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ABSTRACT The influence of the polysaccharide charge distribwtiothe structure, thickness, and
charge reversal of the interfacial layers, formed by adsorbed posithvalged protein and oppositely
charged polysaccharide, has been investigated using lattice-basemhsidfent field (SCF) approach.
We compare the adsorption behaviour of a uniformly chargsaaccharide model with that consisting
of a short and a long block carrying different charge desskier homogeneously charged
polysaccharide we observe a resulting interfacial layer that is closer todpndtein + polysaccharide
film, rather than a multi-layer. We also find that the maximum adsorti polysaccharide occurs at an
optimal value of its charge, above and below which the adsarbednt decreases. In contrast, for
heterogeneously charged chains, as their charge is increasingly locatedsbarthr block, a much
thicker interfacial layer results. In such cases the weakly charged longks bidend well away from
the surface into the solution. The interfacial film begins to resembldtdayer with a primary protein
and a distinct secondary polysaccharide layer. When the weeddged long blocks still have a
sufficient amount of negative charge, we also observe a revetbal sifjn of surface potential from
positive to a negative value. Our SCF calculated values for the regersace potential are of the order
of =25 mV, in good agreement with several experimental results invalvpaential measurements on
particles covered with such protein + polysaccharide films.

and thus develop functional textiles. They reported depositing as
1 Introduction many as 20 individual layeérento the surface of such substrates.
Even larger numbers, up to 100, alternate layers of polyaniline
; ) ) i " and poly(styrene sulfonate) were lied on quartz substrates using a
multi-layered films, by consecutive adsorption of alternatlng novel automated in flow deposition apparatT#ie technique has
charged polyelectrolytes onto a substrate or at an intérfatbe also been used in the design of more efficient fuel cells, where
process is driven by the attractive electrostatic interaction%embranes with high proton conductivity but also good methanol
between the polyelectrolyte and the oppositely charged sun(aceblocking properties, needed in such cells, were fabricated using

At each stage of the deposition, the adsorbed polyelectrolyt(iBL deposition methoH. LBL based techniques have similarly

causes a reversal of the charge of the substrate. This then allsos\%%en used in the development of integrated ofids the

for the next layer of polyelectrolyte, with a charge opposite tofabrication of targeted wound dressing matetalproduction of
that of previous layer, to be adsorbed. Normally, there is also ﬂigh conductivity® and free standing highly ductile

rinsing gtep before the substrat(_e is dipped into the solution of thBiocompatibIe film&, design of ultrafiltration membrariésand
appropriate polyelectrolyte, during each stage of the prbcess engineering of superior amperometric bio-sen&ors’ The

Due to its inherent simplicity, the extensive choice osf)advances in applying LBL technique to synthesis of

polyelectrolytes and the.relatively Iarge and precise numper 0 uperhydrophobic or superhydrophilic surfaces were reviewed by
layers that can be deposited, the technique has been exploited a3&er and Schleno

potentially useful method in many varied areas of technology,

ften involvi tabricati h h hod h Other notable fields that have also been focus of much recent
g en nvo \gng napo-l 2 ”Zatlon'_ _Furt fer[]nore,dt € met;ﬁ | 8Sresearch activity in self assembly of polyelectrolyte multi-layers
een exten N .to inciude ep_03|t|oq ot charged nano-particles. are pharmaceuticals, nutraceuticals and food systems. Much of
and even living virusés either in combination with a

A ) ) . the interest in pharmaceuticals arises from the potential that the
polyelectrolyte, or on their own, in formation of multi-layers.

; ; bl licati ¢ de et al multi-layers offer in design of controlled release vehicles and
dTO t;n?jmllon afew |p055| ef aplp |c;3|lt||ons. 0 rl;BdL' thl e’d a 'dtargeted delivery of drug$.Similar considerations also apply to
adsorbed alternative layers of poly(allylamine hydrochloride) aN%hutraceuticals, where the controlled release of flavour ingredients

poly(sodium 4-styrene sulfonate) onto cotton fibres, with a VI€Wor functional nutrients, either during mastication or within certain

to control the surface selectivity and permeability of the flbrespart of digestive systems, may be required. In the past, LBL

Layerby-layer (LBL) deposition method involves fabrication of
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technique is often been used in this context to form microcapsulemteractions between particles or droplets changes from repulsive
and to load these with the active matetfallhe microcapsule s to an attractive one. Therefore, at every stage during the
contains the drug which is released as it diffuses across the multdeposition, the colloidal stability of the system has to be assured.
layer film surrounding the capsule. Thus, by varying the natureFor protein stabilised emulsions part of this repulsion is provided
and the number of deposited layers, a better degree of contrdly electrostatic interactions between positively charged protein
over the release profile of drugs from such microcapsules can blayers3? Adsorption of negatively charged polysaccharide, at the
achieved. Similarly, in the burst type release microcapsules, thearly stages of the formation of the secondary layer, can reduce
mechanical properties of multi-layers are generally easier to tunaghe overall surface charge. This diminishes the electrostatic
allowing a finer control of the burst time. An alternative is to repulsion between the droplets. Furthermore, since at this initial
incorporate the active ingredient within the multi-layer films. stage of deposition, not enough polysaccharide is as yet adsorbed
Degradation of the film, triggered by changes in pH or otheron the protein layers, the steric forces mediated by the secondary
environmental stimuli, causes the gradual release of the drug. Thlayer may not be strong enough to compensate for the reduction
release kinetics of protein during the degradation of multi-layerin electrostatic repulsion. This can lead to aggregation and
films has been studies by Wood eahnd Macdonald et &t. breakup of emulsion, before enough polysaccharide accumulates
1s Hammond and co-workers have developed an interestingat the surface of the droplets. The other possibility is that of
extension to the technique for inclusion of drugs in multi-laj®ers. bridging flocculation®® induced here by the simultaneous
The active ingredient was first incorporated into nano-particlesadsorption of negatively charged polysaccharide chains onto
consisting of co-polymer micelles. These nano-particles weredifferent positively charged protein layers, belonging to two
then used as one of the components in the deposition ofaattern closely spaced neighbouring droplets. One of the motivations for
20 layers, with the other component consisting of tannic #cid. the current work is to exam the nature of colloidal interactions
However, it must be noted that in this work the attractivethat arise from electrostatically formed multi-layers to ascertain
interactions between different layers was due to hydrogerthe type of circumstances under which these instabilities can
bonding, rather than electrostatic in origin. The use of LBL arise.
method also provides means for incorporating both hydrophobic While the protein-polysaccharide multi-layers have been the
and hydrophilic drugs, simultaneously, in the same dual deliverysubject of many experimental investigations, there are fewer
microcapsulé? theoretical or computer simulation studies involving these
The substrate upon which the multi-layer is grown is netsystems. This is to be contrasted to the case involving formation
always of a macroscopic size. In many applications this could bef protein-polysaccharide complexes away from the interfaces
the surface of colloidal entities and therefore of mesoscopicand within the bulk solution¥:3¢ This, at least in parts, is due to
30 dimensions. Notable examples of such systems involve coatinthe fact that in bulk one only needs to consider the interaction of
of enzyme particléé by protective polymer films for a polysaccharide chain with one or a few protein molecules. This
pharmaceuticals applications, and that of emulsion droplets dynakes the study of such complexes quiet amenable to simulation
polysaccharide layers in the field of food scieffcé® Due to  techniques such as Monte Carlo and molecular dynéathigs3®
strong hydrophilicity of the majority of polysaccharides and a However, in most practical cases, the protein-polysaccharide
sslack of sufficient charge at oil-water interfaces, these multi-layers involve dense adsorbed layers of these polymers. A
polyelectrolytes have little affinity for direct adsorption onto the single polysaccharide chain not only interacts with many more
surface of oil emulsion droplets. However, most food emulsiossprotein molecules, when adsorbed at the interface, but also with
are traditionally prepared and stabilised using an initial layer ofmany neighbouring polysaccharide chains having the same net
adsorbed protein. Proteins such as bovine maikcasein,3- charge as itself. Many of the more interesting and colloidally
casein ang-lactoglobulin, often used for this purpose, have iso- relevant aspects of such films only manifest themselves in
electric points in the pH range of 4-5. Thus, at pH values lowersimulations involving a large numbers of adsorbed molecules.
then pl, it becomes possible to deposit anionic polysaccharide$he MD simulations of multilayers formed by either short
onto the positively charged primary protein la§®f® Emulsions polyelectrolytes with various uniform charge densities or/and
stabilised by a secondary layer of polysaccharide have a numberanoparticles have been performed by Dobrynin and co-
45 of distinct advantages compared to the traditional “protein only” workers?%43 In all these studies the authors also included strong
stabilised emulsions. Reported results in the literature haveshort-ranged attraction between all the monomers. This is thought
demonstrated that these emulsions have a much better stabilitp be an important prerequisite for the occurrence of charge
against freeze-thaw cycles and changes in pH and electrolyteeversal and formation of multi-layet$The simulations provide
concentrations, occurring during their proceséhng. The valuable information on the dynamic of adsorption but remain
so polysaccharide film can also act as a barrier to digestive enzymesmther time consuming. Fortunately, a different approach, based
such as lipase, hindering their diffusion and access to the oibn the use of self consistent field (SCF) numerical calculation
droplets. It has been suggested that this slows down the uptake stheme, originally introduced by Fleer and Schutfén®, has
fat during digestion, hence providing a potential method for thebeen shown to work very well for such densely adsorbed protein
design of healthier food produdts. interfacial layers®+® at least in so far as the equilibrium
ss  Fabrication of multi-layers on the surface of colloidal particles behaviour of these films is concerned. This is particularly the
or emulsions introduces a certain complication in the use of LBLcase for more coil likdisordered proteins, such as asi-casein and
technique, otherwise not present in coating of larger substrates.p-casein, which have no tertiary and very little secondary
Colloidal systems are prone to aggregation if the nature oftructures’® 4’In fact, the mean field nature of the method means
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that it becomes increasingly more accurate, as the number afasein, retaining the same train of hydrophobic, polar and
neighbouring molecules with which a chain interacts, becomegharged amino acid residues. We then present the results of our
large?® In our previously reported work, we have extended thisnumerical calculations for the level of adsorption of
method to the study electrostatically formed protein- polyelectrolytes onto a layer of this “model protein”, for various

5 polysaccharide multi-layets 50 and those produced from polysaccharides with the same chain length, but carrying different
adsorption of covalent complexes of protein and electrical charges. The data showing the influence of the charge
polysaccharide® es heterogeneity on the equilibrium structure of the resulting

On the basis of a simple argument, as the degree of thanterfacial layers is presented next. Finally, we discuss the
charging of the polyelectrolyte increases, so will its affinity for problem of charge reversal arising from the adsorption of the

10 adsorption onto an oppositely charged surface. Therefore, polysaccharides.
higher level of adsorption and a thicker deposited layer are
expected to result. In the current work we shall show that, due t@ M ethodol ogy and M odéd
the electrostatic nature of the interaction, this may indeedenot b . .
the case. We also investigate the equilibrium state of the mi%ég' 1 Sdf-Consistent Field Approach

15 protein + polysaccharide layers in order to identify circumstancesThe properties of electrostatically driven protein-polysaccharide
where this film is a single mixed layer and those where itcomplexes at the interface are investigated using an
comprises of distinct individual multi-layers. It is known that implementation of self-consistent field (SCF) lattice theory,
polymers forming the multi-layers are capable of inter- initially developed by Scheutjens and FiéefS 5456and later
diffusion3? This causes the initial (and often the desired) generalized to polyelectrolytes by Bohmer eb’adnd Israels

20 structure of the film to evolve over a period of time towards aetal.® 5 The method adapted to our protein-polysaccharide
different equilibrium configuration. Such situation is particularly system was described in some detail previdlisind therefore
encountered where there is no drying of the substrate involveanly the main aspects of the theory are presented here. The
and the final product has to be stored in a wet environment (e.gstudied system consists of protein, polysaccharide, ions, and
food emulsions). In a series of interesting experiments, Jourdaisolvent molecules distributed between two parallel plates in

25 et al®® compared the dynamic interfacial tension behaviour of theequilibrium with bulk solution. The space between the surfaces is
mixed films of the protein, sodium caseinate, and thedivided into layers, = 1, 2, 3,..., D parallel to the plates, and
polysaccharide, dextran sulphate, adsorbed at n-tetradecane-watsch layer is further divided into lattice cells of equal volume.
interfaces in two different ways. In the first of these, the The simple cubic lattice with the lattice spacing 6f=a0.3nm
adsorption took place in a single step from a mixed solution ®fwas used in the current approach. Each layer is fully occupied

30 these two biopolymers. In the second, an LBL type addition ofwith protein residues, polysaccharide monomers, ions and solvent
the polysaccharide was made to an already prepared primary filmolecules. The Bragg—Williams approximation of random
of sodium caseinate. The variation of the interfacial tension wasnixing is applied within each layer, and thus all lattice cells
found to be significantly different for the two cases. This within a layer are assumed to be equivalent in terms of the
indicates markedly different rates of adsorption and contrastisgconcentration of various species. In our model we have five types

ss initial structures for the two films. However, after around 20 of molecular components: the solvent (i = 0), the protein (i = 1),
minutes or so, the measured interfacial tensions were seen the polysaccharide (i = 2), cations (i = 3), and anions4).ghe
approach the same valkieThis is thought to be due to the protein chains are made form six different groups of residues
evolution of the structure of the two films towards the samewhile the polysaccharide consist of one or two monomeric
equilibrium configuration. os Species types denoted by (see section 2.2). Therefore,

4 Finally, we also use our SCF calculations to investigate thedepending on the polysaccharide structure, and taking ions into
influence of the heterogeneity of the charge distribution along theaccount, there are a total of either nine or ten species a&yjpes
polyelectrolyte backbone, on the structure of the resulting multi-the system.
layers. We found that the competitive adsorption, between the In the SCF approach, each specie@.e. solvent, different
more heavily charged segments of the chains and the lighigprotein residues, polysaccharide monomers and ions) experience

4s charged parts, turns out to be a significant contributor to thea potential of mean force?(u) for that type. For any speciesat
phenomenon of overcharging and reversal of the charge at thdistance r from the surface this potential of mean force can be
interface, during the adsorption of these type of polysaccharidesxpressed as a combination of three parts
On the basis of experimental results alone, it is not entirely
possible to infer whether the overcharging arises as a result of U (r) = U (r) + U, () + ug(r) @

so metastable film structures, or whether it is a phenomenon that
also persists in the equilibrium state. We shall show that at le¥s{n the above equatiomdlr) is a hard-core potential term, which
for polyelectrolytes with a non-uniform degree of charge alongh@s the same value for all types of species in laykrensures
the chain, it is the later that holds true. that the space in each layer r is completely occupied and hence

The paper is organised as follows. In the next section we shall @)

ss briefly highlight our SCF calculations as applied to protein + 20 0=1
polysaccharide mixed/multi-layers. Next, we discuss our models -
for the protein and polysaccharides, respectively. We loosely basahere p%(r) denotes the volume fraction of speciet layer r.
our “model protein” on the primary structure of milk protein as- 110 The second term in eq. 1ye(r) . represents a short-range

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



interaction and is expressed as so profiles obtained in this fashion are those that minimize the free
energy of the system. The tolerance in the convergence was set in

N .
yee our calculations to be 10

Ui, (1) = Zzaﬁ(@ﬁ ()-o’ )+ (Gi1t00)2s O
$=0

2.2 Polysaccharide and protein models

The investigation here has been carried out using a look-alike
ss model of asi-casein, based on the primary structure of this
protein. This model has been described in detail elsewhere and is
illustrated in Fig. 1 in our previous wotk Therefore once again
only a brief descriptions given here. The protein asi-casein is a
disordered type protein due to presence of a large number of
o proline and lack of cysteine residues. It consists of 199 amino
acids. In our model each amino acid is considered as a single
0 U;(I’) — qu\Pel(r) (4) residue. Therefgrg, together with N and C.:-t.ermini groups' at twg
ends, our protein is a polymer chain consisting of 201 residues in

where ¢ is the charge of the speciesnd Ze(r) the electrostatic ~ tot@l- In our model, different amino acids making up the protein
potential in layer r. The electrostatic potential only varies with chains are_ fj'v'de‘j into six d'St'nCF groups according to the!r
the distance away from the surface and it is set to zero in the buledrophoblcny and char_ge properties. These are hydrqphoblc,
solution far away from the region between the two surfaces. Théf’OIar (non-charged), p03|_t|vely charged (two t_ypes, with dlﬁergnt
s potential, Ze(r), is related to the variation of charge density in the PKa values), and negatively charged (again two types with

space between the two plates through a suitably discretizegiﬁer_ent pka values). For most parts during our stgdy we shall
version of the Poisson equation: 70 considered a bulk pH value of 3, where the protein possesses a

strong net positive charge. At this same pH value the charge of
8,8, V2, (r) =—p(r) (5) the polysaccharide is negative, thus giving rise to the possibility
of electrostatic complexation between protein and polysaccharide
In eq. 5.0¢ is the permittivity of the mediurw;? is the Laplacian ~ at the interface. The charge of each group type was calculated
20 Operator, andp(r) the space charge density in layer r. This according to the assumed pKa vafleso at pH = 3 the net
volume charge density(r) can in turn be related to the plane protein charge wasp4: = +21.04e
charge density(r), p(r) = o(r)/ao, with & being the thickness of The polysaccharides are modelled as linear polymers,
each layer. The plane charge density is calculated according to comprising of blocks with different charge density, with a total
polymer length of 500 monomers. An important aim of our study
o(r) :Zq“q)”‘(r) ®)  wisto compare the adsorption behaviour of polysaccharides with a
@ nonuniform distribution of charge on their backbones with those
having a more uniform structure. Therefore, we have investigated
and compared three types of polysaccharide models as follows:
() Uniformly charged homopolymer s&% with the monomer
charge varying from £= —0.01 to —2.0e. This represents
chains where charged groups are uniformly distributed along
the backbone of the polysaccharide.
n(II) A polyelectrolyte with structure #Basso, but where in
different systems the charge is increasingly concentrated on
the shorter & block (Zn = —0.0496 to —1.24e), while at the
same time being reduced on the longoBide (&= —0.0496
down to 0). This is done in such a way so as to ensure that for
all different polyelectrolytes considered, the total charge of
the chains remains exactly at the same valua.of Z24.8e.
Apart from their charge, in every other respect “A” and “B”
monomers are otherwise identical. The model represents the
situation where the carboxyl or other charge groups are
increasingly situated at one end of the polyelectrolyte (the
“A” side), thus giving this end a higher average charge
density compared to the rest of the molecule. In practice, of
course, real polysaccharides will have a number of such more
strongly charged regions and these may not necessarily lie at
one end of the chains. Nevertheless, for the purpose of this
preliminary study, our simple diblock model serves well as a
starting point to contrast the difference in the structure of
mixed layers formed by protein and homogeneous and non-
uniformly charged polysaccharides.

Here yu.s is the Flory—Huggins interaction parameter between
species of type: andf. Similarly, yos denotes the interaction

s parameter between species of typand the surface (S), with 1
and 6,0 being the usual Kronecker delta functions add
representing the bulk volume fraction of spegfedinally, the
third term in eq.1, ug(r), is a long-range electrostatic
contribution and it is calculated a$(r)

25 and is expressed the in the units gfagin present calculations.
Similarly, unless stated differently, the electrostatic potential,
Pel(r), is given in units of Ki/e.

The major quantities of interest in the SCF approach are ffie
sets of potentials®r) and volume fractiong®(r). If potentials

30 are known, one can obtain the volume fraction for any type
speciese, and hence those for each molecular component i, i
any layer r away from the surfageObtaining values ofr) and
9%r) is the aim of SCF calculations and once these afe
determined it is a straight forward task to evaluate other system

35 properties, such as: free energy of the system, electrostatic
potential, adsorbed amount of different components, and the
average location away from the surface for any monomer on the
backbone of a polymeric chain. However, as it is seen from the
equations above, the potentialgryiis dependent on the volume

40 fractionsp*(r), and vice versa. Therefore, in order to obtain the
required values for these quantities, a set of non-linear equations
is constructed and solved numerically by an iterative procedure.
The convergence is achieved when the boundary conditions"&re
satisfied and the volume fraction profiles are consistent with the

4s meanfield potentials both in bulk and at the interface. We have
checked the uniqueness of our solution by starting the iterations
from many different initial starting conditions. For any given
system, the iteration procedure was found to always converg&to
the same answer. It can be shown that the volume fraction

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



(111) Diblock polyelectrolyte with the same structure as that in (Il) polysaccharide charge constant. Finally, we explore the effects of
above, but now with a fixed charge for the B monomerssof Z the variation of charge in different blocks of the diblock
= —0.0le. The charge for the A monomers is varied from @ polysaccharide model on the formation of the mixed biopolymer
value of 4 = —0.25 to —3.0e. Similarly, while keeping the

5 charge on A monomers at a fixed value -af.0e, Zg is
changed graduallfrom —0.005to —0.1e. As well as having a  Table 1 A summary of different charges (in units ¢ffer “A” and “B”
nonuniform charge density, now chains in different systemsmonomers comprising our model polysaccharides, as used itudyr s
also have a varying degree of overall charge, indicating Homopolymer Ao
higher or lower proportions of sulfated hydroxyl, Z,"=001,-0.0496,-0.07, -0.1, -0.2,=0.3, 0.5, 0.7, - 1.0, -1.2, 1.5,
10 carboxylated or other similar charge groups found on -2.0
polysaccharides. Transition fromAsee homopolymer to ABaso diblock
The models are lusated schematcaly n Fig. 1wih exacZ (0% 03 0% 01 (00 0 ok b
charge distribution given in more detail in Table 1. AosBus diblock, z. varied . Zfixed
The Flory-Huggins interaction parameters between thez, ™ —025,-035,—0.5,-0.7, 1.0, —1.1, —1.5, 2.0, 3.0 (Zs = —0.01)
15 different types of monomers are mostly taken from the previous AxoBago diblock, Z varied, Z fixed

work in the litreaturé’- 48 51The most important of these are as Zs ~ —0.005,-0.01,-0.015,-0.02, -0.03, -0.05, —0.1 (Za =—1.0)

follows. The short-range interaction between the hydrophobic

residues and all the ojher species type_:s are S’.et to be strongly ?s(llﬂfel’facia| layer. The analysis of the interfacial complexes

favourable. Namely, y = 2.0ksT for the interactions between the™ . . . .

. ’ . includes evaluation of volume fraction (monomer density)
20 protein hydrophobic residues (type 1) and polar ones (type 2) and

x = 2.5kseT for those between the hydrophobic residues and all thé)mfIIeS fgr prote!n a_md_ pglysacchande, adso_rptlon data,
other species types, including solvent molecules. The short ran electrostatic potential distributions, and average distances from

interactions between the ions and the solvent molecules are setgﬁ'oe surface for individual monomers along the polymer backbone.

x = —1.0keT indicating a favourable interaction due to theo 3.1 Mixed layers formed by protein and uniformly charged
25 possibility of hydration of these ions by the solvent molecules.Polysaccharides

All the other remaining interactions in the solution are set to bg,, o simplest model of polysaccharide all the monomers

athermal (x = OksT). None of the species apart from the ,,sqess the same charge. A number of different cases where the
hydrophobic residues belonging to protein chains have aN¥harge density (charge per monomex)vs varied from —0.01
specific affinity for adsorption onto the surface of the two pdrallg, ., _» 0e were studied. The adsorbed amount of protein at the
plates (i.e. xs = OkeT). For these hydrophobic residues we have ajnterface and that of polysaccharide deposited onto the adsorbed

surface adsorption energy of xs = —2ksT per monomer. This is  yrotein layer were obtained using our SCF calculations. The
typical of hydrophobic interactions between such residues and,qysorbed amount of each moleculedi , at the interface is
surfaces where both are hydrophobic. Note in particular that therg, . jated according to

are no favourable short range inteactions between protein and

polysaccharide in our calculations. %
The bulk volume fractions of protein and polysaccharide was

considered relatively low, that ishcs= ®ps = 10! and kept

constant throughout our calculations. The low values reflect thepore the integral is taken over the entire gap between the two
fact that most of thege biopolymers will gnd up adsorbgd ontg th‘fwell separated) walls angi(r) and ®; represent the volume

s surface of the colloidal particles/emulsion droplets in typical f4ctions of molecule i at a distanedrom the first wall and that
colloidal systems of interest. This leaves the bulk concentration, e bulk solution respectively. It must be stressed that the
of protein and polysaccharide at a rather small véluBhe . aqsorbed amount refers to the excess amount of the biopolymer at

i - 104 - ) ) : . .
volume fractions of salt used wass = 10% The calculations i jnterfacial region and not just the molecules that are in direct
were carried out with a separation distance between the walls of {ytact with the wallsThe results are plotted as a function of

s = 400a unless stated otherwise. As such the two surfaces argy . jute polysaccharide monomer charge, |Zal, in Fig. 2. The
sufficiently far apart so as not to interfere with each other, in s

° ) ! Cadsorption of protein is seen to increase at first as the
far as the adsorption of biopolymers on each wall |sconcerned.gop(),ysaccharide is made more negativBuch adsorption

behaviour is not surprising. The adsorption of protein molecules
3 Results to the interface is initially limited by their strong mutual
The structures of the protein-polysaccharide layers at thélectrostatic repulsion. The presence of stronger negatively
hydrophobic interface will be considered for each of the threeSh@rged polysaccharides reduces the net positive charge of the
polysaccharide model types, discussed in the previous Sect%mterfamal layer to a larger degree,_thus aIIow_lng more prc_>tem to
separately. We begin by first considering the behaviour of g€ adsorbed. However, the protein adsorption cannot increase
simple homopolymer polysaccharide model. Then we study thé.nd.eflnltely and_ eventually sterlg fgctors come into play Wr_uch
change in the structure of the mixed layer which arises when thmits the casein adsorption. This is seen as the plateau in the
uniformly charged homopolymer is replaced with a non- cOresponding graph in Fig. 2 for values off [£1. _
uniformly charged diblock model. This is done by gradual f@ The dependence of polysaccharide adsorption on its cisarge
distribution of charge along the chain, whilst keeping the total'ather different from protein. It is obvious that for zero or very

3
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low |Za| no polysaccharide chains are expected to adsorb onto they the volume fraction of polysaccharide is not a monotonic
protein layer. To adsorb onto the oppositely charged protein filsafunction of its charge. Initially the value of the peak increases
the polysaccharide charge should be high enough to pravide form gps~ 0.09 to @pg(r) = 0.15, when charge per monomer is
sufficiently strong electrostatic attraction compensating for anychanged from Z= —0.0496e to—0.1e. But then it drops down to
s loss in configurational entropy, suffered by the polymer upon its0.14, 0.11 and finally 0.07 as the polysaccharide charge is
adsorption. With increase of charge the homopolymer adsorptiolincreased further te0.3, —0.5 and —1.0e (data are only shown for
initially increases. Naively one may expect this trend to continueZa = —1.0e case). Once again, this finding supports the existence
eventually reaching a plateau much in the same way as foof an optimal level of polysaccharide charge for its highest leve
protein, as the attraction between protein and polysaccharide isf adsorption on or into the protein film. Since the more
1o made stronger. Instead, it is seen that the amount ohegatively charged polyelectrolytes are expected to have a
polysaccharide in the mixed film reaches a maximum gt3Z  stronger affinity for the positively charged protein layer, this
0.1e. Beyond this level of charge the amount of adsorbedesult may at first seem somewhat surprising and thereforesmerit
polysaccharide falls off as the chains are made more negativesome further explanation. As mentioned previously, the
This is despite the fact that the amount of protein in the mixedadsorption of polymers onto an interface involves loss of some
15 film continues to increase. Further examination of our calculatecconfigurational entropy. Therefore, a certain minimum strength
results provides the reason for this unexpected behaviour, as witif favorable interaction between the polysaccharide molecules
be explained later in this section. The results of Fig. 2 imply thatand protein layer is required to compensate for this entropy loss
there is an optimum level of charging for the polysaccharidebefore the adsorption of polysaccharide can take pfadbove
chains at which the maximum adsorption takes place. For outhis threshold, as the polysaccharide is made more negative, its
20 model polysaccharide here this value occurs at a charge. bé affinity for the oppositely charged protein layer increases. This at
per monomer. A similar result was also observed in our previoudirst causes a rise in the amount of polysaccharide in the
work*® where we consider grafted protein and a diblock interfacial layer, as seen in Fig. 2. However, deposition of
polysaccharide model. In passing, it is worth mentioning too thamnegatively charged polyelectrolyte, reduces, neutralizes and in
with the homopolymer charge density ok Z -0.0le, the  some cases even reverses the charge of the protein film. This
2samounts of adsorbed monomers for both protein andhinders and eventually limits further adsorption of the
polysaccharide are practically the same. polysaccharide chains. For highly charged polysaccharides, this
Volume fraction profiles for the protein and polysaccharide effect is established with a far smaller number of deposited
molecules within the mixed interfacial layer are presented in Figmolecules. This then explains the drop in the amount of adsorbed
3, respectively. A number of different systems, with varying polysaccharide for more highly charged chains and the existence
30 degrees of electrostatic charge on polysaccharide chains, wed an optimal value of charge for the maximum deposition (see
studied. The profiles show the monomer density distribution forFig. 2). In this respect, there is a fundamental difference between
each biopolymer, plotted as a function of distance away from thaleposition of polyelectrolyte onto a protein film, driven by non-
wall surface. As such, these graphs provide information on thespecific long range electrostatic forces, and that involving more
thickness of the adsorbed polymer layers and the degree dpecific shorter range interactions such as, calcium bridging,
35 Stretching of the chains. hydrogen bonding or hydrophobic attraction. For the secosel ca
Comparison of the graphs for protein in Fig. 3 (lines a-c)the amount of adsorbed polymer is not expected to drop with
reveals that the protein layer becomes more extended wiilincreased strength of interactions.
increasing charge of the polysaccharide. For-20.0496e, the Comparison of the profiles for both biopolymers at the same
protein layer has a thickness of=r 10ao, with overwhelming  charge (lines a and d, b and e, ¢ and f in Fig. 3) reveatbem
40 majority of the residues situated within a distance of less than 5ainteresting feature of the interfacial layer. For systems involving
from the surface. ForaZ= —1.0e the film has now extended te:=r  lightly charged polysaccharide AZ= —0.0496e), most of the
15a0, and a far greater proportion of protein residues are founa@protein at the interface is confined to a short distance ¢x 5a
distances beyond baThis is in line with the result of Fig. 2, adjacent to the wall. On the other hand polysaccharide chains
where a larger amount of adsorbed protein, resulting in a thickeextend much further to distances of ar 18as. Thus, the
s film, was found for systems involving polysaccharides with biopolymer in the inner part of the interfacial film is
higher negative charges. Also the graphs for polysaccharide, lingsredominately protein, whereas the outer part has very little
d-f, indicate that, the more highly charged polysaccharides as@rotein and essentially consists of polysaccharide. As such, it is
more intimately incorporated within the protein layer, which may quite appropriate to think of the interfacial film as a multilayer,
also contribute to a more extended protein film. For exampleconsisting of a primary protein and secondary polysaccharide
so With a charge of & = —0.0496e per monomer, polysaccharide layers. This is to be contrasted with the case of more highly
extends to distances of aroune: 18ao. Similarly, for the same  charged polysaccharide. As we described above, the protein layer
system, the peak in polysaccharide volume fraction occurs-atifo expands and polysaccharide layer contracts with increasing
4-5%. At just over twice this charge, i.e.aZ —0.1, the charge of the latter. ForaZz= —1.0e, no distinct parts of the
corresponding values are~r 15a0 and r ~ 3-4a With further interfacial layer can be identified which are purely dominated by
ssincrease in the polysaccharide charge, the location of thene or the other of the two biopolymers. The film now has a
maximum continues to shift closer to the surface and the overalnuch more uniform and mixed structure. A similar result was
thickness of the polysaccharide layer steadily decreases. 15 also observed in our previous wdfkvhere complexes of grafted
It is also interesting to note that the maximum value attaineccasein with long (N = 1500), strongly charged Z —2.0e),
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polyelectrolytes were considered. We emphasis that our findingpolysaccharides the distribution of charge groups is far from
refer solely to equilibrium structures, towards which we beliewe uniform along the backbone of the molecules. In this section, we
the interfacial layers will slowly evolve. But these do not shall study the changes in the structure of protein +
preclude the possibility of emergence of other, perhaps loed liv polysaccharide interfacial films that arise as a result of this
“metastable” states, arising due to the dynamics of a particular heterogeneity of the charge distribution. We adopt the simplest
processing condition. Nevertheless, MD simulations of LBL possible model that can capture the behavior of a non-uniformly
deposition involving relatively short polyelectrolytes have furthes charged polyelectrolyte, namely a diblock polymer. We start with
confirmed a high level of intermixing between the two sets ofa system containing the homopolyelectrolyte of the previous
adsorbing chain® section with a monomer charge of Z —0.0496e, resulting in a
1 Further information regarding the spatial distribution of total charge of & = -24.8e. Next a series of systems are
biopolymer molecules within the interfacial layer can be obtainedconsidered in which the homopolymer is replaced with the
by calculating the average distance from the surface ferdiblock model for the polysaccharide, composed of a short “4”
individual monomers of protein and polysaccharide. Results oblock (20 monomers) and a long “B” block (480 monomers),
such an exercise are presented in Fig. 4. Fig. 4a shows averadenoted by ABaso. The charge of A-monomers is gradually
15 distance from the surface for each protein residue, with threéncreased from one system to the next, from=Z0.0496e to £
curves representing systems with different polysaccharide= —1.24e. At the same time the charge of B-monomers is reduced
charges, £=-0.0496, —0.1, and —1.0e. With a low charge,aZZ= s from Zs = -0.0496 to Z = 0, such as to keep the total charge of
—0.0496e€, the adsorbed asi-casein at the surface behaves like a diblock chains at the same value as the reference homopolymer,
“diblock”, with most of its monomers located near the surface, Zit = —24.8e. Such a stdpystep re-arrangement of charge
20 forming a “train”, and only a few monomers at the N-end allows the effects of transition from a homogenously charged
protruding into the solution for distances up to r 5. Note that  homopolymer to a diblock with a non-uniform charge distribution
in absence of fgsaccharide, asr-casein on its own adopts asoto be systematically studied. In the “extreme” case, the whole
configuration more akin to those expected for a tri-block polysaccharide charge is located within the shArtsection
polymer#é: 51 With increase in the polysaccharide charge, theleaving the long B-block electrically neutral.
2s middle part of the molecule also starts to desorb from the surface Fig. 5 shows the adsorbed amount of protein and
and stretches further away, forming a “loop”. As polysaccharide polysaccharide, as given by eq. 7, plotted as a function of
becomes more negative, the larger and more extended the le@bsolute charge of A-block monomersa||{ZThe charge of B-
section becomes. At the same time, the tail end at the N-terminuslock monomers is adjusted accordingly, as mentioned above.
becomes less stretched. Altogether, we can see that with increa3&e adsorbed amount for both biopolymers increases with a
30 Of Za the overall distribution of protein monomers becomes morehigher level of charge heterogeneity of the diblock
extended and protrudes further away from the wall. The ckangepolysaccharide.Thus, despite the fact that in all of these systems
in the typical configuration of protein with increase in the the polysaccharides have exactly the same charge, the diblock
polysaccharide charge correlates well with graphs for the volumepolysaccharides with a short highly charged block and a long
fraction profile, seen in Fi@. weakly charged one, seem to enhance the deposition of protein
s The average distance from the surface for each polysaccharides well as adsorbing more extensively themselves onto the
monomer, labeled 1 to 500, is displayed in Fig. 4b. Since for grotein layer.
homopolymer all the monomers are identical, the distributions atse Volume fraction profiles of polysaccharide, shown in Fig. 6,
symmetric with respect to the centre of the chain, with allillustrate how the thickness of polysaccharide layer alters with
monomers located approximately at the same average distandecreasing level of charge heterogeneity. Diblock polysaccharide
s from the wall. The small difference in the average positionwith the short highly charged section and long weakly charged
between the monomers in the central part of the chain and thoddock, gives a much thicker and more distinct secondary layer
at the end, is due to well known entropic reasdn3ail 100 compare to uniformly charged homopolymer of the same thvera
monomers have a larger number of conformations available te@harge. The interfacial layer for the diblock chain, where the
them in the bulk than those for the connected central onesentire charge is located on the first 20 monomers (ixe=Z
4s Consequently, entropic penalty upon adsorption is greater for1.24e and 2 = 0) stretches for distances in excess sf0ao
these tail ends, keeping them somewhat further away from thaway from the surface. This is nearly four times as far as that
surface. Similar effect of dangling tails was observed in Monteobserved for the homopolymer case Z-0.0496€e), where r=
Carlo simulations of complexation between a charged sphere anti8ap. With gradual accumulation of charge at one end, and with
an oppositely charged polyelectrolyfe 3> Our distributions of  increasing extension of the polysaccharide layer, the maximum in
so the polysaccharide monomers show that with increase of negativeolume fraction attains a smaller value and its location shifts
charge the average location of the whole chain shifts closer to thglightly further away from the surface. Increasing the charge of
surface. This effect is once again in line with the volume fractiio the A-block even more, causes the polysaccharide profile to
profiles (Fig. 3), where we observed a shift in the location ofbecomes bimodal. This is quite typical of diblock co-polysner
maximum polysaccharide density towards the surface, for higheconsisting of monomers with very different adsorption
55 |Za]. affinities >* The narrow part of the profile, with a maximum near
the surface, arises predominately from the highly charged A
us monomers. This is flowed by a second, more spread out

distribution with its maximum some distance away from the
In many naturally occurring and synthetically modified

3

3.2 Interfacial layers involving non-uniformly charged
polysaccharides
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surface. The latter consists mainly of the long weakly charged (ochains with Z values varying from —0.25 to —3.0e are
uncharged, as the case might be) B-blocks. In contrast, theonsidered. Next, we maintaim &t quite a high charge of —1.0e,
thickness of the protein layer does not change greatly withand allow 2 to change from —0.005e to —0.1e. Unlike the cases
variation of polysaccharide charge distribution. This is despite thaliscussed in the section 3.2, now it is the charge of oneeor th
fact that the amount of adsorbed protein increases with the degresther block that are kept constant, rather than that of the whole
of polysaccharide charge heterogeneity. molecule.

The average distances away from the surface for individual In Fig. 8a we display the calculated change in the amount of
monomers of the diblock chains are displayed in Fig. 7. Theadsorbed protein and polysaccharide due to variation in the
distributions differ significantly from those obtained for the charge of theA monomers. As |d increases, the total charge of
homopolymer case (Fig. 4b) and follow the same trend as thé¢he chains varies from a rather low value ef Z-9.8e at 4 =
already discussed data in Fig. 6. It is seen that the monomers ef).25e to a fairly high one of & = —64.8e when £ = —3.0e.
the short highly charged A-blocks are all located very near thdnitially, the adsorbed amount of polysaccharide is low wheh |Z
surface (r= 2-3ao), while the B-blocks stretch well away into the is small, but it increases asa|4s made larger. The adsorbed
solution. The weaker the charge of the B-monomers, the furtheamount attains a maximum value fon||Z 1.0e and decreases
away from the surface the long B-blocks extends. For the limitingthereafter as the A-blocks are made even more negative. This
case, & = 0, the average distance away from the surface for thévehaviour is the same as the one predicted for the homopolymer
end monomers is # 40ao. This is considerably further than that:s case in section 3.1. It reflects the more dominant role that the
seen for the uniformly charged chains, with 7-820. This result  highly charged A-block plays in the adsorption of polysaccharide,
has important implications for the nature and range of colloidalwhen compared to the weakly charged B section. It is mostly the
interactions between particles and emulsion droplets, covered bj monomers that are incorporated into the primary protein layer,
such mixed / multi-layers. We shall defer a discussion of thés to with B-blocks dangling further into the solution. Thus, it is the
future publication. g0 affinity, and therefore the charge of thesem®nomers that

Results of Figs. 5, 6 and 7 provide clear evidence that the netetermines the adsorption amount of polysaccharide. Ak |Z
charge of the polyelectrolyte is not the only factor controlling theincreases from a low value, the strength of attractive interactions
amount of adsorption and the structure of the interfacial layerbetween the A-blocks and the positively charged protein film
The manner in which the charge is distributed along the backbonbecomes bigger, resulting in adsorption of more polysaccharide.
plays an equally important role in determining the adsorpti@nBut just as was the case with the uniformly charged chains of
behaviour. For the case of our simple diblock model, the picturesection 3.1, for highly charged monomers, it takes the
that emerges is as follows. The more highly charged A and lightlyadsorption of a relatively small number of A-blocks to neutralise
charged B blocks compete with each other for adsorption in (oand reverse the charge of the biopolymer layer. The interplay
onto) the protein layer. When the charge density of the two ishetween these two competing effects leads to an optimal value of
similar, they both adsorb equally and the configuration adoptedZa, at which the maximum adsorption occurs. The same
by the polysaccharide is relatively flat as it lies within the surfacebehaviour is not seen in the corresponding graph in Fig. 8b,
layer. Making A monomers more negative and B ones lesavhere now it is the charge of the B monomers which is altered.
charged, causes more A-blocks to adsorb, replacing longer BSince |8| << || = 1.0e throughout the range studied, we believe
blocks which now dangling away from the surface. The that makingB monomers more negative dose not significantly
configuration of polysaccharide approaches the one seen doalter the affinity of the polysaccharide chains for the protein
“brushes”.>* The chains are now more extended as was indicatedayer. All that such an increase ing|Zleads to is the
by the results of Figs 6 and 7. Displacement of long B-blocks, an@stablishment of a net negative surface film with fewer chains
their replacement by many shorter A sections, allows for theinvolved, reflected as a monotonic drop in the adsorption level of
involvement of a larger number of deposited chains.polysaccharide with B in Fig. 8b. The increase of the
Consequently, the amount of adsorbed polyelectrolyte increasgsolysaccharide charge, whether achieved through higlagwofz
as their charge distribution becomes more non-uniform, as i$§Zs|, in both cases results in an increase in the protein adsorption,
illustrated in Fig5. much in the same way as was discussed for the homopolymer

Before we end this section we also mention that for the case afhains (Fig. 2).
diblock model, with light, but non-zero charged B-blocks, the Fig. 9 illustrate the volume fraction profiles for a number of
charge of the protein layer becomes overcompensated by:dhdifferent polysaccharides, with various values oBAd 2, in the
adsorption of polysaccharide. Thus, the interfacial film reversesnterfacial region close to the wall. In Fig. 9a,changes andsZ
its charge from positive to negative. This effect is clearly seen inis constant. When the charge on the A-block is lowsZ0.25€,
many experiments and will be discussed in more detail in sectiothe volume fraction distribution has a single small maximum with
3.4. oprqr) = 0.012 occurring at a distance r ~ 8-9ap from the wall. At
110 distances further than this, the volume fraction falls but with

values significantly different to bulk value persisting up to a

distance of r = 3Ga With a higher charge for A monomers, both
In this section, we examine the influence of the charge densitieg,e maximum value of orsr) and the layer thickness increase,
of each of the blocks of28Bsso polyelectrolyte model of previous  reaching their largest values at Z —1.0e. The curves in these
section, on the thickness and structure of the mixed interfagiakases have a bimodal behaviour, typical of block co-polymers as

biopolymer layer. First, the average charge of the B monomers i§as mentioned before.The polysaccharide layer now extends up
kept fixed at a relatively low value okZ —0.01e, while different

3.3 Changes in the interfacial layer resulting from variation
of the block charge densities.
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to r = 75a0. Making the A-blocks even more negative, leads to athe interfacial biopolymer film is closer to a mixed one, rather
decrease in size of both maxima in the volume fraction andedhan a multi-layer with its clear and separate protein and
larger separation between where they occur. The overall thicknegsolysaccharide sub-layers. The greatest extension of the adsorbed
of the polysaccharide layer also becomes slightly smaller. Thepolysaccharide chains, to distances as far as 37-38ao, is
information from the volume fraction profiles regarding the observed when &Zis high and g is low (Fig. 10a, lines ¢, d and
interfacial layer thickness, suggests the same trend as was seBig. 10b line a). In this case the interfacial film develops a multi
above. This can be summarised as follows. (I) a small numberfyer type structure, with regions very close to the wall
adsorbed polysaccharide chains, most likely in coil like essentially dominated by the protein and the outer parts of the
configurations, laying on or within the protein layer at low values film consisting entirely of polysaccharide.

of |Za]. (II) A more extended profile is observed as i€ made Although all the results presented in sections 3.2 and 3.3 were
more negative and a far larger number of chains adsorb. Thesgbtained for chains with the short highly charged A section at one
have their weaker charged B-blocks stretching well away fromend of the molecule ¢8Basg), we also considered other systems
the surface in a more “brush” like configuration. Finally, (III) a were the A-block was placed elsewhere along the backbone. In
drop in number of adsorbed chains occurs, accompanied by particular, we repeated many of the calculations for the case
decrease in the interfacial layer thickness. This happens when Avhere the highly charged section was in the middle of the
blocks become highly chargeda(Z —3.0e) and a lesser number polymer. Qualitatively, the results followed the same trends as
of chains are needed to balance the positive charge of the primathose reported here and led to precisely the same conclusions. In
protein layer. In Fig. 9b, the volume fraction profiles for several practice, polysaccharide chains will have a host of differensway
cases wheregdvaries and £ is maintained at a constant value are in which the charge groups will be distributed along the length of
displayed. These graphs are quite similar to those in Fig. 6. Athe molecule. These results will be presented in more detail in a
low values of |g|, a broad and distinct polysaccharide layer is follow up paper. But nevertheless, the results presented here
observed at outer parts of the interracial film where very little erserve to show that multi-layer structures involving protein +
no protein resides. This polysaccharide layer becomes morpolysaccharide, at equilibrium, are best achieved by using
condensed near the surface with increasing negative chatige of polysaccharide molecules where large parts of the polymer are
B-block However, taking these profile distributions together with lightly charged, with smaller sections containing a high density of
ones for the same diblock model whereiZvaried (Fig. 9a), we charged groups.

notice that formation of such well extended and distinet
polysaccharide layers requires a sufficiently high chgrge on A-3_4 Electrostatic potential
blocks, as well as a low charge for B-blocks of the chains.

More support for the above conclusion can be obtained byn the sections above, we examined how the adsorbed amount of
examining the average location of individual monomers of theprotein and polysaccharide and the structure of the interfacial
polysaccharide. In Figs. 10a and 10b, we have plotted théiopolymer film depend on the magnitude and the nature of
calculated average distance away from the surface, for eachharge distribution on the polysaccharide chains. An important
monomer, against its sequence number along the polysaccharig@mponent of the mean potential felt by charged species, at any
backbone. The numbering of monomers starts from the chain engiven location away from surface, is the electrostatic potential at
where the A-block resides. A few different cases, with varyingthat point (see eq. 1). As such, the electrostatic potet#igt),
values of Z or Zzs have been included in Figs. 10a and 10b, strongly influences the configuration and spatial distribution of
respectively. In both graphs all the 20 monomers of the highethe charged molecules, but in turn itself is specified by such
charged A-block are located close to the surface, at typicablistribution of charged residues, through Poisson equation (eq. 5).
distances of k 2-3a0. The long block comprising of B-monomers Since the determination of electric potential is an integral part of
extends far further, with the location of the end B monomer onSCF scheme and available following calculations of the previous
the chain varying anywhere fromsr12-13ap up to r= 37-38ap, sections, it is useful to study it here and see if further information
depending on values ofaZand %. The degree to which the B-4oo can be gained from such data.
block protrudes into the solution is strongly depends on the The graphs for the variation of electrostatic potential with
combination of both chargesaznd Z. When both Z and % distance away from surface, for all of the polysaccharide models
are low (Fig. 10a, line a), the adsorbed chains are in cail lik described above, have been presented in Fig. 11. Fig. 1da sho
conformations and do not stretch far away from the wall. Whenthe results for the homopolymer case, while the data for systems
both Z. and 2 are relatively high (Fig. 10b, line d), both blockss containing the non-uniformly charged polysaccharide molecules
of the chains are strongly attracted by the net positively chargedre displayed in Figs. 11b to 11d. In all cases the background
proteins at the interface. As such, the polysaccharide moleculeglectrolyte volume fraction is 10and pH = 3, where ouns:-
tend to lie flat on the surface, in a rather similar manner as wasasin like protein has a net positive charge. The electrostatic
observed for the homogeneous highly charged chains in sectiopotential is measured with reference to a point far from the
3.1. We have not considered the situation, wheris Iow but 2 10 surface, inside the bulk solution. Of course, bulk solution itself is
is high, as it is obvious that in this case the diblock will onceelectroneutral. For all systems, at distances well outside the
again behave as a highly charged homopolymer with the whol@dsorbed biopolymer film, the electric potential drops in an
molecule residing close to the surface. In this case the lightlyapproximately exponential manner, in line with Debye-Huckel
charged A-block is too short to be able to protrude far from thetheory for electrified interface®: ©°The curves for homopolymer
wall. It also suffices to say that in all these cases the structuresssystems (Fig. 11a) are relatively easy to understand. In absence of

polysaccharide, we have a thin adsorbed protein layer with a net
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positive charge. Beyond this film, potential remains positive butuniformly charged case, with the same total charge as others, has
decreases within the usual diffuse double layer formed by thalso been included. This is represented by the bold line a in Fig.
ions of the background electrolyte. When weak, uniformly 11b. A comparison of different graphs reveals the subtle interplay
charged polysaccharide molecules are introduced, we saw ibetween the direct effect of the chargeBofmonomers orPe(r)
section 3.1 that these formed a mixed layer with the proteinon one hand, and the indirect way in which it alters the electric
Thus, incorporation of the negatively charged polysaccharidepotential due to its influence on the structure of the biopolymer
chains, present in rather flat confirmations on the surface, simglfilm. Initially as the charge distribution on polysaccharide
serves to reduce the net positive charge of the interface. As molecules becomes increasingly more non-uniform, we obtain a
result the surface potential, defined by the valu&gff) at the minimum in Pe(r) graphs which attains lower values with
10 outer edge of the mixed biopolymer film, also decreases, causingncrease of £ and decrease 0fsZThe minimum is —6.3mV for
a drop in the electric potential everywhere else within the diffuseZa/Zs = —0.52/-0.03 and reaching values as low as —24.9mV for
double layer. Apart from this effect then, the overall picture is netZa/Zs = —1.0/-0.01. However, this trend does not continue. For
significantly altered by the incorporation of such polysaccharidechains with even more highly charged A-blocks, and
molecules. This can be seen in the graphs of Fig. 11a, for systenssibsequently weaker charged B-blocks, the negative values for
involving polysaccharides with charge densities-0f0496e — the electric potential become less pronounced one again. The
0.1le and-0.3e per monomer. The higher the charge of the lowest value ofPe(r) is only —13.7mV for Za/Zs = —1.12/-0.005.
polysaccharide, the lower the potential is at any given distane&inally, when the B monomers are made to be uncharged, i.e.
away from the surface. Of course, the contribution of negativeZa/Zs = —1.24/0, the potential is found to be positive everywhere.
charge by polysaccharide to the adsorbed biopolymer layer also The interesting difference in the variation of electric potential
20 depends on the number of adsorbed chains, and not just theior different systems considered above can be understood as
charge. We recall from the results of Fig. 2, that the maximumfollows. When the charge of the B-blocks becomes too weak the
adsorption for our model polysaccharide occurs at a charge ab chains were seen to protrude far away from the surface. We had a
0.1e per monomer. Thus, it is quite conceivable that increasingnulti-layered type film, with a relatively thick outer layer
the monomer charge frorD.1le to —0.3e can actually lead to a consisting of weakly charged sections of polysaccharide. In fact,
s decrease in the total negative charge, contributed by théehe largest extension was observed for the cases were all of the
polysaccharide to the interfacial film. However, this turns out notcharge was concentrated in the A-block @&dhonomers were
to be the case. The number of adsorbed chains only drops hyret charged at all (Fig. 7). The hydrophilic uncharged B-blocks
factor of ~1.5, which is not enough to offset the tripling of the have no affinity for the positive protein layer and therefore tend
negative charge on each chain. This trend continues with ffurtheto avoid the surface in as much as possible. This is in order for
s increase of the charge density of polysaccharide molecules. Thithem to minimize the loss of configurational entropy.
electric potential at the outer edge of the biopolymer film Nevertheless, despite its larger extension, this secondary sub-
eventually becomes zero, and then even very slightly negasv « layer does not lead to a distinct region of negative charge in the
more highly charged chains are considered. This can be seen biopolymer film, since th® monomers are neutral. With position
the two remaining graphs of Fig. 11a, representing systems witlof B monomers not relevant and the short negatively charged A-
polysaccharide charges eD.5e and-1.0e per monomer. The blocks residing well inside the interfacial layer (see Figs. 6 and
potential in the double layer region beyond the polymer film is7), overlapping the primary protein layer, we arrive at situation
now clearly observed to be negative for these two higher chargedhich resembles the homopolymer case. That is of course not in
cases. However, we must stress that the degree of overchargitgrms of the structure of the biopolymer layer, but rather in so far
seen here is very small and the biopolymer films are almosgas distribution of charge at the interface is concerned. Thus, the
s neutral in these two latter systems. In particular, the minima ofobserved similarity between the curvegZg = —1.24/0 and the
the electric potential, as seen in the corresponding graphs of Figorresponding one for uniformly charged polysaccharide, as seen
1la, are only—0.35 to —0.4mV. This is about an order of 1w0in Fig. 11b. If we now consider the other limiting possibility,
magnitude smaller than experimental data obtained u&ing where the values ofsZand & are not all that different to each
potentials measuremerts. 30 53 61 This situation is altered other, we are once again back to a situation that is close to a
ss dramatically for non-uniformly charged polysaccharides, assystem with uniformly charged chains. Here we saw that a mixed
evident from the data presented in Figs. 11b to 11d. For thesprotein + polysaccharide interfacial film resulted with no distinct
systems, our calculations predict negative surface potentials muategion that is dominated by either biopolymer. Therefore, it is
closer to experimental findings. We shall discuss the electriconly in intermediate range of values aof, &vhere the charge of B
potential variation in these non-homogenously chargedmonomers is still considerably smaller thax f@r B-blocks not
so polysaccharide systems next. to compete with A, but yet not so small as for it to have a
In Fig. 11b we present our calculated results for thenegligible contribution, that a reversal of surface potential can be
electrostatic potential for cases involvingzoBuso diblock 110 expected. For such values of, Zhe outer part of the interfacial
polysaccharide models of section 3.2. Several different graphs adm consists of a reasonably thick layer, which now also has a
shown. For all of these, the total charge on each polysaccharidgufficient amount of charge to be seen as a negative surface from
ss chain was kept fixed atwf = —24.8e, but it was divided the bulk side (as for example will be the caselipotential
differently between the long B and the shorter A-blocks in eachmeasurements). We also notice that for a range of values of
case. This provided the required variation in the distributionefZa/Zs = -0.7/-0.0225, —1.0/-0.01 and -1.12/-0.005, the
charge along the polysaccharide backbone. The result for aalculated electric potentials have minimum values that are of the
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order of tens of mV, in good agreement with the magnitude of thdilm is allowed to age and therefore has sufficient time to reach
reversed surface potential found experimentally for a numbersofts equilibrium configurations.
protein + polysaccharide systefis30: 53 61
The results in Figs. 11c and 11d are for model systems of
section 3.3. The electrostatic potenti#(r), for the cases of
nortuniformly charged polysaccharide2oBsso with different 4 Discussions and Conclusions

values of £ at constant &= —0.01e, and changing values o Z ) ) )
where Z = —1.0e, are presented in Figs. 11lc and 11d Inspired by the experimental results of Jourdain gt®ale have

respectively. The results reinforce what was observed in Fig.1112PPlied the Self Consistent Field (SCF) approach to simple
Once again when bothaZand % are low, Ye(r) is always © models of protein + polysaccharide, to gain some theoretical
positive. The low amount of adsorption, coupled with the fact tha INSight into the equilibrium structure of the mixed interfacial
chains do not extend far for polymers with simultaneously low filMs- In particular we ask whether stable multi-layer structures
values of both Zand %, is responsible for the lack of reversal of €an exist as true equ!llbrlum (?Onflgl_"atlonsl and if so under vyhat
the sign of surface potential in such cases. When the charge of tff#rcumstances. Despite the simplicity of our models, we believe
Ablocks increases, butsZis kept low, the surface potential™ that they capture enough of the essential features of the two
becomes negative. We saw in previous section, that for a fixedpiopolymers, in so far as the formation of electrostatically driven
value of %, the amount of adsorbed polysaccharide at thelayers is considered, for us to answer these questions. For the
interface showed a maximum with variation in Eor our chosen ~ Protein we use a model based on the primary structure of the
value of Z = -0.01e, this occurred anZ —1.0e (see Fig9b). bovine proteinasi-casein. This disorder coil like protein, with
Thus, not surprisingly, the largest degree of reversal of surfdedttie secondary and no tfgmsi‘rg’z structure, Iend§ itself well to
potential in Fig. 11c is also observed for the same system. witfreatment by SCF methd#, . 5 ©2something that is not true for
further increase in the charge of Monomers to —3.0e, the globular proteins. Polysaccharides are modelled as linear
magnitude of the surface potential slightly decreases, as thgoly_electroly_te chains tha_t are either uniformly charged, or have a
amount of adsorbed polysaccharide chains drops. The minimurection that is more heavily charged than the rest of the molecule.
value of Pe(r) is now —23.1mV. Finally, let us consider the ® Again in using the latter, our aim has been to investigate the
diblock polyelectrolyte model withaZset to the optimum charge importance of the non?uniform distribution of charged groups
of —1.0e, while we vary the charge of B-block. The results for 20ng the polysaccharide backbone, on the structure of the
such an exercise are shown in Fig. 11d. Here the electrostatf€Sulting mlxed layer. _ _
potential behaves in a similar manner to the case of the fixed total FOr }J”'fF’rm|y charged polysaccharlde we fln.d that the
polysaccharide charge, shown in Fig. 11b. The reversal of fa@dsorption is affected by two competing considerations. On one
surface potential from positive to negative becomes morehand{ the affinity of the polysaccharide chains for the p05|.t|ve
pronounced at first assZs gradually made more negative. The Protein layer gets stronger as they become more negatively
interfacial potential, Z«(r), attains its most negative values at charge. This has the effect of increasing the amount of adsorbed
~24.9 mV when Zs = —0.01, and —25.3 mV at —0.03e. Beyond polysaccharide at the interface. But on the other hand, if the
this point, the additional increase in charge of B monomers®i<hains are made too highly charged, deposition of a small mumbe
more than offset by shrinking of the polysaccharide layer (sef chains suffices to neutralise, and even reverses, the
Figs. 9b and 10b), and gradual transition of the multi-layer to electrostatic potential of the protein layer on the surface. This has
mixed layer. This is seen for the graphs of Fig. 11d, where Z the effect of hindering further adsorption of polysaccharide. The
~0.05e. N lower level of adsorbtion of more highly charged polyelectrolytes
In summary, for the simple model used here, the maximuif@s also been found in the molecular dynamic simulations of
reversal of surface potential was observed when the value dratel et af’ Thus, it is evident that the maximum degree of
Zawas close to its optimal value, leading to the largest level of2dSOrption occurs at some optimal level of charge for chains,
adsorption of polysaccharide molecules. However, even in thi©@CCUMng as a compromise between the above two 0pposing
case, the reversal would not occur unless a certain condition igffects. Our calculated results clearly demonstrate existence of
met. The value of i} has to be moderately low (compared & such a peak. We also find that the equilibrium structure of the
|Za|) so as to allow the formation of a multi-layer type interfacial |nterfaC|a! quer 1S cloger toa mixed film, rather than a m_”'“'_
structure, but sufficient for the secondary polysaccharide layer t¢2Yer- This is more evident in systems where polysaccharide is
make a reasonable contribution to charge of the interfacial filmStrongly charged, beyond the optimum value for its adsorption.
While our model is of course too simple to provide a COrmﬂetelncrer:l&ng the negative charge on the chains reduces the number
representation of many polysaccharides, it nevertheless servé® g adsorbed polysaccharide molecules. It also causes them to
show that negative surface potentials, of the right order ofbrotrude less into the solution as they adopt flatter confirmations
magnitude as those in experiments, can easily arise from suct the interface. At the same time, we observe that the middle,
norruniform distributions of charge groups on the polymer. More hydrophilic section ofis-casein, forms a more extended
Although undoubtedly there are other factors that can alsd2°P away from the surface. Protein and polysaccharide are seen
explain the reversal of charge, we believe that the heterogeriéiip P& strongly overlapping. It is rather difficult to distinguish a
of the charge distribution is at least an important contributoryclear “secondary” polysaccharide layer, distinct from the primary
factor, that so far been overlooked, in understanding of thig°rotein film, in such cases. When the negative charge of

phenomenon. This is particularly the case where the interfaciaPolysaccharide is reduced to values slightly less or around the
optimum charge, it is noticed that the configuratiomafcasein
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becomes highly distorted. Normalg:-casein on its own adopts polymer. It has been thought that formation of such multilaigers
a confirmation that has been likened to those seen for adsorbeshly possible when sufficiently strong short range interactions
synthetic tri-block co-polymers. These have their two ends lyingexist between the two sets of adsorbing polyelectrofft&bese
flat on surface and the middle section tends to extend away intaonclusions have been obtained on the bases of uniformly
the solution, forming a looff: 4>-51lt is found that in the presence charged chains. However, we have shown here that this may not
of the polysaccharides with charge densities close to the optimaleed to be the case where the distribution of charge is
value, the central loop section afi-casein becomes suppressees approperiately non-unioform.
as it is pushed towards the surface. We suspect that this is due to An important observation during the application of layer by
presence of excluded volume interactions between thdayer deposition technique is the reversal of the surface potential
hydrophilic part of the protein and the polysaccharide chainsat each stage of the process. For example, it has been found
This excluded volume interaction is strongest when the surfacexperimentally, that the adsorption of negatively charged
coverage by polysaccharide is high, i.e. at or around the wptimz polysaccharide onto the positively charged protein layer
charge. At this same charge, the polysaccharide chainsontinues beyond the neutral point, resulting in a negative
themselves are seen to be more extended. Therefore, for thesarface. Indeed, it is this reversal of surface potential that allows
systems, the structure of the interfacial layer begins to resemblthe construction of multi-layers by sequential adsorption of
that of a multi-layer. However, having said that, the equilibrium alternating charged polymers. We have studied the phenomenon
multi-layers in our work were far more evident in systems with of charge reversal in relation to non-homogeneity of
polysaccharide molecules having a heterogeneous distribution giolysaccharide charge distribution, using our SCF calculations.
charge groups. Our results reveal that for very low or uncharged B monomers,
Unlike proteins, the structural diversity and range of we have a thick extended secondary layer. But being madé up
polydispersity of food polysaccharides makes their B-blocks, this layer does not contribute sufficient charge to be
characterization rather complicated. Nevertheless, what is cleawiable to reverse the electrical potential of the surface. At the other
that many charge polysaccharides have a non-uniformimit, where & is not that different to & the polysaccharide
distribution of charge groups along their backbone, with electricchains lie flat on the surface and we have a thin mixed protein +
charge concentrated in small sections of the molecule. To mimipolysaccharide film. In such a system also, we do not see a
such a heterogeneous distribution of charge we have chosen tlsegnificant reversal of the surface potential. However, in some
simplest possible model: a diblock structure consisting of a sherintermediate values of eZbetween the two limits above, the
part (the A-block) and a longer section (the B-block). We secondary polysaccharide layer, consisting of B monomsrs, i
explored the changing adsorption pattern of the protein +observed to be reasonably thick and yet also has a sufficient
polysaccharide, by redistributed the charge of the polysaccharidamount of negative charge. Here one finds that the surface
molecules in different ways between the A and B monomers. On@otential viewed from the bulk side is seen to be negative. While
can either keep the charge of the whole molecule fixed whitewe do not underestimate the simplicity of our model, it
assigning increasing portion of it to A-block, or alternatively can nevertheless serves to show how non-uniform distribution of
keep the charge @& or B monomers constant, while varying the polysaccharide molecules may lead to reversed negative surface
charge of the other section. The overall conclusions that emergpotentials of a few tens of mV, much as seen experimertatfy.
from such calculations can be summarised as follows. When thé* 61 Thus, we believe that while not being the sole contributor,
difference between the charge densities of the long and shethe heterogeneity of charge distribution of polysaccharide

blocks is not all that greaZ{ /Zs < 10), the adsorption behaviour molecules is one of the important factors, hitherto not taken into
and the structure of the interfacial layer are found to be similar to account in theories that attempt to explain the phenomenon of
those in systems involving uniformly charged polymers. The charge reversal.

same is also true for cases where the negative charge of B Recent experimental work by Lutz et®®akonsidered the

monomers is stronger than A4, |Zs| > |[Za|. The real change in thewo stability and surface potential of W/O/W double emulsions
behaviour arises when the reverse situatidi| $> [s|, is stabilised by complexes of pectin and whey protein. Transport of
considered. Now we find that the long B-blocks begin to extendwater from primary water emulsions to the continuous water
away from the surface, allowing for a larger number of A-blocksphase was also studied. They compared a number of different
to be absorbed in and onto the protein layer in their place. This gbectin chains having varying degree of charge blockinessadt
course also implies a greater number of adsorbed polysacchasideund that while the most uniform pectin had the highest charge,
molecules. The confirmation adopted by these non-uniformlyits adsorption together with the whey protein onto the surface of
charged chains becomes increasingly “brush” like, as the charge the emulsion droplets actually led to a lower negative surface
on B monomers is reduced. Eventually the structure of thepotential. The measuregipotential values where most negative
interfacial film resembles a multi-layer with an inner layer for the more non-uniformly charged pectin molecules, despite
consisting mainly of protein, and a secondary layer made iugheir lower overall charge. The main conclusions of our
entirely of the long weakly charged B-blocks of polysaccharide calculations seem to explain this somewhat paradoxic observation
The film is also found to be much thicker as a result. Tiheuat rather well. Furthermore, Lutz etf&ffound a higher degree of

of polysaccharide accumulating at the surface is now controlledolloidal stability for the emulsions stabilised by whey protein
by the charge of the short A-blocks. Once again we obtain a peatogether with non-uniformly charged pectins, which they
for the number of adsorbed chains at some optimal chargattributed in parts to the more negative surface potential of the
density, but now for that of A-blocks rather than the whole emulsion droplets for such systems. However, the higher stability
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can also indicate a more extended interfacial layer and a stronger
steric repulsion, which is again predicted by our
results. Additionally, Lutz et & also found that transport of
water, from primary water emulsion droplets to the continuous

s water phase, was slower for the uniformly charged pectin systems
than that for the non-uniformly charged chains. This was believed
to be due to a higher packing efficiency and a more compacted
interfacial layer that hindered the transport of water molecules.
Once again this is the trend we observe in our data.

1o We welcome MD simulation studies that consider the
influence of heterogeneity of polyelectrolyte charge distribution
as well as experimental studies, such as neutron reflectivity, that
probe the changes in the structure of protein + polysaccharide
layers more directly as such fiims age. However, we

15 acknowledge that systematic experimental studies of this kind are
more likely to involve well characterized synthetic
polyelectrolytes, rather than natural polysaccharides.
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Figure Captions

Fig. 1 lllustration of homopolymer #o and diblock A¢Bsso models &
polysaccharides.

o

Fig. 2 Adsorbed amount of protein and polysaccharide as diduanof
polysaccharide segment charge (absolute value in unis ®he surface
coverage data are given in units of equivalent sadnatonolayers.

Fig. 3 Volume fraction profilesof adsorbed as;-casein and uniformly

10 charged polysaccharide, for three different cases witirying
polysaccharide charge density,. ZDashed lines (a,b,c) show volume
fraction of the protein, solid lines (d,e,f) are the polysaccharide. The
values of the charge density are: a andd=20.0496e; b and e, £=
—0.1e; cand f, £=—1.0e.

15 Fig 4 Average distance from the surface for individual monsnoé (a)
asr-casein  and (b) homopolymer polysaccharide, at different
polysaccharide monomer charge: a=2-0.0496e; b, Z = —-0.1e; c, Z =
—1.0e.

Fig. 5 Adsorbed amount of protein and polysaccharide plottedaa
20 function of absolute charge of A~segment of the diblpolysaccharide.

Fig. 6 Volume fraction profiles of uniformly charged homopobmibold
line a, Z = —0.0496e) and diblock polysaccharideBsso with different
re-distribution of charge between the blocks. The chaagies z/Zs are:
b, —0.52/-0.03; ¢, —0.7/-0.0225; d, —1.0/-0.01; e, —1.24/0. The total
charge of the polysaccharide is kept constant,at Z24.8e for all cases
The volume fraction of the protein for system (e) is aistuded (dashed
line) and remains almost the same for all other cases.

2!

a

Fig. 7 Average distance from the surface for each monomeqg alom
backbone of a uniformly charged homopolymer (bolce lia, 2 =
—0.0496€e) and diblock polysaccharideoBasso With different charges on A
and B blocks. The charge distributiong/Z are: b, —0.52/-0.03; c,
—0.7/-0.0225; d, —1.0/-0.01; and e, —1.24/0.

3

S

Fig. 8 Adsorbed amount of protein and polysaccharide as a @umefi(a)
absolute charge of A-segments,(]2of the diblock polysaccharide (with
Zg = —0.01e), (b) absolute charge of B-segments|(|df the diblock
polysaccharide (with Z=—1.0e).

3!

a

Fig. 9 Volume fraction profiles for he model diblock polysaacte.

Figure (a) shows different charge ofnfenomers: a, —0.25; b, —0.5, c,

—-1.0; d, =3.0 (Zs = —0.01) and figure (b) shows different charge of B-
40 monomers: a, —0.01; b, —0.03, ¢, —0.05; d, 0.1 (Zan =—1.0).

Fig. 10 Average distance from the surface plotted againstrahking
along the backbone for individual monomers of the adibl
polysaccharide model. Graph (a) is for varying chafg&monomers: a,
-0.25; b, 0.5, ¢, —-1.0; d, =3.0 (Zs = —0.01€) and graph (b) is for varying

45 charge of Bmonomers: a, —0.01e; b, —0.03e, ¢, —0.05¢; d, —0.1e (4 =
-1.0e).

Fig. 11 Variation of the electrostatic potentiale(r), versus distance
away from the surface, for polysaccharide adsorbed onto the as;-casein
layer. In set of graphs (a) polysaccharide is uniforrhigrged (Ao with

so charge densities,aZa (bold), —0.0496€; b, —0.1€; ¢, —0.3e; d, —0.5€; e,
—1.0e. In graphs (b) polysaccharide has@#o structure, with a fixed
total charge & = —24.8e for all cases, and varied charge distributions
Zp/Zg along the chain: a, (bold, homopolymer) —0.0496/—0.0496; b,
—0.52/-0.03; ¢, —1.0/=0.01; d,—1.12/-0.005; and e, —1.24/0. Set of graphs

s5 (C) are the same as (b) but now keepiggr Z0.01e, while Z is varied: a,
—0.25€; b, —0.5€, ¢, —1.0e; d, —3.0e, and for graphs (d)s4s kept constant
at —1.0e, while % is changing: a, —0.005e; b, —0.01e, ¢, —0.03e; d,
—0.05€; and ¢, —0.1e. The dashed line in set of graphs (a) indicates the
electrostatic potential in absence of polysaccharideém layer only).
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