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ABSTRACT: Surface functionalization plays an important role in the design of
biomedical implants, especially when layer forming cells, such as endothelial or
epithelial cells, are needed. In this study, we define a novel nanoscale surface
coating composed of collagen/alginate polyelectrolyte multilayers and cross-linked
for stability with genipin. This buildup follows an exponential growth regime
versus the number of deposition cycles with a distinct nanofibrillar structure that is
not damaged by the cross-linking step. Stability and cell compatibility of the cross-
linked coatings were studied with human umbilical vein endothelial cells. The
surface coating can be covered by a monolayer of vascular endothelial cells within
5 days. Genipin cross-linking renders the surface more suitable for cell attachment
and proliferation compared to glutaraldehyde (more conventional cross-linker)
cross-linked surfaces, where cell clumps in dispersed areas were observed. In
summary, it is possible with the defined system to build fibrillar structures with a
nanoscale control of film thickness, which would be useful for in vivo applications such as inner lining of lumens for vascular and
tracheal implants.

■ INTRODUCTION
Polyelectrolyte multilayer (PEM) films constitute surface
coatings with well-defined and controlled properties, such as
thickness and surface chemistry.1 In the biomedical field, the
approach is often employed to promote cell attachment and to
embed bioactive molecules in the film architecture to design
gene or drug delivery platforms.2 Films can be prepared using
synthetic polyelectrolytes, such as poly(styrene sulfonate)
(PSS) and poly(allylamine hydrochloride) (PAH). Such films
are relatively stiff and thus favor cell adhesion and
proliferation.3 But, these polymers cannot be used in the
human body because they are not approved by the U.S. FDA
and also because of potential inflammatory risks. The
development of PEM films using natural polyelectrolytes
(polysaccharides or proteins) is of great interest for the design
of (bio)materials or surface coatings of devices for medical
applications. A number of studies have described the buildup of
films with hyaluronic acid (HA), poly(L-lysine) (PLL), chitosan
(CHI), or with various proteins such as globular proteins
(lysozyme, RNase, IgGs),4 bovine5 or human serum albumin,6

myoglobin,7,8 hemoglobin,9 and cytochrome C.10 Cellular
adhesion and proliferation on such films, however, are poor,

mainly because of the weak stiffness and high water content of
those films.
Collagen (COL) is the most abundant extracellular matrix

(ECM) protein present in the mammalian body. It has been
used for biomaterial applications in countless forms, mainly as
hydrogels,11 foams, and PEM films.12 In addition to the
interaction of its amino acid sequences with cell adhesion
receptors, physical properties of collagen have also been shown
to play a main role in cellular activities. Collagen, when
organized in fibrils, provides structural and mechanical support.
Electrospinning is one of the most common nanofibrillar
material processing techniques, but there are strong concerns
about its effect on collagen denaturation.13 COL-based
structures are comparable to those found in vivo and may
mimic basement membranes where the fibrillar aspect of
collagen constitutes an important feature.
Previously, COL-based PEM films were produced with HA,14

heparin15,16 (HN), chondroitin sulfate16,17 (CS), PSS,18 or even
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cellulose nanowhiskers.19 Alginate (ALG), a natural, degrabable
polysaccharide as HA, is often employed as a biomaterial.20 To
our knowledge, no study was realized on PEM films in which
both alginate and collagen were employed. COL/ALG is a
system based on natural compounds, both FDA approved, that
can be easily dedicated to clinical applications. Thus, combining
the properties of collagen and alginate could be of great interest
to understand the COL-based multilayer film growth and for
future biomedical applications.
Polyelectrolyte films built with polysaccharides and proteins

or only polysaccharides raise the problem of their stability in
physiological conditions and low stiffness hindering cell
adhesion. These drawbacks can be avoided by film cross-
linking. Several cross-linking methods exist, such as dehy-
drothermal treatment, which is not very efficient or chemical
cross-linking. Various chemical cross-linkers such as a water-
soluble carbodiimide (EDC (1-ethyl-3-(3-dimethylaminoprop-
yl)) in combination with sulfo-NHS (N-hydroxysulfo-succini-
mide),21 or bifunctional aldehydes such as glutaraldehyde,22

have been reported. However, cross-linking of natural PEM
films carried out with EDC or glutaraldehyde caused significant
changes in the physicochemical properties of the films.23

Genipin, a natural cross-linking agent found in plants, which
has been shown to be quite efficient in protein cross-linking,24

represents an alternative of interest. Recently, tissue engineer-
ing strategies have used genipin with beneficial side effects, such
as control of inflammation25 or enhancement of fibroblastic
cells attachment.26

The aim of this work was first to investigate the layer-by-layer
film assembly of collagen and alginate, then to characterize the
physicochemical properties of the film and finally to stabilize it
at physiological pH by genipin cross-linking. We also
investigated the adhesion and growth of human umbilical
vein endothelial cells (HUVEC) on this innovative multilayer
architecture.

■ EXPERIMENTAL SECTION
Materials and Methods. Chemicals and Polyelectrolyte

Solutions. Poly(ethyleneimine) was purchased from Sigma Aldrich
(PEI, P3143, Mw = 750 000 Da, Saint Quentin Fallavier, France) and
was used as a positively charged precursor layer. It was dissolved in
0.15 M NaCl buffer at pH 3.8 (citrate buffer) and deposited for 10 min
on the substrate and then rinsed with buffer. Lyophilized collagen
(COL, Type I from bovine, medical grade, Symatese, Lyon, France)
and sodium alginate (ALG, Pronova UPLVG medical grade, FMC
Biopolymers AS Novamatrix, Sandvika, Norway) were dissolved at a
concentration of 0.5 g/L in 150 mM NaCl buffer at pH 3.8 (citrate
buffer). ALG and COL were deposited alternatively on the substrate
with deposition times of 10 and 15 min, respectively, before rinsing.
During film construction, all the rinsing steps were performed with an
aqueous NaCl solution (150 mM) at pH 3.8 for 5 min. To study the
stability of the COL/ALG films at physiological pH, a last rinsing step
was performed using a 150 mM NaCl buffer solution (Hepes 10 mM)
at pH 7.4. Genipin was purchased from Wako Chemicals (Richmond,
U.S.A.) and used without purification. Dimethyl sulfoxide (DMSO)
was purchased from Sigma Aldrich. All solutions were prepared using
ultrapure water (resistivity of 18.2 MΩ·cm obtained by a Milli-Q water
purification system, Millipore).
Chemical Cross-Linking of the Films. Cross-linking was performed

on films deposited either on ZnSe crystals (for FTIR-ATR
experiments, see below), on SiO2-coated crystals (for quartz crystal
microbalance experiments and atomic force microscopy imaging, see
below), or on glass slides (for ζ potential measurements and for cell
culture, see below). Glutaraldehyde solutions were prepared in a 150
mM NaCl solution at pH 3.8 (citrate buffer). Genipin solutions were
prepared by dissolving the adequate amount of lyophilized genipin

into a DMSO/citrate buffer (150 mM NaCl, pH 3.8) mixture (1:4).
The cross-linking agent solution was incubated with the multilayer
films for 12 h. Rinsing steps were then performed with citrate buffer at
pH 3.8.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-
D). The PEI/(ALG/COL)3 film buildup and the cross-linking process
were followed in situ by quartz crystal microbalance with dissipation
monitoring (QCM-D, Q-Sense AB, Götenborg, Sweden). Briefly, the
quartz crystal is excited at its fundamental frequency (about 5 MHz),
as well as at the third, fifth, and seventh overtones (denoted by ν = 3, ν
= 5, ν = 7 corresponding respectively to 15, 25, and 35 MHz).
Changes in the resonance frequencies (Δfν) and in the relaxation of
the vibration once the excitation is stopped are measured at these four
frequencies. The relaxation gives access to the dissipation D of the
vibrational energy stored in the resonator. An increase in −Δfν/ν is
usually associated, in a first approximation, to an increase of the mass
coupled to the quartz.

Fourier Transform Infrared Spectroscopy in Attenuated Total
Reflection Mode (FTIR-ATR). The cross-linking of PEI/(ALG/COL)3
films deposited on a ZnSe crystal was investigated by in situ Fourier
transform infrared (FTIR) spectroscopy in the attenuated total
reflection (ATR) mode with a Vertex 70 spectrophotometer (Bruker,
Wissembourg, France). The experiments were performed in a
deuterated 150 mM NaCl solution at pH 4. D2O is used as the
solvent instead of H2O because the amide I band of COL is affected by
the strong water absorption band located around 1643 cm−1 (O−H
bending), whereas the corresponding vibration in D2O is found
around 1209 cm−1. During the buildup, the film was continuously in
contact with the 150 mM NaCl solution. After each rinsing step
following a polyelectrolyte deposition and after the final contact with
the cross-linking agent solution, single-channel spectra from 128
interferograms were recorded between 700 and 4000 cm−1 with a 2
cm−1 resolution, using Blackman−Harris three-term apodization and
the standard Bruker OPUS/IR software (version 3.0.4). Analysis of the
raw spectrum was performed at each deposition/rinsing step. During
the contact of the film with the cross-linker solution, single-channel
spectra from 128 interferograms were recorded at different times.

ζ Potential Measurements. The ζ potential of surfaces was
determined with ZetaCAD device (CAD Instrumentation, Les Essarts
le Roi, France) and is based on streaming potential measurements.
Two glass slides were mounted parallel to each other in a Plexiglas
chamber. They were separated by 500-μm thick poly-
(tetrafluoroethylene) spacers. The streaming potential was measured
10 times after each layer deposition. The ζ potential was calculated
according to the Smoluchowski relation:27

ζ ηλ
ε ε

= Δ
Δ

E
P 0 r

where η, λ, εr, and ε0 correspond respectively to solution viscosity,
solution conductivity, relative dielectric permittivity of solution and
dielectric permittivity of vacuum. The potential difference ΔE is
measured between two Ag/AgCl reference electrodes located on both
sides of the measurement cell. The pressure difference ΔP between the
electrolyte compartments is varied between −300 and +300 kPa with
30 kPa increments. The polyelectrolyte solutions were injected in the
measuring cell. Measurements were taken after rinsing with citrate
buffer solution (5 mM or 150 mM NaCl, pH 3.8). At the end of the
buildup, the cross-linker solution was injected and left in contact for 12
h before rinsing.

Atomic Force Spectroscopy (AFM). Atomic force microscopy
(AFM) measurements using a Multimode Nanoscope IV from Bruker
(Palaiseau, France) were carried out in contact mode. All images were
acquired after a rinsing step with water and drying with a nitrogen
flow. Silicon nitride probes (MSCT model, Bruker) with a spring
constant of 0.03 N.m−1 were used for imaging. Fibrils thickness was
determined by measuring the diameter of 10 individual fibrils in a
given image using the ImageJ software and calculating the average
thickness and standard deviation (Rasband, W.S., ImageJ, U.S.
National Institutes of Health, Bethesda, Maryland, USA, http://
imagej.nih.gov/ij/, 1997−2011).
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Cell Compatibility. Cell Culture. Human umbilical vein
endothelial cells (HUVEC, PromoCell, Heidelberg, Germany) were
used at passage 4−5 for all experiments. Cell culture was done with
endothelial cell growth medium (PromoCell) with supplement mix
(heparin, hydrocortisone, basic fibroblast growth factor, epidermal
growth factor, endothelial cell growth supplement, fetal calf serum,
PromoCell) and 1% penicillin/streptomycin.
The samples were sterilized with UV (30 min exposure) under a

tissue culture hood. Near confluent HUVEC cells were removed from
flasks with TrypleExpress (Gibco, Villebon-sur-Yvette, France)
treatment, counted with a hemocytometer and then seeded onto the
films in 50 μL volume with initial cell number of 1 × 104 (proliferation
tests) or 5 × 104 (adhesion tests). After an attachment period of 30
min medium was completed to 1 mL and changed daily. Cell
attachment, spreading and proliferation were determined by the
following tests.
Vybrant Cell Adhesion Assay. For this assay 5 × 104 HUVEC cells

labeled with Calcein-AM were used as per instructions of the provider.
Briefly, 5 × 106 HUVEC were suspended in 1 mL of growth medium,
which then was supplemented with calcein-AM to bring the final
concentration to 0.005 mM. Then cells were incubated at 37 °C for 30
min, washed with medium, and after centrifugation, resuspended.
Cellular attachment was checked after 30 min and 1 h of incubation at
37 °C with a fluorescence microscope Nikon Ellipse TE200 (objective
lens 63 × 1.4 NA). Images were acquired with Nikon Digital Camera
(DXM 1200 or DS-Qi1Mc with ATC-1 or NIS-Elements software).
Proliferation Assay. TOX8 (Sigma Aldrich) is a Resazurin-based

assay, where cell number can be inferred from the decrease in the
absorption of the dye at 600 nm due to metabolic activity. The test
was carried out on samples at days 1, 3, and 5 with 2 h of incubation
and readings from the supernatant were performed at reference
wavelength of 690 nm.
Cell Morphology. After 5 days, cells on films were fixed with 3.7%

paraformaldehyde and stained with Hoechst (20 μg/mL, nuclear dye)
and TRITC-Phalloidin (1 μg/mL, binds to cytoskeletal actin). For
phalloidin staining, cells were previously permeabilized with 1%
Triton-X for 3 min and incubated at room temperature for 1 h with
phalloidin. Cells were observed with a fluorescence microscope.

■ RESULTS AND DISCUSSION

Buildup of the Film. The buildup of polyelectrolyte
multilayer films based on collagen and alginate was first
monitored in situ with QCM-D. Figure 1 depicts the buildup of

PEI/(ALG/COL)7 (7 bilayers) films. Each deposition step of
alginate leads to a small increase in the opposite of the
normalized frequency noted −Δfν/ν (Supporting Information
S1). This parameter is, in a first approximation, proportional to
the mass of polyelectrolytes deposited. Increments in the
normalized frequency due to COL injections are greater than
the ALG increments. The increment in the normalized
frequency because of a COL deposition increases gradually
with the number of layers, which indicates that the growth
regime of the film is nonlinear. Indeed, it can be verified that
the growth regime is exponential up to COL6.
In situ buildup of a PEI/(ALG/COL)7 film was also followed

by FTIR-ATR. Figure 2 shows the spectra acquired after each
deposition step. The characteristic bands, amide I, II, and
δ(CH3)/δ(CH2), respectively, at 1655, 1560, and 1460 cm−1,
were attributed to COL.28 The bands at 1604 and 1415 cm−1

were attributed to the antisymmetric and to the symmetric
stretching of the COO− groups of ALG.29 The region at 950−
1200 cm−1 is representative of the skeletal vibrations of
saccharide rings of ALG, that is, C−O and C−O−C stretching
peaks at 1093 and 1034 cm−1.30 Intensities of all these
representative bands increase after each deposition step which
demonstrates the layer-by-layer buildup of a PEI/(ALG/COL)7
film.
Collagen type I, with a pI of 5.5, is positively charged at pH

3.8.31 Alginate (pKa of 3.5) is slightly negatively charged at pH
3.8. Zeta potential measurements of a PEI/(ALG/COL)3 film
during its buildup and after each injection step performed at
pH 3.8 in a citrate buffer 150 mM NaCl demonstrate that an
overcompensation after each injection step occurs: the ζ
potential alternates between negative values (from −4.7 to −1.9
mV) after each ALG injection step and positive values (from
+1.7 to +3.3 mV) after each COL deposition step (Figure 3a).
However, the amplitude of this alternation is quite low
compared to that of other PEM films.32 This is probably due
to the low charge density carried by COL or ALG. Similar
measurements, also performed at pH 3.8, but with a lower salt
concentration (5 mM) revealed stronger amplitude in signals
after each injection step (around 16 mV) (Figure 3b).

Morphology of the Films. Atomic force microscopy
images show the formation of a homogeneous film after the
deposition of only n = 3 pairs of layers (Figure 4a and b). At
higher magnification, collagen fibrils are observed (Figure 4b).
Thicknesses of PEI/(ALG/COL)3 and PEI/(ALG/COL)7

films reach about 24 and 84 nm, respectively (Supporting
Information S2). The layer-by-layer method is ideal to prepare
films with a good control of thickness. These results show that
it is possible to control the thickness of COL/ALG films at a
nanometric scale by changing the number of bilayers deposited.

Stabilization by Chemical Cross-Linking. PEI/(ALG/
COL)3 films have been designed with the final aim to be
applied for biomedical purposes. For this reason, after their
buildup in acidic conditions (citrate buffer at pH 3.8), the films
were incubated in a physiological buffer (HEPES buffer at pH
7.4).
This step was followed by QCM-D (Figure 5) which reveals

that a large fraction of the PEI/(ALG/COL)3 film was
dissolved (about 80% in less than 1 min). This is probably
due to the collagen chains which become negatively charged at
pH 7.4 and thus to the disappearance of the electrostatic
attraction with the negatively charged alginate (which remains
negatively charged at pH 7.4). The same behavior was observed
on the dissipation curves (Supporting Information S3).

Figure 1. Buildup at pH 3.8 of a PEI/(ALG/COL)7 multilayer film on
a SiO2-coated crystal followed by QCM-D. Evolution of the opposite
of the normalized frequency shift −Δfν/ν (ν = 3) as a function of the
injection step. Error bars correspond to standard deviations
determined from three independent experiments.
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To stabilize these COL/ALG films at physiological pH,
genipin, a natural molecule was used. Genipin is becoming of
great interest because of its noncytotoxicity and biocompati-

bility.22−24 However, the chemical process of the cross-linking
of genipin with an amine-containing compound is not well-

Figure 2. Evolution of FTIR-ATR spectra of a PEI/(ALG/COL)7 film during its buildup in 150 mM NaCl buffer solution (in D2O) at pH 3.8. Each
spectrum was recorded after each deposition of a layer followed by the rinsing step.

Figure 3. Evolution of the zeta potential of the surface during the
buildup of a PEI/(ALG/COL)n film. (a) PEI/(ALG/COL)3 film built
at an ionic strength of 150 mM NaCl and pH 3.8 (citrate buffer). At
the end of the construction, genipin is injected (indicated by an arrow
on the graph, Cgenipin = 100 mM) and then the film was rinsed at pH
7.4 (HEPES buffer) followed by another rinsing step with a citrate
buffer at pH 3.8. (b) PEI/(ALG/COL)7 film built at an ionic strength
of 150 mM and 5 mM NaCl. Each mean value corresponds to the
average of four measurements and error bars correspond to the
standard deviations. The solid lines serve only to guide the eye.

Figure 4. AFM observations of (a) PEI/(ALG/COL)3 film, (c) PEI/
(ALG/COL)3 film cross-linked with genipin at 100 mM, (e) PEI/
(ALG/COL)3 film cross-linked with glutaraldehyde at 50 mM. Panels
b, d, and f are zoomed in views of panels a, c, and e, respectively. Image
sizes are 10 × 10 μm2 (a, c, e) and 5 × 5 μm2 (b, d, f), and the z scale
is 40 nm.
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defined (Supporting Information S4). So far there are still
several different mechanisms describing the chemical reaction
between the primary amine (chitosan, collagen) and the
carboxylic group on genipin.26

The PEI/(ALG/COL)3 multilayer film was built at pH 3.8
and then incubated overnight in a 100 mM genipin solution
(Figure 6). There was only a slight frequency shift after both

genipin injection and rinsing at pH 7.4. However, as soon as the
film was brought back to pH 3.8, the frequency measured after
film buildup at pH 3.8 was recovered. This clearly indicates that
genipin has cross-linked the film preventing dissolution when
exposed to a buffer solution at pH 7.4. Thus, the QCM-D
measurements confirm the cross-linking suggested by ζ
potential measurements (Figure 3a): the results showed that
the film resists the pH jump from 3.8 to 7.4, whereas it would
have been degraded without cross-linking.

The influence of genipin concentration on the cross-linking
ratio was evaluated through QCM-D experiments. PEI/(ALG/
COL)3 films built at pH 3.8 were cross-linked with genipin
overnight at concentrations ranging from 5 up to 180 mM, then
rinsed with a buffer solution at pH 7.4, and finally rinsed with a
buffer solution at pH 3.8. The ratios of the frequencies before
and after cross-linking (both at pH 3.8) were evaluated (Figure
7a). Similar experiments were performed with glutaraldehyde
(Figure 7b). Glutaraldehyde has been previously used for cross-
linking CHI/ALG films to render them more robust.1

For cell culture experiments, the integrity of the films is
needed. As indicated in Figure 7a and b, the films are stable
once the plateau is reached, independently of the cross-linker
concentration. Concentrations of 100 mM (genipin) and 50
mM (glutaraldehyde) were thus chosen to produce films that
resist to biological conditions (pH 7.4). PEI/(ALG/COL)3
films cross-linked with genipin at 100 mM and glutaraldehyde
at 50 mM were observed with AFM after rinsing at pH 7.4 and
after being brought back to pH 3.8 (Figure 4). Both films reveal
similar structures and morphologies than in the native state
(without cross-linking), that is, a roughness of about Ra = 4 nm
and thicknesses of 20−22 nm (Supporting Information S5).

Figure 5. Buildup of a PEI/(ALG/COL)3 multilayer film on a SiO2-
coated crystal followed by QCM-D. Evolution of the opposite of the
normalized frequency shift −Δfν/ν as a function of the injection step.
The buildup is performed at pH 3.8 (citrate buffer) and at the end of
the construction, the film is rinsed successively with a HEPES buffer at
pH 7.4 and a citrate buffer at pH 3.8.

Figure 6. Buildup of a PEI/(ALG/COL)3 multilayer film on a SiO2-
coated crystal followed by QCM-D. Evolution of the opposite of the
normalized frequency shift −Δfν/ν (ν = 3). The buildup is performed
at pH 3.8 (citrate buffer), then genipin (GEN) is put in contact with
the architecture at a concentration of 100 mM. Finally, the film is
rinsed with a HEPES buffer at pH 7.4, and then brought back to pH
3.8.

Figure 7. (a) Influence of the genipin concentration on the fraction of
nondissolved film for PEI/(ALG/COL)3 films built at pH 3.8, cross-
linked with genipin, rinsed with a pH 7.4 buffer solution and then
brought back at pH 3.8. These amounts were evaluated through
QCM-D experiments and correspond to “frequency evaluated after
cross-linking of the films and rinsing steps at pH 7.4 and pH 3.8”/
“frequency evaluated at the end of the buildup of the films at pH 3.8”.
(b) Similar to (a) except that cross-linking was performed with
glutaraldehyde. Error bars correspond to standard deviations
determined from three independent experiments. The solid lines
serve only to guide the eye.
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Figure 4c and d show the structure of a COL/ALG film after
cross-linking with genipin at 100 mM. The fibrillar structure of
the film is preserved and is very similar to the structure of a
noncross-linked film, with collagen fibers randomly organized.
However, the structure of a COL/ALG film cross-linked with
glutaraldehyde at 50 mM is slightly different (Figure 4e and f).
The structure is still organized in fibrils, but these are a bit
aggregated, which might induce a reduction of available active
sites distributed along them. This could be due to
glutaraldehyde molecules that make more bonds between the
collagen chains than genipin ones during the cross-linking step.
The mean diameters of the collagen fibrils are 75 ± 8 nm (un-
cross-linked), 74 ± 8 nm (cross-linked with genipin) and 82 ±
13 nm (cross-linked with glutaraldehyde). These results
indicate that the fibrillar structure of a COL/ALG film is not
altered after cross-linking with genipin at 100 mM. Increasing
the genipin concentration for cross-linking would probably
make the film stiffer due to a large number of bonds between
COL chains and thereby render the fibrillar structure like that
of a glutaraldehyde-cross-linked film, whereas it is of major
importance to keep the collagen fibrils intact for biomedical
applications.
COL/ALG film cross-linking was also followed by FTIR-

ATR spectroscopy. Genipin (100 mM) or glutaraldehyde (50
mM) solutions were put in contact with PEI/(ALG/COL)3
films during 12 h. For both cross-linkers, we monitored the
spectra of the films in contact with a 150 mM NaCl solution at
pH 3.8 before and after cross-linking by genipin (Figure 8a) or
by glutaraldehyde (Figure 8b). After cross-linking at pH 3.8, the
films were rinsed consecutively with 150 mM NaCl solutions at
pH 3.8, pH 7.4, and again at pH 3.8 to remove the noncross-
linked material. The difference between the spectra before and
after cross-linking is also shown in Figure 8. After cross-linking
with genipin (Figure 8a), the absorbance values in the 1410−
1500 cm−1 region increase, demonstrating the formation of
conjugated alkene and an increase in the CH3 content (1440
cm−1).33 A small increase of the band at 1560 cm−1 is visible
because of the formation of alkene bonds (stretch of CC
bond) because of the presence of genipin-cross-linked COL
(Figure 8a).33,34 The decrease of the amide I (1654 cm−1) band
of COL and of the carboxylic band of ALG (1604 cm−1) could
be explained by a small loss of noncross-linked material during
the rinsing step at pH 7.4.
When COL/ALG films are cross-linked with glutaraldehyde

(Figure 8b), a small decrease of the carboxylic group band of
ALG can be seen at 1604 and 1415 cm−1, probably due to a
small loss of noncross-linked ALG after the rinsing at pH 7.4.
This result is similar to that found by Alves et al.1 on CHI/ALG
films cross-linked by glutaraldehyde. Imine bonds (CN) are
visible at 1640 and 1670 cm−1 materializing the cross-linking of
COL by glutaraldehyde.35

Cell Culture on PEI/(ALG/COL)3 Films. HUVEC culture
was followed on PEI/(ALG/COL)3 films cross-linked either
with genipin at 100 mM or with glutaraldehyde at 50 mM.
Initial HUVEC attachment after 1 h of incubation was
determined with vybrant cell adhesion assay. Figure 9a and b
shows the initial attachment of HUVEC onto glutaraldehyde
and genipin-cross-linked samples after 1 h of incubation. Cell
attachment is notably better onto genipin-cross-linked samples
than on glutaraldehyde ones.
Cell morphology was studied after 5 days of incubation time

(Figure 9c and d). Cells are scarcely present onto
glutaraldehyde-cross-linked samples. However, onto genipin-

cross-linked samples, a confluent HUVEC layer is obtained.
Cells seem not only to attach well but also to spread and
proliferate well on genipin-cross-linked films. The good
proliferation of HUVEC on those films may be due to the
good cell attachment in the early period, which is not the case
onto glutaraldehyde-cross-linked films.
Proliferation was determined with resazurin-based assay (see

Materials and Methods) to determine metabolic activity at 1, 3,
and 5 days (Figure 9e). Proliferation results are accompanied
by one-way ANOVA tests to show significant differences.
Absorption intensities corresponding to glutaraldehyde-cross-
linked films are significantly lower than those corresponding to
TCPS, independently of the incubation period (p < 0.05). On
the contrary, absorption intensities corresponding to genipin-
cross-linked films are significantly higher than those corre-
sponding to TCPS at day 1 and 3 (p < 0.01 at day 3). At day 5,
results are quite equivalent as absorption intensities corre-
sponding to genipin-cross-linked films seem to reach a
maximum. This may confirm that within an incubation time
of 5 days, an endothelial cell layer is formed onto the surface.
The cell behavior on genipin-cross-linked films is quite
equivalent to the cell behavior on TCPS after 5 days of
incubation. Furthermore, absorption intensities corresponding

Figure 8. Evolution of the FTIR-ATR spectra of a PEI/(ALG/COL)3
film before (solid lines) and after cross-linking (dashed lines) with (a)
genipin at 100 mM or (b) glutaraldehyde at 50 mM. Dotted lines:
difference between the two spectra. The film buildup was performed at
150 mM NaCl in D2O at pH 3.8. The cross-linking step was followed
by a rinsing step at pH 7.4. Then the films were brought back to pH
3.8 before analysis.
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to genipin-cross-linked films are significantly higher than those
corresponding to glutaraldehyde-cross-linked ones, independ-
ently of the incubation period (p < 0.001 at day 3; p < 0.01 at
day 5, Figure 9e).
These results indicate that genipin-cross-linked PEI/(ALG/

COL)3 surfaces constitute ideal substrates for cellular
proliferation. This may originate from the fact that cells sense
a surface that contains collagen which mimics ECM. Moreover,
genipin, alginate, and collagen are natural and nontoxic
molecules, whereas, toxicity of glutaraldehyde toward cells is
well-known.36

■ CONCLUSIONS
We successfully demonstrated the possibility to build collagen/
alginate multilayer films, which show a supralinear growth

regime. The cross-linking of such films with genipin, a natural
cross-linker, allowed film stabilization at physiological con-
ditions which is of primary importance for their biomedical
applications. After cross-linking with genipin, cells adhere better
than on films cross-linked with glutaraldehyde. In addition, it
was shown that cell proliferation is substantially improved on
genipin-cross-linked films compared to TCPS in the early
period of incubation. Films based on natural molecules and
ECM components could be used in the future as a
biocompatible and cell stimulating material to coat prostheses.
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