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Abstract—The deposition of alternating layers of pectin and chitosan at a solid surface was studied using surface plasmon reso-
nance. The binding of biopolymer to the surface was irreversible over the time scales examined. The deposition was dependent
on the flow rate through the measurement cell with mass transport limitation at lower flow rates. The thickness of the deposited
layer was dependent on the biopolymer concentration and was particularly marked for pectin. This was consistent with a process
of initial attachment, followed by a slower structural rearrangement, which was inhibited at high initial surface concentrations of
adsorbed biopolymer. Sequential deposition resulted in the formation of multilayers with an essentially linear growth rate.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The attraction between oppositely charged polyelectro-
lytes can create a range of structures, including com-
plexes,1,2 coacervates,3 networks and multilayers.4 If a
dilute solution of polyelectrolyte is titrated with a dilute
solution of an oppositely charged polyelectrolyte5 then
initially it may be possible to form soluble polyelectro-
lyte complexes. As the charge ratio on the polyelectro-
lytes approaches unity, then an associative phase
separation/precipitation is often observed. As further
polyelectrolyte is added, then redissolution of the pre-
cipitate may occur as a result of charge reversal. The
driving force for complex formation can include cou-
lombic interactions, and an entropic contribution from
the �release� on complexation of low molecular weight
counterions associated with the polyelectrolyte.6 The
complexation shows an ionic strength dependence as a
result of screening effects and the dependence of the
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magnitude of the effect of counterion release on ionic
strength. For systems containing weak polyelectrolytes,
the interactions show a strong dependence on pH.
These attractive interactions have been used to fabri-

cate multilayer structures using layer-by-layer assembly.
These are generally regarded as non-equilibrium struc-
tures. A requirement for multilayer formation is that
the addition of an oppositely charged polyelectrolyte
to a charged surface results in charge reversal, normally
depicted as loops and trains of the polyelectrolyte
extending from the surface. Charge reversal permits suc-
cessive deposition of oppositely charged polyelectro-
lytes. While many studies have been performed with
synthetic polyelectrolytes, there are fewer reports on
the formation of multilayers using biopolyelectrolytes.
Recent examples include poly-LL-lysine/alginate;7 poly-
LL-lysine/hyaluronan;8 and chitosan/hyaluronan.9 For
these weak polyelectrolytes, the structure of the multi-
layer is influenced by pH8,10,11 and ionic strength.12,13

A further variable is the extent to which the two poly-
electrolytes interpenetrate,14 and the extent of crosslink-
ing and charge neutralisation of one polymer by
another. For multilayer growth, both linear and
exponential growth regimes have been found,15,16 within
the latter case the diffusion of one polyelectrolyte to the
surface of the growing layer leading to an increasing
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layer thickness. At present the proposed applications of
biopolyelectrolyte multilayers are largely in the
biomedical area as encapsulation systems, and coatings
which can control cell adhesion,7,9,17 although their
functionality is relevant to other sectors including food.
In this article, we wish to consider the interaction

between two oppositely charged weak biopolyelectro-
lytes, pectin and chitosan. Pectic polysaccharides are com-
ponents of the primary cell wall and middle lamella of
dicotyledonous plants. They are structurally complex
and heterogeneous polyelectrolytes,18,19 consisting of lin-
ear regions of (1!4)-a-DD-galacturonosyl units and their
methyl esters, interrupted in places by (1!2)-a-LL-
rhamnopyranosyl units. A fraction of these rhamnopyr-
anosyl residues are branch points for neutral sugar side
chains of (1!5)-a-LL-arabinofuranosyl or (1!4)-b-DD-
galactopyranosyl residues. The average spacing between
charges along the galacturonosyl backbone is inversely re-
lated to the methyl ester content, furthermore the charge
may be randomly distributed, or may occur in blocks of
contiguous uronic acid residues. Studies on the conforma-
tion of pectin in dilute and moderately concentrated solu-
tion suggest an expanded conformation with a relatively
high intrinsic viscosity.20 Pectins can form network struc-
tures with divalent counterions such as Ca2+ and basic
biopolyelectrolytes including chitosan21 and poly-LL-
lysine.22 Controlling charge and its distribution along
the pectin chain is a potentially powerful approach to
modifying the properties of pectin-containing structures.
Chitosan is obtained by the alkaline or enzyme N-

deacetylation of chitin to produce (1!4)-b-DD-glucos-
amine chains. Chitosan has an expanded conformation
in dilute aqueous solution, which is dependent on the
degree of acetylation of the chitosan and charge.23,24 Both
pectin and chitosan can be classified as semi-flexible poly-
mers. In this article, we examine the interaction between
chitosan and pectin using surface plasmon resonance.
Dt ¼ kT=6pgRh ð3Þ
2. Experimental

2.1. Materials

Citrus pectin with a degree of esterification of 36.6% was
obtained from CP Kelco. Low molecular weight chito-
san, with a reported degree of deacetylation of 75–85%
was obtained from Sigma.

2.2. Surface plasmon resonance

A Biacore instrument was used with a Biacore sensing
chip consisting of a glass slide coated with a thin
(�50 nm) layer of gold. The SPR response causes a shift
in the angle Dh of the SPR minimum in reflected light
intensity and is associatedwith changes in refractive index
at the gold surface. For the Biacore instrument, a
response of 10,000 resonance units is equivalent to a Dh
of 1�. The resonance response was calibrated at 20 �C
using sucrose/water and methanol/water mixtures of
known refractive index, up to amaximum refractive index
of 1.3811. The response was linear in this region with aDh
of 86.6� per change in refractive index of unity. The gold
surface of the surface plasmon resonance chip was ini-
tially coated with poly-LL-lysine, 0.08 mg/mL in 0.01 M
NaOH 0.1 M NaCl, in the measurement cell.25 Under
these conditions, the observed binding of poly-LL-lysine
was irreversible, and the bound poly-LL-lysine has a disor-
dered conformation.25 After multilayer build-up, the
poly-LL-lysine surface layer was regenerated by flowing
0.01 M NaOH through the measurement cell. The ob-
served binding to the same poly-LL-lysine base layer, over
the course of several hours, showed good reproducibility
(better than ±5%). The maximum observed variability
with different chips and base layers was ±20%.

2.3. Photon correlation spectroscopy

The apparatus employed was an ALV/SP-86 spectro-
goniometer (ALV, Langen, Germany) equipped with a
Coherent Radiation Innova 100-10 vis Argon Ion laser
operating at 0.5 W and wavelength of 514 nm. The scat-
tered light intensity was monitored using an ALV/PM-
15 ODSIII detection system at a fixed scattering angle
of 90�. After amplification and discrimination, signals
were directed to an ALV/5000E digital multiple-tau
correlator and time-intensity correlation functions
recorded, typically for 600 s duration. Size distribution
functions were computed using the appropriate Win-
dows-based ALVALV software, which incorporated regular-
ised inverse Laplace transform and ALVALV--CONTINCONTIN

packages. Additional analysis was undertaken using
Origin V6 (Microcal) proprietary software. Pectin and
chitosan were dissolved in 50 mM acetate buffer
100 mM NaCl at pH 5.6 and then directly filtered
through a 0.22 lm filter into the cuvette. For a particle
in solution subject to Brownian motion, the transla-
tional diffusion coefficient is related to the measured
intensity correlation function g(2)s by the expression26
gð2Þs ¼ 1þ expð�2Dtk
2
ssÞ ð1Þ
where ks, the scattering vector, is given by
ks ¼
4pn
k

sin
h
2

ð2Þ
where n is the refractive index of the solution, h, the scat-
tering angle and k the wavelength of light. For the diffu-
sion of particles in dilute solution, the hydrodynamic
radius of the particle, Rh, may be obtained from
where g is the solvent viscosity, and k and T have their
usual meanings.



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

 re
so

na
nc

e 
re

sp
on

se

Time (s)

0 5 10 15 20 25 30 35
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

 re
so

na
nc

e 
re

sp
on

se

Time (s)

(a)

(b)

Figure 1. (a) A plot of normalised resonance response versus time for
pectin deposition on a poly-LL-lysine layer at flow rates of 0.83 (j); 0.42
(m); 0.083 (.) and 0.017 (d) lL s�1. (b) A plot of normalised
resonance response versus time for chitosan deposition to a pectin
layer at pH 5.6 at flow rates of 0.83 (j); 0.42 (m); 0.083 (.) and 0.017
(d) lL s�1.
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3. Results and discussion

The pectin was characterised in the previous research,22

it had a galacturonic acid content of �90% and a degree
of esterification of �36%. The distribution of charged
residues was determined using a chemical fragmentation
procedure27 and was essentially random.22 The pKa of
the glucosamine in chitosan is �6.5 and is dependent
on ionic strength and chitosan structure, more particu-
larly the degree of acetylation.28 The carboxylate of
the galacturonic acid of pectin has a pKa of �3.5.29 Pre-
vious research21,22 has examined the gelation of chitosan
and pectins differing in degree of esterification over the
range 30–70%. It was found that pectin/chitosan mix-
tures formed network structures at pH 5.6 where both
polymers carried a charge. At pH 5.6, the carboxyl
group of pectin is essentially fully dissociated. At this
pH, the degree of dissociation of the ammonium groups
of the glucosamine residues of chitosan is �0.2 for a
chitosan of a low degree of acetylation.28 In the present
investigation with a reported degree of deacetylation of
the chitosan of 85%, and a pectin which consists of 90%
galacturonic acid of which 36% is methyl esterified,
charge balance at pH 5.6 occurs at a pectin/chitosan
ratio of �1.2 to 1.
Poly-LL-lysine can both crosslink pectin networks and

under appropriate conditions, bind to a gold surface with
a high affinity. Therefore, in order to study pectin and
chitosan adsorption by surface plasmon resonance, the
gold surface of a surface plasmon resonance chip was ini-
tially coated with poly-LL-lysine to form a positively
charged base layer. After the initial deposition of poly-
LL-lysine, the surface was rinsed with 50 mMacetate buffer
containing 0.1 M NaCl at pH 5.6. Preliminary experi-
ments examined the effect of sample flow rate on the
kinetics of association of the biopolymer to the surface
of the growing multilayer at this pH. In surface plasmon
resonance experiments, the mass transport of molecules
to the diffusion boundary layer can have an effect
on the observed kinetics of binding. In Figure 1a is shown
the effect of flow rate through themeasurement cell on the
binding of pectin (0.08 mg/mL) to the initial poly-LL-
lysine layer for flow rates in the range 0.017–0.83 lL s�1.
The resonance response was normalised relative to the
limiting plateau of response at longer times. The ob-
served behaviour showed a marked dependence on the
flow rate at flow rates of 0.017 and 0.083 lL s�1 but be-
came essentially independent of flow rate >0.42 lL s�1.
For the binding of chitosan to the pectin layer at
pH 5.6 (Fig. 1b) a similar trend was observed although
the effect at the lower flow rates was less marked. The
Onsager coefficient of mass transport, Lm, is given by
Lm �

ffiffiffiffiffiffiffiffiffiffi
D2f

h2wl

3

s

where D is the coefficient of diffusion, f rate of flow, and
h, w and l the dimensions of the flow cell which are 50,
500 and 2400 lm, respectively, with a total volume of
0.06 lL. Estimates of the diffusion coefficient, Dt, of
chitosan and pectin were obtained by photon correla-
tion spectroscopy. Light scattering studies on the solu-
tion behaviour of polysaccharides, including pectin
and chitosan,20,23,30–32 are inevitably complicated by
the presence of aggregated material. In this study, larger
aggregates were removed by filtration. The measured va-
lue of Dt for chitosan and pectin were 3.2 · 10�12 m2 s�1

and 1.7 · 10�12 m2 s�1, respectively. The value obtained
for pectin is similar to that obtained for a pectin fraction
having a weight average molecular weight of 1 · 106 g
mol�1, with a Dt, of 1.2 · 10�12 m2 s�1. For a low
molecular weight chitosan of Mw 44,000 the reported
Dt at pH 4.5 was 1.98 · 10�11 m2 s�1. For chitosans with
a low degree of acetylation, a pH dependent aggregation
was observed at higher pH�s with an onset in the region
of pH 5.5–7.0.33 The value obtained in the current study
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is indicative of some aggregation, or higher molecular
weight. For the adsorption of both pectin and chitosan,
the change to mass transport limited behaviour occurs
for calculated values of Lm of <7 · 10�7 m s�1. The ob-
served differences in the binding behaviour of chitosan
and pectin are consistent with their measured values of
Dt. An estimate of the thickness of the boundary layer,
d, is given by34,35
500

R
e

d �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dh2wl

f
3

s
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Figure 2. (a) Plot of resonance response versus time for the adsorption
of pectin on a chitosan layer at a flow rate of 0.42 lL s�1, at con-
centrations of pectin of 0.005 (- - -); 0.01 (� � �); 0.02 (–�–�–); 0.04 (��–��)
and 0.08 (—) mg/mL. (b) Plot of resonance response versus time for
the adsorption of chitosan on a pectin layer at a flow rate of
0.42 lL s�1, at concentrations of chitosan of 0.005 (- - -); 0.01 (� � �); 0.02
(–�–�–); 0.04 (��–��) and 0.08 (––) mg/mL.
For the flow rates used, the boundary layer thickness
ranges from 1.5 to 8.3 lm.
The stability of a poly-LL-lysine/pectin/chitosan multi-

layer formed at pH 5.6 from 0.08 mg/mL solutions of
chitosan and pectin was examined as a function of pH
over the pH range 3.6–8.0 at salt concentrations ranging
from 0.05 to 0.15 M NaCl. Over the pH range 3.6–7, the
layers were stable (>100 s). At an ionic strength of
0.15 M, changing the pH to 8 resulted in removal of
the chitosan layer. Reducing the ionic strength to
0.05 M resulted in substantial removal of the pectin
layer as well �60%. As at pH 8.0, the charge on the
chitosan is essentially fully suppressed, the stability of
the chitosan/pectin interaction appears wholly depen-
dent on the electrostatic interactions between chitosan
and pectin.
The effect of biopolymer concentration, in the range

0.005–0.08 mg/mL, at a flow rate of 0.417 lL s�1 on
the association at the surface at pH 5.6 as a function
of time is shown in Figure 2a and b for pectin and
chitosan, respectively. The binding is shown for the
deposition of pectin on a poly-LL-lysine/pectin/chito-
san multilayer, and for the deposition of chitosan on
a poly-LL-lysine/pectin/chitosan/pectin multilayer. The
binding to a layer which was formed at a flow rate of
0.42 lL s�1 and a concentration of 0.04 mg/mL was
examined. For both biopolymers, the rate of association
shows a concentration dependence. Plots of the initial
rates of adsorption measured as Dh s�1 versus concen-
tration are linear with slopes of 64 and 56 deg s�1 per
mole of anhydrohexose unit for chitosan and pectin,
respectively. The density of the polysaccharides on the
surface at saturation shows a concentration dependence,
which is marked in the case of pectin and weaker for
chitosan. The extent of adsorption of flexible polymers
on a solid surface from solution is often influenced by
polymer concentration. Polymer adsorption is fre-
quently a non-equilibrium process and irreversible over
practical timescales.36 Following an initial contact and
attachment to the surface, there is a process of structural
rearrangement and spreading of the polymer on the sur-
face.37,38 For many biopolymers, this spreading process
is slow as a result of their relatively rigid structure,
which gives rise to slow structural rearrangement. If
the rate of attachment of polymers at the surface is
fast compared to the rate of structural rearrangement,
the binding of polymers to the surface will impede
the spreading process. As a result with increasing
concentration, and the rate of attachment, the amount
of polymer adsorbed at saturation increases. The
observed binding behaviour of pectin and chitosan is
consistent with this model, with the more marked con-
centration-dependent behaviour of pectin being attrib-
uted to its larger molecular size and consequently
slower spreading rate.
A multilayer was fabricated by sequential deposition

of pectin and chitosan both at 0.08 mg/mL in the acetate
buffer at pH 5.6 at a flow rate of 25 lL/min for 2 min.
Between each addition of biopolymer the sensor surface
was rinsed with the acetate buffer for 2 min. Figure 3a
shows the surface plasmon resonance response for the
build up of a 18-layer multilayer, starting with a pectin
layer followed by successive addition of low molecular



1000 2000 3000 4000 5000

20000

30000

40000

50000

R
es

on
an

ce
 re

sp
on

se

Time (s)

0 100 200 300 400 500 600
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000 Buffer

R
es

on
an

ce
 re

sp
on

se

Time (s)

Pectin Buffer Chitosan

0 2 4 6 8 10 12 14 16 18 20
0

5000

10000

15000

20000

25000

30000

35000

R
es

on
an

ce
 re

sp
on

se

Layer

(a)

(b)

(c)

Figure 3. (a) Plot of resonance response versus time for the assembly
of an 18-layer pectin/chitosan multilayer on a poly-LL-Lysine base layer.
(b) Detail of the resonance response versus time for the assembly of the
seventh and eighth layers. (c) Resonance response as a function of
layer number for a pectin/chitosan multilayer.
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weight chitosan and pectin. The observed response
consists of a series of step changes of approximately
equal height. After biopolymer addition, the response
quickly reaches a plateau. Fig. 3b shows a detail of the
response for the seventh and eighth layers of pectin
and low molecular weight chitosan, respectively, which
shows the stability of the response during the buffer
rinse. Under these conditions, the affinity of the biopoly-
electrolytes for each other is high, and over these time-
scales, the binding of the biopolyelectrolyte to the
charged surface is essentially irreversible. The surface
plasmon response as a function of layer number is
shown in Figure 3c. A smooth curve is obtained with lit-
tle difference in response between successive pectin and
chitosan layers. Initially, the response for each layer in-
creases with increasing layer number, this is followed by
a linear region and then some decrease in response at
higher layer numbers. The total response, Dh, after 18
layers is �3.1�. For a uniform adsorbed layer, the sensor
response is given by39
Dh ¼ mðga � gsÞ½1� expð�2d=ldÞ�
where ga and gs are the refractive indices of the adsorbed
layer and solvent, respectively, m is the change in Dh for
a unit change in refractive index, d is the thickness of the
film and ld is a characteristic decay length of the evanes-
cent electromagnetic field, and can be estimated as
37±13% of the wavelength of light at the surface plas-
mon resonance minimum.39

For the formation of multilayer polyelectrolyte films
two growth regimes can be distinguished, linear and
exponential,7,16,15,40 Exponential growth was observed
when there was diffusion of weakly associated polyelec-
trolyte within the film. Both the pectin and chitosan
interactions are poorly reversible as indicated by the pla-
teau in surface plasmon resonance response when the
film is rinsed in buffer, indicating a relatively strong
association. The multilayer may also grow linearly,
although sometimes initial layers need to be deposited
before linear growth is subsequently observed.41 The
surface plasmon resonance response for the successive
adsorption of pectin and chitosan layers (Fig. 3c) is con-
sistent with an essentially linear growth regime,
although initial layers need to be deposited before linear
growth is observed. The slight curvature in the plot of
surface plasmon resonance response versus layer
number for the latter layers is consistent with the film
growing to a thickness, which is outside the regime,
where the dependence of resonance response to a
growing film of uniform refractive can no longer be
approximated to linear. For a uniform film with a
relationship between Dh and d as shown in Eq. 1, this
would be consistent with the multilayer having an aver-
age refractive index of �1.403 (40–50% w/w polysaccha-
ride) with a total thickness, d, of 100 ± 20 nm. The value
of d obtained for this number of layers is consistent with
that obtained for other multilayers, which had a linear
growth.9
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4. Conclusions

In common with other oppositely charged biopolyelec-
trolytes, the alternating deposition of pectin and chito-
san results in the formation of a multilayer structure.
Multilayer formation was observed at a pH when both
polymers carried a charge. Changing pH, resulting in
suppression of charge on one of the polyelectrolytes, re-
sulted in layer disassembly highlighting the importance
of electrostatic interactions in multilayer formation
and stability. Deposition was irreversible over prac-
tical timescales and the thickness of an individual layer
showed a dependence on biopolymer concentration
and was particularly marked for pectin.
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