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Abstract

Hyaluronan is a polysaccharide that is increasingly investigated for its role in cellular adhesion and
for the preparation of biomimetic matrices for tissue engineering. Hyaluronan gels are prepared for
application as space fillers whereas hyaluronan films are usually obtained by adsorbing or grafting
a single hyaluronan layer onto a biomaterial surface. Here, we examine the possibility to employ the
layer-by-layer technique to deposit thin films of cationic modified hyaluronan (HA*) and hyaluronan
(HA\) of controlled thicknesses. The buildup conditions are investigated and growth is compared to
that of other polyelectrolyte multilayer films containing either HA as polyanion or HA* as polycation.
The films could be formed in a low ionic strength medium but required to be cross-linked prior to
be put in contact with physiological medium. NIH3T3 fibroblasts were perfectly viable on self-
assembled hyaluronan films with however a preference for hyaluronan ending films. These findings
point out the possibility to tune the thickness of thin hyaluronan films at the nanometer scale. Such
architectures could be employed for investigating cell/substrate interactions or for functionalizing
biomaterial surfaces.

INTRODUCTION

Hyaluronan is a linear polysaccharide constituted of alternated N-acetyl-f-D-glucosamine and
B -D- glucuronic acid residues, which is currently widely and increasingly investigated for its
properties in biomedical applications 12,34 Hyaluronan has not only peculiar physical
properties in terms of hydration, viscosity and hydrogel formation but it becomes more and
more investigated for its specific biological and bioactive properties and its implications in cell
adhesion properties 56 and motility 7_One of the main applications of hyaluronan concerns
tissue engineering, where it has been mostly used to form a wide variety of hydrogels 8-10
Several strategies have been developed to prepare these gels and rely usually on the introduction
of chemically modified groups or on its complexation with cationic biopoli/mers (such as
chitosan or collagen at acidic pHs) such as to form composite hydrogels 1112 pifferent types
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of cross-linkable and biodegradable hydrogels have thus been prepared based on various
coupling chemistries performed either on carboxylic or on alcohol groups 8,1310 photo-cross-
linkable hyaluronan based on methacrylate hyaluronan conjugates have also been prepared
14,15 A greatamount of work was also devoted to its chemical modification in order to prepare
functional groups for the subsequent introduction of drugs into the hydrogels 1617 Another
application of hyaluronan is to prepare a hyaluronan thin layer by direct and passive adsorption
of hyaluronan solutions onto surfaces 18 or by covalently grafting hyaluronan onto surfaces
19 The layer-by-layer technique, which was introduced approximately ten years ago by Decher
and coworkers 20-22 js particularly suited for building thin films with a thickness control at
the nanometer scale. It is also increasingly used in the biomedical field 23242526 gpq several
types of natural polyelectrolytes, proteins, peptides, or viruses have been introduced in the
films 27, Recently, hyaluronan was also introduced in layer-by-layer assemblies in
combination with different polycations and biopolymers such as poly(L-lysine) (PLL) 2829
chitosan (CHI) 30,31 polyallylamine hydrochloride (PAH) 32 and collagen (COLL) 33,34
(CHI/HA) and (PLL/HA) film growth in physiological medium was found to be of exponential
type whereas (COLL/HA) films, which had to be assembled in a low ionic strength medium,
exhibited a linear increase of the thickness as a function of the number of layers 3,34
However, at present, there is no possibility to build thin films constituted only of hyaluronan
and that have a controlled thickness at the nanometer scale.

The present work is aimed at evaluating the possibility to build molecular assemblies composed
only of hyaluronan. Toward this end, an amine modified hyaluronic acid was prepared (which
will be noted here cationic hyaluronic acid HA*) and assembled with the unmodified anionic
hyaluronan using the layer-by-layer technique. In this study, we will mainly focus on the
buildup process and on the physico-chemical characteristics of the films. We will also evaluate
the biocompatibility of this new kind of films.

EXPERIMENTAL
Synthesis of HA"

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) was purchased from Sigma-
Aldrich; Sodium N-Hydroxysulfosuccinimide (Sulfo-NHS) was obtained from Accross and
N-ethyl diisopropylamine (DIPA) from Alfa Aesar. The monoprotected di-amine (NH,-Pegs-
NHBoc) is commercially available from Iris Biotech Marktredwitz (Germany). The aqueous
solution of HA sodium salt (100 mg, 15 mmol) was dialyzed against 0.01N HCI (1.5 L) for
20h and then against water (miliQ grade) (1.5 L) for an additional 20h to convert the sodium
salt to the acid form. The acid form of HA was recovered by lyophilization to give 76 mg of
product.

100 mg (0.26 mmol of acid group) of acidic form of HA, 46 mg (0.39 mmol) of N-
hydroxysulfosuccinimide (Sulfo-NHS) were dissolved in 8 mL of dry DMSO. 76 mg of 1-
ethyl-3-(3-dimethylamino-propyl)carbodiimide (EDC) (0.39 mmol) were dissolved in the
mixture under stirring. The reaction was allowed to proceed for 30 min. at room temperature.
Then the amine (NH,-Pego-NHBoc) (131 mg, 0.53 mmol, 2 eq) and DIPA (41 mg, 0.32 mmol,
1.2 eq) were added under stirring. The reaction was allowed to proceed for 4 days. After this
time, the whole reaction mixture was poured into acetone (80 mL) to precipitate the resulting
HA-protected amine. The solid was washed with acetone (3 x 80 mL), and then dried under
vacuum to give 102 mg of crude product. 15 mg of HA-protected amine was dissolved in
trifluoroacetic acid (TFA, 1.5 ml) at 0°C and stirred for 20 h at 4°C. 6 mL of water at 0°C were
added to this mixture and the solution was neutralised with NaOH. The mixture was dialyzed
against 0.1 M NaCl (1.5 L) for 20h and then against water miliQ (1.5 L) for an additional 20h.
The product was recovered by lyophilisation. The degree of substitution was calculated by
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integration of the methyl of acetamido moiety of GICNAc residues resonance (6 = 2.05 ppm,
3H) relative to the methylene group near the primary amine (5 = 2.93 ppm, 2H).

Polyelectrolyte solutions

Anionic hyaluronan solutions (HA, 400 kDa, Bioiberica, Spain), poly(L-glutamic acid)
(Sigma, P4886, M,,,=60 000 g/mol), poly(L-lysine, Sigma, 60 000 g/mol), and poly(allylamine)
hydrochloride (Aldrich, 283223, M,,=70 000) were prepared by dissolution at 0.5 mg/mL in
a0.01 M or 0.15 M NaCl aqueous solution at pH 6.5. Poly(ethylene imine) (Sigma, P3143,
M,,~750 000) was dissolved at 2 mg/mL in the same aqueous solution than that used for the
buildup. It was always deposited as first layer. During film construction, all the rinsing steps
were performed in the same aqueous solution at pH 6.5.

Films characterization by quartz crystal microbalance with dissipation monitoring (QCM-D)
and atomic force microscopy (AFM)

The PEI-(HA/HAY); film buildup (where i denotes the number of layer pairs) was followed by
in situ quartz crystal microbalance (QCM-Dissipation, Qsense, Sweden) 35,36 The quartz
crystal was excited at its fundamental frequency (about 5 MHz, v = 1) as well as at the third,
fifth and seventh overtones (v =3, 5 and 7 corresponding to 15, 25 and 35 MHz, respectively).
Changes in the resonance frequencies Af and in the relaxation of the vibration once the
excitation is stopped were measured at the four frequencies. Other films were also investigated
in the same experimental conditions: PEI-(PGA/HA™*);, PEI-(HA/PLL); and PEI-(HA/PAH);.
For more clarity, the PEI precursor layer will be omitted in the subsequent notations.

The films were also imaged in contact mode in liquid with the Nanoscope IV from Veeco
(Santa Barbara, CA) 37, Deflection and height mode images were scanned simultaneously at
a fixed scan rate (2 Hz) with a resolution of 512x512 pixels. The mean roughness of the films
was measured over 5pumx5um areas. It was calculated according to:

1 N, Ny
R_N‘,N\, Zi:lzj':l 12ij = Zmean | \yhere zjj is the height of a given pixel, Zpean is the average
height of the pixels, and Ny and Ny are the number of pixels in the x and y directions.

Film characterization and cross-linking by FTIR

For the chemical cross-linking of the films, a previously published protocol that was applied
to (PLL/HA); films 38 was again followed. It is based on the reaction of activated carboxylic
sites with primary amine groups 39in the presence of a water-soluble carbodiimide (EDC) and
of N-hydroxysulfosuccinimide (sulfo-NHS) (both purchased from Sigma). Briefly, EDC was
dissolved at pH 4.5 in the NaCl 0.01M aqueous solution at a final concentration of 100 mg/
mL. Sulfo-NHS was dissolved in the same solution at the final constant concentration of 11
mg/mL. The PEI-(HA/HA*)g-HA and PEI-(HA/HA™),q coated glass slides were introduced
in 24-well culture plates and put in contact with 0.5 mL of the EDC/S mixture during 12 hours
at 4°C. Rinsing was performed three times with a 0.01 M NaCl solution for one hour at pH 8
and then the films were rinsed with a 0.15 M NaCl solution at pH 7.4 before being placed in
contact with the culture medium.

For film cross-linking characterization, PEI-(HA/HA™);-HA films deposited on a ZnSe crystal
were investigated by in situ Fourier Transform Infrared (FTIR) Spectroscopy in Attenuated
Total Reflection (ATR) mode with an Equinox 55 spectrophotometer (Bruker, Wissembourg,
France). The experiments were performed in a deuterated 0.01 M NaCl solution at pH 6.5 for
the film buildup and pH 4.5 for cross-linking reaction. 4 mL of the mixed EDC/sulfo-NHS
solutions were flushed in the measuring cell. The parameters and configuration used for the
acquisition during the cross-linking reaction have already been given in detail 38, Spectra were
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acquired before, during, and after cross-linking and were analyzed using the OPUS 2 analysis
software (Brucker, Wissembourg, France).

Fibroblasts culture

Fibroblasts NIH3T3 were routinely grown in Dulbecco's Modified Eagle's Medium (DMEM)
(GibcoBRL), 10% fetal bovine serum (FBS, Life Technologies), 50 U/mL penicillin, and 50
U/mL streptomycin (Bio-Whittaker) in a 5% CO, and 95% air atmosphere at 37 °C. The cells
were detached with 0.04% trypsin/EDTA solution (Gibco BRL, UK) and resuspended in a
DMEM medium supplemented with antibiotics. The cells were distributed into 24-well plates
containing the film coated glass slides (2.5x10* cells per well) in a total volume of 1mL of
DMEM supplement. The cells were incubated at 37°C under a 5% CO, humidified atmosphere.
After 24 hours and 72 hours each well was washed with 1 mL PBS, before adding 1 mL of
new medium.

Four different types of films were investigated: PEI-(HA/HA*)g-HA, PEI-(HA/HA*)1o, (PLL/
HA)15 native and cross-linked (noted ~CL) and compared to bare glass. The (HA/HA*); were
prepared in the 0.01M NaCl solution at pH 6.5 and were subsequently cross-linked. The native
and CL (PLL/HA)12 films were built in a 0.15M NacCl solution at pH 6.5.

Cell viability (trypan-blue test)

After four days of culture, the cells were washed with PBS and detached with 100pL trypsin/
EDTA (Gibco BRL, UK) at 37°C during 5 minutes. 100uL of DMEM was added and the
suspension was collected. The wells were rinsed one more time and resuspended in 100pL of
MEM. 60pL of trypan blue were added to 300pL of cell suspension and the whole mixture
was gently agitated. The non-coloured cells (the living ones) were finally counted with a
Neubauer cell. The experiment was performed twice (with three wells per film condition in
each experiment).

Statistical analysis

Data were analyzed using the one-way ANOVA (one-way analysis of variance) from
SigmaStat 2.0 (Jandel corporation, Germany) with significance at p<0.05.

Results and discussion

Amine modified hyaluronan

Direct carbodiimide-mediated coupling of amines to the carboxyl group of HA in an aqueous
environment, e.g., with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC), did not yield
the predicted product since the O-acyl isourea that is formed as a reactive intermediate
rearranges rapidly to a stable N-acylurea 13,40 In this study, we describe a new synthesis route
to afford substituted HA on carboxyl group (Figure 1). We prepared cationic HA by a modified
procedure described earlier by Bulpitt and Aeschlimann 13 In this approach, active HA esters
are formed in DMSO with N-hydroxysulfosuccinimide using the water soluble carbodiimide
EDC as coupling agent. Nucleophilic addition to the ester formed from Sulfo-NHS requires
presenting the mono-protected di-amine in an unprotonated form in the presence of N-ethyl
diisopropylamine. The free amine is obtained after deprotection by trifluoroacetic acid. The
targeted degree of modification was 100% in order to change all the free carboxylic groups
into primary amines. However, the degree of modification as measured by 1H-Nuclear
Magnetic Resonance analysis was found to be of 60-80%. On the RMN curve, the chemical
signature of the spacer arm on the spectra of HA* could clearly be identified (Supporting
information, Figure 1). The global charge of the amine modified hyaluronan (HA*) was then
determined by zeta potential. The zeta potential of HA* in NaCl 0.01 M at pH 6.5 was found
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to be 3.5+0.4 mV. The molecule is thus weakly positively charged. As the amine group can
not be clearly identified by FTIR due to the presence of strong alcohol peaks, the amide bond
formation resulting from the reaction between amine groups and carboxyl groups of HA was
checked. In the IR spectrum of HA*, the carbonyl absorption band of the carboxylate sodium
salt in HA (1606 cm ™ and 1406 cm™1) become weaker and the new amide bond appears at
1650 cm™1 (Supporting information, Figure 2). These results suggest that the amide bonds
between carboxylic groups of HA and amine of NH,-Peg,-NH; have formed in HA™.

Film characteristics

The film buildup was characterized by different techniques such as quartz crystal microbalance,
atomic force microscopy and Fourier Transform Infrared Spectroscopy. Quartz crystal
microbalance was used to investigate the type of film growth and to determine film thickness
using the Voinova model 41 Film thickness was also estimated by AFM by imaging a scratched
zone of the film (scratch with a needle). The film roughnesses are also summarized in Table
1.

First, we tried to build films in a physiological ionic strength medium at 0.15M NaCl, as many
other polyelectrolyte multilayer films grow in these conditions 20,4228,43 For instance, the
thickness of (HA/PLL) and (HA/PAH) films is known to be of the order of several hundreds
of nanometers after the deposition of only few layer pairs as film growth is of exponential type
28,44 s generally observed that films built at higher ionic strength are thicker than those
built at low ionic strength 42,45 This is attributed to the conformation of the polyelectrolytes:
at low ionic strength, the polyelectrolyte chains are elongated as the charges are repulsing one
another. The polyelectrolyte adsorption leads to a small thickness increase or even to the
desorption of polyelectrolyte complexes due to the affinity between opposite charges. At higher
ionic strength, the charges are screened and the polyelectrolytes have a random coil shape. The
adsorption of these coils lead to a larger thickness increase after each adsorption step. However,
the (HA/HA™) film did not grow in a medium containing 0.15M NaCl (data not shown).
Another trial was performed by replacing the polyanion (HA) by a more charged polyanion
like PGA (zeta potential of HA is of -50mV for HA 28 and —60 mV for PGA*3 in multilayer
films with PLL as polycation), but there was no film growth either (data not shown). As
HA* is only weakly positively charged, we believe that the growth of HA/HA* and PGA/
HA* films in a salt containing medium (0.15M NacCl) is hampered by the weakness of the
interactions between the polyelectrolytes.

As it was recently shown that films containing HA as polyanion and collagen as polycationic
biopolymer could be built at low ionic strength (0.01M NaCl) 33,34 \where the polymers have
a fully extended conformation 46 e investigated the film buildup under low ionic strength
conditions for the amine modified hyaluronan. In order to compare (HA/HA*) film growth
with other systems, we analyzed the buildup of various systems under the same experimental
conditions (Figure 2). The raw QCM signal obtained for (HA/HA™) films is plotted as a function
of the number of layer pairs (Figure 2A). The experiments have been performed in duplicate
and standard deviations are of the order of 5 to 20% (supporting information: Figure 3).
However, for more clarity, only one QCM experiment is represented for each type of film. On
Figure 2, polycation layers are represented by open symbols and polyanion layers by closed
symbols. (HA/HA") films are compared to (HA/PLL) and (HA/PAH) films at the same ionic
strength, PLL and PAH being more charged polyelectrolytes of shorter chains 47,48 Film
growth is faster for (HA/PAH) films than for (HA/PLL) films, which is qualitatively similar
to (HA/HAY) films. Figure 2B represents the raw QCM signals at 15 MHz but with HA* as
polycation and PGA and HA as polyanions. In all cases, film growth can be characterized by
a linear increase of the thickness as a function of the number of layer pairs when analyzed over
the initial ten layer pairs.
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We noticed a decrease in frequency shift for (HA/PLL) and for (HA/PAH) films after
deposition of the polycation layer (PAH and PLL, open symbols, Figure 2A) and for (PGA/
HA™) after the deposition of the polyanion layer (closed symbols, Figure 2B) is similar to what
was observed for (CHI/HA) films at very low ionic strength (107*M) 30 and for other
polyelectrolyte systems 49 In these previous studies, this observation was attributed to
redissolution of the polyelectrolyte complexes following the contact between the film and the
polyelectrolyte solution 30,49 1t may also originate from a film swelling or deswelling upon
polyelectrolyte adsorption as the dissipation factor was always increasing upon adsorption of
the polycation layer for (HA/PLL), (HA/PAH) and (PGA/HA*) films (data not shown). Similar
density changes (film swelling/shrinking) have been observed for (PLL/HA) films built in
0.15M NaCl and are probably due to the modification of the hydration core surrounding
hyaluronan upon interaction with the oppositely charged polycation. Water distribution was
recently investigated in multilayer films of weak synthetic polyelectrolytes S0 put is still largely
unknown in multilayers of weak and highly hydrated polyelectrolytes such as those made of
hyaluronan.

This type of curve with successive increases and decreases in frequency upon polyelectrolyte
adsorption is not observed for (HA/HAY) films.

The thicknesses deduced from the four measured frequencies (only the 15MHz curve is
represented in Figure 2 for more clarity) and from the viscous dissipation curves (data not
shown) are represented in Figure 3. They agree qualitatively with the raw data of Figure 2. A
linear increase of the film thicknesses is observed. The measured thickness for films made of
ten layer pairs are gathered in Table 1.

The topography and roughness of the films built with polyanionic HA were observed by AFM
(Figure 4). All the films are made of small nodules. (HA/PAH) films are the most grainy ones
with the highest surface roughness followed by the (HA/PLL) and by (HA/HA*) films, which
are about 2 nm in roughness (Table 1).

The study of (HA/HA™*) film buildup was completed by analysing film secondary structure
using ATR-FTIR in DO at pH = 6.5. Carboxylic and saccharide peaks evolutions were more
particularly followed (Figure 5). Similarly to what has already been observed for (PLL/HA)
films 38 and (CHI/HA) films 5l using the same anionic hyaluronan, three main regions could
be distinguished: the characteristic saccharide peaks in the 950—-1200 cm™1 region (not shown)
are representative of the skeletal vibrations and involve the C-O stretching at 1082 cm™1, 1032
cm L and that at 1159 cm~152:23; the band at 1400-1500 cm ™ contains the amide 11 band
from HA, and the peak attributed to ~-COO~ symmetric stretch (1412 cm™1) of HA 54: the band
in the 1630-1700 cm™1 region corresponds to the amide | vibrations of HA 5453 the peak
attributed to —COO™ asymmetric stretch from HA (1606 cm™1) (Figure 5A). By plotting the
maximum of the peaks at 1606 cm ™1 (carboxylic peak) and 1081 cm™! (saccharide peak) as a
function of the number of layer pairs (Figure 5B), one can observe that the intensity maxima
of these peaks increase linearly with the number of deposited layers, which agrees well with
the QCM data.

Stability in physiological medium by cross-linking

As the (HA/HAY); films are built in a low ionic strength medium, it was important to check
their stability in a physiological medium containing salt (about 0.15 M NaCl) for subsequent
cell adhesion studies. Unfortunately, QCM-D data evidenced that, once the medium was
changed to a higher ionic strength medium, the signal drastically decreased (data not shown),
which probably indicates that the film was suddenly disrupting and not eroding. This may
originate from a change in the three dimensional structure of the film due to the modification
of the electrostatic forces. Such stability problems were already encountered for other
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polyelectrolyte multilayer films built at low pH or/and low ionic strength and then transferred
to a phy5|olog|cal medium at pH 7.4 55 such as PLL/acid poly(L-glutamic) films or (COLL/
HA) films 34 Similar problems exist for hydrogen bonded films that need to be cross-linked
prior to their transfer in neutral pH solutions 56_Film growth isalso known to greatly dependent
on ionic strength conditions 57,58 and film deconstruction has already been shown to occur
for systems containing a weak polyacid when the ionic strength is increased ©

In order to stabilize (HA/HA™*) films for use in physiological media, one had to find a way to
strengthen their structure. This may be achieved by film cross-linking. Several cross-linking
strategies have been recently developed to enhance both mechanical and chemlcal stability of
polyelectrolyte multllayerfllms or capsules, including thermal cross- Imkmg , chemical
cross-linking by glutaraldehyde , mild oxydation and disulfide bond formation 63 and cross-
linking using carbodiimides 38 Cross linking by means of carbodiimides consists in a simple
water based protocol of defmed chemistry that can be applied to a wide variety of films
following their bundup 8,6437,56 , provided that they possess carboxylic and primary amine
groups. Therefore, we applied this protocol to the (HA/HA™) films and followed cross-linking
by FTIR (Figure 6).

Spectra were taken at the end of the film buildup (before contact with the EDC/sulfo-NHS
solution) and ten hours after contact with the EDC/sulfo-NHS solution (after cross-linking).
They are represented in Figure 6 together with the difference between the actual spectrum and
the spectrum recorded before contact with the cross-linker solution. The intensity of the peaks
attributed to the carboxylic groups (1606, 1412 cm™1) decreased and correlatively the intensity
of the amide bands increased (1620-1680 cm ™1 and 1400-1500 cm™1). This was a strong
indication of the formation of amide bonds between HA* and HA at the expense of carboxylic
groups. A second, although indirect, proof for the effective cross-linking concerned the
invariance of the FTIR spectrum when the film is put in contact with a 0.15 M NaCl solution
(data not shown).

Fibroblasts adhesion onto the films

For subsequent cell adhesion studies, it was a prerequisite that the film remained stable in
physiological medium. Therefore, only cross-linked (HA/HA*) films were investigated for cell
culture studies. Hyaluronan gels are usually found to be anti-adhesive for cells unless surface
modification is performed by various strategies such as coatlng]wnh poly(D- Iysme) , grafting
the adhesive RGD peptlde or including gelatin in the gels . With respect to polyelectrolyte
multilayer films contalnlng hyaluronan a poor cell adhesion was always observed on films
like (PLL/HA) or (CHI/HA) 0 unless the films were cross-linked. This was attributed to
their high water content, their gel like character and their softness 38,68 e indeed recently
found that chondrosarcoma adhesion and spreading depended on the extent of film cross-
Imkmg . Micropatterned cell co-cultures were also recently achieved W|th the layer-by-layer
technique using hyaluronan as non adhesive substrate and poly(L- Iysme) or COLL as
adhesive substrates 29. Here, we compared the (HA/HA™) films terminating b either HA or
HA* to the already well characterized (PLL/HA) native and cross-linked films 38, The viability
of NIH3T3 cells was evaluated after four days in culture. The number of living cells on cross-
linked (HA/HA™) films was slightly lower than that on cross-linked (PLL/HA) films, cell
number being slightly higher on films ending by HA. This proved the good biocompatibility
of pure hyaluronan films. For (PLL/HA) films, the change in cell adhesion upon cross-linking
was attributed mainly to a change in film stiffness 71 one may hypothesize that cross-linking
also leads to a change in (HA/HAY) film mechanical properties. Unfortunately, these properties
can not be measured directly by AFM colloidal probe due to the small sample thickness (about
100 nm).
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Such (HA/HA™) thin films are potentially interesting for biomedical applications as they allow
the deposition of hyaluronan layers with a nanometer scale control. They could be employed
for fundamental cell adhesion studies aimed at understanding the mechanism of cell/substrate
interactions 6. In addition, as hyaluronan can be grafted with various types of molecules (72
3 74), the films may be functionalized by adsorption of a bioactive layer as last deposited
layer. They may also be functionalized by direct diffusion of drugs into the film after its cross-
linking, as was recently shown on cross-linked PEM films (Schneider, in press, 75).

CONCLUSION

Biochemical surface functionalization is important for a wide range of bioengineering
applications. In particular, adsorption or grafting of molecules such as biopolymers, proteins
or polysaccharides has gained lots of attention and many studies focus on the characterization
of modified surfaces for cell culture studies. Hyaluronan enters in this category and is widely
investigated for its biological and physico-chemical properties. Here, the formation of a new
kind of thin films based on hyaluronan and chemically modified hyaluronic acid was
investigated. The layer-by-layer technique was employed to prepare thin films of hyaluronan
of tunable thickness at the nanometer scale. These films were stable in physiological media
once cross-linked by means of carbodiimide chemistry such as to form covalent amide bonds
between amino groups of modified hyaluronic acid and carboxylic groups of hyaluronan. NIH
3T3 cells were viable onto thin films of hyaluronan with however better results for hyaluronan
ending films. These films may now constitute the basis for more quantitative cell adhesion
studies using biophysical techniques. They could also constitute a platform for the introduction
of bioactive molecules within the film architecture in order to get biofunctionalized material
surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synthesis of the amine modified hyaluronan. Step i) HA was dissolved in DMSO in the
presence of sulfo-NHS and EDC ii) Protection of the HA by the amine NH,PEG,NHBoc in
the presence of N-ethyl diisopropylamine iii) deprotection of the amine group by dissolution
in TFA.
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FIGURE 2.

Film growth in 0.01M NaCl (pH 6.5) for different polyelectrolyte multilayer films as measured
by QCM-D. Differences in the QCM frequency shifts —Af/v measured at 15 MHz at the end
of each polycation (open symbols) and polyanion (closed symbols) deposition, after the rinsing
step. (A) with HA as polyanions: (HA/HA* )(o/e), (HA/PAH) (o/m) and (HA/PLL) (V/V);
(B) with HA* as polycation: (HA/HA™) (o/e) and (PGA/HAY) and (4/0).
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FIGURE 3.

Film thicknesses as a function of the number of layer pairs as estimated by QCM-D (same
experimental conditions as in Figure 2). Polycations are represented by open symbols and
polyanions by closed symbols for different types of films. (A) with HA as polyanion: (HA/
HA™) (o/e), (HA/PAH) (o/m) and (HA/PLL) (V/V); (B) with HA* as polycation: (HA/
HA™) (o/e) and (PGA/HA™) and (4/0).
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FIGURE 4.
AFM height mode images in liquid obtained for (A) (HA/HA*)1g (B) (HA/PAH)o and (C)
(HA/PLL)1g. The image dimensions are 10x10 pm? and the maximum z-range is 100 nm.
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(A) ATR-FTIR spectra of a PEI-(HA/HA™);-HA film during its buildup. The spectra are taken
after each HA and HA* adsorption (after the rinsing step). The carboxylic peaks (1606 and
1412 cm™1, respectively) and the amide | and 11 bands (1600-1675 and 14001500 cm ™1,
respectively) can be seen. (B) The evolution of the absolute values of the absorbance at 1606
cm~1 (o, carboxylic peak) and 1081 cm™1 (V, saccharide peak) is represented as a function of
the number of deposited layer pairs.
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FIGURE 6.

ATR-FTIR spectra of native and cross-linked PEI-(HA/HA™);-HA films before (—) and after
cross-linking and final rinsing step (—o-). Cross-linking was achieved by contact with EDC/
NHS solution for 12 hours at 4°C. The difference between the two spectra (before and after
cross-linking) is also represented (thick black line).
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FIGURE 7.

Results of trypan blue test (cell viability) for NIH3T3 cells cultured on different types of films
for four days: PEI-(HA/HA*)g-HA, PEI-(HA/HA*)1g, as compared to (PLL/HA)15 native or
cross-linked films and to bare glass. Values and standard errors are obtained for three slides
per film type. *Adhesion was statistically different between different film types (ANOVA,
*p < 0.05).
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