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Abstract The functionalization of chitosan with
carboxymethyl groups allows zwitterionic or anionic
chitosan derivatives to be obtained as a function of the
degree of substitution. Here, we show that polyelectrolyte
multilayers of chitosan and carboxymethylchitosan can be
assembled by “dipping” or “spraying” to form strongly
hydrated films in which both the polyanion and polycation
possess the same polymer backbone (“matched chemis-
tries”). Such films grow rapidly to fairly large thickness in
very few assembly steps, especially in the case of “mat-
ched” charge densities, and atomic force microscopy
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reveals the formation of surface patterns that are dependent
on the deposition conditions and on the number of layers.
Interestingly, the influence of the molar masses of the
polyelectrolyte pairs on the complex formation is some-
what counterintuitive, the stronger complexation occurring
between polyanions and polycations of different (“non-
matching”™) lengths.

1 Introduction

The development of new materials, particularly composite
materials, has increasingly focused on engineering tech-
niques at the nanoscale, both with respect to fundamental
science and to potential applications. This is especially true
for the field of materials with biological or pharmaceutical
applications in which processes such as cell adhesion and
tissue growth, gene transfection or drug delivery require
control of complex dynamics and transport kinetics [1-4].

A particularly successful method for the functionaliza-
tion of surfaces and the preparation of nanoscale hybrid
films is the layer-by-layer (LbL) assembly technique
developed by Decher and co-workers in the 1990s [5, 6].
The versatility of this approach arises from an unprece-
dented choice of components that can be assembled on
almost any solvent-accessible interface. In addition, it
offers ease of application, even on large surfaces, nano-
scale precision and very good reproducibility. LbL-
assembly is usually performed in aqueous media and typ-
ically involves the consecutively alternating adsorption of
oppositely charged molecules, such as polyelectrolytes or
objects such as nanoparticles. In the case of electrostatic
interaction it is thought that the adsorption of each layer
leads to an overcompensation of the surface charge
accompanied by the corresponding counterion release, thus
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suggesting predominantly entropic contributions as the
driving force for the multilayer build-up.

Nowadays, it can be considered routine to incorporate
biological [7], metallic [8] or oxidic nanoparticles [9],
nanoplatelets [10, 11], DNA [12], therapeutic compounds
[13—15], carbon nanotubes [16], among other components,
either individually or as a mixture of different materials,
into LbL-assembled films.

For biological or pharmaceutical applications the use of
natural polymers is often preferred over synthetic ones for
reasons of biocompatibility, bioinertness or biodegrad-
ability. Chitosan (CS) is a linear polysaccharide composed
of randomly distributed p-glucosamine and N-acetyl-p-
glucosamine units, which is used in a number of com-
mercial and biomedical applications, prompting also
numerous studies in which chitosan was used as a com-
ponent of LbL-assembled films. In fact the existing liter-
ature comprises over 400 articles in this field (see for
example Oh et al. [17], Shen et al. [18], Donath et al. [19],
Tabrizian et al. [20], Chen et al. [21], Neoh et al. [22],
Akashi et al. [23], Voigt et al. [24]). A small drawback of
using chitosan, however, lies in its limited solubility, in
aqueous solutions with pH values above 6. In consequence,
there are many chemical modification of the chitosan
backbone through polymer-analog reactions giving rise to
better solubilities while maintaining the biological prop-
erties of interest. In addition, such reactions allow to even
introduce opposite charges, which, depending on the
degree of substitution, yields anionic chitosan derivatives.
Carboxymethylchitosan (CMCS) is one of the derivatives
with enhanced aqueous solubility that are easily obtained.
This chemical substitution occurs mainly at the carbons
C-2 and C-6 of the glucose unit, but also at C-3, depending
on the experimental conditions [25]. What is especially
interesting about the use of CMCS for LbL-assembly is the
fact that the carboxymethylation reaction leads to the for-
mation of local zwitterions and even to anionic chitosan at
high degrees of substitution.

Beside its potential for the preparation of biomaterials
with reduced cytotoxicity (polycations are often more
cytotoxic than polyanions), the combination of a cationic
chitosan derivative with anionic chitosan for LbL-assembly
makes it possible to prepare thin films from a single
polysaccharide source in which the polyanion and poly-
cation possess the same polysaccharide backbone with
close to identical molar masses.

Polyelectrolyte multilayers (PEMs) belong to a class of
materials called “Polyelectrolyte Complexes” (PECs),
whose investigation became very popular already in the
1950s and the whole field was reviewed numerous times
since then (e.g. Tschuchida et al. [26], Bekturov et al. [27],
Philipp et al. [28], Kabanov [29], Thiinemann et al. [30],
Gucht et al. [31]). In general polyelectrolyte complexation
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is governed by, the charge density along the polymer
backbone and thus the pH value in the case of weak
polyelectrolytes, the degree of polymerization, the ionic
strength as well as the charge balance and difference of the
contour lengths of the polyanion/polycation pair and of
course temperature. Secondary effects include the chemical
nature of the polyelectrolyte main chain and thus persis-
tence length or non-electrostatic interactions such as
hydrogen bonding or hydrophobic effects. Strong inter-
polyelectrolyte interactions (strong polyelectrolytes, long
chains, high charge densities, matched chain lengths,
stoichiometric composition) lead to more solid-like com-
plexes that precipitate from solution whereas weaker
interactions between the polyelectrolytes (weak polyelec-
trolytes, short chains, low charge densities, asymmetric
chain lengths, non-stoiciometric composition) lead to more
liquid like complexes that are strongly hydrated and that
often stay in solution. A particularly important correlation
between classic polyelectrolyte complexation in bulk and
“stepwise” polyelectrolyte complexation in LbL-films is
believed to be responsible for the growth characteristics of
PEMs ranging from regularly growing films (often termed
“linear growth”) to superlinearly growing films (often
termed “exponential growth”). The latter growth type was
first described by Schaaf and Voegel [32, 33], the pH
dependent matrix for exponentially growing films was
investigated by Rubner [34], pH amplified growth was
reported by Grunze [35], more recently Schonhoff [36] and
Sukhishvili [37] discussed the growth characteristics of
PEMs in a more general way.

In view of the numerous parameters that drive polyelec-
trolyte complexation and the effects of secondary interations
it is highly desirable to work with structurally similar poly-
electrolytes (see for example Schlenoff [38]) and to keep
elementary polymer characteristics as close as possible.

The use of relatively short CMCS chains with long and
short CS chains allows the comparison of structurally
similar polyanion/polycation pairs with similar and dis-
similar contour lengths. It is also desirable to work at a pH
value at which both polyelectrolytes are dissociated to the
same extent. A weakness of using CMCS in combination
with CS is that CMCS is not strictly a polyanion, but an
anionic polyzwitterion.

While the effects of for example molar mass, pH or
ionic strength have already been investigated in LbL-films
in which the cationic component was chitosan (see for
example Lvov et al. [39], Berth et al. [40], Picart et al. [41,
42], Winnik et al. [43, 44], Kipper et al. [45], Bomblerg
et al. [46]), there is, to the best of our knowledge, no study
reporting on LbL-films in which the anionic component of
chitosan containing multilayers is also a chitosan derivative
and in which the effects of balanced molar mass and bal-
anced charge density were investigated.
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Furthermore, such an LbL-film could be considered as a
“green” device, being based on natural chitosan and a
semi-synthetic derivative of the same polysaccharide.

2 Materials and Methods
2.1 Polyelectrolytes and Chemicals

Poly(ethylene imine) (PEI) (M,, = 25,000 g/mol) and
chitosan samples of low molecular weight (CS LMW,
M, ~ 33,000 g/mol) and medium molecular weight (CS
MMW, M,, ~ 115,000 g/mol), both with a deacetylation
degree of around 80 % (82 and 79 %, respectively, deter-
mined previously through 'H-NMR) were used as the
polycation. These polymers and the sodium chloride
(NaCl) were purchased from Sigma-Aldrich and used
without further purification. The CMCS derivative
(M,, ~ 20,000 g/mol) was obtained by chemical modifi-
cation of chitosan (medium molecular weight) with
monochloroacetic acid as previously described [25] and
used as the polyanion. The average degree of substitution
(DS) found for the CMCS through potentiometric titration
using a second-order differential method is about 0.5 [47,
48] (note that one sugar unit may carry several carboxy-
methyl groups). At this degree of substitution the isoelec-
tric point of CMCS is at a pH of about 4 as revealed by zeta
potential titration, whereas the unmodified CS has an iso-
electric point of about 8.5 clearly confirming that CS is a
polycation and that CMCS is a polyanion. All polyelec-
trolyte solutions were prepared using Milli-Q water. The
concentration of the PEI solution was 2.5 mg/mL and for
all the other polyelectrolyte solutions it was 1.0 mg/mL
containing 0.15 mol/L of NaCl. The pH values of the CS
and CMCS polyion solutions were adjusted to 6.0 and 6.5,
respectively, by the addition of appropriate volumes of
either NaOH solution or HCl solution prior to the LbL
deposition. We would have preferred to work at a pH value
of 6.25 for both polyelectrolyte solutions which corre-
sponds to the pH value at which both polyions are disso-
ciated to the same extent, but unfortunately both CS and
CMCS start to precipitate at pH 6.25.

2.2 LbL-Assembly

Silicon wafers with an orientation of 100 and a thickness of
0.5 mm were purchased from WaferNet, Inc. (San Jose,
USA) and used as substrates. They were cleaned prior to
the polyelectrolyte deposition by rinsing with ethanol
(analytical grade) and then treated with plasma (Harrick
Plasma, Ithaca, NY) for 3 min at medium power. The
multilayer assembly was performed either by dipping or via

a spray-assisted assembly procedure. For the LbL-assembly
by dipping the charged substrates were firstly immersed in
PEI solution for 10 min. They were rinsed twice with
ultrapure (Milli-Q) water for 5 min and each time the sur-
face was primed with a positive charge. The substrates were
then dipped alternately in polyanion (CMCS) and polyca-
tion (CS) solutions for 15 min. They were rinsed twice with
ultrapure water (5 min) after the deposition of each layer.
This cyclic procedure was repeated until the final number of
layer pairs was deposited. For the spray-assisted LbL-
assembly AirBoy Spray cans (Carl Roth GmbH&Co.) were
used to spray the respective solution for 5 s onto the sub-
strate, followed by 5 s of spray-rinsing with ultrapure water.
After each step, the solution was allowed to drain for 10 s
prior to the next spraying step. After every rinsing step
(Milli-Q water) the film was dried using a stream of com-
pressed air and characterized by ellipsometry or atomic
force microscopy (see below).

2.3 Ellipsometry

The thickness of the assembled multilayers on the silicon
wafer substrate was measured in the dry state with a
PLASMOS SD 2300 ellipsometer at a wavelength of
632.8 nm and an angle of incidence of 70°. The refractive
index of the polyelectrolyte film was assumed to be con-
stant (n = 1.465). While this procedure gives slightly
incorrect values with respect to the absolute film thickness,
it allows for the quick and precise determination of the
relative film thickness. The thickness of each layer (each
data point on the graph) is calculated as the average of the
measurements randomly taken at different points on the
film surface. All measurements were carried out at ambient
temperature and humidity.

2.4 Atomic Force Microscopy (AFM)

The samples for the AFM measurements were prepared by
classic dipping described above with a film architecture
Si/PEI/(CMCS/CS), where n = 2, 5, 10 or 20 for films ter-
minating with alayerof CSandn = 2.5, 5.5, 10.5 or 20.5 for
films terminating with a layer of CMCS. The topographical
images were collected using a NanoSurf® easyScan 2 AFM
microscope in the tapping mode applying a scanning rate of
1.0 Hz, using silicon nitride cantilevers with a resonance
frequency of 190 kHz, force constant of 48 N/m and image
resolution of 512 x 512 pixels. All measurements were
carried out at ambient temperature and humidity.

2.5 Quartz Crystal Microbalance (QCM-D)

The multilayer deposition was monitored in situ using a
Quartz Crystal Microbalance QCM-D (Q-Sense, Goteborg,
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Sweden). This technique consists of measuring the changes
in the resonance frequency (Af) upon adsorption of the
chemical species in solution. Data were collected at the
fundamental frequency (5 MHz) and up to the fifth over-
tone. For thin and rigid films the change in resonance
frequency (Af) is converted to the adsorbed mass (Am)
using the Sauerbrey equation [49].

Am = —C x (Av) (1)

where v is the overtone number and C the mass sensitivity
constant (for the QCM-D system C ~ 17.7 ng/cm ™2 Hz at
f =15 MHz in air).

This adsorbing surface (gold electrode) was cleaned
prior to use by extensive rinsing with ethanol (analytical
grade) and then treated with plasma (Harrick Plasma,
Ithaca, NY) for 3 min at medium power. For each run the
gold surface was primed with a polycation layer by
injecting 700 pL of PEI solution, and then rinsed twice
with the same volume of pure water. The injection of the
solution for the adsorption of the next layer was carried out
only after the stabilization of the frequency and dissipation
signals. For the polyelectrolyte multilayer assembly
700 pL of a 0.15 mol/L NaCl solution was used as the
rinsing solution. Subsequently, similar volumes of CMCS
and CS solution where injected, followed by two rinsing
steps with 0.15 mol/L NaCl solution.

3 Results

3.1 Ellipsometric Thicknesses of Different (CMCS/CS),,
Multilayers: Effects of pH and Molar Mass

Once this polyelectrolyte pair (Fig. 1) is formed for both
species considered as weak polyelectrolytes, the dissocia-
tion behavior and consequently the total charge density
along the chain varies as the pH of the medium changes.
Some previous studies have demonstrated the influence of
pH on the multilayer build up, presenting distinct regimes
of growth when this class of polymer (weak polyelectro-
lytes) is used [36]. The chemical modification of the CS
MMW to obtain the CMCS derivative caused a reduction
in the molar mass from around 115,000 g/mol to around

Fig. 1 Chemical structures of
the acetylated and deacetylated
units of cationic chitosan [CS]
(a) and N-carboxyl and
O-carboxyl units of anionic
carboxymethylchitosan (CMCS)
(b), respectively

a
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20,000 g/mol, estimated applying the viscosimetric method
as described by Zhai et al. [50]. This method involves the
use of an Ostwald capillary viscosimeter [a complete
description of the procedure used to estimate the CMCS
molecular weight is given in the Electronic Supplementary
Information (ESM)].

Figure 2 shows that it is impossible to assemble multi-
layer films from this combination of polyelectrolytes when
they are used at the initial pH values of the corresponding
solutions (pH = 3.5 for CS and pH = 8.15 for CMCS).

Zeta potential titration revealed that CMCS has an iso-
electric point at a pH of about 4, whereas the unmodified
CS has an isoelectric point of about 8.5. We would have
preferred to work at a pH value of 6.25 for both poly-
electrolyte solutions which corresponds to the pH value at
which both polyions are dissociated to the same extent, but
unfortunately both CS and CMCS start to precipitate at pH
6.25. Thus the pH values of the CS and CMCS polyion
solutions were adjusted to 6.0 and 6.5, respectively, by the
addition of appropriate volumes of either NaOH solution or
HCI solution prior to the LbL deposition. The pH of the
deposition solutions plays a very important role in poly-
electrolyte complex formation and also in multilayer
deposition for example observed with the the “soft”
polyelectrolyte pair poly(acrylic acid)/poly(allyl amine
hydrochloride) (PAA/PAH) [34]. So-called ‘“amplified
exponential growth” was observed by choosing asymmet-
rical pH conditions for the assembly of poly(acrylic acid)/
poly(ethylene imine) (PAA/PEI), as demonstrated by
Grunze et al. [35]. A more general picture of the influence
of the pH on polyelectrolyte multilayer formation was
presented more recently [36, 37].

While pH values of 6.0 and 6.5 led to a slight but
symmetric reduction in the total charge density for both
polyelectrolytes (“matched charge densities”), these con-
ditions lead to good multilayer growth (Fig. 2).

In the present study, for a specific number of layer pairs
(10 layer pairs—denoted by the vertical dotted line in Fig. 2)
the total thickness of the films constructed by the dipping
method (Fig. 2a) is higher than that obtained for spray-
assembled films (Fig. 2b). This behavior has been observed
for several systems [51-53], and may be due to shorter
contact times of the liquid with the surface in the case of
spraying, due to temperature-induced effects arising from
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Fig. 2 LbL build up of the system (CMCS/CS), as a function of the
number of layer pairs deposited by dipping (a) and spraying (b),
measured by ellipsometry. CS LMW (blue line) and CS MMW (red
line) were used for the assembly of (CMCS/CS), films. The (CMCS/
CS), film assembly at initial pH of both polyelectrolyte solutions
(black line) is indicated only on graph a. The slope of the curves at a

the evaporation of spray droplets but may also be due to
different spray-induced shearing effects. The thicknesses
per layer pair (TI, obtained from the slopes of the growth
curves, Fig. 2) were similar for CS LMW (blue circles) films
deposited by dipping (Tlcsppp = 18.6 nm/per layer pair,
Fig. 2a) and by spraying (Tlcspspray = 16.6 nm/per layer
pair, Fig. 2b). This finding also applied to the CS MMW (red
circles) (Tlcsmprp = 11.5 nm/per layer pair, Fig. 2a and
Tlcsmspray = 9.7 nm/per layer pair, Fig. 2b). In all cases,
for the same deposition method (dipping or spraying), the
films containing CS LMW were thicker than those with CS
MMW by a factor of around 1.65. This is interesting because
the deacetylation degrees of the two polyelectrolytes were
very similar (82 and 79 %). In a previous study Picart et al.
[41] reported on the influence of the CS molar mass in the
layer thickness for LbL-films composed of higher molar
mass chitosans with hyaluronic acid (HA). The results
showed that the film buildup was more rapid when the mass
of CS (diffusing species) used was smaller.

The possibility of controlling the surface morphology of
such LbL-films is of particular interest in relation to the
correlation between topology features and the size of the
PECs in the bulk material. Recently, the combination of
poly(sodium phosphate) and poly(allylamine hydrochlo-
ride) (PSP/PAH) resulted in a multilayer assembly with an
unusual film-forming behavior concerning the zeta poten-
tial and surface morphology as a function of the number of
deposited layers [54]. In addition, Ball et al. [55] have
demonstrated, through morphological changes, the influ-
ence of the chemical nature of the polyelectrolytes on the
adsorption kinetics and exchange processes in the film.
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for CS LMW (18.6 nm/per layer pair) and CS MMW (11.5 nm/per
layer pair; R = 0.998) and at b for CS LMW (16.6 nm/per layer pair;
R =0.999) and CS MMW (9.7 nm/per layer pair; R = 0.998)
indicate the thickness per layer pair. Note that the slopes are taken
at higher layer numbers after film growth reached a linear regime

3.2 Surface Morphologies of Different (CMCS/CS),,
Multilayers: Effects of pH, Molar Mass
and of the Outermost Layer

In Fig. 3a the morphology of the films constructed by
dipping as a function of the number of layer pairs (2, 5, 10,
and 20) was evaluated for the CS samples of different
molecular weights. In general, the formation of multilayer
films seems to start as a consecutive deposition of granular
structures as the complexation of the polyelectrolytes of
opposite charges occurs at the surface.

A uniform surface coverage, as observed by AFM, is
achieved after deposition of five layer pairs, regardless of
the molecular weight of the CS used. Ellipsometry showed
that the growth behaviour of these films can be separated
into two parts, the second of which can be treated as linear.
The transition to linear growth occurs also after the depo-
sition of about five layer pairs indicating the influence of the
underlying substrate becomes negligible at that point and
linear growth sets in the case of CS LMW. The transition to
linear growth for the higher molecular weight derivative CS
MMW occurs a little later at about seven layer pairs.

Figure 3b shows the AFM topologies and line profiles
for the (CMCS/CS), films which indicate that the granular
surface features increase with increasing layer numbers. In
addition, the films containing the CS with the higher molar
mass (CS MMW, bottom) exhibited slightly larger features
than the films containing the CS with the smaller mass
(CS LMW, top).

Figure 4a shows the AFM images of the same films
but terminating with a layer of CMCS (polyanion). In
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Fig. 3 a Surface morphology of the LbL-films composed of 2, 5, 10,
and 20 layer pairs of (CMCS/CS),. The 3D images of the films at the
top were obtained with CS of low molecular weight and at the bottom
with CS of medium molecular weight. b AFM topologies and line
profiles of LbL-films composed of 2, 5, 10, and 20 layer pairs of
(CMCS/CS),, composed of CS LMW (top) and CS MMW (bottom).
All films terminate with a layer of CS. The lines along which the

principle, the topology differences are small, the most
notable being a slightly more pronounced presence of lar-
ger features in thicker films terminating with a layer of CS.

@ Springer

profiles were taken are indicated by white dotted arrows. The
topological images were taken at n = 2 and the evolution of the film
topology as a function of n is evidenced by the line scans on the right
side of each row. The image dimensions are 2.5 x 2.5 pm?, and the
maximum Z-ranges in (b) are 20 nm (n = 2), 50 nm (n = 5), 60 nm
(n = 10) and 35 nm (n = 20)

Films terminating with CMCS show more small aggregates
at higher layer numbers, for example, at n = 20.5
(Fig. 4a).
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The terminating layer of CMCS does not induce a sig-
nificant difference for the average surface roughness values
[Root Mean Square (RMS)] in relation to the CS molecular
weight used for the multilayer assembly, as shown in
Table 1.

The films assembled under conditions where the pH
of the polyelectrolyte solutions is not pH = 6.0 and
pH = 6.5, respectively showed a pronounced self-pattern-
ing effect in which the feature size increases with
increasing layer numbers (Fig. 4b). Similarly to a LbL-film
composed of (PSP/PAH) [54], the films obtained under
these conditions could provide a new and interesting case

of self-patterning, with the largest feature sizes in the order
of 100-150 nm. This control of the surface morphology is
unexpected as dynamic surface phenomena (i. e. diffusion
of polyelectrolytes) should lead to a decrease in surface
roughness with increasing layer numbers due to surface
tension, whereas surface patterns in kinetically trapped
films are expected to show only slightly changes in their
morphology (i. e. growth of features sizes).

Grunze et al. [56] described the antifouling properties of a
poly(acrylic acid) and poly(ethylene imine) (PAA/PEI) LbL-
film. In this system, the attachment of zoospores of Ulva was
controlled by the feature size of the morphological structures
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Fig. 4 a Surface morphology of the LbL-films of (CMCS/CS),
composed of 2.5, 5.5, 10.5, and 20.5 layer pairs using chitosan low
molecular weight (CS LMW) or medium molecular weight (CS
MMW). Note that all n values correspond to an uneven number of
layers and so all films terminate with a layer of CMCS. b Surface

morphology of the LbL-films of (CMCS/CS), composed of 2, 5, 10,
and 20 layer pairs at the initial pH solution using chitosan of low
molecular weight (CS LMW) and medium molecular weight (CS
MMW). The image dimensions are 2.5 x 2.5 pm?
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Table 1 RMS values of the LbL-films (CMCS/CS),, as a function of
the layer pairs (LP), with CS LMW, CS MMW, or CMCS as the
terminating layer (bold)

System Roughness RMS (nm)
2LP SLP 10 LP 20 LP

(CMCS/CS LMW) 32 12.0 10.0 8.7
(CMCS/CS MMW) 6.5 11.0 14.0 8.5
System Roughness RMS (nm)

25LP 55LP 10.5 LP 20.5 LP
(CMCS/CS LMW) 7.6 12.0 16.0 11.0
(CMCS/CS MMW) 6.9 11.0 13.0 11.0

All films were prepared under adjusted pH conditions

with the lowest level of settlement occurring for structures
with the same order of magnitude as the cell size (x~2 pum).

3.3 Adsorbed Mass and “Stiffness” of Different
(CMCS/CS), Multilayers as Observed by Quartz
Crystal Microbalance (QCM)

The multilayer build up was also monitored in situ by
quartz crystal microbalance, the changes in the frequency
and dissipation values upon polyelectrolyte adsorption are
shown in Fig. 5. The mass increase during layer formation
is proportional to the decrease of the resonance frequency
(left axis on the graph). Using chitosan with distinct
molecular weights, a considerable difference in the amount
of polymer adsorbed was observed. The films obtained
with CS LMW showed a different behavior with respect to
both the amount of polyelectrolyte adsorbed (frequency)
and the viscoelastic properties (dissipation) compared to
those obtained using CS MMW. Note that the apparent
“leveling off” of the frequency shift for CS LMW films
with eight layers is very likely an artifact associated with
the QCM method. At this film thickness, the mechanical
excitation of the film no longer reaches the film surface and
thus the newly adsorbing layers are not “seen” by the
QCM. The thickness of films prepared using similar dip-
ping times and solution conditions as those applied for the
QCM-D was also measured by AFM to demonstrate that
the “leveling off” behavior observed in Fig. 5 does not
correspond to a discontinuation of film growth but is
caused by reaching the experimental limits of the QCM-D
instrument. The AFM analysis (see ESM) reveals that the
thickness of the films continues to grow beyond the
deposition of eight layers, in agreement with ellipsometry
data that clearly confirms the continued growth.

Although the Sauerbrey equation (Eq. 1) is only valid
for the calculation of the adsorbed mass of rigid films with
low dissipation values [49], we used it to estimate the
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Fig. 5 Frequency change (filled circles, left axis) and dissipation
change (filled rhombi, right axis) during the LbL deposition of
(CMCS/CS),, using CS of low (red line) and medium (blue line)
molecular weight. The corresponding slope of the curve frequency
with CS LMW is —269.5 Hz per layer (R = 0.982) and with CS
MMW is 33.9 Hz per layer (R = 0.956). Data are reported for the
base resonance frequency (5 MHz)

adsorbed mass in the range of 3-8 layers for CS LMW
films and for any layer number for CS MMW films. The
adsorbed Sauerbrey mass per layer pair was 1,908.2 ng/cm >
for CS LMW (red symbols) and 240.0 ng/cm ™2 for CS MMW
(blue symbols). These values agree well with the observed
dissipation (D) values indicating that films composed of CS
LMW (D about 500) contain much more water than films
composed of CS MMW (D about 20). This comes somewhat
as a surprise, since judging from polyelectrolyte complex
formation in bulk, the complex formed by a polyelectrolyte
pair with “matched length” would be expected to be less
soluble and thus less swollen than a complex formed by
polyelectrolytes of unequal length. This is even more sur-
prising, since the both polyanion and polycation are based on
the same polysaccharide backbone (“matched chemistries”
[38]) and since we are depositing at a pH value at which both
polyions have the same degree of dissociation (“charge
matching”). At present we have no explanation of this
behavior, a plausible reason for the observed deviation could
be that the CMCS is not a true polyanion but an anionic
polyzwitterion. Another possibility for the observed phe-
nomenon could be that the determination of the pH value at
which the “charge matching” occurs is not exact enough due
to a systematic lack of precision of the zeta potential
measurements.

4 Summary and Conclusions

We report here another case of polyelectrolyte multilayer
films in which granular surface features are controlled by the
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number of layers deposited. The previously described case
of this type of self-patterning [54] was observed for films
composed of poly(sodium phosphate) and poly(allyl amine).
As in this previous case the surface features became larger
with increasing film thickness. This is somewhat unexpected
since the surface features of films that are prone to change
(dynamic PECs) would be expected to lead to smooth films
after the deposition of a few layers due to the action of
surface tension. This smoothing of surfaces has been pre-
viously observed with LbL-films composed of hyaluronic
acid and poly(L-lysine) [57], and smooth films have also
been observed, for example, with soft polyelectrolytes such
as poly(acrylic acid) and poly(allyl amine). The control of
the feature size of surface patterns is an interesting new
aspect in the field of PEMs because this technique is easily
applicable to large surface areas for which patterning is
difficult to obtain with low cost methods.

A second interesting unexpected finding concerns the
LbL-assembly of chitosan and CMCS as a function of the
molar mass of the polycation. In the study reported herein
we used low and medium mass chitosan (CS LMW,
M,, ~ 33,000 g/mol and CS MMW, M, =~ 115,000
g/mol) both with a deacetylation degree of 80 % and a low
mass CMCS derivative (M,, ~ 20,000 g/mol). In general,
chain—chain interactions in PECs are considered to be
stronger in the case of comparable charge densities and in
the case of similar chain lengths stronger interaction is
expected to lead to denser, less hydrated complexes. In the
present case the charge densities were matched by depos-
iting from a solution pH of 6.0 and 6.5, respectively for
both chitosan chain lengths and thus strong effects from the
average charge-to-charge distances along the polyion
chains would not be expected.

In this study both ellipsometry and quartz crystal
microbalance techniques showed that the polyanion/poly-
cation pair composed of polymers of low mass forms
thicker layers than LbL-films composed of polyelectrolytes
with asymmetric contour lengths. It is counterintuitive that
films composed of two short chains are thicker than films in
which one member of the pair has a considerably larger
molar mass and this suggests an unusual complex forma-
tion in this case. Clearly, the observed differences in film
growth could also be due to other effects, for example, to
the fact that carboxymethylchitosam is not a true poly-
electrolyte but an anionic polyzwitterion.

Nevertheless, the fact that two small and oppositely
charged polyelectrolytes with identical polysaccharide
backbones can be assembled into highly hydrated multi-
layer films (interpreting large dissipation values in the
QCM-D measurements as a consequence of hydration)
which grow rapidly to fairly large thickness in very few
assembly steps is promising for biological applications.
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