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a b s t r a c t

A series of hydrocarbon and fluorocarbon carbohydrate surfactants with different headgroups (i.e., gluco-,
galacto- and maltopyranoside) and (fluorinated) alkyl tails (i.e., C7 and C14 to C19) was synthesized to
investigate trends in their cytotoxicity and haemolytic activity, and how surfactant–lipid interactions
of selected surfactants contribute to these two measures of biocompatibility. All surfactants displayed
low cytotoxicity (EC50 = 25 to >250 �M) and low haemolytic activity (EC50 = 0.2 to >3.3 mM), with head-
group structure, tail length and degree of fluorination being important structural determinants for both
endpoints. The EC50 values of hydrocarbon and fluorocarbon glucopyranoside surfactants displayed a
“cut-off” effect (i.e., a maximum with respect to the chain length). According to steady-state fluorescence
anisotropy studies, short chain (C7) surfactants partitioned less readily into model membranes, which
explains their low cytotoxicity and haemolytic activity. Interestingly, galactopyranosides were less toxic
luorescence anisotropy compared to glucopyranosides with the same hydrophobic tail. Although both surfactant types only differ
in the stereochemistry of the 4-OH group, hexadecyl gluco- and galactopyranoside surfactants had similar
apparent membrane partition coefficients, but differed in their overall effect on the phase behaviour of
DPPC model membranes, as assessed using steady-state fluorescence anisotropy studies. These observa-
tions suggest that highly selective surfactant–lipid interactions may be responsible for the differential
cytotoxicity and, possible, haemolytic activity of hydrocarbon and fluorocarbon carbohydrate surfactants

harm
intended for a variety of p

. Introduction

Self-assembled supramolecular nano- and micro-structures
such as liposomes, microemulsions and microbubbles) of sim-
le, single-tailed carbohydrate surfactants with a hydrocarbon or
partially fluorinated hydrophobic tail are of interest for a num-

er of pharmaceutical and biomedical applications. Hydrocarbon
arbohydrate surfactants have been studied as solubilising agents
n aqueous formulations and offer several advantages compared

o classical polyoxyethylene-based surfactants, including compara-
ively high purity, biodegradability and production from renewable
ources [1,2]. Fluorinated, carbohydrate-based surfactants are of
nterest for pharmaceutical applications, such as novel perfluo-
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aceutical and biomedical applications.
© 2009 Elsevier B.V. All rights reserved.

rocarbon compound (PFC)-based drug delivery systems [3–5]. In
particular reverse water-in-PFC (micro-)emulsions are investigated
for the pulmonary administration to the diseased lung [4–6]. These
reverse emulsions allow the delivery of a well-defined dose of phar-
macological agents directly to the diseased lung via the airways, for
example during liquid ventilation [6,7], without adversely impair-
ing gas exchange in the lung [4–6]. Because of this broad range
of pharmaceutical and biomedical applications, there is consider-
able interest in developing new, biocompatible carbohydrate-based
surfactants.

Despite their potential use in a range of pharmaceutical
application, structure–toxicity relationships of hydrocarbon and
fluorocarbon carbohydrate surfactants in general and simple
gluco-, galacto- and maltopyranoside surfactants in particular are

poorly developed, especially in mammalian systems. Only a few
reports have investigated the toxicity and haemolytic activities of
hydrocarbon [1,2,8,9] and fluorocarbon surfactants [10–15] with
carbohydrate headgroups. Limited studies of the effect of differ-
ent carbohydrate surfactants on model membranes [16] and the

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:turanek@vri.cz
mailto:hans-joachim-lehmler@uiowa.edu
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n vitro haemolytic activity [2] suggest that the headgroup and
he hydrophobic tail are both important structural determinants
f surfactant–lipid interactions and, thus, toxicity and haemolytic
ctivity. There is also evidence that an increasing degree of fluori-
ation reduces both toxicity and haemolytic activity compared to
he corresponding hydrocarbon surfactant [10–15]. However, it is
nclear if carbohydrate surfactants also display a “cut-off effect”

n biological activities (e.g., a maximum in activity based on chain
ength) that is characteristic of many non-ionic surfactants [17]. Lit-
le is also known about the interaction of carbohydrate surfactants
ith model membranes and biological lipid assemblies. This is an

mportant gap in our knowledge because surfactants that have a
igh affinity for lipid membranes may adversely affect membrane
ermeability, fluidity, curvature and, ultimately, membrane func-
ion.

Most of the above mentioned studies are limited to a com-
aratively small number of commercially available carbohydrate
urfactants, thus limiting efforts to understand if general trends in
ytotoxicity and haemolytic activity are related to surfactant–lipid
nteractions. Here we investigate the cytotoxicity and haemolytic
ctivity of a series of hydrocarbon and fluorocarbon gluco-, galacto-
nd maltopyranoside surfactants in vitro to identify structural fac-
ors (e.g., chemical structure of the headgroup, length and degree
f fluorination of the hydrophobic tail) influencing both mea-
ures of biocompatibility. Subsequently, the membrane partitioning
ehaviour of selected surfactants is investigated to aid in our
nderstanding of general trends in cytotoxicity and haemolytic
ctivity.

. Materials and methods

.1. General methods

The long-chain hydrocarbon starting material 1a and 1b
ere purchased from TCI Chemicals (Portland, Oregon, USA).

entaacetyl-�-D-glucopyranose (4), the long chain alkyl alcohols
and anhydrous dichloromethane were obtained from Fisher Sci-

ntific (Fairlawn, New Jersey, USA). Perfluorinated iodides were
urchased from Oakwood Chemical Co. (West Columbia, South Car-
lina, USA). Heptyl-�-D-glucopyranoside (�-13a) was purchased
rom EMD Biosciences Inc. (San Diego, CA, USA). The synthe-
is and characterization of all other carbohydrate surfactants
Scheme 1) is described in detail in the supporting material. L-
-Dipalmitoylphosphatidylcholine (DPPC, > 99%) was purchased

rom Avanti Polar Lipid (Alabaster, AL, USA); 1,6-Diphenyl-1,3,5-
exatriene (DPH, > 99%), was purchased from Molecular Probes
Eugene, OR). Chloroform (>99.9%) and tetrahydrofuran (THF,
99.9%) were purchased from Fisher Scientific. Deionized ultrafil-

ered water (DIUF) was obtained using a MILLI-Q system (Millipore,
illerica, Massachusetts, USA).

.2. Assessment of cytotoxicity

.2.1. Cancer cell line
The B16F10 mouse melanoma cell line (Interlab Cell Line Col-

ection, Milano, Italy) was selected from a panel of cancer cell lines
sed for testing in our laboratory. The cell line was grown in D-MEM
edium (Sigma Chemical Co., Czech Republic) supplemented with

0% of fetal calf serum (Gibco, Czech Republic), 50 mg L−1 penicillin,
0 mg L−1 streptomycin, 100 mg L−1 neomycin, and 300 mg L−1 L-
lutamine as reported previously [18,19]. Cultures were maintained

n a humidified incubator at 37 ◦C and 5% CO2.

.2.2. MTT-based cytotoxicity test
The MTT assay [20,21] was used to assess the cytotoxicity of

he glucopyranosides in cells in the exponential growth phase.
iointerfaces 73 (2009) 65–74

In short, cells were seeded on 96-well flat-bottom microplates
at the density 2.5–3.0 × 105 per mL, 100 �L per well, and allowed
to grow for 16–24 h in culture medium. The tested compounds
were first dissolved in DMSO (Sigma, Czech Republic) and than in
sterile PBS. Final concentrations of DMSO in samples were below
1%. PBS with DMSO (1 and 5%) served as control. No cytotoxicity
of 1% DMSO in PBS was observed. Glycopyranosides dissolved in
sterile PBS (total volume of 20 �L) were added to each well and
the cytotoxic effect was evaluated after 24 h of exposure over a
concentration range from 1 �M to 250 �M using the MTT assay.
Octylthioglucoside (Roche, Czech Republic) was used as a positive
control.

MTT (Sigma Chemical Co., Czech Republic) was dissolved in PBS
at a concentration of 5 mg mL−1 and sterilized by filtration. MTT
solution was added into all wells of 96-well flat-bottom microplates
with cells in a dose of 20 �L per well. The plates were incubated
for 3 h. To enhance the dissolution of dark-purple crystals of for-
mazan, 110 �L of 10% SDS in PBS (final pH 5.5) were added to all
wells. The microtiter plates were stored in a light-tight box at room
temperature, evaluated on the next day using a well-plate spec-
trophotometer reader Synergy 2 (BioTek, USA) at 540 nm and the
EC50 values(i.e. the molar concentration which produces 50% of the
maximum possible inhibitory response) were calculated from the
dose response curves. All experiments were performed in tripli-
cate and EC50 values were calculated using GraphPad PRISM V.4.00
(GraphPad Software Inc., San Diego, California, USA).

2.2.3. Haemolytic activity
Rabbit red blood cells (2% in PBS) were used to perform standard

haemolytic tests in both PBS and PBS containing 20% fetal bovine
serum (Gibco). The surfactants were tested in concentration range
extending from 7 �M to 3.3 mM. The tested compounds were dis-
solved in DMSO and added into PBS. Maximal final concentration
of DMSO in PBS was 5% for 20 mM concentration of tested com-
pound. This concentration of DMSO does not cause any haemolysis
in control red blood cells. After 2 h incubation of red cells with a par-
ticular compound at 37 ◦C, the released haemoglobin was separated
from red blood cells by centrifugation (700 g, 10 min, three washes)
and quantified using a well-plate spectrophotometer reader EL 800
(BioTek, Winooski, Vermont, USA) at 540 nm. Data are expressed as
the lowest concentration of surfactant causing 50% haemolysis.

2.3. Fluorescence anisotropy studies

2.3.1. Preparation of DPH-labelled DPPC vesicles
Multilamellar vesicles (MLVs) of DPPC containing increasing

concentration (0–20 �M) of carbohydrate surfactants and DPH with
the lipid-to-DPH molar ratio of 500:1 were prepared [22]. In short,
250 �L of a DPPC solution (1 mM in chloroform), 2 �L of a DPH solu-
tion (0.25 mM in THF) and the appropriate volume of a solution of
carbohydrate surfactant �-13a, �-13d or �-15b (1 mM in chloro-
form) were mixed well before removing the solvent using a rotary
evaporator under reduced pressure at 30 ◦C. After being dried under
a high vacuum for 2 h to remove solvent traces, the resulting films
were hydrated with 1 mL of ultra-pure water well above the phase
transition temperature of DPPC (T > 50 ◦C) for 1 h. Subsequently, the
liposome suspensions were vortexed for 3 min to uniformly dis-
perse the MLVs. Large unilamellar vesicles (LUVs) were obtained
from the MLVs by extruding the suspension 15 times through a
using a LiposoFast extruder (Avestin Inc., British Columbia, Canada)
at 50 ◦C. The resulting lipid dispersions were stored at room tem-
perature and used within 24 h of preparation. The final working
samples were prepared by diluting the 100 �L of the LUV suspen-
sions with 2400 �L of ultra-pure water.
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Scheme 1. Synthesis and chemical structure of perfluoroalkyl and alkyl glycosides. ((a) DMAP, Ac-Cl, pyridine, DCM; (b) F(CF2)mI, AIBN; (c) HI (55%), Zn, C2H5OH; (d) CH3OH,
KOH; (e) CH3OH, PTSA, toluene; (f) F(CF2)mI (m = 4,6 or 8), AIBN; g. HI (55%), Zn, C2H5OH; (h) LiAlH4, anhydrous ether, ambient temperature; (i) BF3/OEt2 (48%), anhydrous
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where Tm,0 represents the phase transition temperature without
additives and �Tm (i.e., Tm − Tm,0) is the changes of the melt-
CM (�-anomer: 0 ◦C for 20 min, then 30 ◦C for 10 h; �-anomer: 0 ◦C for 2 h, then
owex®50W × 8–100 ion-exchange resin).

.3.2. Measurement of steady-state anisotropy
Steady-state DPH fluorescence anisotropy experiments with the

nal working solutions were carried out using a LS55 Luminescence
pectrometer from PerkinElmer (Shelton, CT, USA) as described pre-
iously [22]. In short, the cuvette chamber was thermally controlled
sing a PerkinElmer PTP-1 Peltier System (Shelton, CT, USA). The
olutions were mixed continuously with a small magnetic stir bar
t low speed. The steady-state DPH anisotropy within the DPPC
ilayer was determined at �ex = 350 nm and �em = 452 nm with
n excitation and emission slit width of 10 nm. For the fluores-
ence experiment, the samples were equilibrated at 50 ◦C for 15 min
nd subsequently cooled to 20 ◦C with a rate of 0.2 ◦C/min. DPH
nisotropy values 〈r〉 were calculated from Eq. (1) as follows,

= IVV − G × IVH

IVV + 2G × IVH
(1)
here IVV and IVH are the values of the fluorescence intensity mea-
ured with both polarizers in vertical (VV) orientations or with the
xcitation polarizer in vertical and emission polarizer in horizontal
osition (VH), respectively. G is a correction factor for differences

n sensitivity of the detection system for vertically and horizon-
ed to ambient temperature); (j) MeONa/MeOH, 0 ◦C to ambient temperature; (k)

tally polarized light. Tm, the temperatures at the midpoint of the
phase transition were determined from plots of absolute fluores-
cence anisotropy as a function of temperature [22]. All fluorescence
experiments were carried out in triplicate.

2.3.3. Calculation of apparent partition coefficients
The partition coefficients K of the surfactant between DPPC

bilayers and the aqueous phase were calculated based on shifts in
melting temperature [22,23] according to the equation

−�Tm =
R · T2

m,0

�Hm

K · CA

55.5 + K · CL
(2)
ing temperature according to DPPC vesicles without additives.
�Hm is the enthalpy change associated with the phase transition
(31.38 kJ·mol−1) [24] and R is the gas constant (8.314 J·K−1·mol−1).
CL and CA denote the total lipid concentration and the concentration
of additive (surfactant), respectively.
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ig. 1. Molecular structures of nonadecyl �-D-glucopyranoside (�-13g). (A) 3D Stru
ethod [15]. (B) Crystal structure showing the atom-labelling scheme. Displacemen

. Results

.1. Synthesis

To further explore structure–toxicity relationships of simple,
ingle-tailed carbohydrate surfactants and to investigate their inter-
ction with (model) membranes, we synthesized and characterized
series of 34 �- and �-gluco-, galacto- and maltopyranosides and
mixtures containing the �- and �-anomers of the respective

urfactants (Scheme 1). All surfactants were synthesized from a flu-
rinated alcohol 2 and the appropriate peracetylated carbohydrate

4–6) as described previously for �-glucopyranoside surfactants
15]. In short, the fluorinated alcohols 2 were prepared from 9-
ecen-1-ol (1a) or undecenoic acid (1b) in four steps as described
arlier [15,19]. Subsequently, peracetylated gluco- (7 and 8),

ig. 2. Cytotoxic effect of maltopyranosides �-17b, �-18a and �-18b in the B16F10 mouse m
urfactants at the concentrations shown and assessed for MTT activity as described under m
OTG), is shown for comparison.
btained by geometry optimization using the AM1 semi-empirical molecular orbital
soids are drawn at 50% probability level.

galacto- (9 and 10) or maltopyranosides (11 and 12) were obtained
by reacting the fluorinated alcohols 2 (or the corresponding
hydrocarbon analogues 3) with the corresponding peracetylated
�-D-gluco- (4), �-D-galacto- (5) or �-maltopyranosides (6) using
BF3 Et2O as catalyst [13,25-28]. The respective �- and �-anomers
were obtained by controlling the reaction temperature and time (�-
anomers: <5 ◦C and < 3 h; �-anomers: 30 ◦C and 10 h). In the final
step of the synthesis, the (F-)alkylated peracetylated carbohydrates
7–12 were deacetylated using NaOMe in absolute methanol, fol-
lowed by neutralization with Dowex® 50W × 8–100 ion exchange
resin [27]. The surfactants were obtained in moderate-to-good

yields and are > 95% pure. Molecular structures of nonadecyl �-D-
glucopyranoside (�-13g) obtained by geometry optimization using
the AM1 semi-empirical molecular orbital method or crystal struc-
ture analysis are shown in Fig. 1.

elanoma cell line. B16F10 cells were exposed for 24 h to the respective carbohydrate
aterials and methods. A representative hydrocarbon surfactant, octylthioglucoside
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Table 1
Assessment of cytotoxicity and haemolytic activity of partially fluorinated carbohydrate surfactants and their hydrocarbon analogues in B16F10 cell linea.

Entry Structure of tails Cytotoxicity EC50 (�M) Haemolytic activity EC50 (mM)
Without serum 20% serum

Alkyl glucopyranosides
�-13b C14H29 53 2.5 >3.3 (30%)
�-13c C15H31 67 >3.3 (20%) >3.3
�-13d C16H33 70 >3.3 (20%) >3.3
�-13e C17H35 37 >3.3 (25%) >3.3
�-13f C18H37 >250 >3.3 >3.3
�-13g C19H39 >250 >3.3 >3.3
�-13a C7H15 >250 >3.3 >3.3
�-13bb C14H29 41 1.7 2.5
�-13cb C15H31 38 0.8 2.5
�-13db C16H33 50 >3.3 (30%) >3.3
�-13eb C17H35 38 2.5 >3.3 (5%)
�-13fb C18H37 32 >3.3 (10%) >3.3
�-13gb C19H39 100 >3.3 >3.3
(�+�)-13bc C14H29 62 0.8 1.7
(�+�)-13gd C19H39 >250 >3.3 (5%) >3.3

Perfluoroalkyl glucopyranosides
�-14d (CH2)10C6F13 47 >3.3 (5%) >3.3
�-14f (CH2)10C8F17 >250 >3.3 >3.3
�-14a (CH2)3C4F9 >250 >3.3 >3.3
�-14bb (CH2)10C4F9 32 >3.3 (10%) >3.3 (10%)
�-14cb (CH2)11C4F9 32 2.5 >3.3
�-14db (CH2)10C6F13 52 >3.3 (25%) >3.3
�-14eb (CH2)11C6F13 30 >3.3 >3.3
�-14fb (CH2)10C8F17 >250 >3.3 >3.3
�-14gb (CH2)11C8F17 >250 >3.3 >3.3
(�+�)-14ae (CH2)3C4F9 >250 >3.3 >3.3
(�+�)-14gf (CH2)11C8F17 >250 >3.3 >3.3

Alkyl galactopyranosides
�-15c C18H37 >250 >3.3 >3.3
�-15a C7H15 >250 >3.3 >3.3
�-15b C16H33 >250 >3.3 (40%) >3.3
�-15c C18H37 >250 >3.3 (20%) >3.3

Perfluoroalkyl galactopyranosides
�-16c (CH2)10C8F17 >250 >3.3 (10%) >3.3
�-16a (CH2)3C4F9 >250 >3.3 >3.3
�-16b (CH2)10C6F13 >250 >3.3 (20%) >3.3 (5%)
�-16c (CH2)10C8F17 >250 >3.3 (5%) >3.3

Alkyl maltopyranosides
�-17a C7H15 >250 >3.3 >3.3
�-17b C16H33 67 0.03 0.15

Perfuoroalkyl maltopyranosides
�-18a (CH2)3C4F9 >250 >3.3 >3.3
�-18b (CH2)10C6F13 25 1.7 2.5

Positive control
OTG Octylthioglucoside 620 0.5 3

a Structure of carbohydrate surfactants (see also Scheme 1):

b The data have been reported previously [15].
c �-13b: �-13b = 1: 4.
d �-13g: �-13g = 1: 2.
e �-14a: �-14a = 1: 6.
f �-14g: �-14g = 1: 1.
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Fig. 3. Temperature-dependent changes of DPH fluorescent anisotropy in DPPC
bilayers for selected concentrations of carbohydrate surfactants �-13a (A), �-13d
(B) or �-15b (C), respectively. Samples containing 10 �M of DPPC were cooled from
0 X. Li et al. / Colloids and Surfac

.2. Cytotoxicity in the B16F10 mouse melanoma cell line

An initial cytotoxicity assessment of all 34 alkyl- and fluoro-alkyl
arbohydrate surfactants (plus 4 mixtures of �- and �-anomers)
as performed using the B16F10 mouse melanoma cell line

o assess their overall biocompatibility and gain insights into
tructure–toxicity relationships. The cytotoxicities of the test com-
ounds, expressed as EC50 values, are summarized in Table 1.
epresentative cytotoxicity curves for maltopyranosides surfac-
ants �-17b, �-18a and �-18b are presented in Fig. 2.The C14 to
17 hydrocarbon �- (�-13b-e) and �-glucopyranosides (�-13b-e)
howed mild cytotoxicity, with EC50 values in the range of 37-
0 �M. The C18 and C19 �-glucopyranosides �-13f and �-13g did
ot show a cytotoxic effect in the concentration range investigated,
hereas the corresponding �-glucopyranosides �-13f and �-13g
ere moderately toxic. Mixtures of �- and �-glucopyranosides 13b

nd 13g had cytotoxicities that were similar to the toxicity of the
ure �- and �-anomers. The cytotoxicity of �-glucopyranosides
ith short C7 alkyl (�-13a) or fluorinated alkyl chains (�-14a) was

nsignificant and comparable to the positive control, octylthioglu-
oside (EC50>250 �M). �- and �-glucopyranosides with partially
uorinated C14 to C17 alkyl chains (�-14d and �-14b-e) had
C50 values that were comparable to the corresponding hydro-
arbon derivatives. Glucopyranosides with the highest degree of
uorination (i.e., �-14f and �-14f-g) were not cytotoxic, with
C50 values>250 �M, whereas the hydrocarbon C18 and C19 �-
lucopyranosides �-13f and �-13g were moderately cytotoxic (EC50
alues of 32 and 100 �M, respectively).

In contrast to the gluco- and maltopyranosides (see below), all
urfactants based on �- (�-15c and �-16c) or �-galactose (�-15a-
and �-16a-c) were nontoxic, with EC50 values > 250 �M. This

s a surprising observation considering the structural similarity
etween the gluco- and galactopyranosides.

The EC50 values of �-maltopyranosides with C16 alkyl (�-17b)
nd C16 fluoroalkyl chains (�-18b) were 67 and 25 �M, respectively,
hich is within the range observed for the structurally related

16 glucopyranosides. �-Maltopyranosides with a short C7 alkyl
�-17a) or C7 fluoroalkyl chain (�-18a) were nontoxic within the
oncentration range investigated (EC50 > 250 �M), which is also
omparable to the EC50 values observed with analogous C7 gluco-
nd galactopyranosides.

.3. Haemolytic activity

Much higher concentrations of the surfactants were generally
eeded to induce haemolysis. In fact, most carbohydrate surfactants
isplayed no in vitro haemolytic activity, with EC50 values>3.3 mM
Table 1). Only a few surfactants were slightly haemolytic, with EC50
anging from 0.8 to 2.5 mM. This moderate haemolytic activity was
uppressed by the addition of serum, which is known to have a
rotective effect on cell membranes in the presence of surfactants.
o correlation was observed between the haemolytic activity and

he cytotoxicity.
The alkyl �-glucopyranosides �-13b-e showed a slight indi-

ation of haemolysis at 3.3 mM concentrations, whereas the
ong-chain derivatives �-13f and �-13g were not haemolytic in the
oncentration range under investigation. This is in contrast to the
lkyl �-glucopyranosides �-13b and �-13c, which appeared to have
lightly more haemolytic activity compared to the corresponding �-
lucopyranosides. The C7 glucopyranosides �-13a and �-14a were
ssentially nonhaemolytic at concentrations below 3.3 mM. In con-

rast, the positive control, octylthioglucoside, showed significant
aemolytic activity in the concentration range investigated, with
n EC50 of 0.5 mM. Partially fluorinated �- and �-glucopyranosides
4 displayed slightly lower haemolytic activities compared to their
ydrocarbon analogues.
50 to 20 ◦C at a rate of 0.2 ◦C/min. The excitation and emission wavelengths are
350 nm and 452 nm, respectively. The excitation and emission slit widths are both
10 nm.

Hydrocarbon and fluorocarbon surfactants based on �- and �-
galactose (�-15c or �-15a-c and �-16c or �-16a-c, respectively)
were slightly less haemolytic compared to analogous glucopyrano-
sides. In contrast to the corresponding �-glucopyranosides [15], the

partially fluorinated tail conveyed little-to-no protection against
haemolysis.

Like other C7 carbohydrate surfactants, both �-maltopyranoside
C7 surfactants (�-17a and �-18a) were nonhaemolytic, whereas the
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16 maltopyranoside surfactant �-17b was the most haemolytic
ompound under investigation. The high haemolytic activity of
-17b was substantially suppressed by addition of serum. Intro-
uction of a partially fluorinated C16 chain (�-18b) suppressed
aemolytic activity by more than one order of magnitude. The rel-
tively high haemolytic activity of �-17b suggests a specific effect
f this surfactant on red cell membranes compared to other carbo-
ydrate surfactants.

.4. Assessment of membrane partition behaviour using
teady-state fluorescence anisotropy

The partitioning of carbohydrate surfactants into model or cell
embranes is expected to alter membrane properties, such as flu-

dity and/or curvature. These changes may explain the trends in
ytotoxicity and haemolytic activity. To test this hypothesis, we
tudied the effect of three hydrocarbon surfactants, �-13a, �-
3d and �-15b, on dipalmitoylphosphatidylcholine (DPPC) model
embranes using 1,6-diphenyl-1,3,5-hexatriene (DPH) fluores-

ence anisotropy. Measurements of the fluorescence anisotropy 〈r〉
Eq. (1)) are extensively used to study the effect of small molecules
n membrane behaviour by assessing changes in the rotational dif-
usion of the fluorophore (i.e., DPH) that are thought to correlate

ith the fluidity of the membrane [29].
Fig. 3 shows the temperature-dependent change in the fluo-

escent anisotropy 〈r〉 of DPH-labelled DPPC bilayers for selected
oncentrations of the respective carbohydrate surfactant. Upon
ooling, the DPPC model membrane displayed a characteristic,
harp change in the fluorescence anisotropy. This change in the flu-
rescence anisotropy indicates a significant change in the fluidity
f the bilayer due to the transition from the liquid-crystalline to the
el-phase of DPPC. The midpoint of this change in 〈r〉 corresponds
o the major phase transition temperature (Tm) of DPPC. The width
f the phase transition can be calculated from the on- and offset
f the change in 〈r〉. Similar to other small molecules, Tm decreased
nd the transition width increased with increasing concentrations
f all three carbohydrate surfactants. The increase in the transition
idth was especially significant for the C16 glucopyranoside �-13d.

As shown in Fig. 4, the decrease in Tm differed signif-
cantly between the three surfactants. The Tm of hexadecyl
-D-glucopyranoside (�-13d) decreased linearly over the entire
oncentration range investigated (0–20 �M), whereas the struc-

urally similar hexadecyl �-D-galactopyranoside (�-15b) displayed

linear decrease in Tm up to a surfactant concentration of 7 �M
nd an approximately constant Tm at concentrations ≥10 �M. In
ontrast, the short-tailed surfactant, heptyl �-D-glucopyranoside
�-13a), decreased the phase transition temperature of DPPC only

ig. 4. Tm as a function of the increasing concentration of carbohydrate surfactants
-13a (×), �-13d (©) or �-15b (�). Tm , the temperatures at midpoint of the phase

ransition, was determined from plots of absolute fluorescence anisotropy values as
function of temperature. All fluorescence experiments were carried out at least in

riplicate.
iointerfaces 73 (2009) 65–74 71

slightly over the same concentration range. The membrane parti-
tion coefficients calculated using equation 2 from the depression
of Tm increased in the order heptyl �-D-glucopyranoside (�-13a,
4.61 × 104, R2 = 0.98) � hexadecyl �-D-glucopyranoside (�-13d,
2.78 × 105, R2 = 0.99) < hexadecyl �-D-galactopyranoside (�-15b,
5.15 × 105, R2 = 0.99).

4. Discussion

In the present study we investigate general trends in the cyto-
toxicity and haemolytic activity of a series of 34 hydrocarbon and
fluorocarbon carbohydrate surfactants. Subsequently, the mem-
brane partition behaviour of selected surfactants was investigated
in vitro to assess if surfactant–lipid interactions play a role in the
observed trends in cytotoxicity and haemolytic activity.

4.1. Cytotoxicity in cells in culture—structure–toxicity
relationships

Only limited information about the cytotoxicity of carbohy-
drate surfactants in mammalian cell culture models have been
published. Several studies have reported that partially fluorinated,
carbohydrate-based surfactants are not toxic at high micromo-
lar to low millimolar concentrations, whereas the corresponding
hydrocarbon analogues display considerable toxicity [10–14].
Unfortunately, these studies typically did not report an EC50 value,
which makes it difficult to investigate structure–toxicity relation-
ships and to compare studies using different cell lines. Furthermore,
these studies investigated only a few surfactants with glucose,
galactose or maltose headgroups. Therefore, we determined the
cytotoxicity of all 34 surfactants using the B16F10 mouse melanoma
cell line (Table 1 and Fig. 2) to investigate structure–toxicity rela-
tionships.

The most intriguing finding of this study is that the EC50 values
of the hydrocarbon and fluorocarbon glucopyranosides 13 and 14
displayed a maximum with respect to chain length, i.e., the hydro-
carbon and fluorocarbon C14 to C17 glucopyranosides showed mild
cytotoxicity, whereas the short (C7) and long-chain (C18 and C19)
glucopyranosides, including octylthioglucoside as positive control,
were less toxic, with most EC50 values >250 �M. The EC50 values of
the small number of maltopyranosides 17 and 18 investigated sug-
gest that the cytotoxicity of this class of carbohydrate surfactants
may also display a maximum in EC50 values with respect to chain
length. Although similar trends have been reported for the biolog-
ical activity of many surface active compounds in non-mammalian
model systems, especially for compounds with anaesthetic and
antimicrobial activity [17], a “cut-off” effect in the biological activ-
ities has not been reported previously for carbohydrate surfactants
in general and fluorinated carbohydrate surfactants in particular.

The existence of a “cut-off” effect is surprising because the
membrane permeability of organic compounds is proportional to
their hydrophobicity (e.g., assessed by the octanol–water parti-
tion coefficient or the hydrophile–lipophile balance). Assuming
that the biological activity (e.g., cytotoxicity) correlates with the
membrane permeability (and, thus, the cellular uptake), the toxic-
ity of the surfactants is expected to increase (and not to decrease)
with increasing length of the hydrophobic tail. The low toxicity of
C7 surfactants and the moderate toxicity of C14 to C17 surfactants
are consistent with this expectation. However, the low toxicity of
most C18 and C19 surfactants and the galactopyranosides 15 and 16

suggests that the membrane permeability is not the only deter-
minant of the cytotoxicity, especially after a comparatively long
exposure of 24 h. Several other factors, such as decreasing aque-
ous and lipid solubility, decreasing critical micelle concentration
(as measure of hydrophobicity and detergency), increasing binding
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o proteins in the cell culture medium (e.g., albumin) or decreasing
iffusion through the cell membrane with increasing tail length
nd increasing degree of fluorination, are likely to play a role
17,30]. Independent of the factors ultimately contributing to the
ow toxicity of the long-chain surfactants in cells in culture, our
esults suggest that the length and the degree of fluorination of the
ydrophobic tail are important determinants of their toxicity.

Another intriguing observation is the low toxicity of the galac-
opyranoside surfactants 15 and 16 compared to the corresponding
lucopyranoside surfactants 13 and 14. Similarly, Kasuya and co-
orkers reported that 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
eneicosafluoro-dodecyl-�-D-glucopyranoside was nontoxic in
he B16 melanoma cell line at a concentration of 50 �M (48 h expo-
ure), whereas the corresponding �-D-galactopyranoside displayed
ome toxicity at the same concentration [14]. These findings show
hat not only the length of the hydrophobic tail and the degree
f fluorination [10–15], but also the stereochemistry of the polar
eadgroup are important determinants of the cytotoxicity of carbo-
ydrate surfactants. Specifically, the absolute configuration of the
ydroxyl group at the C-4 position determines the cytotoxicity of
luco- versus galactopyranoside surfactants in the B16F10 mouse
elanoma cell line.

Since analogous gluco- and galactopyranoside surfactants have
comparable headgroup size, the differences in the EC50 values

etween these two surfactant groups suggest selective mecha-
ism(s) of toxicity. In agreement with this interpretation, the low
oxicity of all surfactants suggests that their cytotoxic effect is
ot due to the massive disruption of the phospholipid membrane.

nstead, it is more likely that the cytotoxic effect is a result of
ore or less selective interactions of the surfactants with lipid

afts. These interactions impair the function of membrane proteins,
hich results in the activation of pathways inducing apoptosis

nd/or necrosis. This hypothesis is supported by our earlier study
howing that the glucopyranosides �-13e and �-14e induced apop-
osis in B16F10 cells [15]. Similarly, other surfactants have been
hown to cause a ligand-independent clustering of death recep-
ors, such as Fas, in membrane rafts, which provides scaffolds for
he coupling of adaptor and effector proteins involved in apop-
osis [31]. The selectivity of these complex surfactant–lipid and
urfactant–protein interactions is affected both by the structure of
he hydrophobic tail and the structure and stereochemistry of the
olar headgroup.

.2. Haemolytic activity

At haemolytic concentrations, surfactants directly destabilize
he cell membrane and alter the anchoring of the cytoskeleton com-
lex to the cell membrane, followed by massive release of the cell
ontent [8,9,32]. Therefore, it is not surprising that, in comparison to
he cytotoxic effect, much higher concentrations of the surfactants
>3.3 mM; Table 1) were typically needed to induce haemolysis. Fur-
hermore, serum was protective against haemolysis due to binding
f the surfactants to albumin, which lowers the free concentration
f the surfactants and minimizes its partitioning into the cell mem-
rane. The only exception was the C16 maltopyranoside surfactant
-17b, which was the most haemolytic compound under investi-
ation. Similarly, the corresponding C12 maltopyranoside has been
eported to be a potent haemolytic agent and causes lysis of human
rythrocytes at concentrations as low as 58 �M [9].

Some limited structure–activity relationships have been
eported for the haemolytic activity of carbohydrate surfactants.

heir haemolytic activity depends on the headgroup, the length
f the hydrophobic tail and the degree of fluorination. For exam-
le, the haemolytic activity of short-chain surfactants (C8 to
12) decreases with decreasing size of the carbohydrate head-
roup (disaccharide > monosaccharide headgroup) and flexibility of
iointerfaces 73 (2009) 65–74

the headgroup (pyranoside > straight polyhydroxylated chain), but
increases with increasing tail length [1,33]. In contrast, a fluorinated
tail protects against haemolysis, with high micromolar or low mil-
limolar concentrations typically displaying no haemolytic activity
[10,12,34]. In agreement with these earlier studies, maltopyrano-
sides displayed more haemolytic activity compared to gluco- and
galactopyranosides and a fluorinated tail protected against haemol-
ysis by �-glucopyranosides and maltopyranosides. In conclusion,
the haemolytic activity of the surfactants investigated herein is not
a concern for in vivo applications because of the high concentra-
tions (>3.3 mM) needed to induce haemolysis in vitro and the strong
protective effect of serum.

4.3. Membrane partition behaviour

Our studies of the cytotoxicity and haemolytic activity suggest
that carbohydrate surfactants with short (C7) hydrophobic tail are
less toxic and display comparatively low haemolytic activity com-
pared to surfactants with C14 to C17 tails (Table 1). For example,
the short-tail surfactant �-13a was not toxic in cells in culture
(EC50 > 250 �M) and not haemolytic (EC5 0> 3.3 mM) in the con-
centration range investigated in this study, whereas long-chain
surfactant �-13d was both toxic and haemolytic in the same con-
centration range. In contrast, all short-chain and most long-chain
galactopyranosides, such as �-15b, displayed no cytotoxicity and
little-to-no haemolytic activity in the concentration range stud-
ied. One possible explanation for the low cytotoxicity and low
haemolytic activity of, for example, �-13d and �-15b is a poor ten-
dency of both compounds to partition into cell membranes. To test
this hypothesis, we studied the effect of three hydrocarbon surfac-
tants, �-13a, �-13d and �-15b, on dipalmitoylphosphatidylcholine
(DPPC) bilayers using fluorescence anisotropy measurements. DPPC
bilayers were selected because they are frequently used to study the
membrane partition behaviour of organic compounds [35].

The changes in the phase behaviour of the DPPC model mem-
branes were characteristic for the incorporation of many small
molecules into phospholipid bilayers and indicated a loss of cooper-
ativity in the bilayer at micromolar concentrations. Specifically, Tm

decreased and the transition width increased with increasing con-
centrations of all three carbohydrate surfactants. A similar effect
of a C12 glucopyranoside and several other short chain carbohy-
drate surfactants on DPPC model membranes has been reported
previously [16]. However, there were distinct differences in the
effect of �-13d versus �-15b on Tm, which supports the above
mentioned hypothesis that carbohydrate surfactants can inter-
act selectively with lipid rafts in (model-)cell membranes, thus
inducing a toxic effect at different concentrations and by different
modes of action. Furthermore, the apparent membrane partition
coefficients increased in the order heptyl �-D-glucopyranoside
(�-13a) � hexadecyl �-D-glucopyranoside (�-13d) ∼ hexadecyl �-
D-galactopyranoside (�-15b). The smaller membrane partition
coefficient of �-13a and its minimal influence on the phase tran-
sition behaviour of DPPC bilayers indicate that short-chain (C7)
carbohydrate surfactants have only a small tendency to partition
into cell membranes. The partition coefficients of the long-chain
surfactants �-13d and �-15b were higher compared to �-13a,
which is in agreement with other studies reporting an increas-
ing tendency of surface active compounds to partition into (model)
membranes [30]. Interestingly, the partition coefficients of �-13d
and �-15b were of the same order of magnitude. Together these
observations suggest that the low toxicity of the C7 surfactants

is a result of the small partition coefficient of these surfactants,
independent of the headgroup. In contrast, the low toxicity of
galactopyranosides 14 and 15 is not correlated with simple physic-
ochemical properties, such as the membrane partition coefficient.
Instead, differences in the three-dimensional structure of the
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eadgroup (i.e., galactose versus glucose) and, possibly, the inter-
ction of �-15b (and other long-chain galactopyranosides) with
hospholipids molecules in a (model) membrane play, as suggested
bove, a role in the toxicity of these two surfactant groups. The later
ypothesis is supported by the different trend in the depression of
m of �-15b versus �-13d (Fig. 4).

. Conclusions

The chain length, the degree of fluorination and the head-
roup structure are important determinants of the cytotoxicity
nd the haemolytic activity of non-ionic carbohydrate surfac-
ants. Of particular interest is the “cut-off” effect observed in
he initial biocompatibility assessment of the hydrocarbon and
uorocarbon glucopyranoside surfactants (i.e., the cytotoxicity of
hese carbohydrate surfactants displayed a maximum at hydropho-
ic tail length ranging from C14 to C17). To the best of our
nowledge, this is the first time that such a “cut-off” effect
as been reported in a mammalian cell culture system for
arbohydrate surfactants in general and fluorinated surfactants
n particular. Furthermore, the cytotoxicity of surfactants with
lucose versus galactose headgroups depended on the stereo-
hemistry in the C-4 position of the pyranoside. Studies of the
urfactant–lipid interactions suggest that short chain surfactants
re a lower tendency to partition into lipid membranes, which
ay explain their lower toxicity compared to C14 to C17 sur-

actants. C16 surfactants with glucose and galactose headgroups
ppear to have comparable membrane partition coefficients, but
ffect membrane phase behaviour (i.e., Tm) differently at surfac-
ant concentrations >10 �M. The later finding clearly indicates
hat the cytotoxicity of the carbohydrate surfactants is due to
ighly specific surfactant–lipid interactions. This interpretation
f our results is further supported by the fact that haemolysis
f red blood cells occurs at much higher concentrations. Over-
ll, these finding suggest that membrane partition behaviour and
pecific surfactant–lipid interactions are important determinants
f the biocompatibility of simple carbohydrate-based surfac-
ants investigated for a range of pharmaceutical and biomedical
pplications.
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