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Complexes of oppositely charged polyelectrolytes and
surfactants – recent developments in the field of
biologically derived polyelectrolytes

Leonardo Chiappisi,a Ingo Hoffmannab and Michael Gradzielski*a

We review thework done on complexes between biopolyelectrolytes such as ionically modified cellulose or

chitosan and oppositely charged surfactants. Around equimolarity of the charges one typically observes

precipitation but for other mixing ratios one may form long-time stable complexes, where structure and

rheology depend on the mixing ratio, total concentration and the molecular constitution of the

components. In addition, it may be the case that the structures are formed under non-equilibrium

situations and therefore depend on the preparation path. The binding is shown to occur cooperatively

and the micelles present often retain their shape irrespective of the complexation. However, the rather

stiff biopolyelectrolytes may lead to an interconnection between different aggregates thereby forming a

network with the corresponding rheological properties. In general, the structure and the properties of

the aggregates are rather versatile and correspondingly one can create a wide range of different

surfactant–biopolyelectrolyte systems by appropriately choosing the composition. This is very interesting

as it allows for formulations with a large range of tuneable properties with ecologically friendly

polyelectrolytes for many relevant applications.
1 Introduction

In general, there exists a tendency that surfactants and
polymers in aqueous solutions will interact with each other
and form mixed aggregates.1,2 This tendency becomes
particularly pronounced for mixtures of oppositely charged
surfactants and polyelectrolytes which interact strongly
synergistically, an effect that is due to the release of the
counterions involved.3,4 Of course, in general this eld is very
rich and diverse – simply already from the fact that there
exists a large number of polyelectrolytes and surfactants that
can be combined to form complexes. Apart from the types of
polyelectrolytes and surfactants employed there are further
parameters involved that control the behaviour of these
mixtures, which are:

� mixing ratio Z ¼ [polyelectrolyte]/[surfactant]; the ratio of
charges of polyelectrolyte to surfactant (oen one will employ
the nominal charges here as it might not always be easy to
determine the real charge experimentally)

� total concentration
� the molecular weight Mw (and its distribution) of the

polyelectrolyte
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� the stiffness of the polyelectrolyte chain (for instance
characterised by the persistence length)

� the charge density along the polyelectrolyte chain (as
controlled by the density of ionisable groups or by pH, e.g. for
polyelectrolytes with carboxylic or amine groups).

The phase behaviour of the mixtures and the structures
present will depend on these parameters and a generic scheme
for the phase behaviour is given in Fig. 1. Typically around
equimolarity, i.e., for Z ¼ 1, there is a pronounced tendency for
the formation of precipitates and correspondingly a more or
less large two-phase region of precipitated complex and excess
water is observed.
Fig. 1 Schematic phase diagram of oppositely charged surfactant–poly-
electrolyte mixtures as a function of the concentration c and the charge ratio Z ¼
[polyelectrolyte]/[surfactant].

This journal is ª The Royal Society of Chemistry 2013
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At Z > 1 there is an excess of the polyelectrolyte decorated
either with individual surfactant molecules or micelles (see also
Fig. 2a and c). For Z < 1 there is an excess of the surfactant and
the additional surfactant then simply is able to dissolve the
precipitate and stabilise it colloidally. Accordingly here one has
a micellar solution in which the polyelectrolyte is fully com-
plexed and stabilized by the surfactant, which means that these
complexes carry the charge of the surfactant.

Polymer–surfactant systems are interesting as they are
employed in a variety of applications such as detergency,5 for
drug delivery,6,7 as rheological modiers,8,9 as delivery
systems,10,11 in paints12 or other formulations. In detergency a
relevant question is oen their deposition/redeposition onto
fabric bres, a topic that has been studied to quite an extent13,14

but shall not be covered here. Accordingly, such mixtures have
been investigated for some time, with the main emphasis on
synthetic polyelectrolytes such as anionic poly(acrylic acid)
(PAA), poly(methacrylic acid) (PMAA), poly(styrene sulfonate)
(PSS), or cationic poly(diallyldimethylammonium chloride)
(PDADMAC), where the charges are very closely spaced, i.e., the
distance between the charges is much less than the Bjerrum
length (eqn (1); with 3r: dielectric constant, 30: permittivity
Fig. 2 Schematic description of possible arrangements in surfactant–poly-
electrolyte complexes (SPECs): (a) polyelectrolyte decorated with surfactants; (b)
densely packed micelles “glued” together by a polyelectrolyte; (c) pearl-necklace
structure; (d) rod-like aggregation of micelles with a stiff polyelectrolyte; (e)
flexible polyelectrolyte attached to a bilayer; and (f) rod-like polyelectrolyte
incorporated between bilayers.

This journal is ª The Royal Society of Chemistry 2013
constant of vacuum, k: Boltzmann constant and T: tempera-
ture), which gives the distance at which the electrostatic energy
of two elementary charges becomes equal to kT, and accordingly
counterion condensation is expected to be relevant here.15

lB ¼ kT

4p3r30
(1)

In water the Bjerrum length at room temperature is 0.72 nm.
The other relevant electrostatic length in polyelectrolyte solu-
tions is the Debye screening length as given by (NA: Avogadro
constant and e: elementary charge):

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3r30kT

2NAe2I

s
(2)

which is mainly controlled by the ionic strength I of the solu-
tion, where d is 9.6 nm for a 1 mM solution of a 1 : 1 electrolyte.
Once the screening length becomes equal to the Bjerrum
length, which is the case for an ionic strength of �180 mM
(actually very close to physiological conditions), the screening
becomes increasingly dominant and therefore the particular
properties of polyelectrolytes compared to those of neutral
polymers become increasingly lost. This then is also seen for the
formation of interpolyelectrolyte complexes (IPECs) that above
ionic strengths of 400–500 mM does not take place anymore3

and also leads to the disintegration of well dened micellar
IPEC aggregates.16 However, the structures formed in poly-
electrolyte–surfactant mixtures will also depend on the type and
even more on the concentration of the surfactant, for instance,
whether the surfactant concentration is above or below the
critical micellar concentration (cmc), whether spherical, rodlike
or disklike micelles are present, and, of course, on the mixing
ratio Z, as well as the other parameters mentioned above.

Some possible structural scenarios are depicted in Fig. 2 and
for large Z (polyelectrolyte rich) one may either have the situa-
tion where single surfactant molecules are attached to a poly-
electrolyte chain (Fig. 2a) or form micellar-type aggregates
(Fig. 2b and c). This aggregate formation may take place well
below the cmc, being induced by the locally enhanced surfac-
tant concentration and the hydrophobic effect as the driving
force. However, in order to have a propensity for forming
aggregates the stiffness of the polyelectrolyte should not be too
high as otherwise a scenario with singly attached surfactant
molecules will be favoured. The detailed structure will depend
on the balance for the free energy, i.e., what is the loss of free
energy due to bending of the polyelectrolyte (for the case of
aggregate formation) and restricting it in space (loss of cong-
urational entropy) compared to the free energy involved in the
hydrophobic effect. For concentrations above the cmc one may
observe similar structures, where the already present micelles
now become arranged in the solution due to their binding to the
oppositely charged polyelectrolyte.

Themicelle–polyelectrolyte complexes may occur in the form
of pearl-necklace structures (Fig. 2b), but can also lead to a dense
packing ofmicelles “glued” together (Fig. 2c), which will depend
on the charge density of the polyelectrolyte.17 For the case of
block copolymers with one polyelectrolyte block and another
Soft Matter, 2013, 9, 3896–3909 | 3897
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water-soluble block (double-hydrophilic copolymers) this leads
to the dispersion of such densely packed micelles in a kind of
super-aggregate18,19 and may even yield a liquid crystalline type
arrangement.20 This then obviously requires the persistence
length of the polyelectrolyte to be less than the radius of the
micelles in order to allow for a dense arrangement of the poly-
electrolyte around the micelles, which depends strongly on the
curvature of the surfactant aggregates. For polyelectrolyteswith a
rather high persistence length one may then observe arrange-
ments of the micelles locally along one axis, thereby forming
tube-like polyelectrolyte–micelle aggregates (Fig. 2d).

A main difference between most synthetic polyelectrolytes
and polysaccharide based biopolyelectrolytes is the persistence
length. Many synthetic polyelectrolytes are derived from vinyl
based monomers (such as acrylates, methacrylates, styrene
sulfonate, etc.) and therefore possess a rather exible carbon
chain as the backbone. In contrast, polysaccharide based
polyelectrolytes have a much more rigid backbone (for instance
for carboxymethyl cellulose the persistence length has been
found to be �40 nm)21 due to their connected sugar units. This
constitutes a major difference, to which one has in addition the
fact that for the polysaccharide derived polyelectrolytes one has
normally a lower charge density along the polymer (due to the
larger monomeric unit) and a polymer backbone with many OH
groups. That allows for an additional interaction via H-bonding
which can render the whole interaction with other molecules or
colloids rather complex and as well modify their interaction
with water. So based on the higher rigidity of the backbone and
its lower charge density one can conclude that polysaccharide
derived biopolyelectrolytes will be substantially weaker in their
effective compensation of charges on highly curved interfaces
(such as on a micellar surface) and have a tendency for forming
elongated aggregates.

For the opposite case of at surfactant structures, as for
membranes, one requires rather stiff polyelectrolytes in order to
have an efficient interaction. This has for instance been
observed for the case of lamellar phases and DNA, which is a
very stiff polyelectrolyte. Accordingly for this case one can
observe the incorporation of DNA into lamellar phases thereby
even leading to a highly ordered (hexagonal) phase (Fig. 2f).22

For not so stiff polyelectrolytes the binding might be weak as
here the binding to the surface will lead to a substantial
reduction of its congurational entropy. For the case of much
more exible polyelectrolytes one may still have a sufficiently
strong interaction to enable binding to a surfactant bilayer, but
then one can end up with a bilayer decorated by the poly-
electrolyte (Fig. 2e) that thereby still retains a relatively large
degree of congurational freedom.

A further degree of freedom in the polymer architecture
arises from the fact that onemay have branched/hyperbranched
polyelectrolytes or polyelectrolyte brushes, which also will form
complexes with surfactants.23 Another complication of the
situation appears if one considers hydrophobically modied
polyelectrolytes, which renders the surfactant–polyelectrolyte
interactions even more complex.24

In the following we will focus onmixtures of surfactants with
biopolyelectrolytes, but for a better comparison will start with a
3898 | Soft Matter, 2013, 9, 3896–3909
brief overview of results on conventional synthetic poly-
electrolytes. Subsequently we will concentrate on ionically
modied cellulose and chitosan as two rather important bio-
polyelectrolytes. They are by far not the only interesting bio-
polyelectrolytes but are two good representative cases of interest
in this review article, on which we also have recently been
working on. Of course, a general interest in biopolyelectrolytes
arises from the fact that they do not only derive from renewable
resources but in addition, usually are well biocompatible, which
makes them interesting for a large number of applications,
such as biomedicine (drug delivery, tissue engineering), food
modication and preservation, or wastewater treatment, where
biocompatibility is of crucial importance.
2 The behaviours of different
polyelectrolyte–surfactant mixtures – some
general remarks

In general, this is a very vast eld and the purpose of this article
is not to yield a full coverage of it. Instead we will focus on a few
either very general aspects or ones that are related to observa-
tions covered in the subsequent sections on modied cellulose
and chitosan.
2.1 Behaviour of typical synthetic polyelectrolytes

Typical synthetic polyelectrolytes, which are also available in
large quantities commercially, are for instance polyacrylic acid
(PAA), polymethacrylic acid (PMAA), and polystyrene sulfonate
(PSS). They have in common a C2 repeat unit along the polymer
backbone, which means a spacing of the charges of 0.25 nm,
which is well below the Bjerrum length dened in eqn (1). In the
ionic form they are very well soluble in water but when fully
protonated PAA and PMAA lose their water solubility.

Classical cases of polyelectrolyte–surfactant complexes are
those of poly(styrene sulfonate) PSS and alkyl-
trimethylammonium surfactants. Here it has been found that
the surfactant aggregates contained in the complexes possess
aggregation numbers that are independent of the surfactant
concentration and the type of counterions and increase with the
length of the alkyl chainof the surfactant in the conventionalway
observed for free surfactant micelles.25 This means that struc-
turally the micelles are not much affected by the presence of the
polyelectrolyte, which then is only decorating the micelles. Such
behaviour is quite frequently observed in these complexes.

Another much investigated system is poly(acrylic acid) (PAA),
respectively its sodium salt (NaPA), for instance in mixtures
with alkyltrimethylammonium bromide (CnTAB). Due to the
high charge density along the NaPA backbone one observes a
rather large 2-phase region (cf. Fig. 1) but its extent depends
strongly on the length of the alkyl chain of the CnTAB. For a
given NaPA concentration, it becomes smaller with increasing
monomeric solubility of the surfactant, i.e., with decreasing
surfactant chain length.26 Furthermore it was observed that this
phase separation can be suppressed by addition of simple salts,
or in other words the complex is salted-in. More recent inves-
tigations have addressed this salt effect in more detail for the
This journal is ª The Royal Society of Chemistry 2013
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system PSS–C16TAB and the inuence of the addition of NaCl.27

In this study it was observed that low NaCl concentrations
mostly reduce the composition range in which kinetically
trapped aggregates are observed, while high NaCl concentra-
tions affect the equilibrium phase behaviour by reducing the
amount of the surfactant bound to the polyelectrolyte.

The addition of a surfactant to a polyelectrolyte typically also
affects the viscosity and for the case of highmolecularweight (750
kDa) PAA the addition of excess cetyltrimethyl ammonium
bromide (C16TAB) has been observed to lead to a reduction of
viscosity and to a disappearance of the shear-thinning behaviour
of the pure PAA solutions.28 Such a reduction of viscosity then is
typically related to a compaction of the polyelectrolyte by the
oppositely charged surfactant thereby reducing its effective
hydrodynamic volume. Such lowered viscosity has also been
observed in mixtures of PAA and C12TAB and was explained by a
quantitative model based on two effects: a shortening of the
effective chain length of the polyelectrolyte (due to the wrapping
around the micelles) and the release of salt by combining the
surfactant and thepolyelectrolyte.29However, for lower surfactant
addition (Z < 1) in the semidilute regimebothC12TABandC16TAB
were found to lead to a viscosity increasewhichwas attributed to a
bridging of the polyelectrolyte by the surfactant micelles.30
Fig. 3 Schematic representation of the binding of surfactants to an oppositely
charged polyelectrolyte.
2.2 Ordered structures in complexes

The structure of complexes formed in the system SDS–poly-2-
(propionyloxy)ethyl-trimethylammonium chloride (PCMA) has
been studied to some extent by small-angle neutron scattering
(SANS), which by employing deuterated SDS allows to deduce
detailed structural information. These experiments showed that
already the addition of relatively small amounts of the surfac-
tant leads to a substantial shi of the typical correlation peak of
the polyelectrolyte. Once a ratio Z ¼ 3 is reached a prominent
peak corresponding to a spacing of 3.7–3.9 nm is observed,
which arises from the correlation of densely packed micelles.31

Such highly ordered arrangements of micelles within the
surfactant–polyelectrolyte complex (Fig. 2b) are a very interesting
aspect and have been studied intensely over the last few years.
This structure has for instance been reported for copolymers of
poly(sodium methacrylate-co-N-isopropylacrylamide) (p(MANa-
co-NIPAM)) where, depending on the ratio of the two monomers
contained in the copolymer (thereby controlling the charge
density along the polyelectrolyte backbone), upon admixture of
C16TAB highly ordered phases are observed. For the case of 100
mol% (of the anionic copolymer) PMANa a Pm3n structure, for
67 mol% PMANa a fcc structure and for 50 mol% PMANa a hcps
structure was found,32whichmeans that the local ordering of the
same type of micelles depends strongly on the charge density
along the backbone of the polyelectrolyte.

This effect of the charge density on the structure of poly-
electrolyte–surfactant complexes has also been addressed in a
systematic fashion for a copolyelectrolyte composed of cationic
3-(2-methylpropionamido)propyltrimethyl-ammonium chloride
(MAPTAC) and uncharged acrylamide (AM) in mixtures with
SDS, where by altering the composition of the initial monomer
mixture one can control the charge density of the nal
This journal is ª The Royal Society of Chemistry 2013
polyelectrolyte. These experiments showed that the range of
precipitate formation increases systematically with increasing
charge density of the polyelectrolyte and in addition their
formation is more facile for a more exible polyelectrolyte.33 It is
also observed that the ability to form highly ordered micelle–
polyelectrolyte complexes becomes signicantly reduced upon
lowering the charge density of the polyelectrolyte.

2.3 Binding isotherms

Binding isotherms of surfactants to polyelectrolytes can oen
be described by the Yang–Satake model,34 based on the Zimm–

Bragg theory,35 where the fractional saturation, i.e., the fraction
of polyelectrolyte units which bind a surfactant molecule, is
described as:34

b ¼ 1

2

2
641þ KuCs � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� KuCsÞ2 þ 4KCs

q
3
75: (3)

Here K is the equilibrium constant for the binding of a single
surfactant molecule to a binding site, u is the cooperativity
parameter and Ku is the equilibrium constant for the binding to
a site adjacent to an already occupied one. A schematic repre-
sentation of the model is given in Fig. 3.

However, even if themodel gives a simple view of the binding
process which can be applied to compare the binding strength in
different surfactant polymermixtures, it is an oversimplication
of the complex formation. For instance the model does not
consider steric hindrance or interactions between surfactant
tails across non-occupied sites,36,37 it does not consider interac-
tions with more than one neighbour and, nally, as the polymer
backbone is not a rigid linear array of sites, it is likely that bound
surfactantmolecules can interact with each other even if they are
located at distant positions via polymer loops.

However, despite these numerous assumptions, the model
has been shown to be able to describe the binding isotherms in
very different systems.38–46 The most common ways for the
determination of the binding isotherms are potentiometric38–43

and calorimetric titrations,44–46 with the latter having the
advantage that also the binding enthalpies can be obtained,
therefore resulting in a comprehensive thermodynamic char-
acterization of the binding process.

As stated above, the focus of this review shall be on surfac-
tants with oppositely charged biopolyelectrolytes, a topic that
has been evolving strongly during recent years.47–49 This is
driven by the availability of such polyelectrolytes from renew-
able resources and that they are generally ecologically friendly
Soft Matter, 2013, 9, 3896–3909 | 3899
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and therefore well suited for a large number of applications. In
the following we will in particular discuss work on ionically
modied cellulose and chitosan as interesting examples of
biopolyelectrolytes. We will not just focus on structure and
phase behaviour of these compounds but also cover exemplarily
various physico-chemical aspects of surfactant–polyelectrolyte
complexes, such as their interfacial aspects (Sections 3.5 and
4.3) or the thermodynamics of binding (Sections 3.4 and 4.2).

Of course, chitosan and cationically modied cellulose are
not the only biopolyelectrolytes of interest and it might be noted
that there are a number of other biopolyelectrolytes, such as
hyaluronic acid, chondroitin sulfate, dermatan sulfate, keratan
sulfate, etc. which also have been investigated to some extent in
recent times. And, of course, one has DNA as a model example
of a stiff biopolyelectrolyte that has been studied extensively in
combination with surfactants and this applies similarly to
proteins, which depending on pH also have some poly-
electrolyte properties. However, all of the latter will not be
considered in this review as that would render the eld to be
covered by far too large.
3 Cellulose based polyelectrolytes and
oppositely charged surfactants
3.1 Types of cellulose based polyelectrolytes and their
synthesis

Cellulose is a one of the most abundantly available biopoly-
mers. It constitutes 50 wt% of plants' cell walls. Its monomers
are glucose molecules connected by b-1,4-glycosidic bonds (see
Fig. 4). The dimer of two such glucosemolecules is referred to as
cellobiose and can also be considered as the monomeric unit of
cellulose and typically, the molecular weight is on the order of
some 100 000 g mol�1. While natural cellulose is uncharged
and insoluble in water, there are numerous functionalized,
water soluble cellulose polymers available,50,51 several poly-
electrolytes among them. Usually the three hydroxyl groups
serve as reaction sites to attach different functional groups via
an ether bond. Therefore, every monomeric unit can be func-
tionalized up to three times and the extent to which the cellu-
lose is functionalized is usually expressed as the degree of
substitution (DS), giving the average number of hydroxyl groups
exchanged by a different functional group per monomeric unit,
thus ranging from 0 to 3.

As an alternative to functionalization via an ether bond, it is
also possible to obtain deoxy amino cellulose derivatives52,53

which are synthesized via tosylated cellulose54 or cellulose
esters.55Recently, zwitterionic amino cellulose sulfate derivatives
Fig. 4 Chemical structure of cellulose.

3900 | Soft Matter, 2013, 9, 3896–3909
have been obtained.56,57 While the most common usage for
cellulose is in paper production, cellulose derivatives are used as
anti-redeposition agents in detergent formulations, as condi-
tioners in shampoos or as thickeners,58–60 not least because
cellulose is a renewable resource and the material is biocompat-
ible and biodegradable. The structure and dynamics in bulk and
at the interface of complexes formed from oppositely charged
cellulose based polyelectrolytes and surfactants have been
studied extensively over the past few decades and several review
articles dealing with different aspects of the use of water soluble
cellulose based polymers are available.5,61–69 Among the available
functionalised cellulose based polyelectrolytes, the most
commonly used ones are carboxymethylcellulose (CMC) as a
polyanion and hydroxyethylcellulose with an additional glycidyl-
trimethyl-ammonium chloride functionality as a polycation (cat-
HEC), which is commercially available as JR 400 (other polymers
with different molecular weights and DS are e.g. JR 125, JR 30M,
LR 400 or LR 30M, where the LR polyelectrolytes have a lower DS
than the JR polyelectrolytes). By replacing one of the methyl
groups attached to the nitrogen by a longer chain, the properties
of a polycation and a hydrophobic polymer can be combined
(Fig. 5). Such a polymer with a chain of 12 carbon atoms is
available under the name LM 200. Similar other polymers with
differentmolecularweights andDShavebeen investigated,where
it might be noted that in general cellulose based polymers have a
rather large persistence length, i.e., are rather stiff polymers. In
the following a concise overview of this work is given.
3.2 Phase behaviour

A considerable number of publications deals with the phase
behaviour of oppositely charged cellulose based poly-
electrolyte–surfactant systems.5,44,63,70–79 As for other poly-
electrolytes, the phase behaviour of mixtures of cellulose based
Fig. 5 (A) Chemical structure of cationically and hydrophobically and cationically
modified hydroxyethylcellulose. For JR 400 x ¼ 0.27 and the molecular weight is
500 000 g mol�1, for LM 200 x ¼ 0.03 and Mw ¼ 100 000 g mol�1. (B) Chemical
structure of CMC.

This journal is ª The Royal Society of Chemistry 2013
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polyelectrolytes and oppositely charged surfactants is charac-
terized by two homogeneous single phase regions with an
excess of either polyelectrolyte or surfactant. These phases are
separated by a two phase region around equal polyelectrolyte
and surfactant charges, in which a neutral complex precipi-
tates (Fig. 1).5,70–74 It has been found that these complexes can
be dissolved in an excess of polyelectrolyte or surfactant and
their net charge has been reported to change sign in the case
of JR 400–SDS, JR 400–SDBS and CMC–CTAB14,44,80 but not in
the case of CMC–DTAB,80 for which no explanation has been
advanced, yet. For mixtures of other cationic surfactants of the
1-alkyl-3-methylimidazolium bromide and N-alkyl-N-methyl-
pyrrolidinium bromide type with CMC it has been shown that
the earlier the region of the phase separation is reached the
longer is the alkyl chain of the surfactant.81 At very low
concentrations, the situation can be somewhat different75–78

and some deviations are observed with different surfactants,
probably due to different critical aggregation concentrations
(cac) of different surfactants. For the cationic JR 400 and SDS
some contradicting results can be found in the literature
concerning the surfactant concentration necessary to redis-
solve the precipitates at low JR 400 concentrations. On the one
hand, Goddard and Hannan70 reported a two phase region
reaching considerably beyond the charge equilibrium, while
Yamaguchi et al. found a phase boundary in good agreement
with it.79 Recently, Li et al.44 could show with the help of ITC
measurements that this discrepancy is due to the formation of
meta-stable aggregates, the life span of which depends on the
route of preparation. This is in general an important point in
surfactant–polyelectrolyte mixtures, where it is not easily
guaranteed to achieve an equilibrium situation.

Zhou et al.72 investigated the phase behaviour of mixtures
of cat-HECs of different molecular weights and different
numbers of ethylene oxide (EO) groups between the backbone
and the charge. Polyelectrolytes with a higher molecular
weight tend to precipitate at lower surfactant concentration
and a larger number of EO groups tends to prevent precipi-
tation. The phase boundary on the surfactant excess side does
not seem to be inuenced much by the molecular weight or
the number of EOs. Sjöström et al.82 investigated the swelling
and collapse of gels, prepared from covalently cross-linking JR
400 with DVS (divinyl sulfone), upon addition of salt and SDS.
The collapse of the gels can be related to the precipitation that
is observed in solutions of non-cross-linked polyelectrolytes
and SDS and it is observed that addition of NaCl shis the
collapse to higher SDS concentrations. However, at a salt
concentration of 1 M, a lower SDS concentration was neces-
sary again. The reswelling, which can be related to the redis-
solution phase boundary, is shied to lower SDS
concentrations upon addition of the salt.
Fig. 6 Viscosity of a 1 wt% solution of JR 400 with added SDBS as a function of
charge ratio; see the text for details.
3.3 Bulk properties

Comprehensive work has dealt with the change of viscosity in
oppositely charged cellulose based polyelectrolyte–surfactant
systems and hydrophobically modied cellulose based poly-
mer–surfactant systems.71,72,78,83–88
This journal is ª The Royal Society of Chemistry 2013
At rather low polyelectrolyte concentrations, the viscosity is
decreased upon addition of an oppositely charged surfactant.
This is due to the collapse of the polyelectrolyte chains, when
their charges are compensated by the surfactant83,86 and thereby
one then has a reduced effectively hydrated volume. Therefore,
such mixtures may be employed as rheological modiers in
formulations, again mostly for the reason of having a biocom-
patible polyelectrolyte.

The situation becomes more complex in the semi-dilute
concentration range. It has been observed many times that
hydrophobically modied polymers can form networks based
on hydrophobic contact points resulting in increased viscosities
compared to their unmodied analogues.71,87 Adding surfac-
tants to such networks leads to a very pronounced increase in
viscosity, oen by several orders of magnitude,69,71,78,87,89 by
rendering the contact points more long-lived and/or frequent. A
similar behaviour can be observed for the addition of oppositely
charged surfactants to polyelectrolytes and several such exper-
iments have been carried out with cellulose based poly-
electrolytes.71,76,77,90 Initially, a somewhat higher viscosity as
compared to water is observed due to the polyelectrolyte (see
Fig. 6a and 2a for the case of JR 400 as the polyelectrolyte).
Beyond a certain onset surfactant concentration a further
increase in viscosity is observed. Initially, individual surfactant
molecules bind electrostatically to the polyelectrolyte backbone
(Fig. 6b). At the onset concentration, aggregate formation on the
backbone starts and several chains become interconnected,
leading to an enhanced viscosity, which reaches a maximum
next to the phase boundary (Fig. 6c), beyond which precipita-
tion sets in. For high enough surfactant concentration the
precipitate becomes resolubilised and then the aggregates are
no longer dominated by the polyelectrolyte but by the surfactant
and the aggregates no longer sufficiently interconnect the
chains, which results in a drop of viscosity down to the level of
the pure polyelectrolyte solution and even below (Fig. 6d) and
here the charges of the polyelectrolyte are fully saturated by the
surfactant.

Dynamic light scattering (DLS)72,76,85 measurements have
been carried out on such viscoelastic networks to examine their
dynamics. It has been found that the eld autocorrelation
Soft Matter, 2013, 9, 3896–3909 | 3901
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Fig. 7 SANS curves of JR 400 (1 wt%) with deuterated SDS (d-SDS, black circles,
only polyelectrolyte visible) and hydrogenated SDS (h-SDS) in deuterated water
each with a tenfold excess of surfactant charges and d-SDS with 1 wt% JR 400
with a tenfold excess of PE charges (green diamonds). The Q�1 slope in the curves
with deuterated surfactant indicates the elongated structure of the poly-
electrolyte in both PE and surfactant excess.
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function shows two decays: a fast single exponential decay,
behaving diffusively, and a slower stretched exponential decay,
which is non-diffusive:

g(1)(t) ¼ Afastexp(�t/sfast) + Aslowexp(�(t/sslow)
b) (4)

While the slow mode sslow becomes increasingly slow as
more surfactant is added until the precipitation threshold, the
fast mode sfast is almost constant with composition. This sort of
behaviour is predicted in the framework described by Ngai
et al.91–93 This mode coupling theory (MCT) approach has been
successfully applied to describe the dynamics of semi-dilute
polymer solutions.94–96 While the decay at short times, described
by sfast, is related to the collective motion of single chain
segments with the diffusion coefficient D ¼ (sfastQ

2)�1, where Q
is the scattering vector, the slow mode, described by sslow,
accounts for the dynamics of larger clusters in the network. The
exponent of the stretched exponential is related to the coupling
parameter n via b ¼ 1 � n. The theory assumes that below a
certain critical time tcrit, the dynamics of the chains are not
perturbed by the formation of clusters and the correlation
function can be described by a single exponential decay g(t) ¼
exp(�t/sfast). For times longer than tcrit the dynamics of the
clusters start to inuence the correlation function and a second
slow mode is required to describe its behaviour. The decay time
of the slow mode is related to sfast, tcrit and n as sslow(Q) ¼
(tcrit

�nsfast(Q))
1/(1�n). While the fast time shows diffusive

behaviour i.e., sfast f Q�2, the Q dependence of sslow is
proportional to Q�2/(1�n), as follows from inserting the Q�2

dependence of sfast into the expression for sslow.
It should be noted that such behaviour is not limited to

oppositely charged polyelectrolyte surfactant mixtures but can
also be observed in pure semi-dilute polymer solutions or
mixtures of nonionic polymers and surfactants or hydrophobi-
cally modied polymers and surfactants.69,84,85,97–99

Rheology has been shown to yield qualitatively similar
results. Oscillatory rheology shows a cross-over between G0 and
G0 0 shied to lower frequencies as more surfactant is added and
steady shear rheology shows shear thinning behaviour with a
critical shear rate shied to lower shear rates upon addition of
the surfactant, indicating a slower relaxation time,71,76,77,87,88 as
seen by DLS.

Some investigations of the structure of viscoelastic networks
consisting of cellulose based polyelectrolytes and oppositely
charged surfactants have been carried out with small angle
neutron scattering (SANS). It has been found that a number of
anionic surfactants form junctions in the shape of rodlike
aggregates in systems with cationic hydroxyethyl cellulose JR
400 (ref. 76 and 77) and locally stretched structures have also
been observed for negatively charged hydroxyethylcellulose
derivatives and CTAB as well as for cationically modied
starch100 and PDADMAC with SDS.101 At lower scattering vector
another upturn becomes visible which disappears in the
surfactant excess region (Z < 1), and the viscosity is lowered
again. Using hydrogenated polyelectrolytes and surfactants,
mostly surfactant micelles are visible but by using deuterated
surfactants it is possible to only observe the polyelectrolyte and
3902 | Soft Matter, 2013, 9, 3896–3909
it can be seen that it still has its elongated structure (see Fig. 7).
This means that the local structure of the polyelectrolyte is not
changed but it is not incorporated in a network anymore, as it
had connected the polyelectrolyte chains before at lower Z. The
structure then is similar to that observed on the polyelectrolyte
rich side (Z ¼ 10) of these mixtures (see Fig. 7). This is also
supported by TEM images102 on a similar cat-HEC–SDBS system,
where the collapse of the network can be observed. It should be
noted that the formation of rod-like aggregates is not a general
feature. The shape of the aggregates depends on various
parameters as it does in pure surfactant solutions. By changing
the size of the surfactant aggregates, the rheological behaviour
can be inuenced, since larger aggregates will generally cross-
link more polyelectrolyte chains, thereby leading to higher
shear moduli.65,103 Generally, the original form of surfactant
aggregation (without polyelectrolyte) oen tends to dictate the
structure of the surfactant in the complexes in the one phase
region. However, the structure of the surfactant in the precipi-
tates depends on the linear charge density. While high charge
density synthetic polymers promote crystallinity, this is not as
much observed in precipitates with cellulose based poly-
electrolytes, which generally have a lower charge density.

At low polyelectrolyte concentrations, it has been found that
relatively well dened and monodisperse particles can be
formed. Langevin et al.83,104 investigated mixtures of CMC (DS ¼
0.7–1.23) and DTAB and found that monodisperse particles
were formed above the cac, despite using a polydisperse poly-
mer. The size of these particles could be controlled by the
surfactant concentration over a range from some 10 to some 100
nanometers and SANS measurements showed that they had a
liquid crystalline interior of densely packed DTAB micelles as
conrmed by SANS contrast variation experiments75 (cf. Fig. 2b).

Another interesting application of cellulose based poly-
electrolyte–surfactant systems is the formation of mm-sized
capsules, which can be easily obtained by pipetting a solution of
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Idealised surface tension plot for both mixtures (dashed line) and pure
surfactant (straight line). The formation of PE bound surfactant aggregates starts at
cac/T1;atT2 thePE is saturatedandthe formationof freesurfactantmicelles startsatT3.
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a surfactant into a solution of a polyelectrolyte (or vice versa), so
that the local concentration is in the precipitation region of the
phase diagram. Here the large Mw and the stiffness of the
polymer might aid in stabilizing the shell of the formed
capsules. By adding a third component to the solution, which is
pipetted into the other solution, these capsules can serve as a
container for the third component. Lapitsky and Kaler used JR
400 and SDS to obtain such capsules and used them for the
encapsulation of oil droplets105 and also studied effects of
chemical cross-linking on the reversible swelling with surfac-
tant and its release.106

Fluorescence methods can yield useful information about
polymeric systems.107 Polysaccharide based polymers are well
suited for the use of uorescence methods, since they are easy
to label108,109 and a number of studies has been performed with
labeled cellulose derivatives14,61,110–112 and also with non-cova-
lently attached uorescence labels.102,113 Most noticeably the
formation of hydrophobic surfactant aggregates along the
polyelectrolyte backbone and conformational changes of
hydrophobically modied cationic cellulose could be shown by
the change of the uorescence signal.61,102,110

3.4 Surfactant binding isotherms

Adsorption isotherms of ionic surfactants to oppositely
charged, cellulose based polyelectrolytes have been investigated
using a number of methods, for example dialysis,114 potenti-
ometry86 and isothermal titration calorimetry (ITC).44,115

Sjöström and Piculell used the swelling of covalently cross-
linked gels as an easy to use alternative to the aforementioned
methods.82

Mostly cat-HEC–SDS44,82,114 but also CMC–DTAB86 and cat-
HEC–sodium peruorooctanoate have been investigated.115 The
Yang–Satake model (eqn (3)) has been successfully applied to
describe the obtained binding isotherms in the low surfactant
concentration region of cat-HEC–anionic surfactant systems
and CMC–DTAB, while it fails to describe the binding isotherms
obtained with PSS–DTAB; this has been attributed to the fairly
large monomeric units in cellulose based polyelectrolytes,
making steric aspects, not taken into account in the model,
negligible.115

It is generally observed that initially the surfactant is bound
in a non-cooperative manner. Subsequently, a critical aggrega-
tion concentration (cac) cooperative binding is observed until
phase separation. On adding sufficient surfactant, the precipi-
tates are redissolved. This redissolution is attributed to the
formation of mixed aggregates stabilized by polyelectrolyte
bound surfactant micelles.44

3.5 Interfacial aspects

Many studies investigate effects of polyelectrolyte–surfactant
mixtures on the surface tension and some of them have been
carried out with cellulose based polyelectrolytes and oppositely
charged surfactants,5,66–68,70,71,83,86,104,116,117 as such systems are for
instance very important in detergency. The general picture is
similar to that obtained with other polyelectrolytes (see Fig. 8).
The surface tension as a function of surfactant concentration at
This journal is ª The Royal Society of Chemistry 2013
a constant polyelectrolyte concentration starts decreasing upon
addition of the surfactant and reaches a plateau at a concen-
tration usually designated cac (critical aggregation concentra-
tion or T1) which is usually signicantly lower than the cmc
(critical micellar concentration). Aer the plateau, a second
decrease is observed (cac2 or T2), which is followed by another
plateau, the onset of which is the cmc (T3). This is usually
interpreted in a way that surface active polyelectrolyte–surfac-
tant aggregates are formed at the cac, while at the cac2 the
polyelectrolyte is saturated and eventually the mixed aggregates
are displaced from the interface by the surfactant. This is also
supported by measurements of the surface viscoelasticity,118,119

where it has been found that the interface becomes viscoelastic
upon addition of the surfactant, which means that poly-
electrolyte–surfactant complexes are adsorbed at the interface.
At higher surfactant concentration, the viscoelasticity is lost,
which means that the aggregates are displaced from the surface
by the surfactant.

While surface tension gives only indirect evidence for the
formation of mixed aggregates, other methods like ellipsometry
or reectometry allow the measurement of thickness and
structure of polyelectrolyte–surfactant aggregates at interfaces
and a large body of data has been accumulated over the past
decade, a number of them dealing with cellulose based
polyelectrolytes.12,68,120–127

Zimin et al.120,121 studied the adsorption and desorption of
premixed JR 400–SDS complexes on several solid surfaces by
AFM and found that the changes in the structure of aggregates at
the interfaceweremainly determined by the bulk structure of the
complexes. The adsorption of several cationically modied
cellulose based polyelectrolytes and cationically and hydro-
phobically modied cellulose based polyelectrolytes on silica
and hydrophobized silica was studied by Terada et al. with
ellipsometry.12,122,123 It was found that the amount adsorbed at a
given polyelectrolyte concentration with variable SDS concen-
tration is maximal near the phase boundary. Increasing the SDS
concentration beyond the two-phase region reduces the amount
adsorbed. Interestingly, the thickness of the layer is more or less
Soft Matter, 2013, 9, 3896–3909 | 3903
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constant before the phase boundary (i.e., at low surfactant
concentrations) but increases aer the phase boundary. This
means that the layer becomes increasingly compact before the
phase boundary. Aer the phase boundary, the complexes are
boundmore loosely since they now bare a net negative charge on
the negatively charged silica surface. Upon rinsing, the adsorbed
amount increased. This was interpreted as being due to reduced
screening by counterions which are washed away. The adsorbed
amount was generally higher on hydrophobized silica and the
amount adsorbed started to increase at signicantly lower SDS
concentrations on hydrophobized silica for cationically modi-
ed cellulose. Svensson et al.124,125 studied the adsorption of
mixtures of cationically modied cellulose–SDS and cationically
modied guar–SDS and also showed that such systems can be
used to deliver silicone oil to negatively charged surfaces.

Some studies deal with the adsorption of cellulose based
polyelectrolytes and oppositely charged surfactants on
cotton.14,128 It is interesting to note that no peak in adsorption
was observed near the phase boundary by Hoffmann et al.14 for
cationically modied cellulose and SDBS as it has been
observed on at model surfaces with SDS as the surfactant. This
may be due to the ability of the polyelectrolyte to penetrate into
the structure of the negatively charged bre, as has been
observed for cotton129 and hair.112
4 Chitosan

Chitin, poly-b-1-4-N-acetyl-D-glucosamine, is aer cellulose the
secondmost abundant polymer in nature. It is a main structural
component of the exoskeleton of crustaceans and insects and is
commonly found in the cell wall of fungi. Chitin is insoluble in
all common solvents, but it (and also cellulose) can be dissolved
in ionic liquids based on imidazolium salts130 and in dimethy-
lacetamide (DMA) in the presence of LiCl.131 Chitosan, a
random copolymer of N-acetyl-D-glucosamine and D-glucos-
amine (see Fig. 9) is soluble in aqueous solutions of acids, such
as formic and acetic acids due to protonation which renders
chitosan a polycation at low pH. Chitosan itself, however,
occurs rarely in nature and is obtained by alkaline or enzymatic
deacetylation of chitin. Due to its ease of modication, its high
availability and low cost, and its biocompatibility, chitosan is
employed in a variety of elds. Therefore a large number of
papers dealing with practical applications of chitosan have
appeared in the last thirty years. Accordingly, depending on the
eld of application several reviews can be found in the litera-
ture. Beside books, book chapters and reviews dealing with
Fig. 9 Chemical structure of chitosan.

3904 | Soft Matter, 2013, 9, 3896–3909
generic properties of chitin and chitosan,132–135 the most cited
papers deal with chemical modications of chitin and chito-
san,136–139 and the use of chitosan in medical applications,139–143

in food industry144–148 and as a pollutant recoverer.149–155 These
applications rely, of course, to a large extent on the pronounced
biocompatibility of chitosan, which is also coupled to its anti-
microbial properties.132,134,156 Accordingly it is a very promising
molecule for the use in more complex and hierarchically
assembled systems.157

4.1 Complex formation: structure and phase behaviour

In the following we want to focus on work that has been done on
complexes of chitosan andanionic surfactants.Quite abit of effort
has been dedicated to complexes formed by chitosanwith sodium
dodecyl sulphate (SDS).38,42,158–164 It was shown that SDS and chi-
tosan form insoluble complexes well below the cmc of the
surfactant and in a high polyelectrolyte excess, indicating a strong
cooperative behavior ascribed to the hydrophobic interactions
among the bound surfactant molecules.38,160 In the work done by
our group we also found that chitosans with different molecular
weights and different degrees of acetylation (DA) (from ca. 2% to
15%)mixedwithSDS, sodiumdodecyl benzenesulphonate (SDBS)
andsodiumlauryl ether sulphatewithanaverageof2 ethylenoxide
units per surfactant (SLES) form insoluble complexes over a wide
range of mixing ratios and concentrations.165 The insoluble
complexes formed by SDS and chitosan have been shown to
exhibit marked Bragg peaks in the X-ray diffraction patterns, cor-
responding to a repeating distance of ca. 3.7 nm which is char-
acteristic of densely packed micelles (see Fig. 2b).158,161,166

These insoluble complexes can be used for the formation of
microcapsules.158,166 In particular, if a chitosan solution is
added to a SDS solution with a concentration above the cmc,
capsules with approximately the size of the drop are formed.
Much smaller droplets can be obtained if the added chitosan is
emulsied in decane before being added to the SDS solution.166

Rinaudo et al. showed that the wall thickness increases with the
square root of time, indicating that the formation process is
determined by interfacial diffusion of surfactant micelles and
chitosan chains. They also determined the viscosity and elastic
modulus of a 300 mm thick layer to be 106 to 107 Pa s and 104 to
105 Pa, respectively,166 the latter being comparable with that of
high density polyethylene.

4.2 Binding isotherms

In a detailed thermodynamic study on the binding of SDS on
chitosan, performed by Wei and Hudson, it was shown that the
binding process could be well described with the Yang–Satake
model only for chitosan with low DA.38 The authors found a
value of Ku ¼ 2.23 � 104 M�1 and u ¼ 23 for the binding to a
chitosan with a DA of 0.08 and at pH ¼ 4.2, which means that
the binding is strongly cooperative. Interestingly, the addition
of NaBr (up to 150 mM) shis the binding of SDS to a higher
surfactant content, due to electrostatic screening of the charges,
but has almost no effect on the steepness of the binding
isotherm, showing that the cooperative process is not affected
by the presence of the salt, thereby indicating that the
This journal is ª The Royal Society of Chemistry 2013
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cooperative binding is mainly driven by hydrophobic interac-
tions. Summarizing, the complexation of chitosan by SDS is a
two-step process: rst, single surfactant molecules bind to the
polyelectrolyte chain due to electrostatic interactions; aer-
wards a strongly cooperative process takes place which is, in
addition to electrostatics, characterized by strong hydrophobic
interactions between the alkyl tails of the bound surfactant
molecules. Accordingly, an increased ionic strength has an
effect only in the rst step of the binding process.

The binding of anionic surfactants to chitosan can be
described with eqn (3) only for systems with low DA, i.e., b <
0.2.38 For higher values the model has to be corrected, taking
into account the non-ionic and non-binding segments of N-
acetyl-glucosamine. For the corrected binding isotherm we refer
to eqn (8) in ref. 38.

Thongngam and McClements investigated the inuence of
pH, ionic strength and temperature on the binding of SDS to
chitosan.42 The complex formation was studied at pH ¼ 3 and 7,
chitosan being fully protonated and soluble in the former case,
uncharged and insoluble in the latter. By use of isothermal
titration calorimetry (ITC) and surfactant selective electrode (SSE)
the authors showed that the binding of SDS on chitosan occurs
only when the polyelectrolyte is charged to a sufficient extent, i.e.,
below pH¼ 7. However, the complex formed in acidic conditions
cannot be redissolved with increasing pH, indicating that on the
experimental time scale irreversible complexes are formed.
Furthermore, they could show that the amount of SDS bound to
chitosan in acidic conditions is not inuenced by changes of
temperature (10–50 �C) and ionic strength (0–150 mmol NaCl)
and is 4–5 mmol per gram of chitosan, which corresponds to a
1 : 1 complex (considering only the deacetylated units). Calori-
metric titrations were performed at different temperatures, with
the concentration of the surfactant in the titration syringe being
above andbelow the cmc. The authors could show that surfactant
aggregates are present in the complex, even at a total concentra-
tion of SDS below 0.2 mM, i.e., 40 times less than the cmc, and
that the binding is driven by electrostatic interactions, with a
DHbind of ca. 6.5 kJ mol�1 SDS. Despite the interaction being
mainly electrostatically driven, the addition of 100 mM NaCl at
pH ¼ 3.0 and 30 �C has little effect on the binding of SDS.

In conclusion, the binding between SDS and chitosan is
highly cooperative and the complex formation is a highly
exothermic process. These complexes, once formed, cannot be
redissolved with increasing pH or ionic strength, indicating that
they are trapped in a deep energetic minimum. The very low
solubility of the SDS–chitosan complexes, even at Z � 1 and Z
[ 1, ratios where the polyelectrolyte should be virtually still
fully charged, can be justied considering this minimum: when
chitosan and surfactant solutions are mixed, a saturation of the
polyelectrolyte takes place locally with the formation of an
insoluble, electrically neutral complex, which does not redis-
solve on the experimental time scale.
4.3 Interfacial aspects

With respect to cellulose based systems, studies of interfacial
properties of chitosan surfactant mixtures are more
This journal is ª The Royal Society of Chemistry 2013
limited161,162,167–173 and were recently reviewied.171 In the litera-
ture contradicting results on the surface activity of chitosan
solutions can be found: while some authors state that chitosan
itself shows no surface activity%,161,168,169,174 or report even an
increase in surface tension up to 84 mNm�1 for 1% of 1.88 MDa
chitosan in a 0.1 M acetic acid solution at 25 �C,174 on the
contrary, other authors report a strong decrease in surface
tension also for dilute chitosan solutions (Cp ca. 0.02%).171

However, the authors also report a very long adsorption
induction time, i.e., the time before the surface tension starts to
decrease, in the order of 103 to 104 s, as to be expected for such a
low molar concentration. In general, achieving equilibrium of
the surface adsorption of high Mw polymers in aqueous solu-
tions is problematic due to the very long equilibration times
(which can easily go to days and months).

When chitosan is added to oppositely charged surfactant
solutions, in most cases SDS, a lower surface tension with
respect to the pure tenside solution is observed, with this effect
being stronger for hydrophobically modied chitosan.167,168 This
effect is explained by the formation of highly surface active
SPECs, which form already at very low surfactant concentra-
tions, where SDS alone shows no decrease of surface tension.

4.4 Interactions with phospholipid vesicles

Another system which recently has attracted the interest of the
scientic community are mixtures of chitosan with phospho-
lipid vesicles.169,175–186 Briey, chitosan adsorbs at onto the
surface of negatively, neutrally and positively charged vesi-
cles183,185 and the adsorption does not seem to be inuenced by
the vesicle size.183However, as the studied vesicleswere very large
(LUVs of 200 nm and GUVs of some mm) in comparison to the
persistence length of chitosan, it is worth to suppose that only a
“at” surface is seen by the polyelectrolyte. When chitosan is
added stepwise to a solution of negative LUVs one can observe a
charge reversal from negative to positive and the formation of
large clusters in proximity to charge neutrality. Finally, the
addition of chitosan was shown not to affect the structure of the
lipid bilayer184 and to increase the stability of the membrane
against pH and salt shocks.178 Inelastic neutron scattering
showed that the presence of the chitosan drastically reduces the
nanosecond dynamics of the phospholipid headgroup.186

4.5 Interactions with fatty acids

Chitosan's ability to bind fatty acids and bile salts has been
studied to some extent.170,187–191 Due to the relevance of chitosan
as a promising dietary supplement for antilipidemic treat-
ments, such binding behavior has been investigated in acidic
conditions, mimicking the stomach digestive conditions, and at
neutral pH, mimicking the duodenal intestinal tract. Even if
carboxylic acids (pKa � 4.5) and chitosan (pKa � 6.5) are
oppositely charged only in a narrow pH range, they form stable
complexes throughout a large pH spectrum of 3–5. Under very
acidic conditions (pH < 3) chitosan is fully charged while the
fatty acids are found in their protonated and therefore neutral
forms and oil-in-water emulsions stabilized by chitosan are
formed.189
Soft Matter, 2013, 9, 3896–3909 | 3905
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In contrast, solid complexes between chitosan and sodium
caprate have been reported to dissolve within one day in acidic,
surfactant free solutions (pH ¼ 5 and 10 mM NaCl).192 The
authors could further show an enhancement of the stability of
the solid complex when the surfactant is covalently coupled to
the polyelectrolyte.
5 Conclusions

The complex formation in mixtures of oppositely charged bio-
polyelectrolytes and surfactants follows in general the behav-
iour observed for other, typically synthetic, polyelectrolytes. A
main difference is that basically all biopolyelectrolytes have a
rather high intrinsic persistence length (apart from the stiff-
ening that may result from the electrostatic charging) compared
to many synthetic polyelectrolytes (for instance polyacrylates).
This high stiffness also applies to the biopolyelectrolytes that
are in the focus of this review: ionically modied cellulose and
chitosan. Therefore the structures formed in their complexes
have more likely a tendency for an extended conformation of
the polyelectrolytes but nonetheless normally lead to precipi-
tation around the equimolar charge ratio between poly-
electrolytes and surfactants.

The structure of the surfactant aggregates in these
complexes is typically not much affected by the presence of the
biopolyelectrolyte but mostly determined by the packing
conditions of the surfactant molecules. Accordingly the binding
of the surfactant to the polyelectrolytes is generally highly
cooperative. Of course, for highly curved surfactant surfaces,
such as in spherical micelles, it becomes difficult for the rather
stiff biopolyelectrolytes to follow this curvature and the inter-
action here and the structures formed are oen quite different
from those in the case of highly exible polyelectrolytes. Despite
these restrictions the structural variety of the complexes formed
is very rich and different structural entities can be created. For
instance, for the case of achieving cylindrical micellar aggre-
gates and sufficiently long polyelectrolytes one may form highly
viscous homogeneous solutions already for relatively low
concentrations thereby allowing for a simple rheological control
over many orders of viscosity by relatively small changes of
surfactant concentration.

By balancing the interactions one may also form complexes
with nite sizes in the range of 50–500 nm, which can be
interesting delivery systems as they contain conventional
hydrophobic domains (in the micellar cores), water-insoluble
complex domains, and water-soluble polyelectrolyte chains.
This renders them interesting objects for the purposes of
selective solubilisation, even allowing for different types of
solubilisation sites within one self-assembled aggregate.

These properties together with the fact that they are
ecologically favourable and typically highly biocompatible make
these biopolyelectrolytes a very interesting alternative to
conventional polyelectrolytes, which due to their relatively high
chain stiffness allow for the formation of complex structures
not so easily formed by other polyelectrolytes. In addition, the
described biopolyelectrolytes chitosan and modied cellulose
are easily available in large quantities. Therefore one can expect
3906 | Soft Matter, 2013, 9, 3896–3909
an increasing use in a large variety of applied formulations that
will employ these specic properties of the biopolyelectrolyte
interactions with surfactants.
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