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Ultrathin films were prepared with cationic poly(allylamine hydrochloride) (PAH) and two anionic polysaccharides,

- andA-carrageenan, of similar chemical composition but different conformations using the layer-by-layer (LbL)
technique. The study of aqueous solutions of carrageenans confirmscHraageenan is at room temperature in
helical conformation whilél-carrageenan is in random coil conformation. Characterization of the multilayers by
ellipsometry, circular dichroism, and AFM revealed thaarrageenan keeps its helical conformation within the
films while A-carrageenan chains are in random coil conformation. Investigation of the mechanical properties of
the films by performing nanoindentation experiments using force spectroscopy showed clear differences between
the two films based on carrageenans of different conformations.

Introduction properties, with only very limited variations of the chemical
nature of the chains. In addition, they are useful for pharma-
Fabrication of multilayer films by alternatively adsorbing ceutical or biomedical applications, due to their nontoxicity,
polyelectrolytes of opposite charge has become a powerful hiocompatibility, and biodegradability. Among these polysac-
method enabling the controlled construction of ultrathin fitms.  charides, carrageenans, which are anionic sulfated polysaccha-
Of major interest is the possibility to control the vertical structure yijes extracted from red seaweeds, have found widespread
and thickness of the assemblies in the nanometer range, withyjication in food, pharmaceutical, and cosmetic industries,
Ia;eral control over their size belng_ also achievable in the due to their nontoxicity and their gel-forming and viscosifying
micrometet®and nanometer rangé8This layer-by-layer (LbL) onerties in aqueous solutiéh22 These polyelectrolytes
technique has been used for preparation of functional films for possess a linear galactan backbone composed of alternating
applications in various domains such as biosensing, CatalySis’3-Iinkedﬂ-o-galactopyranose and 4-linkedo-galactopyranose
separation m.embranes, antireflection coatings, optical devices,Or 4-linked 3,6-anhydrogalactodk22 Different types of carra-
and d_rug delivery capsulés:? . . geenans are distinguished depending on the position and the
An important advantage of polyelectrolyte multilayers is the number of sulfate groups on the polysaccharide backbone. In

possibility to tune their internal structure to obtain films with the present work, we used two different carrageenans named
desired properties such as film stability, density, morphology, and (Figure 1), which mainly differ by their conformation in

or porosity. The control of the mechanical properties of the films S . . .

at the nanometer scale is also of particular interest for manyiomt'on' The mspectllon (I)f th? chtlerg;?al struct.ur(?rsrioandlf ;

applications in biology or materials science. For example, it -carragee?an rg\zea only slig |3er§:ncesd 20e Su/ ate

was recently shown that the adhesion of biological cells on a content; Ol- an -parrageenan are 37% and 4 A’ (wiw),
respectively; more importantly,-carrageenan contains 3,6-

coating depends on its mechanical properfe& Various - <
approaches which consist of changing the charge density ofanhydro bridges. Though small, these structural variations result

polyelectrolytes? incorporating inorganic particlég,carbon ?n very different behaviors in aqueous solutidr(?arrageenan
nanotubed? or cross-links between polyelectrolyte chalfs, IS always present in a random coil conformation and cannot
were tested to change the mechanical properties of LbL films. form gels?? whereas-carrageenan adopts a structured helical
However, a systematic study of the influence of the polyelec- conformation at room temperatuf&;?® which confers a high

trolyte structure on the mechanical properties of LbL film is Viscosity to its water solution. There is still an ongoing debate
still lacking. in the literature about the exact structure wfarrageenan

In this context, the use of charged polysaccharides which solutions, whether helices associate in dimers oPh&E This
exhibit a large variety of structures and functionality is attractive. is of minor importance for the present study. Indeedand
Indeed, these biopolymers allow one to get access to a range ofi-carrageenan strongly differ in chain rigidity and persistence
length. For instance, at 0.1 M NaCl, the persistence lengths of
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* Max Planck Institute of Colloids and Interfaces. properties of their LbL films, a point which we will explore
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OH solutions was adjusted to 0.01 M KCI, to limit the viscosity of the
solution and avoid aggregation. By contrast, the ionic strength of the
PAH solution was increased to 0.1 M KClI, to ensure a larger thickness
o 0 o increment. The pH of PAH and carrageenan solutions was set to 7 or
n 10 by adding 0.1 M KOH. All solutions were filtered through a@
Millipore membrane before use.
Multilayer Film Preparation. Multilayer films were prepared on
one-side polished (100) silicon wafers cut into 3 cm by 1 cm rectangles
OH (Silchem Handelsgesellschaft mbH, Germany) or SUPRASIL-type fused
OH silica plates (Hellma, France). The substrates were first cleaned by
treatment in a hot piranha solution 4Bk (35%):HSO, (98%) 1:1 v/v)
Q 0S05 (caution piranha solution is extremely corrosive) for at least 20 min
0 followed by intense rinsing with pure Milli-Q water. The cleaned
substrates were dipped at the first step for 20 min in the PEI solution.
OR Q Then, anionic carrageenan and cationic PAH were alternatively adsorbed
by dipping the samples in polyelectrolyte solutions. After each
adsorption step, the samples were rinsed by dipping in three different
R = H or SO5- "0,480 beakers of an aqueous solution adjusted to the sametpH ) as the
o) adsorption solutions by addition of 0.1 M KOH. A dipping robot
(Riegler Kirstein GmbH, Germany) was used to prepare very thick
n multilayers. The samples were post-assembly dried with a stream of
Figure 1. Schematic representation of the repeating disaccharide pure air before analysis. A fl!m prepared with— 1 layers of PAH
units of «-carrageenan (top) and A-carrageenan (bottom). andN layers of carrageenan will be named (PAH/Gam)the following.
Experimental Techniques. Ellipsometry. The thickness of the

differing in their solution conformation. This knowledge would ~Multilayers grown on silicon wafers was determined by a null
allow one to fine-tune the physical properties of LbL assemblies, elliPsometer from Multiskop Ellipsometer (Optrel GbR, Germany) at
while keeping essentially identical chemical properties. In a fixed angle of 70and a fixed wavelength of 632.8 nm. The refractive

addition,-carrageenan possesses a thermosensitive beRaior indexes of the silicon and the polyelectrolyte films were taken to be
displayi;\g a reversible helixrandom coil conformational ' 3.882-j0.019 and 1.51, respectively. For each sample, at least five spots

transition Upon heating. The transition temperature depends or]Were measured and averaged. The thickness of the native oxide layer
P 9- p P atop the silicon substrate-(5 A) was systematically subtracted from

concentration of the polysaccharide and ionic §treﬁ‘g¥ﬁSuch the computed total film thickness.
a thermosensitive behavior is also of potential interest to develop ) ) )
. . . . . Polarimetry. The observed optical rotationo) of carrageenan
stimuli-responsive materials as previously demonstrated for . . 4
theti V-i | lamid PNIPAM) deri solutions was monitored at 546 nm (Hg lamp) as a function of the
synthetic polyf-isopropylacrylamide) ( ) deriva temperature with a Perkin-Elmer 241 polarimeter equipped with a 10

tives 3637 ; ) :
cm jacketed cell and a circulating water bath for accurate temperature

In this paper, we study LbL films prepared with weakly  conirol. Care was taken to allow the temperature equilibrium between
charged poly(allylamine hydrochloride) (PAH) and these tWo ¢5ch measurement.

carrageenans. Our motivation is to investigate the influence of ooy jar pichroism. Circular dichroism (CD) measurements were
the conformation of both polysaccharides in solution on the films ¢4 jeq out at room temperature with a CD6 dichrograph (Jobin-Yvon,

characteristics such as thickness, surface morphology, miCro-grance). The measuring chamber was extensively purged with pure
structure, and mechanical properties. We show that the slight itrogen gas before the measurement to remove any trace of oxygen
chemical difference between these two types of chains, which perturbing the CD spectra. Scans were performed at a rate of Gst'nm
translates into different solution properties and multilayered with a sampling interval of 0.5 nm from 180 to 192 nm and at a rate
structures, strongly affects the characteristics of the LbL films, of 0.33 nms1 from 190 to 220 nm with a sampling interval of 1 nm.
especially their mechanical properties. For each measurement, four spectra were recorded and averaged to
improve the signal/noise ratio. The fused silica slides coated by the
multilayers were mounted in a dedicated sample holder. In the case of
carrageenan solutions, a quartz cell with a optical path length of 0.1
cm was used. The CD spectra of the films and the carrageenan solutions

0805

OH
0805

HO

Experimental Section

Material. Poly(ethyleneimine) (PEI)M,, = 750 000 gmol™2), poly-

(allylamine hydrochloride) (PAH)N, = 70 000 gmol-?) (pKa ~ 8.5) were systematically corrected by the spectra corresponding to uncoated
w T a™’ . ) e . . -

and 3-aminopropy! triethoxysilane (APTES) were purchased from [US€d silica slide and buffer solution, respectively.

Sigma-Aldrich. Purifiedi-carrageenan (Gelcarin) ardcarrageenan Atomic Force MicroscopyAll AFM images and force measurement

(Viscarin GP-109) (Figure 1) were gifts from FMC Corporation Curves were recorded with a NanoWizard AFM (JPK instrument,

(Belgium). Potassium chloride (KCI) was supplied by Merck. Al Berlin).

chemicals and polyelectrolytes were used without any further purifica- ~ Imaging.Images were recorded in intermittent-contact mode using

tion. a silicon tip (Nanoworld— Arrow NCR) with a nominal spring constant
Solutions of Polyelectrolytes.The solution ofi-carrageenan was ~ 0f 42 N-m~%. For imaging in liquid, Milli-Q water adjusted to the pH

prepared at a concentration of 4 g* by adding the polysaccharide in ~ Of the assembly solutions (pH 10) was used. Roughness measurements

small portions in pure Milli-Q water af = 40 °C under mechanical ~ were all performed by using the same tip, the same scan rate (1 Hz),

stirring for 1 h. The solution was heated to 80 and stirred for 30 and two different scan sizes (8 8 and 4x 4 um?). Thicknesses of

min, then cooled at room temperature to obtain a clear and homoge-the films in aqueous solution were determined by scratching off a part

neous solution of-carrageenan. The water evaporation was prevented Of the film followed by scanning over the film edge region.

during the heating by using a water-jacketed condenser. The solutions AFM Force Measurement$he mechanical properties of the samples

of PEI, PAH, andi-carrageenan were prepared at room temperature were investigated by measuring force vs distance curves. These

by dissolving the polymers in pure Milli-Q water (resistivityl8 MQ) experiments were performed on thick filmsZ00 nm), and the

at a concentration of 3-g~% The ionic strength of the carrageenan indentation depths used did not exceed 10% of the film thickne%ér{/
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order to avoid any undesirable artifacts due to the large stiffness of the
substraté® We used a contact-mode cantilever (Ultrashar@SC12/
AIBS) with a spring constark measured by two independent methods:
the thermal-oscillation methétiand the Sader’'s meth#fdeading to a
typical error of 10%¢! The spring constank = 417 pNnm

corresponds to the average of the values obtained by these two methods.
To reduce adhesion between the substrate and the tip, the cantilever

was modified by aminosilane. For this, we used a silanization procedure
consisting of dipping the commercial cantilever into a 10% solution of
APTES in toluene for 1 B2 The cantilever is then washed several times
with fresh toluene. The tip radiusR) measured after the surface
modification by blind reconstruction of the tip geométnyas estimated

to be 50 nm.

The force-distance curves were analyzed using the PUNIAS
software developed by P. Carl and P. DalhaiftéFo determine the
Young’'s modulus, the approach curve was fitted by using several
models based on the Hertz sphere md@alccording to these models,
the relation between the Young's modulls,(the force F), and the
deformation §) is

4

= ——— x ER"¥ + f(h)
3(1—v9)

@)

whereR is the radius of the sphere tip (50 nm)is the Poisson ratio,
and f(h) is a correction term depending on the film thickness. For
polymeric systems, the Poisson ratio is between 0.33 and 0.5 for
polymer and incompressible materials, respectively. Considering the

nature of the studied materials and since no independent measurement

allows the determination of the exact Poisson ratio, we chose a value
of 0.33 forv.*®¢ Anyway, the role of the Poisson ratio is transparent,
allowing the reader to follow the effect of it on the Young’s modulus
value, which is rather minor for the expected range of Poisson ratio
for polymeric material between 0.33 and 0.5.

Results and Discussion

In contrast tol-carrageenan, which always takes a random
coil conformation in aqueous solution (since its persistence
length of about 13 n#ét is well below the extended chain
length), the conformation afcarrageenan strongly depends on
the ionic strength and the temperature of the soludfai.2°
For this reason, we first checked macromolecular conformations
of - and A-carrageenan in aqueous solution at neutral pH by
circular dichroism and polarimetry. These studies were per-
formed in the presence of 0.01 M KCI, which is known to induce
a helix conformation of-carrageenan chaifgln addition, the
polysaccharides were solubilized at low concentratiorr (33
to prevent the formation of viscous solutions. Figure 2 displays
the CD spectra of dilute solutions of and A-carrageenan
recorded at room temperature from 180 to 220 nm. Whereas
no band is detected on the spectrum of fhearrageenan, a
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Figure 2. Circular dichroism spectra of A-carrageenan (dashed line)
and (-carrageenan (continuous line) solutions (3 g-L=%in 0.01 M KClI,
pH 7) measured at room temperature.
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Figure 3. Dependence of rotation (a) of A-carrageenan (circles) and
(-carrageenan (squares) solutions (3 g-L=1in 0.01 M KCI, pH 7) vs
temperature measured by polarimetry. The lines are drawn as guides
for the eye.

ecules adopt a random coil conformation in solution at room
temperature, whereascarrageenan macromolecules are struc-
tured in helical conformation as expect@d*2° The inspection

of the variation of the observed rotation)(as a function of

the temperature (Figure 3) reveals a distinct behavior between
both carrageenans: Whereas #ftarrageenan solution exhibits

a marked decrease af with temperature increasing to 5C,

clear decrease of the dichroic signal is observed at wavelengthso significant variation was recorded for thecarrageenan

below 195 nm for-carrageenan. Previous measurements
performed by othef with a vacuum ultraviolet CD spectrom-

solution. These results confirm thatcarrageenan adopts a
random coil conformation at any temperature agdrrageenan

eter working between 150 and 200 nm revealed that the shows a helix-coil transition upon increase of temperature as
spectrum of i-carrageenan measured at room temperature described beforé&3* CD analyses were also performed on
exhibits a negative and a positive band positioned at 180 andcarrageenan solutions at pH 10 at room temperature (results
165 nm, respectively, due to the presence of the helical structure.not shown). No significant difference with the spectra measured
Since recording spectrum below 180 nm is difficult due to at neutral pH was noticed, which indicates that the pH does
technical reasons, the observed decrease of the dichroic signahot influence the conformation of these strongly charged
observed below 195 nm is in agreement with the presence ofpolysaccharides under the conditions used.

the negative band centered at 180 nm previously obséfved.  Figure 4 shows the growth of PAH/carrageenan assemblies
In addition, polarimetry measurements performed at room built up at pH 10. The growth of (PAkitarr) film built up at
temperature (Figure 3) reveal that thearrageenan solution  pH 7 was added for the comparison. In all the cases, a regular
exhibits a higher rotationaf) than thei-carrageenan solution.  film growth was observed. However, films of higher thicknesses
These different results confirm thatcarrageenan macromol-  are obtained at pH 10 due to the lower degree of ionizatio&B(/
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tured helical conformation over the whole film thickness.
However, since the CD spectra could not be measured below
180 nm, it was not possible to quantify the concentration in
helices of our films. This behavior is in agreement with previous
studies performed on gel complexes obtained by mixing chitosan
and (-carrageenan solutions and for which it was shown that
the helical conformation of-carrageenan is preserved during
the complex formatio®? In the same way, biomacromolecules
such as polypeptideés; > DNA,55 or proteing® were also shown

to keep their secondary structure in multilayer films.

It was reported previously that the charge density of lowly
charged polyectrolytes can strongly influence the thickness of
LbL films.5"=59 However, for more charged polyelectrolytes, it
was shown that the thickness increment is independent of the
=N T T T B linear charge density/. The A- and:-carrageenans, which both

0 5 10 15 20 25 30 contain from 1 to 1.5 sulfate group per saccharide unit, are

Number of bilayers (N) highly charged polyelectrolytes. As a consequence, the differ-

Figure 4. Variation of the thickness of (PAH/A-carr) grown at pH 10 ence in charge density between both polysaccharides is not the
(filled circles), (PAH/i-carr) grown at pH 10 (filled squares) and (PAH/ reason for the large difference in the thickness observed between
w-carr) grown at pH 7 (opened squares) as a function of the number both films. This variation should thus be ascribed to the different
of deposited bilayers (N) measured by ellipsometry in dried sate. The conformations adopted hyandA-carrageenan within the films.
lines are drawn as guides for the eye. Indeed,-carrageenan is adsorbed onto the surface in a structured
helical conformation which is preserved during the multilayer
buildup. The incorporation of such structured chains with a
higher cross section results in films of higher thicknesses.
Furthermore, circular dichroism measurements performed on
heated (PAHFcarr) multilayer films (results not shown) revealed
that the helix-coil transition ofi-carrageenan chains embedded
within the film does not take place upon heating, even to
temperature as high as 8C, contrasting with the behavior
observed in aqueous solutiéh3* In fact, the numerous elec-
trostatic interactions between oppositely charged polyelectrolytes
contribute to strongly reduce the motioniafarrageenan chains
in the multilayer, preventing any conformational change.

We investigated the influence of the polysaccharide confor-
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300 —
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-200

Delta A x 10°°

-400

600 mation on the multilayer morphology by performing AFM
PRSP S T S S imaging measurements on 30-bilayer samples ended by a
180 190 200 210 220 carrageenan layer. Measurements were carried out at room
Wavelength (nm) temperature both on dried films and on films immersed in
Figd“r(% i-H/CéraCr“r')ar (dcig:tri‘r’]ij;“u?’"e:érs"’)‘ ?if";PSAang;gﬁ:géogar‘zgrend t'L”n‘:) aqueous solution adjusted to pH 10. The inspection of the AFM
an -carn  mea ; images acquired in dried and wet states (Figure 6) reveals the
gg_rature 'n dried state. From top to bottom: A'=5, 8, 11,13, 15, 23, presence of continuous films with very different morphologies

depending on the carrageenan used. The multilayer based on

the weak polycation PAH at this pH, as previously shown for A-carrageenan presents a fuzzy surface with a high roughness
other multilayer systenf¥:48 Therefore, in the sequel, we will ~ (Table 1), and some valleys almost going down to the substrate.
report only on films grown at pH 10. In such conditions, the In contrast, the sample basedecarrageenan appears flat with
films prepared with-carrageenan appear thicker than the ones @ low roughness (Table 1). In addition, we observed different
based oni-carrageenan. These films should be considered asbehaviors between both films upon hydration. Whereas the
molecular blends of PAH and carrageenans with profuse t-carrageenan-based multilayer exhibits an increase of the
interpenetration of successive layers, as generally reported forexternal roughness, a slight decrease is seen fok-trerag-
LbL multilayers?® eenan-based film (Table 1). The inspection of the AFM images

Moreover CD measurements performed on (PAEHrT) and recorded in aqueous solution also reveals an increase in the
(PAH/i-carr) films (Figure 5) reveal spectra similar to the ones lateral size of the aggregates present on the surface. This feature
measured foil- and.-carrageenan solutions: Whereas no band is more visible in the case of the (PAHtarry, sample. The
is detected for nonoptically active films containigcarrag- different surface morphologies can be explained by considering
eenan, a marked negative band is observed at 180 nm forthe different conformations adopted by the polysaccharide
-carrageenan-based films. This good agreement between thechains. The adsorption of the flexible unstructutechrrageenan
CD spectra of carrageenan solutions and the multilayers proveschains onto the multilayers results in the formation of rough
that the conformations of the polysaccharides are essentiallymultilayers, as frequently encountered when working with
kept during the adsorption process. Furthermore, the CD spectraweakly charged polyelectrolytes such as PAH at pHh
of (PAH/-carry multilayers of increasing thickness clearly show contrast, the adsorption of stiff helices sfarrageenan leads
that the higher the number of deposited bilayers, the higher theto the formation of a flat and well-defined surface. The
intensity of the 180 nm band. Therefrom, we can conclude that reorganization of polyelectrolyte chains upon hydration induces
-carrageenan chains embedded into the film keep their struc-a slight smoothing of the soft external surface of (PAddarr)o CDV
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Figure 6. 8 x 8 um? topographic AFM images of (PAH/i-carr)so (a and b) and (PAH/A-carr)so (¢ and d) films measured in air (left side) and in
aqueous solution adjusted to pH 10 (right side).

Table 1. Average RMS Roughness of (PAH/:-carr)so and (PAH/
A-carr)3p Films Measured by AFM in Air and in Aqueous Solution
(pH 10) for Two Different Surface Areas

50x10°

average rms roughness? [nm] 40

sample surface area dry state? pH 10°

(PAH/i-carr)zo 8x 8 um? 17 (1) 32 (6) 30| / !

4x 4 um? 16 (1) 29 (6)
(PAH/A-carn)zy  8x 8 um? 148 (14) 114 (25)

4x 4 um? 125 (16) 93 (15) 20k b

Force (pN)

2 The rms roughness value is an average of five measurements. ? The /

number in parentheses is the standard deviation.
10

film.81 In contrast, in the case of the (PAkYarry, ended by - /
stiff macromolecular helices, the hydration leads to an increase -
of the roughness. 0
Considering the strong difference in the characteristics of the Cov v b b b by by
films based oni- and A-carrageenan, we investigated their 20 -10 0 10 20 30
mechanical properties by applying a deformation with an AFM Deformation (nm)
tip used as a microindenter. All the measurements were Figure 7. Force vs deformation curves measured by AFM in aqueous
performed in aqueous solution at pH 10 on carrageenan-endecpolution (pH 10): (a) (PAH/:-carr)s and (b) (PAH/A-carr)so films. The
films. Figure 7 displays the approach and withdrawal contact arrows indicate the approach and withdrawal curves for each sample.
curves measured in a selected area of 30-bilayer samplesonto a hard substrate, several studies have pointed out the need
prepared with-carrageenan antdcarrageenan, respectively. The to take the thickness of the film in the model into account.
inspection of these curves reveals different features: First, the14%5-%8 The thicknesses of our films measured in aqueous
self-assembly based etarrageenan appears significantly stiffer solution by AFM by scratching off a part of the multilayer were
than the one based okicarrageenan, since a higher force is 800 and 300 nm for (PAkicarri and (PAHA-carr), respec-
required to achieve the same sample deformation. Furthermoretively. This corresponds, for both cases, to a swelling by a factor
a nonoverlapping of the approach and withdrawal curves is 2 in aqueous solution. As a consequence, the maximal indenta-
observed both for (PAHLcarr)ye and (PAH/-carr) films. This tion depth applied during the force vs distance measurements
hysteresis points out an elastoplastic behafoHowever, did not exceed 10% of the film thickness, which corresponds
frequency vs force measurements revealed no significant dif- to the small deformation regime. Under these conditions, we
ference (results not shown) indicating no viscoelasticity on a expect that the thickness of the sample has only a weak influence
time scale of the AFM technique. on the determination of the Young’s modulus. To check this
The use of the Hertz model which assumes an infinite sample assumption, we compared the Young’s modulus values extracted
thickness is very common to estimate the Young’'s modu)ys ( by four different models: the Hertz model, which does not take
of elastic material from the force vs deformation experi- the influence of the thickness of the sample into accvand
ments®3-64However, when the material is a thin film deposited three other thickness-corrected models, namely, MakU%%V
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Table 2. Young's Modulus Values Estimated from Force vs which contribute to reinforcing the mechanical properties of the
Deformation Curves for (PAH/i-carr)so and (PAH/A-carr)so Films assembly. Similar differences in mechanical behavior were
Immersed in Aqueous Solution (pH 10) According to Different previously evidenced by performing rheological measurements
Mathematical Models .. .
on complex gels prepared by mixing chitosan amdor
Young's modulus [MPa] A-carrageenan solutiof$jt was suggested that additional cross-
mathematical model (PAH/i-carr)zo (PAH/-carr)so links due to the presence of double helices-chrrageenan-
Hertz 3243 1042 based complex may contribute to strongly reinforcing the
Makushkin 3143 941 strength of the gel, although this point is still debated?
Akhremitchev 29+3 7+1
Dimitriadis 26 +£3 7+1

Conclusion

10 In this study, we showed the formation of polyelectrolyte
a films based on a synthetic polycation, PAH, and two different
polysaccharides; and-carrageenans, which mainly differ by
their conformation. The inspection of the morphology and the
internal structure of the films clearly reveals that the helical
conformation adopted kycarrageenan in solution is kept during
the multilayer buildup. The presence of such ordered structures
results in films with a higher thickness and a higher Young's
modulus compared to the unstructuréecarrageenan-based
slope = 1.47 ones. Therefore, we provide the evidence that the characteristics
and mechanical properties of multilayers strongly depend on
the conformation of the polyelectrolyte chains used to prepare
the films. The approach consisting of varying the structure of
polyelectrolytes used during the LbL process should open a new
way to prepare coatings showing a gradient of mechanical
properties over the nanometer scale.
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