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Summary

The ability of non-ionic surfactants to inhibit the motility of the protozoan Tetrahymena elliotti was determined as a minimal
inhibitory concentration (MIC), the lowest concentration that stops movement in a cell suspension. A good correlation was found
between MIC and the concentration to reduce swimming speed of the protozoan by 50%. The inhibitory activity of the members of a
series of p-t-octyl phenyl polyoxyethylene ethers (TRITON-X series), nonyl phenyl polyoxyethylene ethers (TRITON-N series),
polyoxyethylene alkyl ethers (BR1J series), poly-oxyethylene (20) sorbitan esters (TWEEN series) and alkanols (methanol to octanol)
was compared on the basis of MICs. The system was sensitive and could be used to discriminate between the linear and branched
forms of an alkanol, between surfactants of the same series which differed by only a few ethylene oxide (EO) units and between
TRITON-X and N surfactants of the same EO content. That is in effect an ability to discriminate between the n-nonyl and p-r-octyl
moieties of the TRITONS. For all of the groups of test substances, inhibitory activity was inversely related to hydrophilicity and
some of the most hydrophilic non-ionic surfactants were not inhibitory. Throughout a series of surfactants, MIC was not directly
related to the critical micelle concentration and was much more sensitive to the influence of EO content than the latter parameter.
The effect of the surfactants was probably mediated via a disruptive action on the cell membrane, the limiting factor being the ability
of the surfactant to partition into this lipid domain. Inhibition of protozoan motility may form the basis of a simple means of
screening compounds for irritancy.

Introduction

Non-ionic surfactants, used in foodstuffs and
pharmaceuticals (Attwood and Florence, 1983),
while in general less toxic than ionic surface active
agents, are not biologically inert molecules. Some
non-ionic surfactants are effective membrane

Correspondence: A.J. Baillie, Department of Pharmacy, Uni-
versity of Strathclyde, Glasgow, Scotland, U.K.

penetration enhancers (Attwood and Florence,
1983: Florence, 1982) and although some struc-
ture—activity relationships have been defined
(Florence et al., 1984), there is still no clear infor-
mation on the critical features of surfactant struc-
ture which confer membrane fluidizing activity,
and there is less information on the relationships
between membrane composition and surfactant
activity.

As part of a study of these relationships we
have investigated the interaction of members of 4

0378-5173,/89,/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)



242

series of non-ionic surfactant with Tetrahymena
elliotti, a constantly motile protozoan, which has
been used here as a living, model, target mem-
brane. Tetrahymena spp. have been extensively
studied as model eukaryotic cells in biochemical
and pharmacological studies. More specifically
they have been used to investigate the activity of
membrane active agents such as general (Nunn et
al., 1974) and local (Cassidy and Henry, 1987)
anaesthetics and anti-adrenergic drugs (Cassidy
and Henry, 1987). Interaction of agents with the
plasma membrane of the cell or cilia interferes
with the motility of the organism and so for
example, inhibition of motility can be used to
provide an indirect measure of such interaction.
Recently the ability of some novel local anaesthet-
ics to inhibit protozoan motility was shown to
correlate well with their duration of action in the
guinea-pig wheal test (Al-Saadi et al., 1981). These
novel compounds, in common with local
anaesthetics in clinical use, are surface active and
their biological activity is related to this property
and to their lipophilicity which appears to in-
fluence their ability to interact with membranes
and subsequently modify membrane function. The
inhibitory effects of non-ionic surfactants such as
the nonyl-phenoxypolyethyleneoxyethanols (Gadd
and Curtis-Prior, 1987) on sperm motility is de-
pendent on their lipophilicity. A greater under-
standing of the contributions of the hydrophilic
head group and lipophilic hydrocarbon moiety of
non-ionic surfactants to the ability of such com-
pounds to modify membrane function is required.
The effects of TRITON-X and -N surfactants and
other non-ionic surfactants, which cover a wide
range of solubility characteristics and alkyl moie-
ties, on the motility of Tetrahymena elliotti are
described, and the results compared with those
obtained with a series of alkanols.

Materials and Methods

Materials

Tetrahymena elliotti (from The Culture Centre
of Algae and Protozoa, Cambridge, U.K.) was
maintained in static axenic culture at 27°C in 100
ml of medium (autoclaved 2.0% Difco neopeptone
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Scheme 1.

and 0.1% Oxoid neutralised liver digest in water)
in a cotton wool plugged 500 ml flask. The cells
were harvested after 3 days, in the log phase of
growth, by centrifuging at 900 g for 15 min and
twice washing the pellet with distilled water. Cells
were finally suspended in water and diluted to a
standardised (Coulter Counter) absorbance of 0.5
at 600 nm which corresponded to a cell density of
some 1.8 X 10* ml~!. Cells were used in experi-
ments +« 24 h after centrifuging.

The p-t-octyl phenyl polyoxyethylene ethers
(TRITON-X series), the polyoxyethylene n-alkyl
ethers (BRI1J series), the polyoxyethylene sorbitan
(anhydrohexitol) esters and the alkanols were ob-
tained from Sigma, the nonyl phenyl poly-
oxyethylene ethers (TRITON N series) from the
Rohm and Haas (U.K.) Ltd. All were used as
received.

Methods

Determination of Tetrahymena swimming speed.
Equal volumes (0.1 ml) of Tetrahymena cell sus-
pension were mixed with equal volumes of water
(control) or of serial dilutions of selected TRI-
TON X surfactants (X-35, X-45, X-100, X-165
and X-705) on the surface of a microscope slide.
The cells in the drop were examined using a 10 X



objective without a coverslip, under dark-field il-
lumination on a Polyvar research microscope
(Cambridge Instruments). At 90 min after mixing
cells and surfactant solution, cell movement was
video-recorded using a camera with a gridded lens.
The grid was calibrated, 90 pm side, using a stage
micrometer (Graticules Ltd.) to allow frame by
frame (0.04 s) analysis of movement. The change
in position of a cell after a known number of
frame shifts (typically 20-25), plotted on an
acetate overlay on the monitor, was used to galcu-
late swimming speed (pm/s) and a mean speed
was obtained from the observation of 10-20 cells.
A plot of swimming speed against surfactant con-
centration was used to determine the surfactant
concentration (Cs,) for a 50% reduction in swim-
ming speed.

Determination of minimal inhibitory concentra-
tion (MIC). Equal volumes (0.1 ml) of Tetrahy-
mena cell suspension and surfactant solution were
mixed in the flat-bottomed wells of a microtitre
plate (Flow Laboratories). A range of surfactant
concentrations was used and after 90 min at room
temperature, examination of the wells under a
dissecting microscope allowed identification of
that concentration of any particular surfactant
which stopped all cell movement in a well. The
lowest concentration to give complete cessation of
movement was taken as the MIC.

Results and Discussion

The effect of alkanols on Tetrahymena motility
(MIC, mM) is shown in Fig. 1 where it can be
seen that, as expected, increasing the number of
carbon atoms (#) in the series was associated with
a decrease in MIC, that is an increase inhibitory
activity. The regression of log MIC with n, ob-
tained from the slope of the best linear fit to the
data in Fig. 1, was 0.44 per CH, which is in good
agreement with published values for the depen-
dence of partition coefficient on the addition of
carbon atoms to non-aromatic compounds. These
results also indicate the importance of partitioning
in the mechanism of inhibition of the motility of
this organism. It was found that for the two exam-
ples investigated, butan-2-ol and .pentan-2-ol, that
these branched alcohols were slightly less active
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Fig. 1. The effect of alkyl chain length (carbon no.) of n-al-

kanols (O0) and 2-ol alkanols () on their ability to inhibit

motility of T. elliotti. Inhibitory activity is expressed as the

MIC (mM), the lowest concentration to just inhibit protozoan
motility in a suspension of the cells.

than their linear isomers. As a presumptive test of
the importance of partitioning, it is possible to
calculate expected MIC values for the 2-ols, on
the basis of the MIC values found for the 1-ols
and the published values (Leo et al., 1971) for the
partition coefficients of the 1-ols and 2-ols. The
results, for butan-2-ol: calculated 0.15 mM, found
0.17, and for pentan-2-ol: calculated 0.065, found
0.056, provide strong evidence for the important
role that partitioning of the alkanols into the
protozoan membrane plays in the mechanism of
inhibition since it is recognised that branching
decreases the oil /water partition coefficient. These
results also give a good indication of the sensitiv-
ity of the system.

The effects of the TRITON surfactants on Te-
trahymena motility determined as MIC are shown
in Table 1 and Fig. 3 and as that concentration to
reduce mean swimming speed by 50% (C,,) in Fig.
2. For those TRITON-X surfactants whose Cs,
was determined, there was a good correlation be-
tween the quantal Cy, and the all-or-nothing mea-
surement inherent in MIC (Fig. 3) as demon-
strated by the constancy of the MIC/C,, ratio
(Fig. 2). However, the determination of MIC was
much simpler than C,, and MIC was therefore
used more frequently in this work. The C,, values
were all well below the surfactant CMC (Table 1)
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TABLE 1
MIC of some TRITON surfactants for the inhibition of T. elliotti
motility
Surfactant EO * MIC (mM)
X-15 1 0.162
35 3 0.089
45 S 0.065
114 7-8 0.117
100 9-10 0.25
102 12-13 0.33
165 16 0.55
305 30 8.18
405 40 >200 *
705 70 19.01
N-42 4 0.32
57 5 0.57
60 6 0.52
101 9-10 2.39
111 11 222
150 15 7.10

EO, Manufacturers mean value for the number of ethylene
oxide units in the hydrophilic domain of the surfactant.
* Cells still motile at this (200 mM) concentration.

and although for some TRITON-X surfactants,.

values for CMC and MIC were close, the Cs,
values show that the inhibitory activity against
protozoan motility was not dependent on micelle
formation and that it apparently results from as-
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Fig. 2. The influence of poly-oxyethylene chain length (EO) on

the inhibitory activity of selected TRITON-X series surfac-

tants. The surfactant concentration (mM) required for the

inhibition of protozoan swimming speed by 50% (Csy, D) is
shown, and the ratio MIC/Cs, (@)-

sociation of surfactant monomer with the cell
membrane.

Table 1 and Fig. 3 also reveal the dependence
of MIC on the ethylene oxide chain length (x) of
the TRITON-X and TRITON-N surfactants. The
X series covered a range of average chain length
from 1 to 70 EO units and perhaps for this reason
the dependence of MIC on EO appeared more
complex for these surfactants than for the N series,
of which fewer were studied. In Fig. 3 three re-
gions can be described. In the first, for the lipo-
philic members X-15 to X-45, there was an in-
crease in activity with x such that X-45 was the
most active of these surfactants. From X-45 to
beyond X-305, the second region was one of de-
creasing activity with increasing x. This second
region encompassed the range of ethylene oxide
chain length of the N series and the decrease of
MIC per ethylene oxide unit, 0.33 mM, was lower
than with the N series, 0.57 mM. Over the range
of some 35 EO residues there was an order of
magnitude change in activity. For very hydrophilic
members of the TRITON-X series, X-405 and 705,
there appeared to be a different relationship be-
tween activity and EO. In this third region, activ-
ity was low and for X-405, MIC > 0.2 M, an
end-point was not obtained. These values were the
lowest for any of the TRITON surfactants tested.

The TRITON-N surfactants encompassed a
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Fig. 3. The influence of poly-oxyethylene chain length (EO) on

the inhibitory activity of TRITON-X (0O) and TRITON-N (¢)

series surfactants. Inhibitory activity is expressed as the MIC

(mM), the lowest concentration to just inhibit protozoan motil-
ity in a suspension of the cells.



more restricted range of EO chain length but
within this range, there was a monotonic decrease
in activity with increasing x. The decrease in
activity was calculated to be 0.57 mM/EO and
amounted to an order of magnitude change in
activity over the range of 11 EO residues. Overall
however, the general result seen with the TRI-
TON-X series that MIC increased (i.e. activity
decreased) with increasing EO chain length, was
also apparent with the N series. For equivalent
EO values, TRITON-N surfactants were less ac-
tive than their X counterparts, a result not antic-
ipated by the data for the linear and branched
alkanols. An arrangement of a series of TRITON-
N surfactants (EO =4-30) into 3 groups on the
basis of their antimicrobial activity, similar to that
based on MIC described here for the TRITON-X
surfactants, has been described (Cserhati et al.,
1982).

The spermicidal activity of the closely related
non-ionic surfactant nonylphenoxypoly(ethylen-
eoxy)ethanols, the nonoxynols, decreases with in-
creasing hydrophilic chain length (Gadd and Cur-
tis-Prior, 1987). Levin (1988), working with a much
broader range of nonoxynols, to investigate struc-
ture-activity relationships on rat vaginal bioelec-
tric activity, showed that the most potent struc-
tures were those with 8 or 9 ethylene oxide re-
sidues (x). These observations were explained
largely on the basis of solubility characteristics,
the more hydrophilic members of the series (x >
15) being too water-soluble to attain an effective
intramembrane concentration and the more lipo-
philic members (x < 6) being so poorly water-
soluble that access to the cell membrane was re-
stricted, although their low molar volume may
also contribute to their lack of activity. This phe-
nomenon of optimum solubility characteristics
(partition coefficient) is a theme common to the
activity of diverse drugs which act at the level of
the membrane in cells or subcellular organelles
(Albert, 1985).

CMC’s for both series of TRITONS are of
course also closely related to EO chain length; the
increment of CMC per EO was 0.017 mM for the
X series, and 0.002 mM for the N series surfac-
tants. As a result, MIC and CMC values were
similar only for a limited number of surfactants,
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X-114, X-100 and X-102. For the more lipophilic
surfactants, MIC was < CMC and for more hy-
drophilic surfactants, MIC > CMC.

The polyoxyethylene alkyl ethers (BRIJ type
surfactants) tested were as a group, apart from the
C12 series, much less active than the TRITONS,
and an end point was only obtained for 3 mem-
bers of the BR1J series. For these surfactants, the
negative influence of the hydrophilic head group
size on surfactant inhibitory activity, found for the
X and N series of the TRITONS (Table 1 and Fig.
3), was also apparent. Thus BRI1J 30, n=11;
x =4; MIC =0.08 mM, was some 16 times more
active than BR1J 35, n=11; x=23; MIC =:1.24
mM. BR1J 30 and 36T were as active as the most
potent TRITON surfactants, X-30 and -45 which
contained a comparable number of ethylene oxide
residues. For some other BRIJ surfactants e.g.
BR1J 52, 72, 82 and 76, aqueous solubility limited
the MIC determination and the cells were still
motile at the highest concentrations tested as
shown in Table 2. These concentrations are all

TABLE 2

MIC of some BRIJ type surfactants, general formula,
CHy(CH,),O(CH,CH,0), H, for the inhibition of T. elliotti
motility

Surfactant C EO (x) MIC (mM)
n-alkyl C, 20 6.55
n-alkyl Cq 10 10.96
20 2475
n-alkyl Cy,
BR1J 30 4 0.08
36T 10 0.08
35 23 1.24
n-alkyl Cis
BR1J 52 2 >87.2
56 10 > 71.8
58 20 >176.1
n-alkyl Cig
BR1J 72 2 > 80.6
92 * 2 >81.1
76 10 >138.1
96 * 10 >277.0
78 20 >128.9
98 * 20 ~172.1
721 21 >165.6
700 100 >16.0

* Unsaturated.
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TABLE 3

MIC of some polyoxyethylene (20) sorbitan ester surfactants for
the inhibition of T. elliotti motility

TABLE 4

Values for free energy change (kJ/mol) on micelle formation
(AGpyc) and inhibition (AG ) of TRITON surfactants

Sorbitan ester C MIC (mM) TRITON —AGeopme —AG ¢ AG ratio
Monolaurate (TWEEN 20) Cy >130.6 X-15 31.71 29.03 0.92
Monopalmitate (TWEEN 40) Cis 19.5 X-35 30.64 30.40 0.99
Monostearate (TWEEN 60) Ci 573 X-45 29.92 3111 1.04
Monooleate (TWEEN 80) Ci* >1224 X-114 28.55 29.78 1.04
X-100 28.14 28.05 1.03
* Unsaturated X-165 26.81 26.25 0.98
X-305 25.87 20.10 0.78
X-405 25.37 <12.38 < 0.49
much higher than the MIC’s determined for the X >° 2431 N 0.74
more hydrophilic TRITONS (with the exception N-57 31.46 26.17 083
of X-405). The shorter chain alkyl (butyl and N-60 26.38
octyl) ethers were also active, but less so than the N-101 31.26 22.90 0.73
“30” series BRIJ dodecyl ethers. N-111 23.07
N-150 30.64 2042 0.67

A comparison of the data in Table 1 with that
in Table 2 confirms the finding evident from a
comparison of the TRITON X and N data (Table
1 and Fig. 3) that the alkyl moiety also influences
the activity of the surfactants against Tetrahy-
mena. It would appear that the C-16 and -18 alkyl
moieties of the inactive BRIJ surfactants contrib-
ute to their lack of activity, and that the dodecyl
group of the “30” BRIJ’s was optimal for inhibi-
tory activity here, as has been frequently observed
in other systems (Attwood and Florence, 1983;
Walters et al., 1982; Dominguez et al., 1977;
Ferguson and Prottey, 1976). The polysorbates
tested (Table 3) had low activity against Tetrahy-
mena motility, lower than TRITON 705, and for
two of these (TWEEN 20 and 80) the cells were
still motile in 16% solutions. The optimum alkyl
chain length was C16.

Thermodynamics

Calculation of the change in free energy in-
volved in the micellization (self-association) of the
TRITON surfactants, AGgyc, and that involved
in their association with the lipids of the proto-
zoan cell, AG,yc, gave the values shown in Table
4. The ratio of these two parameters (Table 4)
indicates that the thermodynamics of the two types
of association were similar for most of the surfac-
tants except for the more hydrophilic species,
TRITON X-305, 405 and 705. If we assume that
the free energy change can be separated into the

AGepe = RT-In CMC  (mol fraction); AGyuc = RT-In MIC
(mol fraction).

hydrophobic (HJ) and hydrophilic contributions
thus:

AGCMC = AGHQ +AG hydrophile
and AG\yc =AGyg + AGhydrophile

we can obtain from plots of AG,, (Fig. 4) or
AGqye (Fig. 5) against EO chain length, AG,
values (intercept on ordinate) from the MIC data
of —33.7 kJ/mol for the TRITON-X series and
~29.7 kJ/mol for the TRITON N series and
AG g values of —31.6 kJ /mol and — 31.9 kJ /mol
respectively from the CMC data for these surfac-
tants. This indicates that the lipophilic portion of
the surfactants is involved, within the limits of
experiment, to equal extents in the process self-as-
sociation and insertion into the cell membrane. As
might be anticipated, the comparable n-nonyl
phenyl ethers of the TRITON-N series have lower
CMC’s and thus greater values of AGy, than the
TRITON-X surfactants. Their lower biological ac-
tivity requires explanation. It would seem that the
EO residues make a greater negative contribution
to MIC than CMC so that for the hydrophilic
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Fig. 4. The appropriate data of Table 4 plotted as AG ¢
against EO for TRITON-X (O) and TRITON-N (¢) surfac-
tants. The equations of the linear fits to the data are, TRI-
TON-X, y = —33.74+0.5x and TRITON N, y = ~29.7+0.63x.

surfactants, the MIC values are very much greater
than those for CMC. The (poly)ethylene oxide
head group would appear to be more able to
prevent the access of the alkyl portion of the
surfactant to the lipid domain of the protozoan
membrane.

As far as the difference in activity between the
TRITON-X and the TRITON-N series is con-
cerned it would appear that several series of equiv-
alent EO content have an optimum hydrocarbon
moiety. In the n-alkyl series the order of activity is
generally C8 < C12 > C16. It would seem that the
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Fig. 5. The appropriate data of Table 4 plotted as AGgpye

against EO for TRITON-X () and TRITON-N (¢) surfac-

tants. The equations of the linear fits to the data are TRITON-
X, y=—31.64+0.32x and TRITON-N, y = —31.94-0.087x.
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tertiary octyl phenyl group more closely “resem-
bles” the C12 moiety than does the n-nonyl phenyl
group of the N series. However, the influence of
the nature of the target membrane on the opti-
mum HLB of the active surfactant is also of
crucial importance and will be discussed in a
following paper.

In spite of these mechanistic considerations, it
would seem likely that Tetrahymena motility is
inhibited by the membranolytic activity of these
surfactants, some of which, e.g. TRITON X-100,
are used for the solubilisation of membrane pro-
teins. We did not observe any evidence for mem-
brane-stabilising effects (Cassidy and Henry,
1986). It is interesting to speculate that the effects
of the surfactants on the protozoan are an indica-
tion of their ability to cause tissue damage in
higher organisms. The system described here could
then form the basis of a simple, rapid screen for
the irritant effects of surface-active agents and
drugs.
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