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The sequential assembly of polyanions and polyca-
tions onto a solid substrate leads to the formation of
films that regularly grow and are called “polyelectrolyte
multilayers”. Introduced in 1991 by Decher and Hong,!2
these films have received considerable attention since
then due to potential applications in fields as different
as electroluminescent devices, separation processes,? or
biomaterial coatings.* Two types of films were real-
ized: linearly growing films? and exponentially growing
ones.5® The linear growing films consist of stacked
polyelectrolyte layers, which interpenetrate each other,
leading to a periodic structure in a direction perpen-
dicular to the layers.” The typical thickness of a polya-
nion/polycation bilayer can vary from 1 nm up to several
tens of nanometers depending on the pH and salt
concentration of the solution used during film buildup.8
Poly(styrenesulfonate)/polyallylamine,? poly(acrylic acid)/
polyallylamine,® or poly(styrenesulfonate)/poly(dial-
lyldimethylammonium)? constitute a few prominent
examples of such types of films. Exponentially growing
films were essentially obtained with systems composed
of natural polyelectrolytes and poly(amino acid)s. These
films are much less structured and are highly hydrated.
Hyaluronic acid/polylysine,® poly(glutamic acid)/polyl-
ysine,!9 and poly(glutamic acid)/polyallylamine!! con-
stitute some of the well-characterized examples of this
type of film which could be well appropriated for
biomaterial coatings.

All these linearly or exponentionally growing films
were extensively characterized in terms of physicochem-
ical parameters: in particular thickness, roughness,
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porosity, charge density of the outer layer, internal
structure, etc. On the other hand, much less attention
was paid on dynamical parameters such as the poly-
electrolyte diffusion coefficients within these films, even
if some data exist,? or on the mechanical properties of
the film itself. The knowledge of the mechanical proper-
ties of polyelectrolyte multilayer films is of primary
importance for their applications, like the buildup of
self-supporting membranes. Also, these properties seem
to play a role in the interactions between cells and
surfaces, cellular adhesion being favored on “hard”
materials.’? For example, it is known that chondro-
sarcoma cells adhere only weakly on poly(L-lysine)/
hyaluronic acid (PLL/HA) multilayer films and much
strongly when these polyelectrolyte multilayers are
chemically cross-linked.!? The relatively small number
of data available for the mechanical parameters of
polyelectrolyte multilayers can be associated with the
experimental difficulty of their measurements. Three
methods of measurements were reported: (i) determi-
nation of elastic modulus and tensile strength on self-
supporting polyelectrolyte membranes, which always
contained nanoparticles or nanotubes in order to greatly
enhance their ultimate tensile stress;'*15 (ii) elasticity
measurements from indentation curves of an AFM tip
or a colloidal particle deposited on the cantilever tip;16
(iii) determination of the elastic properties of polyelec-
trolyte capsules. The Young’s moduli measured in all
these experiments are summarized in Table 1.

In this note we present new data for the PLL/HA
multilayer films obtained by using a piezo-rheometer.
This new type of rheometer allows the first determina-
tion of the complex shear modulus over a wide frequency
range, from 0.2 Hz to a few kilohertz. This technique
requires films with thicknesses ranging from 10 to 100
um and is thus well adapted for the study of thick
exponentially growing films.

The (PLIL/HA), multilayer films were built up by
sequential dipping of the substrate into polyanion and
polycation solutions. Once formed, they were cross-
linked using 1-ethyl-3-(3-(dimethylamino)propyl)carbo-
diimide in the presence of N-hydroxysulfosuccinimide
(see Supporting Information). Confocal microscopy and
the piezo-rheometer were used to visualize the films and
to measure their mechanical properties, respectively. In
the case of the mechanical measurements, the substrate
was a thick glass slide (called thereafter the sample-
bearing glass slide), which will be stuck to the emitting
glass slide of the piezo-rheometer cell (see Figure 1). The
piezo-rheometer allows the determination of the com-
plex shear modulus G = G' + iG".22727 The principle of
this apparatus is shown in Figure 1. It consists of
applying a small strain to the sample by means of two
identical piezoelectric ceramics vibrating in the shear
mode and measuring the amplitude and the phase ¢ of
the shear stress transmitted through the sample using
a second receiving piezoelectric ceramic. The complex
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Table 1. Young’s Moduli of Multilayer Films with Various Compositions

no. of pair of layers

multilayer composition (growth regime) deposited Young’s moduli method ref
poly(styrenesulfonate)/poly(allylamine 10 1.5-2.1 GPa osmotic pressure on capsules 17
hydrochloride) PSS/PAH (linear)
PSS/PAH (linear) 10 1.3—1.9 GPa capsule deformation by AFM 18
PSS/PAH (linear) 4 100—200 MPa capsule deformation by AFM 19
PSS/PAH with a gold nanoparticle layer T/gold/7 30—40 GPa self-supporting membrane 15
(linear)
polyethylenimine/carbon nanotubes (linear) 5 220 GPa“ self-supporting membrane 14
PAH/polyazobenzene (linear) 346 at pH 5.0 6 MPa AFM nanoindentation 16
560 at pH 7.0 1.5MPa
116 at pH 9.0 100kPa
76 at pH 10.5 100kPa
poly(allylamine hydrochloride)/ 8, 45, 600 70 MPa nanoindenter 20
poly(acrylic acid) (linear)
poly(L-lysine)/hyaluronic acid PLL/HA 20, 40, 60 40—-90 kPa AFM nano-indentation of 21
(exponential) colloidal probe

@ Ultimate tensile strength.
optical observation
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glass slide \
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Figure 1. Schematic representation of the piezo-rheometer
cell.

shear modulus of the sample is given by the stress over
strain ratio G = o/e. The material has an elastic
response when the strain and the stress are in-phase
(¢ = 0) and a viscous response when the strain and the
stress have a phase difference ¢ of 90°. For a viscoelastic
material, the phase difference ¢ lies between 0° and 90°.
All the experimental details are given in the Supporting
Information.

Our experiments were performed on multilayer films
made of 90 (PLL/HA) bilayers. These films were very
homogeneous in the bulk, with top and bottom surfaces
which were flat, as shown by Figure 2 obtained by
confocal laser scanning microscopy (CLSM) (see also
Figure 1 in the Supporting Information).

The thickness of the film measured by CLSM was
around 32 um. The film appeared greener on top of the
film compared to its bottom. This is generally observed
for exponentially growing films when the thickness
exceeds several tens of micrometers. It may be due to
the fact that adsorption of PLLFITC (see Supporting
Information) for 10 min followed by a 10 min rinse
before cross-linking is too short to allow a complete
diffusion and exchange process over the whole film
thickness between PLLFTC and nonlabeled PLL.28

Some outgrowths sometimes appeared on the edges
of the film when the sample-bearing glass slide was
separated from its holder and stuck on the emitting
glass slide of the piezo-rheometer cell (see Figure 1).
Then, this sample-bearing glass was stuck on one of the
glass slide of the piezo-rheometer cell (see Figure 2).
These outgrowths are disturbing because they modify
the value of the shear modulus. Great care was therefore
taken to minimize their formation.

Figure 3 gives typical results obtained at room tem-
perature and showing the behavior of G' measured at 1
Hz as a function of the gap L between the sample-
bearing glass slide and the receiving glass slide of the

Figure 2. Vertical section image of a (PLL/HA)g/PLLFITC
multilayer film in solution (NaCl 0.15 M, pH = 5.9), observed
by CLSM. Film thickness is about 32 um.
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Figure 3. Real part G' of the shear modulus of a (PLL/HA)go
multilayer film measured at 1 Hz, as a function of the gap L

between the sample-bearing glass slide and the receiving glass
slide of the cell.
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cell for a (PLL/HA)go multilayer film. It can be seen that
G' is zero when L is higher than ~38 um, which is
expected since the sample thickness is smaller than L.
A value different from zero appears at L ~ 38 um, i.e.,
for a gap slightly higher than that measured by confocal
microscopy, which suggests the presence of small out-
growths on the edges of the sample. If the sample is
compressed, G' first increases slightly and then remains
constant down to a thickness of ~26 um, with a value
equal to 28 kPa. The fact that G' does not vary when
the thickness of the film decreases from ~36 ym down
to ~26 um shows that the shear mechanical properties
of the sample are independent of the compression
applied to it. This can be explained by the fact that the
film is soft and that a compression up to 30% does not
strongly modify its structure. This is in agreement with
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Figure 4. (A) Real part G' of the shear modulus of a (PLL/
HA)go multilayer film, as a function of the frequency F for a
gap L = 32 um between the sample-bearing glass slide and
the receiving glass slide of the cell. (B) Real part G' and
imaginary part G" of the shear modulus of a (PLL/HA)y
multilayer film, as a function of the frequency F for a gap L =
22 um between the sample-bearing glass slide and the receiv-
ing glass slide of the cell.

the picture of exponentially growing films which are
highly hydrated and made of layers of polyelectrolyte
complexes which can easily interpenetrate each other.2?
The situation dramatically changes when the compres-
sion becomes stronger, as illustrated by the significant
increase of G' in Figure 3 when the thickness becomes
smaller than L ~ 26 um. This change in behavior could
be due to an increase of the polyelectrolyte interactions
induced by the compression of the film. Note that
macroscopic cracks are observed in the sample when the
compression becomes too strong, for example, when the
thickness of the sample is smaller than 22 um.

The samples with marked outgrowths at their edges
do not show the slight increase of G' around L ~ 38 um,
but rather a progressive increase which reflects the
contribution of the outgrowths to G'. The effect of the
overcompression of the sample for thicknesses smaller
than L ~ 26 um is also different since the compression
applied is not the same for the outgrowths and the rest
of the sample. Consequently, the width of the plateau
is reduced, but its value remains of the order of 28 kPa
and therefore represents the intrinsic value of the shear
modulus of the film.

The behavior of G' as a function of the frequency for
L ~ 32 um is shown in Figure 4A. It can be seen that
G' remains constant in the frequency range studied.
This result indicates that this film has a pure elastic
response in the low-frequency limit and that the char-
acteristic frequency of the slowest relaxation mode is
higher than 103 Hz. This is confirmed by the value of
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the phase angle which is zero for all the frequencies
studied. The behavior of G" is not shown in the figure
because the G" values are too small to be determined.
The frequency response of the samples with L ranging
from ~26 to 38 um is the same as that for L ~32 um
sample. This response dramatically changes when the
sample is overcompressed, as shown by Figure 4B
obtained for L ~ 22 um. It can be seen that G' is no
more constant over the whole frequency range studied
and starts to increase for frequencies higher than 102
Hz. This overcompression also induces an increase of
G and of the associated viscosity (the sliding is less
easy), which can be measured now. These G' and G"'
behaviors indicate that the overcompression strongly
reduces the characteristic frequency of the slowest
relaxation mode of the system.

If we assume that the film behaves as an isotropic
medium, the shear modulus G of the film is related to
its Young’s modulus E by the relationship £ = 3G. An
estimate of E can therefore be given, and E is found to
be of the order of 84 kPa. As expected, this value is much
smaller than the Young’s moduli measured on linearly
growing films and reported in Table 1. On the other
hand, the Young’s modulus we measure is of the same
order of magnitude as that measured by Richert et al.?!
on similar exponentially growing films, using AFM
nanoidentation of colloidal probe. Hyaluronic acid present
in the PLI/HA films is probably also responsible for this
relative low value of Young’s modulus. This is confirmed
by previous study on soft gels of hyaluronic acid
describing Young’s moduli between 3 and 250 Pa.3?

A piezorheometer has been used to provide the first
study of the shear modulus of multilayer polyelectrolyte
films. The results show that these films present a purely
elastic response in the frequency range 1-103 Hz. This
response is not modified when the films are submitted
to a static compression as high as ~30%, which is
consistent with the picture of hydrated films with layers
interpenetrating each other. These systems, which
behave like a chemical gel in the hydrodynamic limit,
are characterized by a shear modulus on the order of
30 kPa corresponding to a Young’s modulus of the order
of 90 kPa, much smaller than all the known elastic
moduli measured for linearly growing films. These
results demonstrate the interest of the piezo-rheology
technique for the elastic properties determination of soft
and brittle materials.
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