowing the
determination of the effective surfactghpid
molar ratio in the membrane for the lytic effect.
Although many studies in the literature have
reported the lytic effect of detergents such as Triton
X-100 [13-19, Tween[16-19, Texofor[19] and
Renex [11], only the group of Goni[10,20-22
applied this treatment to the study of solubilization
of lipid and biological membranes by non-ionic
surfactants.

The present investigation is a quantitative study
of the interaction of non-ionic 8 polyoxyethylene
alkyl ether surfactantdC,E;) with erythrocyte
membranes using Lichtenberg’'s treatmdi®].
The solubilizing properties of five homologous
compounds in this serie6Fig. 1) are presented
and compared to those of Triton X-100, the best
studied non-ionic surfactant so far, whose MW,
cmc and HLB are in the range of those for the
surfactants studied.

2. Materials and methods

The surfactants(C,oEg, Ci»Es, Ci4Eg, CisEs,
C,sEg and Triton X-100 were obtained from the
Sigma Chemical Co.

2.1. Erythrocytes

Freshly obtained human blood was collected
into a stock solution containing 26.3/lgtrisodic
citrate, 3.27 gl citric acid, 31.9 ¢| dextrose, 2.2
g/l sodium phosphate and 0.27%Igdenine, and
washed three times in 5 mM PBS buffer, pH 7.4.

2.2. Hemolytic assay

The surfactants were added to erythrocyte sus-
pensions (0.075-0.45% hematocrit, diluted in
PBS), and the samples were kept for 15 min at 37
°C. After centrifugation at 268 ¢ for 3 min, the
released hemoglobin concentration in the super-
natant was measured at 412 nm. The hemolytic
effect, expressed as percentage hemolyst,
was determined as described by Malheiros et al.
[23]. Triplicate test tubes and at least two different
blood samples were used for each curve.

2.3. R, (surfactant/lipid ratio) calculation

The analysis of membrane solubilization pro-
posed by Lichtenbergl2] was applied, consider-
ing Cs3 and C s as the surfactant concentration
required to induce saturatidithe onset of hemol-
ysis) and total membrane solubilizatiofitotal
lysis), respectively[23,24. These concentrations
were determined from the hemolytic curves, and
plots of Cs3and C > as a function of membrane
lipid concentration allowed the determination of
R., the effective surfactajiipid molar ratio for
initial (saturation,Rs®) and total hemolysigsolu-
bilization, RS?), according to Eq(1) [10,25:

D,=R,[L+1/K,(R,+1)] (D

where D, is the total surfactant concentration
(€ C=°) andL is the lipid concentration in the
system. The slope of the resulting straight lines
allows R, calculation while they intercept corre-
sponds taD,,, the concentration of free detergent
in water, [12,24. Finally, K, (M~1), the molar
binding constant of the surfactants to the erythro-
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cyte membrane, could easily be derived from Eg.
(2) [12,24:

Re=Kb.Dw/(1_Kb.DW) (2)

As in previous publication$10,23,24 K, was
calculated just from the value ok , since at
100% solubilization(Rs®") no more membrane, but
mixed-micelles are presefbl], which may give
rise to differentk, values.

3. Results and discussion

Non-ionic polyoxyethylene alkyl ethers are eth-
ylene oxide adducts of linear alcohdBig. 1) that

47

Ccs°' for Triton X-100 lay between those for
C.oEs and G, B solubilization. Inside the polyoxy-
ethylene alkyl ethers;sa and C *° decreased with
increases in the hydrophobic portion of the surfac-
tant, which reflects the importance of the hydro-
phobic interaction in the hemolytic process.
Increased erythrocyte membrane binding with
detergents of longer hydrophobic tails has been
described before—at hyposmotic condition—for
C,E,,, anionic, cationic and zwitterionic series
[43]. It is interesting to note that in contrast to the
criticism of other authors relative to hemolytic and
anti-hemolytic studies[16,17,19,45 our results
show that inside the C E series, HL@able 2

have been used with different approaches such asis a good parameter to evaluate the ability of a

membrane protein extractiof27-31, phase-sep-
aration of chemical compound4,32, or as a co-
adjuvant in drug-delivery systenig,8,33.

While lipid membrane solubilization triggered
by Triton X-100 is a fairly well described phenom-
enon [10,20,34,3b and its hemolytic action has
been studied[13,14,36—38 the interaction of
polyoxyethylene alkyl ethers with lipid membranes
[39,40 has not been investigated to any great

detergent to bind to the membrane and to be a
good lytic agent; the lower the HLB, the smaller

the C,E, concentration for membrane solubiliza-
tion (Cs3and C ).

Solubilization involves hydrophobic interactions
between the surfactant chains and the lipid or
proteins of the membrane. According to Helenius
and Simons[9], membrane solubilization by sur-
factants is dependent on aggregation. In general, it

extent. Even papers devoted to the study of the is accepted that the amount of surfactant required

effect of G, E, on erythrocyte membrangkl —47
were mainly related to the pre-lytic stage or did

not present a quantitative approach to the hemo-

lytic phenomena.
Hemolysis is the disruption of the red blood cell

to solubilize the membrane increases with the:

of the surfactant5,13. In fact, the relationship
between the aggregative and solubilization prop-
erties of amphiphiles has been very well charac-
terized[12], and reviewed by us in a recent paper

and can be caused by the interaction of chemical [50]. We have also demonstrated that Lichten-

compounds with the membrane. The effect of
amphiphilic compounds on the stability of eryth-

berg’s treatment could be useful to describe the
hemolytic effect of non-classical surfactants such

rocyte membranes tends to be biphasic; at small as the phenothiazine trifluoperazif23,24.

drug/lipid molar ratios they protect erythrocytes

Table 2 presents some physicochemical proper-

against hypotonic lysis, whereas at higher molar ties of the surfactants studied. The:c and HLB

ratios in the membrane they induce hemolysis
[24,48-50.

Fig. 2 presents the hemolytic curves obtained
with increasing concentrations of £ gE and
C,sEg in erythrocyte suspensiofidt=0.075, 0.15,
0.30 and 0.45%under isotonic conditions and at
pH 7.4. Arrows indicate the surfactant concentra-
tion for the onse(C*® and 100%(C *°) solubil-
ization on the curve oHt=0.075%.

Table 1 listsCs and C *°'values obtained from
hemolytic curves as those illustrated in Fig. 2 for
all the detergents studied. The values@f' and

values of Triton X-100 show its amphiphilic char-
acter comparable to those ofCsE and.C; E . It
is interesting to note that the HLB of the, GE
compounds studied vary between 11.9 and 14.5—
approximately equal to the value of Triton X-100,
a good lytic detergenf50]—while the less lytic
non-ionic surfactants Rendd1] and Tween[18]
show higher HLB values, from 14 to 19.

Csand C s*'were plotted as a function of lipid
concentration in Fig. 3, to give the straight lines
predicted by Eq.(1). The corresponding surfac-
tant/lipid molar ratios in the membrang&®,, were
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Fig. 2. Hemolytic effect of & E(a) and CgE;(b) upon human erythrocytes in 5 mM PBS buffer, pH 7.4,°87 Ht=0.075(l),
0.15(@), 0.30(A) and 0.45%(v). The arrows shows® and C s°' (see text determination in the 0.075% curve.
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Table 1

Hemolytic effect of polyoxyethylene alkyl ethers, G E surfactants and Triton X-100 upon human erythrocyte membranes

Surfactants csat (uM) Cs (M)

Ht (%)

L (uM) 0.075 0.15 0.30 0.45 0.075 0.15 0.30 0.45
6.5 13 26 39 6.5 13 26 39

CioEs 295 335 352 375 354 406 441 475

CioEs 30.2 32.1 35.1 38.8 37.0 37.3 40.3 435

CiaEs 5.9 6.1 7.4 10.2 6.6 6.8 8.5 125

CieEs 1.9 2.2 2.9 6.8 2.8 2.8 5.2 8.2

CigEs 0.6 1.2 1.3 1.6 1.1 1.7 21 3.2

Triton X-100 117 131 169 184 192 222 213 255

L=lipid concentration in erythrocyte membranes corresponding to each hematocrit, calculated according to Malhei24 .t al.

readily calculated from the saturation and solubil- membrang. In that way, the values db,, present-
ization lines in Fig. 3 and are listed in Table 3, as ed in Table 3 are in very good agreement with
well asK,. The values oD,, were calculated from literature data on Table 2.
the intercept of the straight lines in Fig. 3. The hemolytic process induced by surface-active
In the hemolytic tests some surfactants seemscompounds can be described as a bilayer-to-micelle
to be more affected by the micellization process, transition. At low surfactanfipid ratios, the lamel-
making it difficult to precisely determine the val- lar structure of the erythrocyte membrane is main-
ues of (and differences betweg@nCs® and C ! tained; at quite high ratios, mixed-micelles
That would be the case of the more IytigsCg E (composed by the surfactant, phospholipids and
and Ggk, with the smallestmc values; the membrane-bound proteihare formed and at inter-
energy involved in the transfer of monomers of mediate ratios of surfactafiipid, mixtures of these
surfactant and membrane lipids to the mixed- two types of aggregates are detectRg" aiel
micelles are easily overcome, an@f? and C s represent the limits, in terms of the deterg@ipid
values verge upon each other, explaining the devi- ratios, for the co-existence of mixed-membranes
ation from linearity in the straight lines predicted and mixed-micelleg51].
by Eqg. (1) (Fig. 3b). The R, values obtained seem quite reasonable,
In a recent review, Lichtenberg et a[51] considering the physicochemical properties of Tri-
mention that theD,, values reported in the litera- ton X-100; the values of 1.58 and 2.15 for the
ture are always smaller than the measured valuesonset of solubilization and for complete solubili-
of eme (DS3'< DS°< cmce), since the lipids offer an  zation, respectively, are comparable to those
additional driving force for micelle formation, obtained by other authors in the solubilization of
decreasing thecmc (in the presence of the liposomes. In 1974, Denni§52] described that

Table 2

Physicochemical properties of the non-ionic surfactants;sC E ; and Triton X-100

Name Abbrev. MW HLB? cme (M)P
8 Polyoxyethylene decyl ether 16 sE 510.7 14.47 9.%10*
8 Polyoxyethylene lauryl ether & £ 538.8 13.71 8.&10°°
8 Polyoxyethylene miristoyl ether & & 566.8 13.04 8.6¢10°°
8 Polyoxyethylene palmitoyl ether 1€ sE 594.9 12.42 7.%1077
8 Polyoxyethylene stearoyl ether LsE 622.9 11.86 5.10°8
Octylphenoxypolyethoxyethylene Triton X-100 625.0 13.50 1D~

aCalculated according to Griffif62].
b Data from Berthod et al[1] for the G, E series, and Neugebaug} for Triton X-100.
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Fig. 3. Effective surfactayilipid molar ratios for erythrocyte membrane saturation and solubilizatianC,,Eg; (b) CiEg C*
(W) andC*"' (@) were plotted as a function of erythrocyte lipid concentratidnvalues were taken from the slope of the straight
lines.
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Table 3

Effective surfactanfipid molar ratios(R,), cmc (D,,) and binding constantk,) in the lysis of erythrocytes by ,C4E surfactants
and Triton X-100. Experimental condition as in Fig. 3

CioEs CioEg Ci4Es Ci6Es CigEs Triton
X-100
RS 2.23 0.21 0.13 0.05 0.03 1.58
RS 3.45 0.26 0.18 0.13 0.06 2.15
D3 (uM) 291.7 28.7 45 151 0.61 104.1
D (uM) 346.4 35.1 4.7 1.56 0.75 188.0
K, (X10° M~1)2 2.4 6.0 25.5 315 47.7 5.9

aTaken from the saturation curves in Fig. 3.

egg phosphatidylcholine bilayers were able to C,gEg surfactants in hyposmotic erythrocyte mem-
incorporate Triton X-100 up to a detergglipid branes at H&1.5% [43] are directly related to the
molar ratio of 1:1; the author also reported that at values ofCs® and C °'shown here(R *=0.99994
ratios above 2:1, all the lipids were solubilized in and 0.99998, respectively3=4). We conclude
mixed micelles. In a further work, Partearroyo et that as for the pre-lytic stage, lysis is directly
al. [10] described the solubilization of the same associated with the amphiphile’s insertion into the
phosphatidylcholine vesicles in terms of the effec- bilayer.

tive detergentlipid molar ratios in the membrane Altered ion permeabilityf41,45,46,48 changes
for saturation and solubilization, givings®* and in the asymmetric distribution of components in
R values of 0.7:1 and 3:1, respectively0]. In the outer and inner monolayers of biological mem-
erythrocytes, Loizaga et dI37] calculated a Triton ~ braneg53,54, leading to changes in flip-flop rates
X-100/protein ratio of 4.7:1, corresponding to a [46,47,55-57 and to morphological alterations
4:1 Triton X-10Q¢lipid molar ratio at 50%  [24,41,58-6], are events associated with the pro-
membrane solubilization. tective or pre-lytic stage of hemolysis.

R, values for the ¢ | detergents prove thatthe  The lamella—micelle phase transition induced
extent of solubilization of biological membranes by surfactants is not so well described and under-
is related to the concentration of the detergent stood. What are the main driving forces in the
inside the membrand9], since the higher the solubilization process and which steps are involved
binding constan{Table 3, the stronger the lytic in the movement of surfactant molecules in-
effect (CigEg>CEs>CEs>C1E»C E ) in between membrane, water and micelle phases is
the series. not yet clear[50]. With the results presented here

K, values reveal high affinities for all the we have contributed for the understanding of the
C,E,, surfactants studied to the erythrocyte mem- membrane solubilization process using the model
branes, explaining their stronger hemolytic effect, provided by Lichtenberd12] for the quantitative
comparable to that of Triton X-10(B§]. analysis of hemolysis, showing that hydrophobic

The literature reports the anti-lytic effect of the interaction and micellization are the main driving
C,oEs to C,sEg surfactant$42,43 and Triton X- forces in the process. Further work devoted to the
100 upon human erythrocyte membranes; at sub-determination of the structural and dynamic prop-
Iytic concentrations, C E induced protection erties of the mixed membranes and mixed micelles
against hyposmotic hemolysis at lower concentra- (in preparation should help us to determine the
tions than SDS, CTAB and zwitterionic detergents specific events involved in the hemolytic phenom-
of equivalent hydrophobic tails. The pre-lytic stage enon, considered in terms of bilayer solubilization.
of surfactant—membrane interaction is directly

associated with the amphiphile’s insertion into the
bilayer [42,43. In fact, the concentration for max-
imum protective effect reported for ,& sE to
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