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Abstract

The formation of multilayer films of poly-L-lysine (PLL) and furcellaran was investigated using surface plasmon resonance (SPR),
quartz crystal microbalance with dissipation monitoring (QCM-D) and Fourier transform infrared spectroscopy with attenuated total
reflection (FTIR-ATR). The progressive form of the growth of mass of polymer deposited for the multilayer was consistent with the
ability of the PLL to diffuse within the furcellaran layer. Using the same experimental approaches, the pH-dependent adsorption of
the globular proteins, bovine serum albumin (BSA) and B-lactoglobulin (BLG), to the PLL—furcellaran multilayers was also examined.
Substantial adsorption was observed even at pH’s above the isoelectric point where the net charge on the protein was of the same sign as

that of the furcellaran.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyelectrolyte multilayers may be formed by the
sequential dipping of a charged surface into solutions of
a polyanion and polycation (Decher, 1997). A requirement
for multilayer formation is that the binding of polyelectro-
Iyte to the growing multilayer surface results in charge
reversal, permitting the subsequent deposition of opposite-
ly charged polyelectrolyte. Polyelectrolyte multilayers are
non-equilibrium structures whose properties are strongly
influenced by the conditions of their preparation, including
molecular size (Picart et al., 2002; Sui, Salloum, & Schle-
noff, 2003); ionic strength (Dubas & Schlenoff, 2001; Schle-
noff, Ly, & Li, 1998) and for weak polyelectrolytes, pH
(Burke & Barrett, 2003; Shiratori & Rubner, 2000).

The interaction between opposite charges may also be
used to incorporate other species/structures into the grow-
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ing multilayer such as protein polyampholytes (Caruso,
Furlong, Ariga, Ichinose, & Kunitake, 1998; Gergely
et al., 2004; Ladam et al., 2000; Salloum & Schlenoff,
2004); unilamellar vesicles (Michel, Vautier, Voegel,
Schaaf, & Ball, 2004); and wax droplets (Glinel et al.,
2004). This versatility means that these structures have a
potentially wide range of application as barriers and coat-
ings (Quinn & Caruso, 2004; Shi & Caruso, 2001). Most
studies have been performed with synthetic polyelectro-
lytes. For some applications, including those in the food
and pharmaceutical sectors, it is important to consider
the fabrication of biopolymer multilayers. Recent examples
include alginate—poly-L-lysine (Elbert, Herbert, & Hubbell,
1999); hyaluronan—poly-L-lysine (Burke & Barrett, 2003);
hyaluronan—chitosan (Richert et al., 2004); and pectin—
chitosan (Marudova, Lang, Brownsey, & Ring, 2005).

In this article, we examine the fabrication of a furcellaran/
poly-L-lysine multilayer using surface plasmon resonance
(SPR), FTIR-ATR and a quartz crystal microbalance with
dissipation monitoring (QCM-D). Furcellaran is a sulphated
galactan, and therefore a strong polyelectrolyte, which can
be extracted from the seaweed Furcellaria lumbricalis
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(Lahaye, 2001; Truus, Vaher, Usov, Pehk, & Kollist, 1997).
It consists of residues of (I — 3) B-p-galactopyranose and its
4-sulphate and (1 — 4) a-p-galactopyranose. The latter may
exist as a 3,6-anhydro residue which may be partially sulph-
ated at position 2. Structurally, furcellaran is related to the
algal polysaccharide k-carrageenan, with a major structural
difference being that furcellaran has a smaller degree of sul-
phation (Truus et al., 1997). We also investigate the capacity
of the multilayer to adsorb globular proteins, including
bovine serum albumin and B-lactoglobulin.

2. Materials and methods
2.1. Materials

Furcellaran was obtained from FMC Food Ingredients.
The Na™ furcellaran was obtained by elution through an
ion-exchange (Amberlite IR-120) column in the Na* form
at 4 °C. The intrinsic viscosity of 492 mL g~ ! indicates a
relatively large molecular size in 0.1 M NaCl. Poly-L-lysine
hydrobromide (PLL) with a mean degree of polymerisation
of 70, bovine serum albumin (BSA) and B-lactoglobulin
(BLG) were obtained from Sigma-Aldrich, UK. For
multilayer fabrication, aqueous biopolymer solutions
(0.6 mgmL™") were prepared in 0.1 M, pH 5.6, acetate
buffer containing 0.03 M NaCl. For the protein binding
studies, aqueous protein solutions (0.6 mgmL™"), in
0.01 M acetate or phosphate buffer with pH’s in the range
5.0-8.0 containing 0.03 M NaCl, were used.

2.2. Surface plasmon resonance

Measurements were carried out using a Biacore X
instrument. The sensing element was a thin film of gold
(~50 nm), deposited on a glass substrate mounted in a
sensor chip cartridge (Biacore AB, Uppsala, Sweden).
The instrument monitors changes in refractive index
adjacent to the surface of the gold film by measuring
the intensity of polarised light reflected from the reverse
side of the glass—gold interface. The plasmon resonance
causes a minimum in intensity to occur at a certain angle
of incidence, 6,,. The value of 6, varies with changes in
refractive index of the region adjacent the gold surface.
The size of this region depends on the penetration of
an evanescent wave into the flow channel which typically
extends 25-50% of the wavelength of the incident light
from the surface (Jung, Campbell, Chinowsky, Mar, &
Yee, 1998). The Biacore instrument reports 6, in reso-
nance units (RU) where 10,000 RU represents a shift in
0, of 1°. The instrument was calibrated at 20 °C with
methanol-water and sucrose-water systems of known
refractive indices. The response to changes in refractive
index was found to be linear with a shift in 0, of
86.6° per unit change in refractive index. The change
in 0, A0, due to the adsorption of a uniform adsorbed
layer is related to refractive index through the relation-
ship (Jung et al., 1998):

A0 = m(naq — ng) |1 — exp(—2h/dgy) |, (1)

where n,4 and ng are the refractive indices of the adsorbed
layer and bulk solution, respectively. The thickness of the
layer is & and dyp, is the characteristic decay length of the
evanescent electromagnetic field, and can be estimated as
37 +13% of the wavelength of incident light (760 nm)
(Jung et al., 1998). If it is assumed that the refractive index
of the layer is proportional to the adsorbate concentration,
the exponential in Eq. (1) can be expanded to yield an
explicit expression for the mass of adsorbed polymer per
unit area (Cgpy)
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where ¢max and nug, are the density and refractive index of
the pure adsorbate. Expanding the exponential is accurate
to within 10% when & < 0.1dp,.

Multilayers were built up by the layer-by-layer tech-
nique at a flow rate of 25 uL min~'. A buffer baseline
was established, then a PLL base layer was laid down by
injecting 50 uL. of PLL solution, followed by ~75 uL of
buffer, 50 uL of furcellaran solution and a buffer rinse as
before. The sequence was repeated to form the multilayer
which was then ready for globular protein adsorption stud-
ies. Between each experiment the gold surface was regener-
ated by flowing 0.1 M NaOH through the measurement
cell. All measurements were made at 20 °C.

2.3. FTIR-ATR spectroscopy

FTIR has been extensively used to probe polyelectro-
lyte adsorption at surfaces (Sukhishvili, Dhinojwala, &
Granick, 1999; Sukhishvili & Granick, 1999). Infrared
spectra were collected on a Nicolet 860 FTIR (Thermo
Nicolet) spectrometer fitted with a micro CIRCLE liquid
ATR cell (Spectra-Tech, Warrington, UK). The ATR
crystal was a cylindrical ZnSe prism, with 11 internal
reflections, mounted in a thermostatted steel jacket set
at a temperature of 20 °C. Biopolymer solutions were
prepared as described above using D,O instead of
H,0O. One millilitre of biopolymer solution was injected
and left for 16 min. After each deposition step the cell
was rinsed with 2 mL of deuterated buffer. Spectra were
accumulated by averaging 1024 scans at a resolution of
2cm~! and subtracted from a background of the buffer
alone.

In the ATR mode, a light beam strikes the interface
between a medium of high refractive index (n;) and a medi-
um of low refractive index (n,). The beam is totally reflect-
ed if the angle of incidence 0; is larger than the critical angle
0., where 0. = sinfl(nz/nl). At the point of reflection an
evanescent wave of exponentially decreasing intensity pen-
etrates the medium of lower refractive index. The depth of
penetration (d;) of the evanescent wave — defined as the
distance normal to the interface at which the intensity falls
to 1/e of the intensity at the surface — is given by:
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where 1 is the wavelength of the light in vacuum and ny, = n,/
n;. The refractive index of the crystal is 2.41 and that of the
dilute polymer in solution is 1.33. The angle of incidence is
45°. As the penetration depth is large (~631 nm at
1645 cm ') compared to the layer thickness, the FTIR signal
potentially contains contributions from the polymer in bulk
solution as well as from the polymer adsorbed onto the
surface of the crystal. However, at the concentrations used
in the present experiment, the polymer in solution does not
make a significant contribution to the observed spectra.

2.4. Quartz crystal microbalance

Measurements were carried out using a D300 quartz crys-
tal microbalance with dissipation monitoring (QCM-D)
from Q-Sense AB (Vistra Frolunda, Sweden) with a QAFC
302 axial flow measurement chamber. The sensing element is
a disc-shaped, AT-cut piezoelectric quartz crystal sand-
wiched between two gold electrodes. The crystal is excited
to oscillation at its fundamental resonant frequency
(~5 MHz). A small mass deposited (Am) on the gold sensing
surface will cause a decrease in resonant frequency (Af). If the
mass is deposited evenly and is sufficiently rigid then the mass
adsorbed is directly proportional to the change in frequency
according to the Sauerbrey equation (Sauerbrey, 1959):

Am = —CAf /n, (4)

where C is the mass sensitivity constant (C=
17.7ngem > Hz ™' for a 5MHz crystal (Hook, 1997))
and 7 is the overtone number (n=1,3,5, ...). For elastic,
cross-linked gel networks, the mass of solvent trapped
within the gel contributes to the overall mass adsorbed
and the observed frequency change. For viscoelastic mate-
rials the adsorbed mass does not fully couple to the oscilla-
tion of the crystal and hence dampens the oscillation. The
QCMD measures this dissipation from the response of the
crystal at its resonant frequency (5 MHz) and at three of its
overtones (15, 25 or 35 MHz) following the excitation of
the crystal to resonance. The decrease in the amplitude of
the oscillation with time provides a single-exponential de-
cay constant which characterises the dissipation.

The QCMD response to dissipative viscoelastic films has
been modelled using a Voigt model (Voinova, Rodahl, Jon-
son, & Kasemo, 1999). The full expression for the reso-
nance frequency and dissipation shifts with a thick
adsorbed layers can be concisely expressed using complex
variables. Some physical insight into how the material
properties of the bulk liquid and adsorbed layer affect the
QCMD response can be obtained for single thin viscoelas-
tic adsorbed layers for which the equations simplify as fol-
lows (retaining Voinova et al.’s notation):
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where po and /g are the density and thickness of the crys-
tal, respectively. The viscosity of the bulk liquid is #3, and
03 (=(2113/p3w)1/ %) is the viscous penetration depth of the
shear wave in the bulk liquid and pjs is the liquid’s density.
The thickness, density, viscosity and elastic shear modulus
of the adsorbed layer are represented by 4y, py, #; and py,
respectively; w is the angular frequency of the oscillation.
The first term in the brackets in Egs. (5) and (6), 13/ds,
is the frequency and dissipation shift due to immersing
the crystal oscillator in the bulk liquid, a factor which is
effectively constant in our experiments. The second term
in the brackets in Eq. (5) is the Sauerbrey term, as in
Eq. (4), due to the hydrated mass of the adsorbed layer.
As this term is proportional to frequency it is common
to present the frequency shift as Af/n to take this into ac-
count. The final term in the brackets in Eq. (5) and (6)
arises due to viscoelasticity. In Eq. (5) this term is negative
so that viscoelasticity reduces the frequency shift and the
use of the Sauerbrey equation would underestimate the
mass adsorbed and hydrated layer thickness. Modelling
software (QTools) supplied with the QCMD use the full
thick layer expressions to model the response. The pro-
gram finds a best fit using a Simplex algorithm to find
the minimum in the sum of the squares of the scaled errors
between the experimental and model Af and AD values. By
assuming the density and viscosity of the bulk liquid (p3
and #3) are 1000 kgm > and 1.0 mPas, respectively, and
a fixed density of the layer (p;), the package estimates
the viscosity, shear modulus and the thickness of the ad-
sorbed layer.

The formation of multilayers was investigated at 20 °C.
Starting with the system primed with buffer solution, a base
layer is formed by first flowing ~2.0 mL of PLL solution
into a thermostatic coil in the measurement head to flush
out the previous solution and allow the solution to reach
thermal equilibrium. After 5 min, ~0.5 mL of this solution
was allowed to flow into the measurement cell to replace
the existing solution, driven by the head of liquid in the
sample reservoir which flows into the thermostatic coil.
The same procedure was repeated with buffer, followed
by biopolymer solution, buffer solution, and so on.
Between each experiment the crystal chip was cleaned by
sonication in 99% ethanol solution for 5 min followed by
sonication in 2% Hellmanex solution (Hellma UK Ltd.)
for 5 min. The chips were rinsed in distilled water and then
dried with Ns.

3. Results and discussion
3.1. Multilayer fabrication — SPR
PLL-furcellaran multilayers were prepared by layer-by-

layer deposition at pH 5.6. Under these conditions both
PLL and furcellaran are essentially fully charged. PLL
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Fig. 1. Mass of polymer deposited as a function of layer number for the
buildup of a PLL—furcellaran multilayer. Inset shows SPR response as a
function of time for the deposition of the fifth and sixth layers.

was initially deposited on a gold surface followed by
attachment of furcellaran. Through the sequential deposi-
tion of PLL and furcellaran, a 10-layer multilayer was fab-
ricated. The build up of the multilayer was followed by
surface plasmon resonance. In Fig. 1 is shown the mass
deposited as a function of layer number. The mass depos-
ited shows a relatively smooth progressive increase with
each new layer, with approximately equal amounts of
PLL and furcellaran being laid down. The inset in Fig. 1
shows a detail of the surface plasmon resonance response
for the deposition of the fifth (PLL) and sixth layers (fur-
cellaran). The deposition of PLL results in a step change
in response with a limited solubilisation following the buff-
er rinse. The progressive increase with increasing layer
number is characteristic of polyelectrolyte multilayers in
which one, lower molecular size component, has the ability
to diffuse to the growing multilayer surface resulting in an
increased capture of the next layer of oppositely charged
polymer (Lavalle, Picart, et al., 2004; Lavalle & Vivet
et al., 2004; Picart et al., 2002). Furcellaran carries less
charge per unit mass than poly-L-lysine, because of its high-
er average molecular mass per repeating unit, and through
one residue in every ~2.8 being charged. A consequence of
the approximately equal mass deposition of furcellaran and
PLL, assuming that both species are fully charged, is that
the multilayer carries an excess of positive charge.

3.2. Multilayer fabrication — FTIR-ATR

FTIR-ATR was used to obtain information on the
chemical characteristics of the deposited species. Fig. 2
compares solution spectra of furcellaran and PLL at con-
centrations of 0.3% and 0.8% w/w at pD 5.6. The PLL
spectrum has strong absorbances at 1643 and 1460 cm ™.
The latter is the amide II’ band which includes contribu-
tions from CN stretching and other backbone modes.
The absorbance at 1643 cm™! is the amide I band, the pre-
cise location of which is conformation dependent, and for
PLL in a random coil conformation (Jackson, Haris, &
Chapman, 1989) occurs in the range 1643-1648 cm™'.
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Fig. 2. Solution FTIR-ATR spectra of PLL and furcellaran in D,0O in the
region 1800-800 cm .
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Fig. 3. FTIR-ATR spectra of PLL-furcellaran multilayer in D,O in the
region 800-1800cm ™' after deposition of the fifth (PLL) and sixth
(furcellaran) layers.

The furcellaran spectrum is similar to reported spectra of
k-carrageenan and includes features which have been
assigned to 3,6-anhydro-p-galactose (932 cm™') and glyco-
sidic linkages (1075cm™') (Pereira, Sousa, Coelho,
Amado, & Ribeiro-Claro, 2003; Volery, Besson, & Schaf-
fer-Lequart, 2004). The spectra of assembled PLL—furcell-
aran multilayer films in the region 800-1800 cm ' are
shown in Fig. 3. The spectra shown are those obtained
after the deposition of the third PLL layer (layer 5) and
the third furcellaran layer (layer 6). The bands at 1456
and 1643 cm™' are characteristic of the presence of PLL
in the multilayer. The subsequent addition of furcellaran
causes little change in the peak absorbance of these bands
but does lead to an increase in absorbance of the bands
associated with furcellaran at 932 and 1075cm™'. The
alternating, stepwise addition is shown by examining how
the absorbance of bands characteristic of furcellaran
(1075cm™ ') and PLL (1643 cm ') increases with increas-
ing number of layers (Fig. 4).

3.3. Multilayer fabrication — QCM-D

The assembly of the multilayer film was monitored by
QCM-D starting with a PLL layer (Fig. 5a). For clarity,
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Fig. 4. The IR absorbance of PLL-furcellaran multilayer at 1075 (H) and
1643 cm™! (O) as a function of number of layers.

we report QCM-D data only for the third harmonic
(15 MHz). Fig. 5a shows the frequency shift for the depo-
sition of the first five layers starting with the deposition
of PLL on the sensor surface. The decrease in Af observed
for the first PLL and furcellaran layers is associated with
an increase in adsorbed hydrated mass. Subsequent addi-
tion of PLL to the furcellaran layer leads to little significant
change in Af'(Figs. 5a and b). The trends observed for layer
deposition using QCM-D are qualitatively different from
those observed by SPR and FTIR-ATR, with the latter
techniques probing the mass of polymer deposited and
the QCM-D probing hydrated mass. The large response
during the contact of the film with the polyanion solution
and the very small response during contact with polycation
solution (Figs. 5a and b) suggest that the smaller molecular
size polycationic PLL is diffusing within the furcellaran
layer, and that the observed QCM-D response is a balance
between the small increase in mass associated with the
deposition of PLL, and its effect on deswelling the multilay-
er arising as a result of the replacement of monovalent cat-
ionic counterions with a polyvalent counterion (PLL). The
QCM-D experiment also contains information on the vis-
cous dissipation of the multilayer (Fig. 5c). After deposi-
tion of the first furcellaran layer, addition of PLL
decreases the dissipation indicating that PLL cross-links
the furcellaran layer and, interpreting this change using
the fit to the Voigt viscoelastic model, a reduction in
hydrated mass and shrinkage of the adsorbed layer. This
phenomenon has previously been observed in the assembly
of high DE pectin—PLL multilayers (Krzeminski et al.,
20006).

The hydrated mass from the QCM-D modelling, com-
bined with polymer mass from the SPR, yields a solid con-
centration of 7.0 +1.0% w/w for the adsorbed layer,
indicating that under these conditions of preparation a rel-
atively hydrated, porous multilayer was formed.

3.4. Globular protein binding to the multilayer

Six-layer PLL-furcellaran multilayers were prepared
with furcellaran as the topmost layer. The binding of the
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Fig. 5. (a) Plot of frequency change of QCM-D 15 MHz harmonic versus
time for the assembly of the first five layers. (b) Plot of frequency change
of QCM-D 15 MHz harmonic versus layer number for the assembly of a
10-layer multilayer. (c) Plot of QCM-D dissipation (15 MHz harmonic)
versus time for the assembly of the first five layers.

globular proteins, BSA and BLG, to the multilayer was
examined as a function of pH. Figs. 6a and b show the
FTIR spectra of the multilayer before and after the binding
of BSA and BLG at pH 5.0. There is a substantial spectral
change on binding, with a particularly marked increase in
the absorbance of the amide I and amide II’ bands. As
the isoionic point of the isolated proteins is ~5.3 for defat-
ted BSA (Tanford, Swanson, & Shore, 1955) and ~5.1 for
BLG (Cannan, Palmer, & Kibrick, 1942) at pH 5.0, it is
expected that the proteins will carry a small net positive
charge. Solution studies on the interaction of globular
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Fig. 6. (a) FTIR-ATR spectra of BSA deposition in D,O at pD 5.0 to
third furcellaran layer (sixth layer). (b) FTIR spectra of BLG deposition in
D0 at pD 5.0 to third furcellaran layer (sixth layer).

proteins with polyanions show that protein—polyelectrolyte
complexes may be formed at pHs where the protein carries
a net charge of the same sign as the polyelectrolyte (Hall-
berg & Dubin, 1998; Mattison, Dubin, & Brittain, 1998;
Seyrek, Dubin, Tribet, & Gamble, 2003), with a more sub-
stantial aggregation or coacervation occurring below the
isoelectric point when the protein acquires a net positive
charge. In the region where both polymers carry a net char-
ge of the same sign it is considered that the polyelectrolyte
interacts with oppositely charged patches on the protein
surface. The pH dependence of the adsorption of BSA
and BLG to the PLL—furcellaran multilayer is shown in
Fig. 7. Over the pH range 6.5-8 there is relatively little
adsorption. As the pH is reduced to 5.0 there is a progres-
sive increase in the amount adsorbed, and the observed
behaviour is comparable to the generic complexation
behaviour of polyelectrolytes and proteins which is
observed in aqueous solution, and more particularly the
observed complexation of furcellaran and globular proteins
(Laos, Brownsey, & Ring, 2005). The pH-dependent
adsorption was reversible. For both BSA and BLG the
amount adsorbed at pH 5.0, calculated from the SPR res-
onance response, is ~650 ng cm 2, substantially more than
the amount of PLL that would be deposited on the furcell-
aran layer (cf. Fig. 1), and partially reflecting differences in
mass/charge ratio. Over the pH range 6.5-5 the PLL—fur-

-250- 47000
v J
~ | 46000 @
T -200{ m ] @
3 o 18000 &
g 1901 . J4000 @
S5 1 1 3
>~ -1004 J3000 &
g 100 . 1 §
3 1 . J2000 &
3 (7]
o -5041 n ] o}
g | e = 41000
x 4
0 T T T T ? ’ * 0
50 55 60 65 7.0 7.5 80
pH

Fig. 7. Dependence of QCM-D frequency change (15 MHz harmonic),
and SPR resonance response as a function of pH for the adsorption of
BSA ¥ (SPR); ® (QCMD); and BLG A (SPR); B (QCMD) on a 6-layer
PLL-furcellaran multilayer.

cellaran multilayer shows a limited change in hydration
leading to a frequency response in the QCMD experiment
of < —50 Hz. The sign of the frequency response indicates
that deposition of the globular proteins leads to an increase
in hydrated mass, and the effect of partially neutralising the
charge on the furcellaran with a polyampholyte (leading to
deswelling, and mass loss) is more than compensated for by
the mass of protein deposited. This is in contrast to the
behaviour observed on PLL deposition and reflects differ-
ences in mass/charge ratio for the different species. The
observed pH-dependent response (Fig. 7) is similar to the
observed pH-dependent complexation of the globular pro-
teins BSA and BLG with furcellaran (Laos et al., 2005).
Studies on the binding of globular proteins to polyelec-
trolyte multilayers show that the observed behaviour may
be rather complex (Gergely et al., 2004; Ladam et al.,
2000; Salloum & Schlenoff, 2004). There is general agree-
ment that electrostatic interactions dominate the observed
behaviour. In a recent study, it was found that the amount
of protein adsorbed showed characteristically different
behaviour depending on the charge on the terminating
layer. It was proposed that the protein was drawn into
the whole multilayer when the terminating layer was of
opposite charge, whereas a more limited adsorption
occurred when the terminating layer was of like charge
(Salloum & Schlenoff, 2004). In the present study, the
amounts of protein adsorbed are comparable to a limited
adsorption. From the molecular sizes and weights of the
proteins it is possible to calculate the adsorbed amount
for monolayer coverage. Assuming that both BLG and
BSA can be represented as an equivalent sphere in solution,
with hydrodynamic radii of 2.93 (Baldini et al., 1999), and
3.7 nm (Carter & Ho, 1994), and that surface coverage is
60% of the available area, then monolayer adsorption for
both BLG and BSA would give an adsorbed amount of
~130 ng cm 2. For a furcellaran terminated multilayer at
pH 5, the amount adsorbed is equivalent to the deposition
of ~5 protein layers. As pH is increased towards neutrality
the amount adsorbed decreases, in a similar way to that
observed for the binding of human serum albumin to a
polyglutamic acid terminated layer. For polyanion/protein
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complexes, decreases in the ability of the polyanion to com-
plex protein are also observed in this pH range (Hallberg &
Dubin, 1998). It is proposed that in the current study, that
the furcellaran terminated layer is relatively permeable to
the globular proteins and allows their complexation.

4. Conclusions

The results showed that furcellaran can be used to fab-
ricate multilayer structures with PLL by a layer-by-layer
technique. These structures can bind the globular proteins,
BSA and BLG, the pH dependence of the binding is com-
parable to the observed complexation behaviour of furcell-
aran with globular proteins in aqueous solution, with
complexation occurring at pHs where both biopolymers
carry an average net charge of the same sign.
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