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Summary: The thickness and surface morphology of electrostatically self-
assembled films of chitosan and xanthan (persistence length of ~120nm) have
been studied using dual-wavelength Reflection Interference Contrast
Microscopy (DW-RICM) and tapping mode Atomic Force Microscopy
(AFM). The multilayers were prepared at two ionic strengths (SmM and
150mM). When the multilayers were assembled at 150 mM a network like
morphology was observed after one bilayer. This structure was found to be of
large influence in the further growth of the multilayers, with the same kind of
network structure being observed at all number of bilayers. A lack of swelling
behaviour, as well as the network structure and the poresize of the network, is
suggested to originate from the high chain stiffness of xanthan.
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Introduction

Oppositely charged polyelectrolytes form complexes when mixed in solution. One
important factor influencing the morphology of the complexes is the chain stiffness.!'”!
The self-assembly process leading to the formation of polyelectrolyte complexes can also
be used to build thin polymer films consisting of alternating polycation and polyanion
layers. The multilayers assemble due to electrostatic interaction between polyelectrolytes
of opposite charge, and the assembly process is further promoted by an increased entropy

due to the release of counterions.™

The adsorption process is further enhanced by the
multiplicity of segment contacts acting cooperatively.[sl The sequential adsorption of
polyelectrolytes and hence the multilayer growth depend on charge reversal in each

adsorption step.[

© 2005 International Union of Pure and Applied Chemistry DOI: 10.1002/masy.200550916



162

Xanthan is a stiff microbial polysaccharide with a persistence length of L, ~120nm." we
have earlier reported that xanthan-chitosan complexes have well-defined morphologies.['®
In this study we pursue studies of this system but now restricting the degrees of freedom as
compared to solution complexation by assembling multilayers at a surface. There are some
reports on the fabrication of multilayers with DNA as one of the components,'"* but
apart from this to our knowledge most polyelectrolytes commonly employed for multilayer
fabrication are rather flexible (e.g. PSS, PDADMA, PAH).

The aim of the present study is to investigate basic features of chitosan-xanthan multilayer
growth in terms of layer thickness and surface morphology. Taken together the
observations in this study lend support to the growth and response of this multilayer
system being determined by the chain stiffness of xanthan. The open multilayer structure
formed, at variance with the smoother multilayer surfaces reported for more flexible

polymers, indicate that the porosity of multilayer assemblies can be tuned by the selection

of polymers with varying chain stiffness.

Materials and methods

Biopolymer samples

Xanthan was purified from a fermentation broth (Statoil, Bioferm) by filtration and
precipitation as previously described."" The M,, of this sample is 5x10°g/ml, determined
by SEC-LALLS.™® Chitosan (kindly provided by Dr. K.M.Virum, Dept. of
Biotechnology, NTNU) with an average degree of acetylation Fo = 0.1, weight average
molecular weight M, = 33><103g/m01, and intrinsic viscosity [n] = 210ml/g was employed.
The chitosan was dissolved in acetic acid (1%), to a concentration of 1mg/ml.

Preparation of polyelectrolyte multilayers

The deposition substrates (mica slides or glass cover slides) used for preparing samples for
AFM imaging, were first cleaned by immersing the mica or glass in 50%methanol and
50%HC] for 30minutes, followed by rinsing in MQ-water.!"® The slides were then dried in
a stream of N, before the build-up of the multilayers. For height measurements with DW-
RICM, glass cover slides were cleaned by sonication twice in 2% Hellmanex solution
(Hellma, Germany) for 30minutes, followed by sonication twice in MQ-water. Between
each sonication, the glass slides were rinsed extensively in MQ-water. The polyelectrolyte
multilayers were prepared by manual immersion in alternating polycation and polyanion

solutions (50ug/ml), with the standard immersion time being Sminutes. The build-up was
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carried out at two different ionic strengths (SmM and 150mM NH.Ac; both at pH 5.5).
Between each polyelectrolyte exposure, the sample was rinsed three times in aqueous salt
solution of the same ionic strength as that used in the polymer solution. For AFM-imaging,
the samples were dried in a stream of N after polyelectrolyte deposition, followed by
vacuum drying at 1.3x10™ Pa for at least 4 hours. In the following the notation (chit_xan),
is adapted, with n being the number of bilayers (BL). Upon drying, NaCl forms salt
crystals in the samples, introducing obscuring effects during AFM imaging. Thus,
ammonium acetate (NH4Ac) was preferred for adjustment of ionic strength, and used for
both determination of surface morphology using AFM and film thickness employing DW-
RICM. However, polyelectrolyte film thickness measurements with DW-RICM showed
that there was no height difference in samples prepared with NH;Ac as compared to NaCl.
Atomic force microscopy.

Tapping mode AFM imaging (Digital Instruments Multimode Hla) was carried out at
ambient conditions using vacuum dried specimens.'™ The AFM height topographs were
flattened line by line using the software supplied by Digital Instruments, and further image
analysis was carried out in custom developed image processing software (IDL v 5.3,
Research System, Inc.) as follows.

First- and second-order surface statistic parameters were extracted to characterise the
surface morphology. The surface height distribution was obtained from the image height

data and the root mean squared roughness R, was then calculated using equation 1.

R o 2 -h) )
=

where &; is the height at point i, A, the average height within the calculation area and N
the number of data points. Additionally, the height auto-correlation function was

calculated from equation 2.
g(r) = (g(ro,r»ro =(h(x)h(z, + r))rﬂ —h, =((h(r) —h)h(+r)—h,, ))ro )

where h(ry) and h(ro+r) are the absolute values of height at positions ry and ro+r . In the
calculation process, an area of the image with a size r.q. was selected. Then for each point
within this area (ry) the function g(rg, r) for r in the range between O and rpe was
calculated. The auto-correlation function g(r) was then calculated by averaging g(ry,r) over
all selections of rp within the area. The height auto-correlation function was fitted to a

model function describing a random surface, the self-affine model (eq. 3):
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g(r)=ac"" 3
where a is a fitting parameter, and & is the correlation length. The self-affine model
implies that the statistical properties of the surface is invariant to the transformation x, y
— bx, by and h — b°h, with « being the scaling-parameter between lateral and vertical
dimensions, and b is a constant. Furthermore, extracting the a-parameter from the self-
affine fit will also give an indication of whether the correlation function is closer to a
gaussian or an exponential function since both of these are subsets of the self-affine
model. Additionally, the power spectral density (PSD) was obtained as the square
magnitude of the complex Fourier transform of the correlation function.

Dual Wavelength Reflection Interference Contrast Microscopy

Briefly, in RICM, monochromatic light is incident on the sample over which a probe,
typically a bead, hovers. Light reflected from the glass-buffer interface and from the
buffer-bead interface interferes giving rise to a characteristic pattern of Newton fringes for
a spherical object. In DW-RICM interferograms are obtained simultaneously and
independently at two wavelengths to enable measurement of absolute heights of the bead
above the surface. The periodicity of the second wavelength together with the boundary
conditions of both wavelengths (zero intensity at zero height), introduces a phase relation
between the two wavelengths yielding the basis for unambiguous height determination up
to ~800nm.l'”? The application of this technique for film thickness measurements has
previously been verified for PSS/PAH mulitlayers. ']

The reflection interference microscope is an inverted microscope (Axiomat Zeiss) that is
equipped with an antiflex objective (oil immersion, 63x, N.A. 1.3; Zeiss) in addition to the
two polarizers. In the DW-RICM, the sample is illuminated by bichromatic light obtained
by passing light from a 100W mercury vapour lamp through an interference filter (AF-
Analysetechnik, Germany). The two wavelengths (A=486nm and A=546.Inm) are
separated by a dichroic filter after image formation and the two images recorded
independently with two CCD cameras (Hamamatsu, Japan). The images were then
analysed and the height extracted by employing a user interactive software developed for
this purpose.l'” ' 2! In the height calculations, the refractive index of the layers has been
approximated by the refractive index of water. However, for standard refractive indices of

polyelectrolytes, the error introduced by this will be minor.
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Polystyrene beads of diameter 10.15 = 0.06pm (Duke Scientific, Palo Alta, USA) were
used as probes for the RICM measurements. The beads were coated with bovine serum
albumin (BSA, Sigma-Aldrich) to reduce possible hydrophobic attractions. The coating
was carried out by incubation with BSA-solution (1mg/ml, 30 min) followed by washing
of excess BSA by four cycles of sedimentation (4000rpm, 4min) and resuspension of the

beads in MQ-water.

Results

Build-up process and swelling studies measured with DW-RICM.

The thickness of the self-assembled polyelectrolyte layers was determined employing
DW-RICM. The measurements showed that when multilayers were prepared at 150mM a
certain number of bilayers was necessary before stable growth conditions were achieved
(Figure 1a). This finding is similar to previous reports on multilayer formation, where a
few initial layers are needed to reach a regime where the adsorption process is dominated
purely by the multilayer charge density.’ *>*) Additional measurements showed that the
sample-to-sample variations in the measured height (data not shown) are of the same order
as the height variations within a single sample, indicating a reproducible BL deposition
process.

Contrary to the observations for the polyelectrolyte films assembled at 150 mM, no
general increase in the film thickness with the number of deposited bilayers was observed
for the samples prepared at I = 5 mM (Figure 1b). The film thickness for 10 and 20 BL
was only slightly increased as compared to 5 BL. The films prepared at 5 mM were
thicker than those prepared at 150 mM except at 20 BL.
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Figure 1. The thickness of chitosan-xanthan multilayers as a function of bilayers as
measured with DW-RICM. a) Prepared at 150 mM and b) prepared at SmM. The
multilayers were measured at SmM (circles) and 150mM (triangles).
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The swelling response of the multilayer films was investigated by changing the ionic
strength after the sample preparation (both increased from 5SmM to 150mM and decreased
from 150mM to 5SmM for the two preparation conditions). In neither case was any change
in multilayer thickness measured. A reversible swelling has been reported to occur only for
a narrow range of salt concentrations.*" Therefore, to investigate the swelling behaviour
further, the thickness of a 5 BL sample prepared at SmM was measured after equilibration
in increasing ionic strength (SmM, 150mM, 300mM, and 500mM). Again, all
measurements showed only small variations in the film thickness (less than the standard
deviation of the mean thickness value at SmM). In order to further characterise the
multilayers, the surface morphologies of the xanthan-chitosan multilayers were studied by
atomic force microscopy.

Build-up process at two ionic strengths: morphology and surface characteristics
determined by AFM.

The first polyelectrolyte bilayer yielded a surface morphology independent of the ionic
strength in the polymer solution (150 mM or 5 mM), both revealing a network like
structure (illustrated in Figure 2a). For preparation at 150mM a network structure was
observed for all number of bilayers. However at 20 BL there were additionally regions on
the surface where polymer had accumulated on top of the network structure (Figurc 2b).
For one BL, the diameter of the network voids were typically in the range 20-50nm
(diameter measured by section analysis of AFM topographs). The dimension of these
voids increased in size with increasing number of BL, to 50-100 nm for 5 BL, 80-150 nm
for 10 BL and further to 100-150 nm for 20 BL.

The surface morphology observed when the layers were prepared at I = 5 mM was
different from the 150mM case. The AFM topographs showed two types of domains
present on the surface, with a number of aggregates emerging on top of the network
structure at about 5 bilayers. The underlying network structure is similar to that observed
for preparation at I =150mM. When the number of bilayers is increased the aggregates
increase both in lateral size and in number. Furthermore, the connections between the
aggregates were thicker than the network strands (Figure 2¢). The network underneath the
aggregates underwent only minor changes in appearance with increasing number of BL.

The diameter of the voids increased at first, before levelling off at values in the same range
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Figure 2. AFM topographs of chitosan-xanthan multilayers; a) 1 bilayer prepared at
150mM, b) 20 bilayers prepared at 150mM and c) 20 bilayers prepared at SmM.

for all number of bilayers as for the multilayers prepared at 150mM. Even though the
diameter did not increase much, the voids became easier to visualise with increasing
number of BL for both preparation conditions. This feature is probably caused by a larger
height-difference between the openings in the network and the surrounding network
strands.

The surface roughness showed an increase with increasing number of deposited BL
(Figure 3 and Table 1). This is similar to trends reported for other systems.!'* 5. 281 The
high roughness for (chit_xan),o prepared at I = 5mM is due to the large number of
aggregates present on the surface.

Calculation of the PSD revealed that for a low number of bilayers (1 and 5) there are two
regions in the log-log plot (example in Figure 4a). At low spatial frequencies (g) the PSD
was constant and independent of the frequency, whereas at higher frequencies a power-law
dependence was evident. The transition between these two regions is given by the
transition frequency, g;.

Table 1. Roughness of (chit_xan) multilayers and the a-parameter extracted from fitting
the correlation function to the self-affine model.

Preparation conditions Roughness (nm)* o from self-affine fit*
(chit_ xan); S5mM 0.32 £0.05 0.26 £ 0.30
(chit_ xan)s SmM 282+18 0.40 £0.25
(chit_ xan);o 5mM 579+ 1.1 0.49 +0.14
(chit_ xan)y SmM 23.66 +8.3 0.67£0.15
(chit_ xan); 150mM 0.5+0.01 0.30+0.10
(chit_ xan)s 150mM 12404 0.29 £0.10
(chit_ xan);o 150mM 556+3.1 0.56 +0.17
(chit_ xan)yy 150mM 12.19£5.6 0.62 £0.20

*the values are mean = standard deviations based on a number of AFM topographs
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Figure 3. The surface roughness of chitosan-xanthan multilayers analysed from AFM
topographs. The multilayers were a) prepared at 150mM and b) prepared at SmM.

At dimensions corresponding to frequencies below g, there is no significant fluctuations
in height. The g, was observed to shift from 0.02-0.03 nm™ at one layer pair towards
lower frequencies to ~ 0.01 nm™” at five layer pairs for the multilayers prepared from
150mM. At 10BL the PSD was well described by one single power law within the
experimental frequency window. When a low ionic strength was employed during
deposition, the transition frequency decreased with number of bilayers (from ~ 0.07nm™ at
1BL, ~ 0.03nm™ at 5BL to 0.01-0.02 nm™ at 10BL). Only at twenty bilayers was the PSD
described by one power-law exponent in g over the whole experimental frequency range
(Figure 4e¢). No systematic dependence of the PSD on the scan-size was observed. This
was at variance with the correlation length & which was found to depend on the scan-size
of the topographs, the dependence being less pronounced for preparation from 5SmM salt
solution than from 150mM.
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Figure 4. The power spectral density extracted from the AFM topographs of chitosan-
xanthan multilayers; a) [ bilayer at 150mM; b) 10 bilayer at 150mM; c) 20 bilayer at
150mM; d) 10 bilayer at SmM and e) 20 bilayer at SmM.
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Discussion

In the following the observations of surface morphologies, film thickness and swelling
response of the xanthan-chitosan multilayer system is explained by a model based on the
behaviour of polyelectrolytes in solution. Of particular importance is that, at the conditions
employed in this study, xanthan is an extended molecule, and relatively insensitive to
changes in ionic strength due to its large structural persistence Jength of ~120 nm.l’!
Adsorption of the first layer of xanthan onto the chitosan layer resulted in a network-like
appearance of the surface, leaving xanthan-free voids between the network strands,
apparently areas without charge reversal. Further adsorption chitosan and xanthan
appeared to take place preferentially along these network chains. A study of
poly(allylamine) and poly(vinyl sulfate) multilayers in salt (0.1M NaCl) has shown that
adsorbing polymer preferentially anchors to aggregated sites, not spreading over the whole
interfacial region.[zs] For the chitosan-xanthan system, selective adsorption will take place
along surface heterogeneities of the network present after the first bilayer. Consequently
the morphology of the initial adsorbed layer of xanthan will be dominant in determining
the main morphological features of consecutive layers.

The addition of more polymer to the surface in the adsorption step has been suggested to
be limited by steric interactions (excluded-volume effects of the polymer) and not the
availability of surface sites.” #’! The presence of voids in between the network strands
made up by xanthan differs from the morphology of most polyelectrolyte multilayers
reported previously.[%‘ 8300 1t js suggested that the formation of the distinct network for
the present system is due to the high rigidity of xanthan. The steric effects due to the high
chain stiffness and the large radius of gyration of xanthan will increase the volume
occupied by each polymer. A regular network structure has been observed also when
assembling multilayers from an even stiffer polyanion than xanthan in combination with
chitosan (unpublished results), supporting the view that the chain stiffness is important in
determining the morphology. In the subsequent deposition steps polymer selectively
adsorb along the network strands, thus accentuating the height differences on the
multilayer surface with increasing number of bilayers. This was confirmed in the analysis
of the AFM topographs, as the a-parameter, reflecting the relative scaling between vertical

13 was found to increase with increasing number of bilayers (Table

and lateral dimensions,
1). Addtionally, the voids of the network became more pronounced for increasing number

of bilayers. The diameter of these voids approached the average diameter of toroidal
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xanthan-chitosan condensates.'”

The height measurements by DW-RICM indicated that the build-up of chitosan-xanthan
multilayers could not be sustained at low ionic strength. On the other hand, systematic
studies of the surface morphology of the multilayers using AFM showed the presence of
aggregates increasing in number and size with the number of bilayers. The changes
observed in the AFM topographs, viewed in conjunction with the height measurements
suggest that adsorbing polymer to a large extent is included in the observed islets,
increasing their size without adding much to the overall thickness of the films. The probe
diameter used to measure the height in DW-RICM is rather large (10 pm) compared to
size of the aggregates and their separation. Thus a build-up process where the added
material primarily adds to these polymer patches without adding much to their heights
might not be reflected in the height measurements. With increasing number of bilayers the
islets will dominate the surface, and will reduce the probability of measuring the height of
the underlying network using DW-RICM. The large standard deviations in height observed
for the smallest number of bilayers prepared at SmM support the presence of aggregates as
observed with AFM.

Depending on the multilayer system, a swelling response has been reported.®> ¥ This
swelling of multilayer films has been attributed to uncompensated charges within the
multilayers.”* The insensitivity of the (chit_xan) multilayers to changes in ionic strength
could originate from only a small fraction of uncompensated charges within the layers, or
from the relatively large stiffness of the employed polymers ( in particular xanthan). Due

to the high persistence length of xanthan (L, ~120 nm),” ¥

the range of employed ionic
strengths will have only minor influence on the overall xantan stiffness. As a consequence
the salt concentration is expected to affect the film thickness less than what is normally
observed for more flexible polymers. Swelling behaviour has been successfully observed

with RICM for monolayers,[35’ 36) 137

and for a multilayer system (chitosan-alginate).
Therefore the lack of observed swelling for chitosan-xanthan is specific to this system and

is not a consequence of insufficient accuracy of the employed experimental technique.

Conclusion
This study shows that the morphology of chitosan-xanthan multilayers is dominated by the
xanthan layer morphology as observed for the first bilayer. Furthermore the formation of

chitosan-xanthan multilayers depends on the ionic strength. If adsorption takes place from
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low ionic strength a stable multilayer growth is not sustained, substantiated by both DW-
RICM measurements and AFM imaging. At this condition there is no increase in
multilayer thickness with number of bilayers and two different structural domains are
observed on the surface. When a high ionic strength is used for preparation, a network
structure is observed. Hence the preparation properties are important, both in terms of
achieving a stable multilayer growth and to tune the morphologies of the multilayers.The
evolution of poresize with the number of bilayers offers the possibility to tune diffusion
properties of the system. Furthermore, biocompatibility of surfaces is related to the surface
roughness.*® > Both the development of a multilayer structure with a dominant network
structure and the insensitivity to changes in ionic strength indicate that the high chain

stiffness of xanthan is important in determining the multilayer properties.
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