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Understanding the adsorption properties of polysaccharides in terms of substrate affinity, kinetics, and layer structure
is of paramount importance in numerous industrial and natural systems. The structural growth of the layers of
two model polysaccharidesssodium alginate and polygalacturonic acid (PGA)swas characterized by quartz crystal
microbalance with dissipation and atomic force microscopy. Monitoring the variations in frequency and dissipation
energy provides insights into both the average adsorbed mass and the viscoelastic properties of the adsorbed
layer of polyelectrolytes along with the associated ions and water molecules. Both polysaccharides had similar
adsorption patterns with increasing ionic strengths and showed significant complexation of calcium ions. In the
presence of calcium, the alginate gel layer exhibited significant swelling with an increasing concentration of
monovalent salt that the PGA gel layer did not manifest. Basing our discussion on the “egg-box model”, we
interpreted these different swelling behaviors as resulting from differences in the complexation modes of the two
polysaccharides. The dimerization of the polymers by cross-linking and the weaker dimer-dimer associations
play major roles in the sensitivity of the polysaccharide gel matrix to high salt concentration environments.

1. Introduction

Polygalacturonic acids (PGAs) and alginates are natural ionic
polysaccharides that have extensive use within the textile,1 food,2

and biomedical3 industries. These applications are based on
polyelectrolytemultilayercoatingormicroencapsulationtechniques.4-7

Such techniques rely on the high electrostatic charges of
polysaccharides and on their ability to form gel-like structures
in the presence of divalent cations. PGAs, also commonly called
polypectates, have a linear backbone of (1f4)-linked R-D-
galacturonic acid and do not display the various heterogeneities
typical of pectins, such as methanol esterification,R-L-rham-
nopyranosyl residues, and side chains of neutral sugars.8,9

Alginates also adopt a linear backbone composed of pattern
blocks of homopolymeric regions of (1f4)-linked â-D-man-
nuronic and (1f4)-linked R-L-guluronic acidâ.10,11

The gelation of these polyelectrolytes results from the strong
interactions between divalent cations and blocks of either
galacturonic or guluronic acid residues for PGA8 and alginate,12

respectively. Due to their backbone heterogeneity, alginates have
a specific gelation efficiency depending on the mannuronic/
guluronic acid content ratio.13,14PGAs form strong gels due to
the high specificity of galacturonic acids to calcium binding
and the homogeneity of their backbones. For both of these
polysaccharides, the gel structure results from the formation of
junction zones by the association of the polymer chains in the
presence of calcium ions. The “egg-box model” is used to
describe the junction zones of alginate and pectate gels.15 This
model suggests that helical chains strongly associate by the
specific sequestration and binding of calcium ions. Subsequent
aggregation of dimers also contributes to the final structure of
the gel.

The major differences in the backbone structures of these
two polysaccharides affect their efficiency to form gels in the

presence of calcium, which, subsequently, determines the
physicochemical properties of the gel.16 These properties, such
as viscoelasticity, highly depend on the ionic composition of
the surrounding solution. However, the response of the gel layer
to variation in ionic strength is likely to vary for these
polysaccharides in accordance with their ability to form calcium
bonds. These specific bindings are assumed to be more stable
with respect to ionic strength changes than nonspecific elec-
trostatic interactions. Conventional experimental techniques used
to study polysaccharide gel properties are unsuitable for studying
the continuous evolution of these properties as a function of
solution chemistry.17-20 A direct correlation between the evolu-
tion of the layer structural properties and the specificities of
the molecular backbone to form gel complexes has never been
shown. Such a correlation could confirm the speculative nature
of the proposed model of gelation in the presence of divalent
cations.

Recently, we have used a quartz crystal microbalance with
dissipation (QCM-D) and atomic force microscopy (AFM) to
study the growth of a polysaccharide layer in situ in real time
as a function of the solution chemistry.21 The basic principles
of these two instruments have been extensively described in
the literature.22-26 The combination of the QCM-D and AFM
results has been shown to complement studies of polymer layers
adsorbed at solid interfaces.27-30 Adsorbed layer structural
information obtained by the QCM-D, such as the layer thickness
and rigidity, can be associated with the interaction forces
between the adsorbed polysaccharides measured by AFM.

The salt concentration of the bulk solution also has an
important impact on the gelation of polysaccharides. The
displacement of the ion-exchange equilibrium at high ionic
strength was shown to be occurring within the complexed gel
matrix as a result of the replacement of the divalent calcium
ions with monovalent cations.31-33 Such an ion-exchange
process greatly influences the structure and integrity of the gel
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matrix. Our previous study showed that the ion-exchange
process induced the swelling and disintegration of alginate gel
layers.21

Our main goal in this paper is to study the impact of
increasing ionic strength on the structure of the calcium-induced
gel matrix of two commonly used polysaccharides. We com-
pared the viscoelastic properties of the gel layer to the
polysaccharide-polysaccharide interaction forces as a function
of the bulk solution salt concentration. Understanding the
evolution of the structural properties and cohesive interaction
forces for both alginate and PGA gel layers helps us to explore
the role of the backbone structure in the ion-exchange process.
Results could also demonstrate the relevance of the egg-box
model suggested for both galacturonate and guluronate residues.

2. Materials and Methods

2.1. Polysaccharides and Solution Chemistry.Sodium alginate,
derived from the algaMacrocistys pyrifera, and PGA, with molecular
weight ranges of 12-80 and 25-50 kDa, respectively, were obtained
from Sigma (St Louis, MO). The percentages of mannuronic and
guluronic blocks in the sodium alginate are 39% and 61%, respectively.
Sodium alginate was dissolved in deionized water (Barnstead) at
ambient pH (pH 5.5-5.7), and the stock solution (2 g L-1) was stored
at 4°C. PGA was gradually dissolved in deionized water by maintaining
the pH at 6.5 with KOH to obtain a final concentration of 2 g L-1. The
final solution was filtered through a 0.22µm filter (Millipore Corp.,
Billerica, MA) and stored at 4°C. Both polysaccharides were used at
a final concentration of 0.1 g L-1, which was achieved by diluting the
stock solution in the electrolyte solution of interest at ambient pH
immediately prior to the adsorption experiment. Both polysaccharides
have pKa values between 3.3 and 3.6 and are thus negatively charged
at ambient pH. The carboxylic acidity of both polysaccharides was
measured by potentiometric titration (794 Basic Titrino, Metrohm,
Herisau, Switzerland).

Electrolyte solutions were prepared with deionized water and reagent
grade salts (Fisher) and stored at 4°C. Polysaccharide adsorption was
studied over a range of ionic strengths (3-300 mM) by varying
monovalent electrolyte (KCl) concentrations. The effect of calcium was
studied by adding to the solution the maximum concentration of calcium
that would not induce the formation of visually detectable aggregates
in solution. To achieve this condition, CaCl2 was added at a concentra-
tion of 1 mM for alginate and 0.1 mM for PGA.

2.2. QCM-D. The quartz crystal microbalance with dissipation
(QCM-D 300, Q-Sense AB, Gothenburg, Sweden) is operated at its
fundamental frequency of 5 MHz. Data from the third, fifth, and seventh
overtones (working at the resonance frequencies of 15, 25, and 35 MHz)
were used to calculate the viscoelastic properties of the film. The
QCM-D was used in continuous flow-through mode. A flow of 0.1
mL min-1 was induced with a syringe pump (KD Scientific Inc., New
Hope, PA) in suction mode at the exit of the QCM-D chamber.
Calculations of the film thickness, elastic shear modulus, and shear
viscosity are based on the Voigt model presented by Voinova et al.34,35

by assuming a film density of 1030 kg m-3. The thickness and density
of the film were assumed to be uniform. Fitting of the results was done
using the program Q-Tools provided by Q-Sense AB.

2.3. AFM. A NanoScope IIIa multimode atomic force microscope
(Digital Instruments, Santa Barbara, CA) was used to measure adhesion
forces between polysaccharides adsorbed at the solid interface. Because
carboxylic groups are the predominant functional groups of our
polysaccharides, a carboxylated modified latex (CML) particle (Inter-
facial Dynamic Corp., Portland, OR) was used as a surrogate for alginate
and PGA. The CML particle (4µm in diameter) was covered with a
porous and highly charged polyelectrolyte layer that is rich in
carboxylated groups and has a titrated surface charge of 139.5µC cm-2.
A colloid probe was made by attaching the particle to a tipless Si3N4

cantilever, having a spring constant of 0.06 N m-1 (Veeco Metrology
Group, Santa Barbara, CA). A drop of CML colloidal suspension was
first spread on a freshly cleaved mica surface and dried with Ar gas.
With a laboratory-fabricated micromanipulator, a small amount of glue
(Norland Optical Adhesive, Norland Products, Inc., Cranbury, NJ) was
spread on the free end of the tipless Si3N4 probe. A single CML particle
was then attached to the cantilever end, allowing only a small surface
area of the particle to come in contact with the glue. The glue was
cured for 15 min under UV irradiation. The strength of the colloid
probe was tested by applying forces to the attached particle from
different angles using another unmodified cantilever. A new colloid
probe was used for each experiment. The probes were carefully
examined before and after their use to ensure their integrity.

Force measurements were conducted in a fluid cell with a closed
input and output. The solution conditions tested were similar to those
used in the QCM-D adsorption experiments. The different steps
involved in the polysaccharide adsorption were conducted under flow
conditions. A flow of 0.2 mL min-1 was induced with a syringe pump
(model 200 syringe pump, KD Scientific Inc., New Hope, PA) in suction
mode at the exit of the liquid chamber. An additional resting period of
15 min was allowed at the end of the conditioning and rinse periods
(described in the following section) before force measurements were
conducted to stabilize the system and optimize the AFM signal. Because
of surface heterogeneities, force measurements were conducted at five
different locations, with a minimum of ten replicates at each location.
Adhesion forces were obtained by operating the atomic force micro-
scope in contact mode.

The raw data, consisting of cantilever deflection versus cantilever
displacement, were first processed to remove optical interference. The
resulting curves were then converted to force normalized by the colloid
probe radius (F/R) versus surface-to-surface separation curves, using
the method reported by Ducker et al.36 The maximum adhesion force
and the maximum pull-off distance were extracted from each coherent
force curve. Averages of these parameters and standard deviations were
calculated within a 90% confidence interval.

2.4. Polysaccharide Adsorption Protocol.Polysaccharide adsorp-
tion and layer growth were induced under flow conditions. The ionic
strength was increased incrementally during the course of the experi-
ment. Details on the protocol and the sequence of the adsorption
experiment can be found in our recent study.21

AT-cut quartz crystals with SiO2 coating (Q-sense AB, Gothenburg,
Sweden) were used for the adsorption experiments in the QCM-D. For
the AFM studies, the substrate used was a 10 mm× 10 mm× 1 mm
quartz microscope slide (Electron Microscopy Sciences, Hatfield, PA).
Surfaces were cleaned for a minimum of 4 h in a 2%Hellmanex II
solution (Hellma GmbH & Co. KG, Mu¨llheim, Germany), maintained
at 50°C, rinsed thoroughly with deionized water, and oxidized for 15
min in an UV/O3 chamber. Favorable conditions for initial alginate
adsorption onto the silica surface were established by adsorbing a
conditioning layer of poly-L-lysine (PLL) onto the silica or quartz
surface. Poly-L-lysine hydrobromide (Sigma) was used. Cationic PLLs
have a molecular weight ranging from 70 to 150 kDa. PLL was
dissolved in HEPES buffer (pH 7.4) made from 10 mMN-(2-
hydroxyethyl) piperazine-N′-2-ethanesulfonic acid (Sigma), 100 mM
KCl, and deionized water, and stored at 4°C. The final concentration
of the stock PLL solution was 0.4 g L-1. QCM-D results showed that
an exposure of the SiO2 substrate surface to the PLL stock solution for
15 min was enough to create a homogeneous layer.

The conditioning PLL film was rinsed three times, each for 15 min,
with the electrolyte solution used for the following (first) polysaccharide
adsorption experiment. An initial layer of polysaccharide was adsorbed
onto the PLL layer for 15 min, responding to attractive PLL-
polysaccharide electrostatic interactions. Consecutive sublayers of
polysaccharide were adsorbed onto the initial layer at increased ionic
strengths to study the impact of polysaccharide-polysaccharide interac-
tions on layer growth and structure. The formation of each of these
sublayers involves, first, the conditioning of the existing layer for 15

114 Biomacromolecules, Vol. 8, No. 1, 2007 de Kerchove and Elimelech

CDV



min with the new electrolyte solution to induce the ionic strength shift.
The conditioning is followed by polysaccharide adsorption for a period
of 15-90 min, until the measured shifts in frequency and dissipation
given by the QCM-D become small enough to be disregarded. The
final step of the sublayer formation consists of rinsing the layer for 15
min with the same electrolyte solution that was used for conditioning.

2.5. Analysis of Polysaccharide Layer Properties. Properties of
the adsorbed layer were extracted at the end of the conditioning and
rinse periods. This involved either the force measurement being taken
by AFM or the averaging of 5 min of the fitted response given by the
QCM-D at the end of each of these periods. The analysis of the data
was based on the calculation of changes in the layer properties as a
function of ionic strength. The impact of ionic strength variations on
the measured layer properties, called the “electrolyte effect”, was
analyzed by comparing the differences in layer properties measured at
the end of the conditioning period at a specific ionic strength to those
measured during the rinse period at the preceding lower ionic strength.
The change in layer properties caused by the adsorption of polysac-
charides at a specific ionic strength was also analyzed. The “incremental
adsorption” is the difference in property values between the rinse and
the conditioning period of the same sublayer at a specific ionic strength.

3. Results and Discussion

The growth and evolution of the viscoelastic properties of
the polysaccharide layer are studied by combining results
obtained from the QCM-D and AFM investigations. The impacts
of calcium and variation in ionic strength on polysaccharide
gelation and the resulting properties of the adsorbed layer are
extracted from the analysis of different sets of results. The
QCM-D provides information on variations in the thickness as
well as the rigidity of the layer as it grows in response to
polysaccharide adsorption and swelling. AFM measures the
intermolecular adhesion forces that characterize the polysac-
charide-polysaccharide interactions in the adsorbed layer.

3.1. Variation of the Polysaccharide Layer Thickness.Film
thickness is measured by QCM-D and is shown to greatly vary
as a function of the salt composition as seen in Figure 1. In the
absence of calcium, polysaccharide adsorption is highly favored
by increasing the ionic strength (Figure 1a). At lower ionic
strengths, alginate adsorption is observed to be more favorable
than PGA adsorption. Incremental thickness resulting from the
incremental adsorption begins to increase significantly at ionic
strengths of 10 and 100 mM KCl for alginate and PGA,
respectively (Figure 1b), which suggests that larger electrostatic
repulsion forces may control the adsorption of PGAs. To verify
this hypothesis, we performed a potentiometric titration of both
polysaccharides, which showed that the carboxylic acidity at
ambient pH (pH 5.5-5.7) is 10.5 mequiv/g carbon for alginates
and 11.5 mequiv/g carbon for PGA. This higher charge density
for PGAs may explain the electrostatic stabilization of these
polysaccharides observed over a wide section of the studied
ionic strength range. The absence of proportionality between
changes in thickness and increases in ionic strength and the
differences in incremental thickness variation between polysac-
charides reveal the complexity of interactions between the
adsorbing material (i.e., polysaccharides, water, and salts). A
detailed discussion of the forces controlling these interactions
in the absence of calcium is available in our recent study on
alginate layer formation in a batch system.21

The presence of calcium in solution induces significant
adsorption of both polysaccharides at the quartz surface (Figure
1c); however, the absorbed layer was observed to be insensitive
to increases in ionic strength after initial adsorption. The largest
incremental adsorption of both polysaccharides occurs on the

PLL conditioning layer (Figure 1d) in which initial adsorption
was observed to be at least 40 times thicker than that in scenarios
run in the absence of calcium. PGAs consistently adsorbed in
a layer twice as thick as the alginate layer on PLL; however,
subsequent incremental adsorption involving PGA-PGA or
alginate-alginate interactions was typically insignificant. An
exception is alginate adsorption at high ionic strength (i.e.,>100
mM) in which alginate incremental adsorption induced a major
increase in the layer thickness. Figures 1c and 1d show the
evolution of the alginate layer thickness for two replicate
experiments. For both replicates, the incremental thickness
obtained at 100 mM ionic strength is significant, suggesting
that alginate adsorption could be important at that ionic strength
in addition to the swelling of the layer.37

The electrolyte effect is associated with the change of
electrolyte between the conditioning period at a specific ionic
strength and the rinse period at the preceding ionic strength. In
the absence of calcium (Figure 2a), electrolyte transitions have
no significant impact on the thickness of the layers (i.e., always
less than 2 nm). In the presence of calcium (Figure 2b), ionic
strength transitions have insignificant effects on the PGA layer
thickness; however, the alginate layer shows a constant swelling
in response to transitions in salt concentration. Such swelling
is maintained over the entire ionic strength range until 300 mM
KCl (Figures 1b and 2b). Replicate experiments show that two
different behaviors of the layer can be observed. During the
transition from 100 to 300 mM KCl, the adsorbed layer either
maintains its structure or is subject to a major decrease in layer
thickness. Such variability in the responses of the adsorbed layer
to changes in salt concentration at high ionic strength is an
indication of the fragility of the alginate layer. It is likely that

Figure 1. Evolution of the thickness of the adsorbed polysaccharide
layers obtained by QCM-D as a function of ionic strength: (a) in
monovalent salt and (c) in the presence of calcium. For the adsorption
of alginate on the PLL (CL), the first two data points are for alginate
adsorption and layer rinsing with the background electrolyte; the
conditioning of the PLL layer is not shown. The thickness is offset at
zero after the rinse of the PLL layer. For each subsequent condition,
measurements shown correspond to the conditioning of the existing
layer, the adsorption of alginate, and the rinse of the layer with the
background solution. Incremental variations of the thickness resulting
from the polysaccharide adsorption are also shown for (b) adsorption
with monovalent salt and (d) adsorption in the presence of calcium.
The incremental variations are obtained as defined in the text. The
optimal fittings for the thickness are obtained considering the third,
fifth, and seventh harmonics using the Voigt-based model for a single-
layer system.
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in the best circumstances, the change in ionic strength induces
a minor swelling of the adsorbed layer. However, a significant
increase in layer thickness at 100 mM could have weakened
the layer, and subsequent changes in ionic strength (100-300
mM) could result in further swelling of the layer and degradation
of the film by alginate desorption.

These major differences observed between alginates and
PGAs show varying degrees of stability of the adsorbed layer
in response to cumulative polymer adsorption and ionic strength
changes. It is shown that the presence of calcium plays a major
role not only in the adsorption of alginate to PLL under
favorable interactions but also in the cohesion of the layer
structure as surrounding salt conditions change.

3.2. Variation of Intermolecular Interaction Forces. Nor-
malized adhesion forces (F/R), which characterize interactions
between the polysaccharide layer and the newly absorbed
polysaccharides,38 are measured prior to polysaccharide adsorp-
tion as a function of ionic strength. Representative adhesion
force profiles between the polysaccharide layer and the AFM
probe are shown in Figure 3. These force profiles, measured at
a total ionic strength of 10 mM, illustrate the impact of calcium
on the measured force profiles for both polysaccharides. Because
of the inherent heterogeneity in the adhesion force measure-
ments, the averages of the adhesion forces along with the
corresponding standard errors are shown in Figure 4 for each
of the ionic strengths investigated. In monovalent salts (Figure
4a), measured interaction forces for both polysaccharides are
consistently of the same order of magnitude (i.e.,F/R ) 0-1

mN m-1) and are shown not to vary significantly with increases
in ionic strength. Adhesion forces between polysaccharides and
the PLL conditioning layer (data not shown) were always at
least an order of magnitude higher (F/R ) -4.5( 0.5). Lower
adhesion forces are observed for alginates at ionic strengths
between 10 and 100 mM in comparison to those for PGAs. This
difference might be attributed to the PGA’s smaller range of
molecular weights. Smaller molecules most likely exhibit lower
steric hindrance in their interactions with the adsorbed layer,
which could result in stronger adhesion forces.

In the presence of calcium (Figure 4b), both polysaccharides
display stronger adhesion forces (i.e.,F/R > 1 mN m-1) at low
ionic strength (3 mM). As the ionic strength increases, forces
gradually decrease to a level similar to that observed in the
absence of calcium. Differences in the specific ability of each
polysaccharide to complex divalent calcium ions are demon-
strated when interaction forces are compared to the thickness
analyses. Initial strong adhesions can be attributed to gel matrix
formation between polysaccharides by sequestration of calcium
ions. The higher efficiency of PGAs to complex calcium ions
is directly perceived by the formation of a thicker layer involving
stronger adhesive interactions.

As monovalent salt concentrations are increased, weakening
of adhesion bonds is observed for both polysaccharides. Such
a trend could be induced by an increasing competition between
monovalent and divalent cations for charged moieties on the
polysaccharide backbone. This ion-exchange process is dis-
cussed in depth later in the paper.

3.3. Viscoelastic Properties of Polysaccharide Layers.
Viscoelastic properties (i.e., elastic shear modulus and the shear
viscosity) of the adsorbed layer are obtained by modeling the
QCM-D experimental data. This best fitting procedure involves
adjusting three parameters on the basis of shifts in frequency,
∆f(n), and shifts in dissipation,∆D(n), measured for three
harmonics,n. Since the best fitting values may not necessarily
represent the most meaningful values,27 ∆D(n) versus∆f(n) charts
are generated in Figure 5. These plots provide useful qualitative
insights into the viscoelasticity variations during the formation
of the polysaccharide film. For this figure, the third harmonic
(resonance frequency of 15 MHz) was used. Plots generated
from the fifth and seventh harmonics showed similar trends (data
not shown). Each curve segment characterizes the incremental
adsorption of polysaccharides at a specific ionic strength for a
time period ranging from 15 to 90 min. The polysaccharide
adsorption induces a reduction of the resonance frequency of
the quartz and an increase in its dissipation. Similar trends in

Figure 2. Incremental variations of the thickness resulting from ionic
strength transitions (so-called “electrolyte effect”) obtained by QCM-D
(a) in monovalent salt only and (b) in the presence of calcium. The
incremental variations are obtained as defined in the text. The optimal
fittings for the thickness are obtained considering the third, fifth, and
seventh harmonics using the Voigt-based model for a single-layer
system.

Figure 3. Representative adhesion force profiles between the AFM
colloidal probe and the quartz substrate coated with either alginate
or PGA film at a total ionic strength of 10 mM (adjusted with KCl).
Adhesion force profiles measured (a) in the absence and (b) in the
presence of calcium are shown for both polysaccharides.

Figure 4. Variation of adhesion forces between the AFM colloidal
probe and the existing adsorbed polysaccharide layer as a function
of ionic strength (a) in the absence and (b) the presence of calcium.
Adhesion forces are determined from the retraction of the AFM colloid
probe from the surface prior to the alginate adsorption step at a
specific ionic strength. Adhesion forces are normalized by the radius
of the colloidal probe (F/R). Error bars represent one standard error.
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the variation of dissipation with frequency shift are observed
at various ionic strengths, and linear dependences are obtained
in most cases.

The magnitudes of the slopes of the linear relationships shown
in Figure 5 are presented in Figure 6. These∆D(3)/∆f(3) ratios
indicate the variations in the rigidity of the adsorbed layer, with
a smaller ratio characterizing a more rigid layer. The rigidity
of the layer is assumed to be related to the water trapped in the
polysaccharide matrix that provides fluidity to the film. The
results in Figure 6 may imply that the gelation of polysaccha-
rides in the presence of calcium results in the formation of a

highly fluid layer. This is supported by the high∆D(3)/∆f(3) ratios
obtained for both polysaccharides in the presence of calcium.
At 100 mM ionic strength, an abrupt change of the layer
structure is suggested based on the decrease in the∆D(3)/∆f(3)

ratio (Figure 6b). This phenomenon is especially notable for
the alginate layer. The∆D(3)/∆f(3) relationship loses its linearity
as depicted in Figure 5c in the replicate experiment 1. Replicate
experiment 2 also showed a very similar nonlinear behavior
(data not shown). The fitting of the viscoelastic parameters
previously introduced could help the interpretation of this
phenomenon.

The variations of the two viscoelastic parameters fitted with
our experimental datasthe elastic shear modulus and the shear
viscositysover the entire ionic strength range are shown in
Figure 7. These variations are quantitatively represented in Table
1 by a parameter that we denote as the coefficient of variation,
C. The coefficients of variation are calculated for the elastic
shear modulus and the shear viscosity over each transition in
electrolyte concentration or adsorption stage examined during
the experiment. The definitions of the coefficients of variation
calculated for the electrolyte effect and the incremental adsorp-
tion (described in section 2.5) are given by

Figure 5. Variations in dissipation as a function of frequency shifts observed in the QCM-D during the polysaccharide adsorption phases. ∆D
vs ∆f(3) plots are shown for alginate adsorption (a) in the absence and (c) in the presence of calcium (only data for replicate 1 are shown) and
for PGA adsorption (b) in the absence and (d) in the presence of calcium. Dissipation variations are measured during the conditioning layer
stage (corresponding to a polysaccharide/PLL layer) at 3 mM ionic strength (in black) and during the successive alginate adsorptions at ionic
strengths of 3 (in blue), 10 (in pink), 30 (in red), 100 (in green), and 300 mM (in orange). Data from the 15 MHz resonance were used.

Figure 6. Estimation of the variation in layer rigidity (defined by the
ratio ∆D(3)/∆f(3)) during the polysaccharide incremental adsorption.
Calculated slopes as a function of ionic strength are shown for both
polysaccharides (a) in the absence and (b) in the presence of calcium.
The slope ∆D(3)/∆f(3) characterizing the alginate layer in the presence
of calcium at 100 mM ionic strength could not be calculated due to
the nonlinearity of the ∆D(3)/∆f(3) relationship (shown in Figure 5). Error
bars represent one standard deviation.

C(electrolyte effect))
X(conditioning period)(IS(i))

X(rinse period)(IS(i-1))
(1)

C(incremental adsorption))
X(rinse period)(IS(i))

X(conditioning period)(IS(i))
(2)
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where X is the studied viscoelastic property measured at a
specific experimental step and ionic strength and IS(i) and IS(i-1),
with i varying from 1 to 5, are the studied ionic strengths (from
3 to 300 mM).

Both fitted parameters show that the viscoelasticity of the
polysaccharide layers follows similar trends as those predicted

by the ∆D(3)/∆f(3) analysis. In monovalent salts only, both
polysaccharides show similarly rigid layers, suggesting poor
water content. The viscoelastic parameters are, however, very
scattered and reach some absurdly large values in some cases
(Figure 7). The amplitude of these variations is perceived in
Table 1. Such scattering points out the difficulty in using the
Voigt-based model to fit the viscoelastic parameters in the case
of a rigid layer.

In the presence of CaCl2, two major differences in the
viscoelasticity changes of the layers are observed between the
two polysaccharides. First, the PGA layer exhibits a significantly
larger elastic shear modulus and shear viscosity when compared
to those of the alginate layer. It suggests that the PGA layer is
generally more rigid with a smaller water content. Second, the
two polysaccharides show diverging viscoelasticity with increas-
ing ionic strength. At high ionic strength, PGA viscoelastic
properties significantly rise, revealing the increasing rigidity of
the layer, whereas alginate viscoelastic properties approach
values closer to the viscoelastic properties of pure water (µ-
(H2O) ) 0 andη(H2O) ) 1.06× 10-3 N m-2 at 20°C). This
divergence in viscoelasticity between the two polysaccharides
is also depicted in their coefficients of variation (Table 1). The
PGA layer shows increasing coefficients of variation in the
presence of calcium, whereas the alginate layer shows coef-
ficients decreasing in magnitude. The PGA layer becomes
significantly more rigid, while the alginate layer shows increas-
ing fluidity by swelling. However, at higher ionic strength (100
mM), the two replicate alginate experiments also show some
divergence. The layer of replicate 1, with its total thickness
increasing at 300 mM (Figure 1b), shows a simultaneous
decrease in its viscoelastic properties. Replicate 2, which reduces

Figure 7. Variations in viscoelastic properties of the adsorbed polysaccharide layer: changes in elastic shear modulus (a) in the absence and
(c) in the presence of calcium and changes in shear viscosity (b) in the absence and (d) in the presence of calcium. The optimal fittings for this
parameter are obtained considering the third, fifth, and seventh harmonics using the Voigt-based model for a single-layer system.

Table 1. Coefficients of Variation (C) of the Elastic Shear
Modulus and Shear Viscosity of the Adsorbed Layera

ionic strength transition (mM)

elastic shear modulus shear viscosity

C(electrolyte effect) C(electrolyte effect)

no CaCl2 CaCl2 no CaCl2 CaCl2

alginate alginate

alginate PGA R1 R2 PGA alginate PGA R1 R2 PGA

3-10 2.1 1.7 1.0 0.7 1.0 1.0 1.2 1.0 1.0 1.0
10-30 2.1 1.6 0.9 0.6 1.0 1.2 1.0 1.0 1.0 1.0

30-100 2.4 0.9 0.6 0.5 1.0 1.4 1.0 0.9 0.9 1.0
100-300 1.3 1.3 0.4 1.5 1.4 1.1 1.3 1.0 1.0 1.0

ionic strength (mM)

C(incrementa adsorption) C(incremental adsorption)

no CaCl2 CaCl2 no CaCl2 CaCl2

alginate alginate

alginate PGA R1 R2 PGA alginate PGA R1 R2 PGA

3 0.9 0.4 1.2 1.1 1.3 0.9 0.4 1.0 1.0 1.1
10 0.4 1.1 1.0 1.1 1.1 0.6 1.0 1.0 1.0 1.0
30 0.2 0.7 0.9 1.1 1.0 0.5 0.8 1.0 1.0 1.0

100 0.4 0.7 0.7 0.9 1.4 0.7 0.9 1.0 1.0 1.1
300 0.8 0.8 0.5 1.4 2.0 1.0 0.9 1.0 1.0 1.1

a C represents a variation in viscoelastic properties resulting from the
electrolyte effect and the incremental adsorption at all ionic strengths.
Results for both studied replicate experiments (R1 and R2) are shown for
alginate adsorption in the presence of calcium.
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its total layer thickness at high ionic strength, shows an
increasing elastic shear modulus, or reducing fluidity.

3.4. Pull-Off Distances of Polysaccharide Molecules.Pull-
off distance is defined as the distance characterizing the
extension of the polysaccharides during the retraction of the
AFM colloid probe.39 Pull-off distances are measured by the
maximal distance between the colloid probe and the substrate
surface following the conditioning of the layer at a specific ionic
strength. These measurements reflect the ability of the adsorbed
molecules to extend away from the surface. The pull-off distance
is indicative of the stretchable length of the polysaccharides or
the polysaccharide complexes.

Figure 8 shows the variation of the pull-off distances as a
function of the ionic composition of the solution for both
polysaccharides. Because of the inherent heterogeneity in the
adhesion force profiles, averages of the pull-off distances along
with the corresponding standard errors are presented. In the
absence of calcium (Figure 8a), the pull-off distances for both
polysaccharides are quite variable as indicated by the large
standard errors, with no clear dependence on ionic strength. The
difference in the pull-off distance between alginates and PGAs
may suggest that alginate polymers are longer or more elastic
than the PGA polymers. Pull-off distances for adsorbed PGA
in the presence of calcium (Figure 8b) are constant over most
of the ionic strength range and indicate a stable film conforma-
tion under increasing ionic strengths. This insensitivity to
increasing salt concentration was also observed for other features
of the PGA layer (e.g., thickness and viscoelastic properties)
as discussed earlier in this paper.

The results in Figure 8 also indicate that in the presence of
calcium, PGA complexes stretch to longer distances compared
to alginate complexes. A close inspection of the force profiles,
such as the representative curves shown earlier in Figure 3b,
clearly shows the highest number of rupture events for PGA as
the AFM probe is retracted from the surface. Rupture events
like those shown for PGA in Figure 3b were not observed as
frequently for the alginate layers. The multiple rupture events
for the PGA layer suggest the presence of several adhesion
points between the PGA molecules and between the PGA
molecules and the AFM particle probe. The alginate pull-off
distances in the presence of calcium (Figure 8b) appear to be
similar or shorter (at high ionic strength) than the pull-off
distances measured in the absence of calcium. This variation
of the pull-off distances for alginate indicates that the increase
in ionic strength reduces electrostatic repulsion and allows the
formation of intramolecular bridging with calcium. Such com-

plexation, in turn, results in the reduction of the stretching length
or elasticity of the alginate. The alginate complexes also were
shown to break free from the AFM probe in a single rupture
event (Figure 3b). Such behavior confirms the divergent changes
in structure adopted by the two polysaccharide gel layers in
the presence of calcium.

3.5. Mechanistic Interpretation of the Divergence in
Polysaccharide Adsorption in the Presence of Calcium.Both
the QCM-D and the AFM experiments demonstrated the strong
influence of calcium on polysaccharide complexation during
adsorption at the solid interface. The presence of calcium in
solution induces the formation of strong bridges between
polysaccharide macromolecules8,12-14 that control the adsorption
phenomena. Such specific interactions dominate the other
interaction forces, such as van der Waals interaction and
hydrogen bonding, that were governing the polysaccharide
adsorption in the absence of calcium.21 At low ionic strength,
both polysaccharides formed a thick and fluid gel layer
through divalent cation sequestration. However, the changes in
the layer structures observed in response to ionic strength
increases revealed differences in the complexation mechanism
between the two studied polysaccharides. Assuming that the
previously introduced model of the egg-box structure is the main
mechanism responsible for causing these two polysaccharides
to form gels in the presence of calcium,15 we can base our
discussion on the different abilities of galacturonic and guluronic
acids to sequester calcium and on the respective abundance of
these two monomers in PGA and alginate molecules. An
illustrated mechanistic interpretation of our results is provided
in Figure 9.

The divergence in the structural properties of the two
polysaccharide layers can be explained as a response to their
efficiency to complex calcium and the resulting complexes to
form cohesive gel structures. It was shown that calcium-induced
gelation follows a two-step processsfirst the initial dimerization
of the polysaccharide molecules, followed by dimer-dimer
aggregation.40,41 The first step induces the formation of strong

Figure 8. Variation in the pull-off distances of the adsorbed polysac-
charides using AFM data as a function of ionic strength (a) in the
absence and (b) in the presence of calcium. Extension distances of
the adsorbed molecules or complexes are measured during the
retraction and detachment of the colloidal probe from the surface after
the conditioning period of the adsorbed layer at a specific ionic
strength. Shown are average values with the corresponding standard
errors.

Figure 9. Mechanistic interpretation of the structural changes
occurring in (a) the alginate and (b) the PGA gel matrix cross-linked
with calcium ions as the ionic strength of the solution increases. Each
scheme represents the state of the gel layer at a specific ionic
condition in the presence of calcium. The gray dots represent calcium
ions, and the lines represent the polysaccharides.

Polysaccharide Gel Layers with Ca2+ and K+ Ions Biomacromolecules, Vol. 8, No. 1, 2007 119

CDV



and specific associations between guluronates or galacturonates
and the divalent cations, whereas the second is mainly governed
by electrostatic interactions with no specificity. Alginates, with
a lower abundance of guluronic sequences, strongly depend on
the formation of dimer-dimer associations for a cohesive gel
formation. However, this aggregation can be easily disrupted
by competing ions. The ion-exchange process, which has been
extensively described in the literature,31,33,42-44 as well as the
change in conformation of the polysaccharides39,45are likely to
be responsible for the observed swelling of the gel matrix
(Figure 9a).46 This swelling pressure induced by the penetration
of water and salts into the adsorbed layer could cause dissocia-
tion of the dimer-dimer aggregation. The subsequent stretching
of the cross-linked guluronate regions creates a weakened gel
structure and could consequently fragment the matrix. The
limited extension of the alginate matrix during pull-off in the
presence of calcium when compared to PGA is the result of
the weaker association of the polysaccharides by dimer ag-
gregation.

The galacturonate system was shown to exhibit a more
efficient dimerization conformation.47 This system allows
formation of numerous van der Waals contacts, sequestration
of more calcium ions per sugar monomer compared to the
guluronate system, and formation of a rich intermolecular
hydrogen-bonding network. This higher efficiency suggests that
the minimal critical length of galacturonate chains to form a
stable junction is shorter than that of guluronic residues (Figure
9b). Therefore, PGA is better able to form a stable gel matrix
almost uniquely based on dimerization of short galacturonate
sequences from a large number of polysaccharides. The larger
pull-off distance and the numerous rupture events observed for
PGA complexes confirm the formation of abundant strong
associations in the polymer matrix. This type of complexation
between the polysaccharides allows the matrix to stretch further
by gradual fragmentation of the calcium bridges until the
polymers break free from the AFM probe. The formed dimer
network is rigid and dense, making the PGA gel matrix
impermeable to potassium ions. It is likely that the accumulation
of monovalent salts outside the gel structure induces an osmotic
flow of water outside the layer. This reduction in water content
causes a decrease in the fluidity of the film and a subsequent
decrease in its thickness.

4. Conclusion

QCM-D and AFM experiments were shown to be comple-
mentary in studying polysaccharide adsorption on a solid
substrate under flow conditions. PGAs and alginates, two
polysaccharides known for their ability to efficiently sequester
calcium ions to form gel-like structures, exhibited significant
differences in the properties of the gel matrices formed in the
presence of divalent calcium ions. The difference in viscoelas-
ticity of the adsorbed film and the magnitude of the interaction
forces measured allowed a better understanding of the role of
the polysaccharide chemical composition and structure in
relation to the sensitivity of the complexed matrix to increasing
ionic strength. Our findings demonstrate that a polysaccharide
matrix complexed with calcium ions can adopt divergent
swelling behaviors as the conditions of the surrounding solution
change. The efficiency of the specific acidic monomers to
complex the divalent cations and their abundance in polysac-
charide molecules play a crucial role in the definition of the
sensitivity of the gel structure to resist high salt concentration
environments.
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