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Abstract

Polyelectrolyte multilayers of alginate and either poly-L-lysine or chitosan have been studied with dual wavelength reflection interfer-
ence contrast microscopy (DW-RICM). Alginates with different ratios of the two monomer residues, f-p-mannuronic acid (M) and o-L-
guluronic acid (G) were included to study possible effects of specific divalent ions selected from their ability to influence gelation of algi-
nate. Measurements of multilayer thickness revealed the importance of the preparation conditions. The multilayer thickness was reduced
with increasing ionic strength following preparation, suggesting a dominance of an ordinary screening of the alginate component. The
results indicate that the interaction between alginate and chitosan are different from that between alginate and poly-L-lysine, with the
latter appearing to be more of a “hit-and-stick” reaction while rearrangements during the adsorption process is occurring to a larger

extent in the preparation of the chitosan—alginate multilayers.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Alginates are structural polysaccharides extracted from
brown algae where they constitute part of the intercellular
matrix as a gel induced by the presence of divalent cations.
Their function is skeletal, giving both strength and flexibil-
ity to the plant. Additionally, alginates are produced as an
exocellular polymer in bacteria such as Azotobacter vinelan-
dii and several Pseudomonas species (Moe, Draget, Skjak-
Brek, & Smidsrad, 1995). Alginate is composed of guluron-
ic (G) and mannuronic (M) acid units forming regions of
M-blocks, G-blocks and blocks of alternating sequence
(MG-blocks), where the relative proportions of these
sequential organizations depends on the source (Haug, Lar-
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sen, & Smidsred, 1974; Moe et al., 1995). The heterogeneity
in both the content and sequence of uronic acids leads to
alginates differing in their functional properties. The distri-
butions of G-residues in alginates are determined by C-5-
epimerases acting at the polymer level. For A4. vinelandii a
family of alginate epimerases (AIgE’s) is identified, each epi-
merase introducing different residue sequences in the algi-
nate (Ertesvag et al., 1995; Svanem, Skjak-Brek,
Ertesvag, & Valla, 1999). These enzymes open the possibil-
ity of producing alginates that can be tailored for their
application, in addition to production of alginates with a
more uniform distribution in composition and sequence.
By production of mannuronan C-5-epimerases and applica-
tion of them to modify the residue sequence of the mature
alginates, a more detailed basis for the structure—function
relationship of alginates can be investigated than that
offered by alginates isolated from natural resources.
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Numerous applications of alginates exploit their ability
to form gels as well as their biocompatibility. Upon intro-
duction of divalent ions such as Ca®"-ions, junction zones
between consecutive G-residues are formed, conventionally
described in terms of the egg-box model as chelation of the
Ca’*-ions (Grant, Morris, Rees, Smith, & Thom, 1973).
The gel strength depends on the composition and sequence
of the units in the alginate chains. The selectivity for certain
divalent ions such as Ca®" increases with the increasing
content of G-residues. Recently, alginates with long
stretches of alternating G/M residue sequences obtained
by application of AlgE4 enzymes acting on mannuronan,
are also reported to form gels in the presence of Ca>" (Den-
tini et al., 2007; Donati et al., 2005).

Alginate has previously been employed for multilayers
in combination with poly-L-lysine (PLL) to suppress the
interaction between surfaces and cells (Elbert, Herbert, &
Hubbell, 1999). Furthermore, due to the biocompatibility
and the rapid gel-formation by addition of divalent cations,
alginate beads are widely employed for microencapsulation
purposes (Orive et al., 2004; Strand, Merch, & Skjak-Brek,
2000). The subsequent adsorption of coating layers onto
these beads is to some extent analogous to multilayer for-
mation using the gel bead as a substrate. Both chitosan
and PLL have been employed as the stabilizing polycation
layer of alginate gel beads (Gasered, Smidsred, & Skjak-
Braek, 1998; Thu et al., 1996).

In this study, multilayers of well-defined alginates with
different composition obtained from natural resources or
mannuronan produced by genetically altered bacteria and
subsequently modified by epimerases, are included. Such
a selection of material affords investigation of possible
effects of compositional details of the polyanion. Multilay-
ers of the various alginates are made with either chitosan or
PLL. The results obtained here suggest dominance of dif-
ferent reaction modes between alginate and the two polyca-
tions during the build-up of the multilayers, i.e., the PLL—
alginate combination appear to form multilayers by a
mechanism approaching ‘hit-and-stick”, whereas rear-
rangements between the polyanion—polycation layers to a
larger extent appear to take place in the alginate—chitosan
case. Additionally, the subsequent swelling responses of the
prepared multilayers appear mainly to be governed by a
polyelectrolyte response of the alginate component, also

Table 1
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preserving some of the specific interactions between algi-
nates and various types of divalent cations. This shows that
multilayers including alginates offer a certain versatility
controlled by the molecular features of the actual alginates.

2. Materials and methods
2.1. Alginate samples

Alginate from Laminara hyperborea stipe with a G-frac-
tion equal to 0.68 (FMC Biopolymers, Drammen, Norway)
(referred to as Fg 0.68), was used without further purifica-
tion. Additionally the following alginate samples were
employed: mannuronan (polyM) produced by an epimer-
ase negative mutant of Pseudomonas fluorescences (Gim-
mestad et al., 2003), this mannuronan was epimerized
either with the G-block forming epimerase AlgEl to a G-
fraction of 0.8 (Fg 0.8) or with the MG-block forming epi-
merase AlgE4 to a polyalternating alginate with a G-frac-
tion of 0.47 (polyMG). The epimerases AlgE4 and AlgEl
were produced by fermentation of recombinant Escherichia
coli strains and purified (Ertesvag, Hoaidal, Schjerven, Gle-
rum Svanem, & Valla, 1999; Haidal, Ertesvag, Skjak-Brek,
Stokke, & Valla, 1999). The epimerization was carried out
by incubation of mannuronan with the epimerase in 3-(N-
morpholino)propane sulfonic acid (MOPS) buffer (50 mM,
pH 6.9) in the presence of Ca*" and Na* (2.5 mM CaCl,
and 10 mM NacCl for AlgE4 epimerization; 0.8 mM CaCl,
and 20 mM NacCl for AlgEl epimerization). The alginates
were further characterized by 'H NMR spectroscopy
(Grasdalen, 1983). Before use, the alginates were dissolved
in MQ-water overnight. The intrinsic viscosities of the algi-
nates were determined in aqueous solutions of 0.1 M NaCl
at 20 °C (Harding, Varum, Stokke, & Smidsred, 1991). The
molecular weights of the employed alginates were esti-
mated based on the experimentally determined correlation
between the molecular mass and intrinsic viscosity (Vold,
Kristiansen, & Christensen, 2006). In that study, the hydro-
dynamic properties of the alginates, including epimerized
mannuronan, conformed to the same Mark-Houwink—
Kuhn-Sakurada (MHKS) relationship. The radius of gyra-
tion, R, of the corresponding M,, was also estimated based
on the experimental data reported by Vold and coworkers

Alginate samples used in this study, described with their intrinsic viscosity [1], molecular weight (My,) and the fraction of G-blocks (F), the fraction of G-
diades (Fgg) and the average G-block length larger than one residue (Ng-1)

Alginate Alginate source [n] (ml/g)* M,° (g/mol) RS Fg! Fogt N
PolyM Produced from Pseudomonas fluorescences mutant 2250 695 110 - - -
PolyMG PolyM epimerized with AlgE4 1720 465 88 0.47 - -

Fs 0.68 Extracted from Laminara hyperborea stipe 1440 345 75 0.68 0.56 12

Fs 0.8 PolyM epimerized with AlgEl 1730 470 90 0.8 0.70 44

# Determined in 0.1 M NaCl (Harding et al., 1991).

® Estimated using the experimentally determined relationship between the molecular weight and intrinsic viscosity of alginates, with the epimerized

alginates included in the determination (Vold et al., 2006).

¢ Estimated radius of gyration at I = 0.1 M at the given M,, using the experimentally determined relationship between M and R, (Vold et al., 2006).

4 Determined by '"H NMR (Grasdalen, 1983).
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(2006). The properties of the employed alginates are listed
in Table 1.

2.2. Chitosan sample

The employed chitosan was kindly provided by Dr.
K.M. Viarum, Department of Biotechnology, NTNU.
The chitosan is characterized by its degree of acetylation
(Fa =0.1), determined by '"H NMR (Varum, Anthonsen,
Grasdalen, & Smidsred, 1991). The intrinsic viscosity
([n]=210ml/g) was determined as described previously
in a solution of 0.02M acetate buffer and 0.1 M NaCl
(Draget, Varum, Moen, Gynnild, & Smidsred, 1992). The
average molar mass (My, = 33 x 103 g/mol) was estimated
from the intrinsic viscosity using the MHKS-equation,
where the constants ¢ and K were estimated according to
the Fa (Anthonsen, Varum, & Smidsred, 1993). An appar-
ent radius of gyration was estimated to R,=8nm
(I/=0.1 M) at the given M,, based on the experimentally
determined relation between R, and M,, for a series of
chitosans (Lamarque, Lucas, Viton, & Domard, 2005).
Additionally, a chitosan with F =0.49, [3]= 450 ml/g,
M,, = 102 x 10* g/mol and estimated R, = 35 nm were also
used in a few experiments. The chitosans were dissolved in
acetic acid (1%), to a concentration of 1 mg/ml.

2.3. Polylysine sample

For the coating of alginate capsules, poly-L-lysine (PLL)
M, =22 x10% g/mol (as provided by the manufacturer)
has been found to be optimal based on capsule stability
and permeability (Thu et al., 1996), and this M, of PLL
was therefore used to prepare multilayers. The PLL
(Sigma—Aldrich) was dissolved in MQ-water.

2.4. Preparation of polyelectrolyte multilayers

Before preparation of multilayers the substrates (glass
cover slides) were cleaned by sonication for 30 min, twice
in 2% detergent solution (Hellmanex, Hellma, Germany)
and twice in deionized water, each step followed by exten-
sively rinsing in deionized water. This yields a surface with
reported charge density —0.7 mCm 2 (Griinberg, Helden,
Leiderer, & Bechinger, 2001) that is highly hydrophilic as
characterized by aqueous droplets readily spreading to a
very flat shape.

The samples were prepared manually by immersing the
substrate alternately in polycation and polyanion solutions
(50 pg/ml), for 5 min. Between each polyelectrolyte expo-
sure, the sample was rinsed three times in aqueous salt of
the same ionic strength as used in the polymer solution.
The ionic strength was kept constant during the rinsing
steps to avoid exposing the multilayers for osmotic shocks
during the preparation. For multilayers with poly-L-lysine
the pH was adjusted to physiological conditions (pH 7.4),
but for the (chitosan_ alginate) films the pH was selected
to 5.5 to be approximately intermediate between the pK,

of chitosan ~6.5 (Anthonsen & Smidsrad, 1995; Strand,
Tommeraas, Varum, & Ostgaard, 2001) and alginate
(pK, of 3.4 for M-residues and 3.65 for G-residues (Haug,
1964)). The notation (alginate polyanion), used in the fol-
lowing depict a multilayer with the actual alginate (polyM,
polyMG, Fg 0.68, or Fg 0.8) in combination with the
depicted polycation in a total of n-bilayers.

2.5. Dual wavelength reflection interference contrast
microscopy

Reflection interference contrast microscopy (RICM) uti-
lizes the interference of monochromatic light reflected from
two interfaces, the glass-buffer interface and the buffer-
probe interface. Here, a spherical polystyrene bead is used
(detailed description below). This yields a characteristic
interference pattern of Newton fringes from which the
height of the bead above the glass (i.e., the thickness of
the multilayer sample) can be deduced. Dual wavelength
reflection interference contrast microscopy (DW-RICM)
is employed (Schilling, Sengupta, Goennenwein, Bausch,
& Sackmann, 2004) to be able to determine absolute
heights of the bead above the glass (Fig. 1).

The interference patterns obtained using the spherical
bead, at two wavelengths (A =486 nm and A = 546.1 nm)
were analyzed to obtain the bead height (i.e., the film thick-
ness), using a routine previously described (Schilling, 2003;
Schilling, Sackmann, & Bausch, 2004; Schilling et al.,
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Fig. 1. Schematic overview of the dual wavelength reflection interference
contrast microscope set-up adapted from Schilling and coworkers (2004).
Two wavelengths (4 =436 nm and A= 546 nm) were selected from the
incident light using an interference filter (IF) and sent through the
objective lens (Zeiss Antiflex, 63x, oil immersion, with numerical
apperture 1.3). The beams reflected from the substrate — multilayer (1)
and multilayer — bead (2) (upper left) interface generate the interference
patterns for both wavelengths. The reflected light were separated in their
two wavelength components using a dichroic mirror (DM) and the two
interference patterns were determined using two separate CCD-cameras
and analyzed.
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2004). The refractive index of water was used when the
height was calculated. For typical standard refractive index
increments of polyelectrolytes (dn/dc ~ 0.15ml/g), this
procedure introduces only minor errors. The reported
height measurements are mean values with standard devia-
tions obtained by several observations within a given mul-
tilayer preparation as well as independently prepared
samples. The sample-to-sample variation in height is of
the same order as the variation within a sample.

Carboxyl-modified polystyrene beads of diameter
10.15 £ 0.06 um (Duke Scientific, Palo Alta, USA) were
used as probes for the RICM-measurements. The beads
were coated with bovine serum albumin (BSA) to reduce
hydrophobic attraction to the sample surface. Further-
more, it is not expected that any van der Waals interactions
will contribute to the potential experienced by the polysty-
rene beads from the substrate and thus the measured
heights. This is because the van der Waals interactions will
be retarded and screened at thicknesses larger than the
Debye screening length, which holds in this case (Bevan
& Prieve, 1999; Picart et al., 2004). The coating of the
beads was carried out by incubation with BSA-solution
(I mg/ml in MQ-water) for 30 min. Excess BSA was
removed by centrifugation (4000 rpm, 4 min) followed by
resuspension of the beads in water. These steps in this
washing procedure were repeated four times. The BSA-
coated polystyrene beads maintain significant fluctuations
when hovering on top of the multilayer films suggesting
that there are no strong attractive interaction between these
beads and the multilayer. This is in contrast to other coat-
ings of the beads that were reported to yield attractive
interaction between coated beads and the multilayers that
suppresses bead fluctuations, no measured multilayer
growth and probably embedding of the beads inside the
multilayers (Picart et al., 2004).

3. Results
3.1. Swelling of chitosan—alginate multilayers

The multilayer thickness of alginate—chitosan layers,
prepared at two ionic strengths (NH4Ac, /=5 mM, and
150 mM), using the alginate Fg 0.68, increased with the
number of polycation/polyanion pairs (bilayers) (Fig. 2a
and b). This holds for both ionic strengths when the thick-
ness was determined at the same ionic strength as the prep-
aration conditions. When multilayers prepared at different
ionic strengths are equilibrated and measured in the same
ionic strength, the multilayers prepared at 150 mM were
found to be slightly thicker than those prepared at 5 mM
(compare Fig. 2a and b). For all measurements, the stan-
dard deviations are based on averaging of several measure-
ments, and thus reflect both the inherent resolution of the
instrument, as well as the height variations in the sample.

The swelling response of the multilayers was investigated
by changing the ionic strength and incubating the samples
for at least 4 h before measuring the height. Comparing the

# bilayers
0 4 6 8 10
100 : ! i
2 |
00 4+———r - — — — — —
e 150mM T
o 5mM ﬁ
604+————————— — — e —
m T T

04— — — F—‘————-—f———%—

'é‘ e e T e e RS S T*H
£

5 o |

Q

T 100 A

80 -

\
| |
I X
B -
-

40 |

|
|

s+ ————+e————
|

O D A R

# bilayers

Fig. 2. The thickness of chitosan—alginate (Fg 0.68) multilayers measured
with DW-RICM. (a) multilayers prepared at 5SmM NHyAc and (b)
multilayers prepared at 150 mM NHyAc. The swelling of the multilayers
was studied by changing the ionic strength after preparation, and
measuring the multilayers at 5 mM (squares) and 150 mM (circles). Mean
values and error bars are based on 8-12 measurements on at least two
different samples.

measurement in different ionic strength for each preparation
condition, the layers were found to contract upon increase in
ionic strength for measurement (Fig. 2). The changes in
thickness of the multilayers were found to be reversible (data
not shown). No further change in swelling ratio was
observed by increasing the equilibration time to 24 h. The
thickness swelling ratio, calculated as the ratio between the
thickness measured at 5 mM and the thickness measured at
150 mM was 1.4-1.5 for multilayers prepared at both ionic
strengths, and independent of the number of bilayers. The
exception is the measurements of 5 bilayers, where the ionic
strength of the solution does not seem to influence the thick-
ness. These data points also deviate by being thicker than
expected compared to the multilayers with more layer pairs.

3.2. Multilayers with alginate as the polyanion: different
salts

To investigate the response of the multilayers not only
to changes in ionic strength but also to different valencies
of the salt, 10 bilayers of alginate Fg 0.68 in combination
with either of the two polycations (chitosan or PLL) was
prepared in three different salts (NaCl, MgCl,, Na,SOy4
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all 7=0.15M). The error bars (standard deviation) repre-
sent the heterogeneity in thickness both within a given mul-
tilayer preparation and between independently prepared
multilayers. The data show that the multilayer thickness
increases somewhat when the preparations and measure-
ments were carried out using Na,SO4 as compared to NaCl
(Fig. 3). However, the thickness observed for preparation
and measurement in Na,SO, is still within the range of
the height variations determined for the multilayers deter-
mined at the same ionic strength of NaCl. For both chito-
san and PLL, thicker multilayers were observed when
prepared at /= 0.15M of MgCl,. These multilayers were
approximately twice as thick as those prepared in 0.15 M
NaCl (Fig. 3). A similar variation has been found for other
multilayer systems when the thickness has been measured
by DW-RICM (Maurstad, Bausch, Sikorski, & Stokke,
2005; Picart et al., 2004). Furthermore, AFM topographs
of chitosan—alginate multilayers have shown that the sam-
ple surfaces are not smooth, and that the surface roughness
varies with the particular alginate employed in the build-up
process (data not shown).

Alternatively, the thickness of multilayers ((chit_Fg
0.68);p and (PLL_Fg 0.68);9) originally prepared in
0.15 M NaCl were determined in these three different aque-
ous salt solutions (NaCl, MgCl,, Na,SOy; all I=0.15M,
incubated for at least 4 h). For each polyelectrolyte combi-
nation, the data are all within the same range of variations
in thickness upon exchange of the salt subsequent to the
layer-by-layer deposition (Fig. 3).

3.3. Effect of the gelling ion Ca’* on PLL-alginate
multilayers

Preservation of the well-known Ca?"-dependent gelling
capacity of alginate within the multilayers was tested using
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Fig. 3. The influence of different salts (NaCl, MgCl,, Na,SO,) during and
after preparation on the thickness of 10 bilayers of alginate employing
either chitosan or poly-L-lysine as the polycation was measured employing
DW-RICM. The multilayers were either prepared in /=0.15M NaCl
followed by changing the salt type (labelled “measured’) or prepared in
different salts (labelled “prepared”). The ionic strength was kept constant
at 0.15 M in all cases.

(PLL_alginate) films prepared in 0.15 M NaCl. This was
carried out using the four different alginates with various
content and sequential arrangement of the o-L-GulA
(Table 1) representing various Ca®'-dependent gelling
capacity. The multilayers prepared in 0.15 M NaCl were
subsequently incubated in a gelling solution corresponding
to that employed for alginate beads (Strand, Merch, Espe-
vik, & Skjak-Braek, 2003), consisting of CaCl, (50 mM) in
mannitol (0.15 M), and left overnight before rinsing in
0.15 M NaCl. The thickness of the multilayers using algi-
nate Fg 0.68, was found to decrease after incubation with
the gelling solution, while no significant change was
observed when the other alginates were employed (Fig. 4).

3.4. Degree of interpenetration between alginate and
polycation

The apparent degree of interpenetration between the
polyelectrolyte layers, as well as the influence of different
residue composition and sequences in the alginate, was
determined using DW-RICM (Fig. 5). Alginate was physi-
sorbed to the polystyrene beads using a procedure similar
to that described for the BSA-coating of the beads. The
thickness of this alginate layer was determined from the
increased height of the alginate beads above a glass surface
as compared to BSA-coated beads. Polycation was subse-
quently adsorbed to glass, and the height of the polycation
layer determined to be 16 nm for the PLL layer, 17 nm
(chitosan F = 0.1) for the chitosan layer. The determined
height of 28 nm for adsorbed chitosan (Fa = 0.49;
R, =35nm, a chitosan not used further for the multilay-
ers) indicate that the height of the adsorbed polycation
layer depend on molecular properties of the polycation.
When the alginate coated beads are put on top of the poly-
cation layer, the reduction in height as compared to the
additive height of the polycation and alginate layer reflect
the degree of interpenetration. The measurements were car-

@ before incubation with CaCl,
300 A # after incubation with CaCl,

200 A

manmnuronan

Height (nm)

100 A
=08 pMG

0

Fig. 4. The thickness of 10 bilayer poly-L-lysine-alginate multilayers
prepared in 0.15M NaCl and determined in this solvent (squares) and
after (circles) incubation in aqueous 50 mM CaCl, in 0.15 M mannitol
followed by rinsing in 0.15 M NaCl. Data were obtained for multilayers
using four alginates differing in their G-fraction.
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Fig. 5. Schematic illustration of the 10 um bead coated with alginate
hovering over a polycation layer used to determine degree of interpen-
etration between the polyanion/polycation pair using DW-RICM. Please
note that the ratio of the radius of curvatures between the bead and the
size of the polymers are not to scale.

ried out at /=0.15M NaCl. Even though BSA-coated
polystyrene bead was used for one of these series, the
approach provide some information about the relative dif-
ferences reflecting alginate composition, as well as differ-
ences between the polycations for the degree of
interpenetration between the adsorbed polyelectrolytes.

The degree of interpenetration was determined to be lar-
ger for the chitosan—alginate multilayers than the PLL-
alginate multilayers, for all three alginates employed (a
ratio of 1.3 times for polyM, 1.9 times for polyMG and
1.4 times for Fg 0.68; Table 2). Furthermore, for both
polycations, the order of the relative degree of interpene-
tration was found to depend on the G-content of the algi-
nate used, with increasing degree of interpenetration in the
order of decreasing G-content (Table 2).

4. Discussion

The results obtained here on alginate—chitosan and algi-
nate-PLL multilayer films display features that in some
respects are similar to other multilayer films. There are,
however, several observed properties that cannot be
explained analogously to that suggested for multilayers of
more flexible (synthetic) polymers. These differences will,
in the following, be suggested to arise from firstly, different
mode of reactions between alginates and chitosan on one
hand and alginates and PLL on the other yielding differ-
ences in multilayer structure of these two pairs; secondly,
differences in sensitivity to post-preparation incubation salt
solutions, possibly due to differences in chain lengths and

Table 2

flexibility of the polyelectrolytes, and thirdly, polymer-spe-
cific properties of alginate.

The experimental data show that alginate-PLL multi-
layers are thicker than those prepared of alginate—chitosan
(Fig. 3). The apparent thickness of the first polycation layer
deposited on the glass substrate was 16 nm and 17 nm for
PLL and chitosan (Fp = 0.1), respectively (Table 2). For
chitosan, this is close to the estimated R, thus indicating
significant flattening of the adsorbed conformation com-
pared to the solution state. The thickness of the first layer
of PLL is of the same order of magnitude as the coil dimen-
sions reported for PLL (M,, = 28 x 10° g/mol) (Chittchang
et al., 2002). The latter comparison indicates that PLL is
not to the same extent brought in close proximity to the
glass surface in the adsorption process as chitosan. This
is despite the fact that PLL can be expected to more pliable
than chitosan as indicated by their persistence lengths, L,
L, being ~6-12 nm (Colfen, Berth, & Dautzenberg, 2001)
for chitosan and L,~2nm for PLL (Brant & Flory,
1965). The observed differences in thickness of the multi-
layer films are therefore suggested to arise from differences
in degree of interpenetration between alginate and respec-
tive polycation layers in the deposition (Table 2). These dif-
ferences in degree of interpenetration can, in turn, be
rationalized in terms of differences in mobility of the chains
due to differences in interaction strengths between the poly-
electrolytes in the two different pairs.

This can be explained from different modes of reaction,
with PLL interacting with alginate that to some extents
sticks on first contact (diffusion limited mode of interac-
tion) but allow some rearrangement, while the interaction
between chitosan and alginate to a larger extent is reaction
limited, allowing more rearrangements subsequent to first
contact. Thus, the observed differences in thickness for
the two multilayer-combinations are suggested to arise
from the different modes of reaction, with chitosan being
able to diffuse more into the multilayers. The multilayers
with PLL are therefore expected to be thicker and rougher,
and the differences will be amplified with the number of
bilayers, increasing the difference between the two polyan-
ion—polycation pairs (Fig. 6). This idea is substantiated in
the RICM-measurements of the degree of interpenetration
in different alginate/polycation systems (Table 2). An over-
all layer thickness of 40-60 nm for chitosan—alginate multi-
layers (Fig. 2) and 135-210nm for PLL-alginate

Degree of interpenetration of adsorbed polycation—polyanion pairs extracted from RICM-measurements of alginate-coated beads over a polycation layer

Alginate Natg (nm) Additive heights (nm) Binsra (NM) Degree of interpenetration

Nenie + hag hpL + hayg (chit + alg) (PLL + alg) (chit — alg) (PLL — alg)
Fg 0.68 6 23 22 17 18 0.26 0.18
PolyM 5 22 21 8 11 0.64 0.48
PolyMG 10 27 26 13 19 0.52 0.27

The degree of interpenetration is here defined as /= (fipc + ha)g

— hmsra)/(hpc + hayg) Where hpc, PC = chit or PLL, /,, is the thickness of the polycation

layer and alginate layer, respectively, and /i, the measured height when using the alginate bead over the polycation layer (Fig. 5). The degree of
interpenetration was determined in 0.15 M NaCl. The height of the polycation layer was measured to be 16 nm for PLL and 17 nm for chitosan (Fa = 0.1,

M,, = 33 x 10° g/mol).
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multilayers (Fig. 3) following 10 polycation—polyanion
deposition cycles indicate an average thickness increase
per deposition cycle much below that of the R, of the poly-
saccharides. This possibly arises from interpenetration
between the layers that depend on the polycation. The lar-
ger degree of interpenctration for the chitosan—alginate
pair is in support for a reaction-limited interaction as
opposed to a mode of interaction closer to a diffusion-lim-
ited behavior for the PLL-alginate pair. A build-up mech-
anism has been suggested for other polyelectrolyte
multilayers, where studies have shown that one component
can diffuse through a number of layers within the system
(Picart et al., 2002). This is in accordance with the present
investigations of the chitosan—alginate multilayer system.
However, in other systems, the added polyelectrolyte is
suggested only to interact with the outer layer of the mul-
tilayers (Lavalle et al., 2002), which is an extreme in the dif-
fusion limited mode of interaction (hit and stick) to
describe certain features of the interaction between polya-
nions and polycations.

Earlier investigations have shown that when PLL or
chitosan is interacting with alginate gels, PLL binds stron-
ger to the alginate than chitosan. The studies also showed
that chitosan penetrates further into the alginate gel beads
as compared to PLL (Ottey, 1996), which is analogous to
the suggested hypothesis.

The increase in thickness of the (chit_Fg 0.68), multilay-
ers with increasing ionic strength in the deposition solution
(Fig. 2) is in accordance with observations of other poly-
electrolyte multilayers (Blomberg, Poptoshev, & Caruso,
2006; Dubas & Schlenoff, 1999; Steitz, Leiner, Siebrecht,
& Klitzing, 2000). With increasing ionic strength, the poly-
electrolytes will adopt a more coiled conformation in solu-
tion due to increased screening of the charges. The
adsorption of the coiled conformation as compared to
extended molecules at low ionic strength will result in
thicker layers. Additionally, increased salt concentration
will reduce the electrostatic repulsion between the adsorbed

Chitosan-alginate
+Chit
—_—

oy

Poly-L-lysine-alginate

+PLL Z% +Alg
Wy |

+Alg
Ere—

¥

b

+Chit

polymers on the surface, allowing for an increased
adsorbed amount of polymer (Schonhoff, 2003).

In addition to displaying a dependence on the ionic
strength in the adsorption solution, the multilayers
responded to changes in the ionic strength after prepara-
tion (Fig. 2). The swelling behavior, assumed to be con-
strained to one dimension (height), can be expected to be
driven by expansion/contraction of the polyelectrolytes
within the multilayers. Swelling of multilayers depends on
the polyelectrolyte pair (Dubas & Schlenoff, 2001; Steitz
et al., 2000; Sukhorukov, Schmitt, & Decher, 1996), and
has been suggested to originate in differences in hydropho-
bicity of the polyelectrolyte complex (Dubas & Schlenoff,
2001). However, while some multilayers have been found
to swell on increasing salt concentration (Dubas & Schle-
noff, 2001), it is also reported multilayers with swelling
response dominated by screening of the polyanion compo-
nent dominating for 7 up to 5 mM, followed by a transition
to increasing swelling with increase in ionic strength
beyond 50 mM (Burke & Barrett, 2005). The (chit_Fg
0.68) multilayers display a decreased thickness upon
increased ionic strength. The volume swelling ratio of cova-
lently crosslinked alginate gel beads when equilibrated in 5
and 150 mM NaCl, respectively, is ~2.5 (Moe, Skjak-
Brak, Elgsaeter, & Smidsred, 1993). This corresponds to
a linear swelling ratio of 1.4, which is comparable to the
observed change in thickness for the chitosan—alginate
multilayers (1.4-1.5). Hence, the post-preparation swelling
behavior of the (chitosan_Fg 0.68) multilayers is found to
closely resemble that observed both for polyelectrolytes in
solution and alginate gels. The observed swelling is there-
fore suggested to arise from an alginate “core’ of the mul-
tilayer structure intermediate between the chitosan
deposition interfaces susceptible to changes in electrolyte
concentration (Fig. 6). In addition, the magnitude of the
swelling can be expected to be influenced by the chain flex-
ibility of the polyelectrolytes participating in the multilay-
ers. While chitosan—alginate multilayers display a swelling

Multilayer thickness

Fig. 6. Schematic illustration of growth of multilayer structures of chitosan-alginate and poly-L-lysine-alginate multilayers with differences in chain
lengths and chain stiffness of the polycations. The compression of the various chains when deposited, as well as larger degree of interpenetration within the

chitosan—alginate than the poly-L-lysine pair is qualitatively illustrated.
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behavior, chitosan—xanthan multilayers do not (Maurstad
et al.,, 2005). Alginate with a persistence length, L,, of
about 5-17 nm (Smidsred & Haug, 1968; Strand, Boe, Dal-
berg, Sikkeland, & Smidsred, 1982; Vold et al., 2006) is
more flexible than xanthan (L, ~ 120 nm (Sato, Norisuye,
& Fujita, 1984)) and thus displays larger relative changes in
hydrodynamic radius as response to changes in ionic
strength.

Preparation of multilayer films using divalent salts
instead of NaCl yielded an increase in thickness of the
multilayers for MgCl, but not for Na,SO,4. The lack of
response when using Na,SO, indicates that the change
in salt counterions mainly influences the alginate and
not the polycation. This might be due to the lower
molecular weight of the polycation as compared to algi-
nate, giving rise to a system where the thickness of the
multilayers is found to be closely linked to the response
of the alginate component on different electrolyte types
and concentrations. Mg®" is one of the divalent ions
with low selectivity to the carboxylate group on the man-
nuronic and guluronic acid residues of alginate (Moe
et al., 1995) and the response to this cation should
mostly be due to electrostatic interaction with alginate.
Ca’" on the other hand, displays a high selectivity for
the G-residues compared to the M-residues (Steginsky,
Beale, Floss, & Mayer, 1992), and in alginate gels
Ca”"-jons function as bridges between G-blocks on dif-
ferent chains or different parts within the same chain,
often represented by the egg-box model (Grant et al.,
1973). A recent study has shown that the presence of cal-
cium influenced the incremental adsorption of alginate
(61% G) to a surface attributed to a complexation
between alginate and calcium as in the egg-box model
(de Kerchove & Elimelech, 2007). Assessment of effects
of Ca*" can only be carried out in post-preparation stud-
ies of the multilayers involving alginates since addition of
this cation to the alginate deposition solution will induce
aggregation/gelation of the material to be deposited.

Using CaCl, in the post-preparation treatment, addition
of Ca’" may potentially induce crosslinking junctions
between pair of accessible alginate segments. Such accessi-
ble segments may exist as part of the core of the alginate
layer not penetrated by the polycations, as suggested
above, or made accessible by competition between Ca>"
and the polycations. Alginate segments existing in loops
with respect to ionic bonds with PLL, similar to conforma-
tional classification of polymers adsorbed to surfaces
(Fleer, Cohen Stuart, Scheutjens, Cosgrove, & Vincent,
1993) may also constitute a possible state accessible for
such interactions. This Ca”" crosslinking — “gelation” —
will then collapse these parts of the alginate and thus
reduce the height of the multilayers. Such a “gelation”
was observed only for Fg 0.68. Comparing the alginates,
Fs 0.8 has much longer G-blocks than Fg 0.68 (Table 1).
The reason that a similar expected response to Ca®" incu-
bation in the (PLL_Fg 0.8);¢ multilayer is lacking, remains
to be fully understood.

5. Conclusion

In this study the response of multilayers employing algi-
nates as the polyanion and either chitosan or poly-L-lysine
as the polycation to different salt conditions has been stud-
ied employing DW-RICM. The results indicate that a
smaller fraction of the ionic groups on alginate compared
to the polycation is participating in ionic bonds between
the alginate and the polycation. The results presented here
are in favor of different interaction mechanisms between
chitosan—alginate and poly-L-lysine-alginate during the
assembly process, with the latter being more of a “hit-
and-stick™ process (diffusion limited reaction). The study
furthermore show that the specific chemical composition
of alginates is of importance in determining their interac-
tion with a polycation and hence when assembled into mul-
tilayer structures.
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