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Abstract

Understanding the mechanisms controlling cell-multilayer film interactions is crucial to the
successful engineering of these coatings for biotechnological and biomedical applications. Herein,
we present a strategy to tune the cell adhesive properties of multilayers based on marine
polysaccharides with and without cross-linking and/or coating with extracellular matrix proteins.
Chemical cross-linking of multilayers improved mechanical properties of the coatings but also
elicited changes in surface chemistry that alter the adhesion of human umbilical vein endothelial
cells. We evaluated a strategy to decouple the mechanical and chemical properties of these films,
enabling the transition from cell-adhesive to cell-resistant multilayers. Addition of chitosan/
alginate multilayers on top of cross-linked films decreased endothelial cell adhesion, spreading,
and proliferation to similar levels as uncross-linked films. Our findings highlight the key role of
surface chemistry in cell-multilayer film interactions, and these engineered nanocoatings represent
a tunable model of cell adhesive and non-adhesive multilayered films.
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Introduction

Layer-by-layer (LbL) assembly can produce hierarchical films with fine and precise control
over the film properties.[1-7] Since its discovery, LbL assembly has been shown to be a
simple, versatile and elegant bottom-up approach for template-assisted assembly of
materials.[4, 8-10] This method is based on the sequential adsorption of multivalent
molecules on virtually any type of substrate via electrostatic, non-electrostatic, or a
combination of thereof.[2, 11-13] The overall properties of the film can be controlled simply
by adjusting processing parameters: nature of polyelectrolytes, functional groups, molecular
weight, charge density, concentration of the adsorption species, adsorption and rising time,
pH, ionic strength, and humidity.[14-19]

By using LbL assembly, an unprecedented variety of different components (i.e. hundreds of
different materials) can be used. The nature and intrinsic properties of the building blocks
dictate the bulk properties of the film.[2, 4, 20] Natural origin polymer-based multilayers
have received particular attention due to their ability to impart unique properties to the
polyelectrolyte multilayers (PEMs), such as cytocompatibility, biodegradability, presence of
cell recognition sites, and natural similarity to the biological tissues.[21-26] Herein, two
polysaccharides were used as polyelectrolytes: chitosan (CHI) and alginate (ALG).
Multilayers based on these polysaccharides are stable over a pH range of 3-9, but exhibit
high hydration levels and low mechanical strength, which impair cell adhesion.[27-29] Post-
assembly modifications can be used to tune these properties, namely adsorption or
immobilization of extracellular matrix (ECM) proteins such as laminin (LM) and fibronectin
(FN) as well as chemical cross-linking of the films.

Multilayers with poor cell adhesion ability are ideal candidates for an adsorption or chemical
attachment of an ECM layer. The kinetics of protein adsorption is governed by electrostatic
interactions and other secondary interactions such as hydrophobic interactions and hydrogen
bonding.[30] The advantages of covalent immobilization over the adsorption strategy are
that the biomolecules immobilized are not easily removed by physical force (e.g., rinsing)
and are robust enough to withstand the possible harsh conditions of /n vivo exposure.[31]
Using this approach, it is also possible to avoid the diffusion of biomolecules along the
multilayers, allowing a spatial control over its distribution.[30]

Modulation of mechanical properties is a common approach used to tailor the bulk
properties of multilayered films. Different approaches can be used to tune mechanical
properties including the incorporation of nanocolloids [32], assembly pH [33], or by using
covalent cross-linkers such as glutaraldehyde, [34, 35] 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) in combination with sulfo-N-hydroxysulfo-succinimide (EDC/s-NHS)
[36-38] and genipin [29, 39]. Genipin is a naturally derived chemical from the gardenia fruit
that has been extensively investigated due to its ability to cross-link amine-containing
polymers [40, 41] in diverse systems, including multilayered films [39, 42]. Using genipin as
cross-linker, a wide range of films of increased stiffness can be obtained by simply varying
the reaction time or the concentration of the cross-linker.[43, 44] Genipin cross-linker,
however, is reported to have effects on the wettability and roughness of the film. Thus, upon
cross-linking of multilayers with genipin, it is challenging to decouple the mechanical and
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chemical properties of the films. In a previous study, Discher and co-workers achieved the
decoupling of both parameters using polyacrylamide gels grafted with increased densities of
collagen.[45] In the present work, we performed a systematic study of the cell adhesive
properties of CHI/ALG multilayers upon cross-linking and ECM protein adsorption or
immobilization (Scheme I). Although the production and characterization of such
multilayered films have been reported, to the best of our knowledge, this is the first time that
such films have been used to decouple the effects of mechanical and chemical cues on cell
adhesion.

Materials and Methods

Production of multilayered films

The multilayers were processed using CHI of medium molecular weight (M,y, 150-300 kDa,
90% degree of deacetylation, Heppe Medical Chitosan, Germany) and low viscosity ALG
(538 kDa, ~250 cP, ref.71238, Sigma Aldrich, USA). PEMs were constructed by alternately
immersing the tissue culture-grade polystyrene substrate (96 well plate, TCPS, Corning,
USA) into a polyethylenimine solution (PEI, 0.5 mg mL™1, 0.15 M sodium acetate buffer,
pH 5.5) for 10 min, with an intermediate rinsing step of 10 min. Tissue culture plastic coated
with PEI presents a positive charge, providing support for the multilayer assembly. The
substrates were then immersed in an ALG solution (1 mg mL~2, 0.1 M sodium acetate
buffer/0.15 M NaCl, pH 5.5) for 6 min. After rinsing with 0.1 M sodium acetate buffer/0.15
M NaCl (4 min), the same procedure was followed for CHI deposition (1 mg mL™1, 0.1 M
sodium acetate buffer/0.15 M NaCl 0.15 M, pH 5.5). Multilayers were generated by
repeating the ALG/CHI deposition for five cycles. After buildup, the multilayers were cross-
linked with genipin(Wako chemical, USA). Briefly, genipin solutions (0.125 to 5.0 mg
mL~1) were prepared by dissolving the adequate amount of lyophilized genipin into
dimethyl sulfoxide (DMSO, Sigma Aldrich USA)/sodium acetate buffer (0.15 M NaCl, pH
5.5) mixture (1:4, v/v). The cross-linked films were then rinsed in sodium acetate buffer
(0.15 M NaCl, pH 5.5) for 1 h, followed by extensively washing in ultrapure water. Upon
studying the behavior of films at different concentrations of cross-linker, the concentration
of 3.5 mg mL~1 was selected, which corresponds to a cross-linking degree of ~ 60.5%. After
cross-linking the films, another bilayer was added on top of the film.

Protein Immobilization

Human plasma FN (10 ug mL™1, PBS, pH 7.4, Life Technologies, USA) and murine LM-1
(50 ug mL~L, PBS, pH 7.4, Life Technologies, USA) were adsorbed or immobilized on
unmodified or cross-linked films with or without an additional bilayer of ALG/CHI post-
ECM coating. The procedure used for protein immobilization was based on pilot studies.
Briefly, EDC (2.0 mM) and sulfo-NHS (5.0 mM) were used to pre-activate the proteins by
reaction with their carboxyl groups. This step was performed for 20 min at room
temperature (RT). The protein solution was then added to the multilayered films. After 4 h
of incubation, the multilayered films were extensively washed in PBS. TCPS were used as
control surfaces.
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Quartz crystal microbalance with dissipation monitoring

The buildup of PEMs was followed /n situ by quartz crystal microbalance (QCM-
Dissipation, Q-Sense, Sweden) using gold-coated sensors excited at the several overtones
(25, 35, 45, 55 MHz). The conditions used for the assembly were optimized in previous
work.[43, 46] The crystals were cleaned in an ultrasound bath at 30°C using successive
acetone, ethanol and isopropanol washes. Exposure of freshly prepared polyelectrolyte
solutions (1 mg mL~1) was performed at a constant flow rate of 100 L. min~1. An initial
layer of PEI (0.5 mg mL~1, sodium acetate buffer 0.15 M, pH 5.5) was adsorbed for 10 min,
followed by a washing step of 10 min. Afterwards, ALG solution was flowed for 6 min to
allow ALG adsorption until equilibrium at the crystal surface was reached. After rinsing
with 0.1 M sodium acetate buffer/0.15 M NaCl (4 min), the same procedure was followed
for CHI deposition. These steps were repeated to generate 5 bilayers. The frequency and
dissipation were monitored in real time. The thickness of the film was estimated using the
Voigt model using the Q-Tools Software (Q-Sense).[47] For the model, solvent viscosity was
fixed at 0.001 Pas (water) and the film density at 1050 kg m~3 (often assumed to return the
lowest calculation error).[48-50] The solvent density was varied by trial and error until the
total error, 2, was minimized.

Scanning Electronic Microscopy (SEM)

The morphology of the different multilayered films formulations was observed by Scanning
Electronic Microscopy (SEM), using a Jeol JSM-6010LV microscope operated at an
accelerating voltage of 15 kV. All samples were sputtered with a conductive gold layer,
using a sputter coater 108A (Cressington, UK). Three samples were evaluated for each
condition.

Atomic Force Microscopy (AFM) Imaging

The multilayered films were imaged using a dimension lcon microscope controlled by
NanoScope 9.1 (Bruker, France), operating in peak force tapping (ScanAsyst) mode with
quantitative nanomechanical analysis, following established protocols.[51, 52] AFM silicon
nitride cantilevers (ScanAsyst-Air, Bruker) with a spring constant of 0.5 N/m, a frequency of
70 kHz, and a radius of the tip of 5 nm were used. The peak-force set-point was adjusted to
3.0 UN and the Poisson’s ratio was assumed to be equal to 0.3 for the entire 512x512 pixels
(2x2 um?2) scan of the sample. The line scan rate was 0.4 Hz. The root mean squared
roughness (Rgrms), average height value (Hgy,), and average elastic modulus (E,,) were
calculated for each formulation in the wet state. Image analysis was performed using
Gwyddion and Nanoscope Analysis 1.5. At least three measurements were performed
indifferent specimens.

Water Contact Angle (WCA)

The wettability of the multilayered films was characterized by WCA measurements. Static
WCA measurements were performed using the sessile drop method on an OCA15+
goniometer (DataPhysics, Germany) at room temperature. Milli-Q water (6 pL) was dropped
onto the PEMs and pictures were taken after water drop stabilization.
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Determination of Cross-linking Degree

The cross-linking of CHI/ALG multilayers was evaluated using the Trypan blue method,
using a published protocol. [27, 43] Briefly, the test was performed by immersing uncross-
linked and cross-linked multilayers in 0.4 % Trypan blue (Invitrogen, USA) diluted 50-fold
in sodium acetate buffer overnight at 37° C. The supernatant absorbance was measured at
580 nm in a microplate reader (Sinergy HT, Bio-Tek, USA). The cross-linking degree was
calculated as follows:

(NHZ non—Xlinked solution) —(NHj3 Xlinked solution)
(NH3 non—Xlinked solution)

CL (%)=

Where NH3* non-Xlinked and NH3* Xlinked solution are the free charge amines in uncross-
linked and in cross-linked multilayers, respectively.

Protein adsorption resistance

The resistance to protein adsorption of modified of the multilayered films with and without
cross-linking were evaluated using AlexaFluor488-labeled donkey anti-mouse IgG
(Invitrogen, USA). Multilayers with and without cross-linking were incubated in 1gG-AF488
for 60 min followed by extensive washing in PBS solution. Samples were immediately
observed in a fluorescence microscope (TE300, Nikon, USA). To quantify the differences
between ALG/CHI with and without cross-linking as well as the effect of multilayer
numbers on the top of the film, a more sensitive protein assay was performed using alkaline
phosphatase-conjugated donkey anti-mouse 1gG (Jackson Immunoresearch, USA). All
multilayers formulations were incubated with 1 pg mL™1 of this protein for 30 min, followed
by extensive washing in PBS (Gibco, USA) containing 0.05% (v/v) Trinton-X-100 (Sigma,
USA). Samples were then immersed in 4-methylumbelliferyl phosphate (25 mg/mL) in
diethanolamine buffer for 15 min. Supernatant was collected and the fluorescence was
measured on a microplate reader (HTS Plus, Perkin EImer, USA), using an excitation of 360
nm and emission of 465 nm.

Cell Adhesion to PEMs

Cell culture studies were performed with human umbilical vein endothelial cells (HUVECs,
Lonza, USA) during passages 2—6. Cells were cultured in endothelial basal medium
(EBM-2; Lonza, Switzerland), supplemented with Endothelial Growth Medium (EGM-2
SingleQuots, Lonza, USA) containing 2 % fetal bovine serum (FBS), 5 ng mL™1 epidermal
growth, 10 ng mL~2 basic fibroblast growth factor, 20 ng mL=1 insulin-like growth factor,
0.5 ng mL™1 vascular endothelial growth factor, 1 pg mL~1 ascorbic acid, 22.5 ug mL™1
heparin, 0.2 ug mL~1 hydrocortisone, penicillin (200 U/ml), 200 ug mL~1 streptomycin, and
0.25 ug mL~1 amphotericin B. All substrates (i.e., 96 well plates coated with PEMs and
control (TCPS)) were sterilized by exposure to ultraviolet light for 40 min. Cells were
seeded at 9000 cells/cm? and cultured for 1 day in EBM-2 supplemented with EGM-2 at
37°C in a humidified 5% CO, atmosphere. 4,6-diaminidino-2-phenylindole-dilactate (DAPI,
Sigma-Aldrich, USA) and Alexa Fluor 488-conjugated phalloidin (Invitrogen, USA) were
used to label nuclei and actin cytoskeleton. Briefly at each time point, culture medium was
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removed and the samples fixed in 4% (v/v) paraformaldehyde (Electron Microscopy
Science, USA) for 1 h, and replaced by PBS. Cells were permeabilized with 0.2% Triton
X-100 (Sigma, USA) in PBS for 5 min. Samples were incubated in 30 mg mL~1 bovine
albumin serum (BSA, Sigma, USA) for 30 min to block non-specific binding. Following
PBS washing, DAPI (300 nM) and phalloidin (33 nM) staining was performed for 40 min at
RT and protected from light. After extensive washing, samples were visualized in an
inverted fluorescence microscope (TE300, Nikon, USA). The images obtained were
analyzed using Image J software to determine cell area and density. In addition, cellular tests
on native and cross-linked films with or without ALG/CHI multilayers on the top of PEMs
were also performed in medium with or without serum.

Cell proliferation was measured using a Click-iT EdU Imaging Kit (Invitrogen, C10340,
USA). After 3 h of incubation, half of the medium was removed and 10 mM EdU solution
was added to the samples. After 24 h, the samples were washed with PBS, followed by cell
fixation with 4% paraformaldehyde for 40 min. After permeabilization, samples were
washed with 3% BSA twice and ClickiT reaction cocktail was added, followed by 30 min of
incubation and by a washing step. For nucleus staining, Hoechst 33342 solution (30 mM,
Fisher Scientific, USA) was added for 30 min, followed by extensive washing with PBS.
The samples were visualized using an inverted fluorescence microscope (TE300, Nikon,
USA). The images obtained were analyzed using Image J software to determine the
percentage of EdU-positive nuclei as a measure of proliferation.

Statistical analyses

The experiments were carried out in triplicate unless otherwise specified. The results were
presented as mean + standard error of mean (SEM). Statistical analysis was performed by
one-way ANOVA followed by Tukey pair-wise tests using Graph Pad Prism 5.0 for
Windows.

Results and Discussion

LbL assembly of ALG/CHI multilayers

The assembly of 5 bilayers of ALG/CHI multilayered films was monitored /n situ by QCM-
D. Figure 1A shows the buildup of 5 bilayers of ALG/CHI, in terms of variations on
normalized resonance frequency (A%/7) and dissipation (AD;) of the seventh overtone (35
MHz). Before the deposition of marine polysaccharides, PEI was flushed into the system,
which confers a positive charge, as well as, an homogeneous deposition of PEMs.[53] As
expected, the normalized frequency decreases upon each flushing of polyelectrolyte
solution, reflecting the increase of mass over the gold sensor (including water), and the
deposition of polymer on the surface of the crystal. On the other hand, the ADy mirrors the
behavior of Af, and a decrease is observed revealing that the film is not rigid and exhibits
the typical viscoelastic behavior, which is characteristic of macromolecular systems. In
addition, such variation indicates a shift toward a film with a higher viscous component and
a great ability to adsorb water.[37, 48] During the washing steps, the change of both Af/7
and ADy are relatively small, indicating a strong association of the layers on the surface of
the quartz crystal, and a weak desorption. The ladder trace of Af;/7 decrease and the trace of
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ADy; increase, indicating the alternative adsorption of ALG or CHI molecules onto the
substrate. The decrease in Af,/nfor the other overtones is different, which indicates that the
adsorbed layer does not obey the Sauerbey law, as it was previously reported for these
multilayers (Figure 2B).[34] Thus, the thickness of the film was estimated modeling the
frequency and dissipation data, using the Voigt model instead of the Sauerbrey model.[47]
For viscoelastic materials, the adsorbed mass does not fully couple to the oscillation of the
crystal and dampens the oscillation, making the use of the Vojgt model more appropriate.
[34, 47] The film thickness increased linearly with the deposited layers, as previously
reported [27, 34, 44, 54]. A thickness of ~80 nm was estimated for the final 5 bilayers. The
thickness of the film is related to the water-uptake of each polyelectrolyte, the charge
matching between the polyelectrolyte pairs and the affinity of polyelectrolytes for each
other.[32]

Physicochemical characterization

The surface properties of the multilayers such as morphology, topography and wettability
influence protein adsorption and cell behavior. As previously reported, using ALG and CHI
as polyelectrolytes lead to robust and compliant multilayers.[34, 44, 46] In the present work,
the multilayered films were cross-linked with genipin (G, 3.5 mg mL™1, cross-linking degree
~65%) to improve their stability at all pH values, biodegradability, hydration, and
mechanical strength. The morphology of different multilayer formulations was evaluated by
SEM (Figure 2A and S1). The results reveal a similar surface topography among different
formulations and an increase in film’s homogeneity as the number of bilayers increases. In
order to have a better understanding of films topography at a smaller scale, AFM analysis
was also performed. All formulations exhibit a rough surface, represented by polymer
aggregates, usually called “islets” (Figure 2B — 2D). It is also important to point out that one
should be aware that the surface may not be fully coated, as suggested in previous works of
Richert and coworkers.[55] Upon chemical cross-linking, the mean squared roughness
(Rrms) and average height value (Hg,) increase due to the formation of a semi-
interpenetrating network where ALG chains remain entrapped the cross-linked CHI chains.
[44] 1t should also be pointed out that upon addition of multilayers on the top of the cross-
linked films the roughness slightly increases.

The cross-linking of multilayers with genipin gives rise to semi-interpenetrating networks,
since genipin only interacts with polyelectrolyte containing free amine groups (i.e. the amine
groups that are not involved in the electrostatic interactions) (Figure 3A). Using genipin,
both color and fluorescence are generated upon its efficient reaction with primary amine
groups and oxygen-radical induced polymerization.[28, 56] The Trypan blue assay was
performed to determine the cross-linking degree of the CHI within the multilayers.[57] The
cross-linking degree could be varied from 0 % to 65 % by simple adjustment of the cross-
linker concentration.

AFM experiments were also performed to assess the mechanical properties of the
multilayered films (Fig. 3C). The elastic modulus (&) increases from 199.2 + 46.5 MPa to
842.2 + 79.5 MPa upon cross-linking. The results confirm an increase in stiffness upon
increasing the cross-linker concentration which corroborated the results obtained in Trypan
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blue assay (Figure S2A). In addition, the results confirm an increase in stiffness upon cross-
linking and/or by adding bilayers on the top of the film which can be explained by an
increase on film’s homogeneity and thickness, which corroborated the AFM and QCM-D
results.

In contrast to EDC/s-NHS-based cross-linking, genipin reaction is not a “zero length”
reaction, since additional monomers and further dimerization are introduced within the film,
altering the chemistry of the surface. It has been reported that genipin acts through
nucleophilic attack of CHI amine groups, establishing a secondary amide linkage.[28, 56]
Subsequent steps involve radical-induced polymerization that creates genipin heterocyclic
derivatives, which are richer in hydrophilic groups such as amine, amides and hydroxyl
groups.[28, 56] The wetting behavior of the multilayered films was evaluated by water
contact angle (WCA) measurements. Figure 3D shows that WCA decreases upon cross-
linking, decreasing gradually with increases in the cross-linker concentration (Figure S2B).
This finding is consistent with earlier studies where a consistent decrease of WCA was
found with increasing cross-linker concentrations.[28, 39] This decrease has been previously
explained by the denser polyelectrolyte connections and increase of cross-linker conjugates
within the films.[44] In addition, upon the adsorption of another bilayer on the top of
uncross-linked or cross-linked films, the WCA increases due to changes on the surface
chemistry. Upon deposition of ALG/CHI bilayers on the top of the cross-linked films (G
+1/G+2) the chemistry of the surface is changed, masking the hydrophilic character of the
cross-linker derivatives.

Protein adsorption resistance

The resistance to IgG adsorption of these multilayers was evaluated by measuring the
adsorption of labeled 1gG onto these monolayers (Figure 4A). Upon cross-linking with
genipin, adsorption of 1gG-AF488 substantially decreased. In order to quantify the effects of
cross-linking on protein adsorption, an assay based on donkey anti-mouse 1gG antibody
conjugated to alkaline phosphatase was performed (Figure 4B). In this assay the same trend
was observed, and a decrease on substrate reaction occurs following chemical cross-linking.
However, this behavior is reversed with the addition of another bilayer of ALG and CHI on
the top of cross-linked films prior to exposure to 1gG. The addition of another bilayer
effectively acts as a physical barrier for the underlying cross-linked films, leading to 2-fold
increase in the fluorescence intensity when compared to the cross-linked films. These results
were further confirmed by WCA, where a decrease in the hydrophilicity of cross-linked
multilayers is observed upon the addition of a multilayer on top of cross-linked films (Figure
3D). To establish the general protein adsorption resistant properties of these films however,
additional proteins must be evaluated.

Cell Adhesion to ALG/CHI Films

Multilayers based on polysaccharides are resistant to cell adhesion due to high hydration and
low stiffness.[27—-29] However, these multilayers can also be used to control cellular
behavior upon tailoring the mechanical properties (matrix stiffness, elasticity and viscosity),
which influence how cells spread, migrate, proliferate, differentiate, and organize key
intracellular structures.[44, 58] Herein, using different genipin concentrations ranging from
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0-5 mg mL™1, an increase in cell number and spread area and a decrease in cell circularity
occur with increases in cross-linker concentration (Figure 5). In addition, cell density
increases linearly with cross-linking degree (r2= 0.98) (Figure 5C), and the cell morphology,
number, area, and proliferation are in the same range as values for cells adhering to TCPS
(Figure S3). Similar behavior is observed for cell density, spread area and circularity plotted
as a function of £, (Figure 6). However, cell density was not linearly increasing with £,
because certain cross-linker concentrations led to an increase of cross-linking degree and to
minor differences on £, These results corroborated previous reports, where CHI/ALG
multilayers upon cross-linking with genipin presented a decrease in water-uptake ability,
decrease in the viscous component of the film, increase in stiffness and enhancements in cell
adherence, spreading and proliferation.[43, 59] Similar behavior has also been reported for
other multilayers [36, 60, 61], and for a large variety of cells, including endothelial cells,
which prefer stiffer substrate (i.e., less gel-like substrates) for attachment and spreading.[53]

We also tailored the cell adhesive properties of the multilayers by the adsorption or
immobilization of ECM proteins (e.g. FN and LM). Using this approach, cell number and
spread area increase, whereas the circularity decreases, with adsorption or immobilization of
these ECM components (Figure 7). Similar results have been reported for multilayered films
containing FN [62, 63] or LM [64, 65]. High cell adhesive and proliferation activities were
observed for FN compared to LM. These differences may arise from the higher molecular
weight of LM compared to FN which may affect its conformation and orientation upon
adsorption or immobilization onto the multilayers. In addition, larger proteins bind more
strongly and can even repel pre-adsorbed proteins during post-adsorption spreading.[66]

Our data demonstrate that both cross-linking and ECM immobilization modulate cell
adhesion. We next combined films cross-linked with two different genipin concentrations
(3.5 and 5 mg mL~1) with ECM proteins by adsorption or immobilization. This analysis
reveals a modest impact of protein adsorption or immobilization on cell behavior when
compared with the uncross-linked film (Figure S4 and S5). Similar results have been
reported for poly(L-lysine)/poly(L-glutamic acid) (PLL/PGA) multilayers upon cross-
linking and grafting with arginine-glycine-aspartic acid (RGD).[67] Covalent cross-linking
enhances endothelial cell adhesion and allows high cellular coverage without the pre-
adsorption or immobilization of ECM proteins. However, the cell adhesion was hindered
upon deposition of additional bilayers of polyelectrolytes on the top of cross-linked films
(3.5 mg mL~1, cross-linking degree ~ 60.5 %) (Figure 8). Finally, EdU labeling
demonstrates a decrease in endothelial cell proliferation upon addition of ALG/CHI bilayers
on top of cross-linked films. However, upon adsorption or immobilization of ECM proteins,
cell proliferation was enhanced. The positive effect of ECM proteins on HUVECs
proliferation has been reported for PEMs.[31, 63, 68]

As the number of bilayerson the top of cross -linked films increase, the resistance to cell
adhesion was more pronounced (Figure S6). However, upon adsorption or immobilization of
ECM proteins, the cell adhesive and proliferation properties of PEMs were recovered. We
performed a similar study with uncross-linked films, and additional layers were deposited on
the top of the film, which further decreased the cell spread area and cell density (Figure 9
and S7). Notably, Richert et a/. demonstrated that the number of layers influence cellular
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responses, because it led to an increase of thickness and higher hydration rates.[69-71] EdU
labeling indicated a decrease in cell proliferation upon the adsorption of bilayers on the top
of cross-linked films and no differences for native films. These results highlight the key role
of surface chemistry on cell proliferation.

To evaluate the contribution of the adsorption of serum proteins on cell adhesion on
multilayered films, adhesion experiments were performed in serum-free media (Figure 10
and S8). For cross-linked films, endothelial cells adhered and spread on the surface even in
serum-free media conditions, indicating that the adhesion was not primarily mediated by the
proteins present in serum but by the mechanical and chemical cues on the substrate and/or
proteins secreted by the cells. For native films the same behavior was observed, validating
results where cell adhesion and proliferation were achieved upon chemical cross-linking or
ECM proteins adsorption/immaobilization.

Conclusion

We present a strategy to tune the cell adhesive properties of multilayers based on ALG and
CHI with and without cross-linking and/or coating with ECM proteins. Chemical cross-
linking of multilayers improved mechanical properties of the coatings but also elicited
changes in surface chemistry that alter the adhesion of human umbilical vein endothelial
cells. Addition of CHI/ALG multilayers on top of cross-linked films decreased endothelial
cell adhesion, spreading, and proliferation to similar levels as uncross-linked films. Our
findings highlight the key role of surface chemistry in cell-multilayer film interactions, and
these engineered nanocoatings represent a tunable model of cell adhesive and non-adhesive
multilayered films.
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Monitoring the buildup of five bilayers of ALG/CHI on gold modified initially modified
with PEI: (A) Normalized resonance frequency (A7%/7) and dissipation shift (ADy) obtained
at 35 MHz; (B) Normalized resonance frequency shift for four overtones (n=5,7,9,11); (C)
Cumulative thickness evolution of polymeric film as a function of the number of deposited
layers. Linear fitting matches well with the cumulative thickness variation (/2 = 0.99).
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Figure 2.
(A) SEM micrographs of (ALG/CHI)s multilayers without (N) or with cross-linking (G), as

well as with additional bilayers (1 or 2) on the top of the films. (B) AFM images (2 x 2 um?2)
of (ALG/CHI)s multilayered films without and with cross-linking upon the addition of
bilayers on the top. (C) Root mean squared roughness (Rrms) and (D) Average height value
(Hay) for the different formulations. Statistical analysis was performed, and data was
considered statistically different for p values < 0.05 (*). (#) denotes significant differences
when compared to all the native films.
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Figure 3.
(A) Schematic representation showing the multilayered rearrangements within the film,

namely its electrostatic interactions and genipin cross-linking. (B) Cross-linking degree of
ALG/CHI at different genipin concentrations; (C) Elastic modulus (&) upon cross-linking
and/or deposition of bilayers on the top of the films using AFM indentation (D) Water
contact angle (WCA) upon cross-linking and/or deposition of bilayers on the top of the
films.
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Figure 4.
Non-fouling properties of ALG/CHI films. (A) Donkey anti-mouse 1gG AF488 fluorescence

assay in multilayers with (G) and without cross-linking (N). The scale bar is 250 um. The
inset image is a schematic representation of non-fouling PEMs. (B) Enzymatic assay for IgG
adsorption onto PEMs. Statistical analysis was performed, and data was considered
statistically different for p values < 0.05. (*) denotes significant differences when compared
to all PEMs formulations. (#) denotes significant differences relative to cross-linked
multilayers.
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(A) DAPI-phalloidin fluorescence assay at 1 day of HUVECSs culture in multilayers with
different cross-linking degrees. Cells nuclei were stained blue by DAPI and F-actin filaments
in green by phalloidin. (B) Cell number per field, (C) Cell density and (D) Cell spread area,
and (E) Cell circularity as a function of cross-linking degree. Linear fitting matches well
with the cell density variation as a function of cross-linking degree (2 = 0.98). Statistical
analysis was performed, and data was considered statistically different for p values < 0.05
(*). (#) denotes significant differences when compared to all PEMs formulations.
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Figure 7.
(A) DAPI/phalloidin staining and representative images of EDU assay for HUVECs adhered

on native films with and without adsorbed or immaobilized proteins (IMMOB).
Quantification of (B) Cell number per field, (C) Cell spread area, and (D) Cell circularity.
(E) Percentage of proliferating cells measured by the EDU assay. Statistical analysis was
performed, and data was considered statistically different for p values < 0.05 (*). (#) denotes
significant differences when compared to all PEMs formulations.
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Figure 8.
(A) DAPI/phalloidin staining and representative images of EDU assay for HUVECs adhered

on cross-linked films with a bilayer of ALG/CHI on the top in the presence or absence of
adsorbed or immobilized proteins (IMMOB). Quantification of (B) Cell number per field,
(C) Cell spread area, and (D) Cell circularity. (E) Percentage of proliferating cells measured
by the EDU assay. Statistical analysis was performed, and data was considered statistically
different for p values < 0.05 (*). (#) denotes significant differences when compared to all
PEMs formulations.
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Figure.
(A) DAPI/phalloidin staining and representative images of EDU assay for HUVECs adhered

on native films (N) and cross-linked films (G) with an additional bilayer on the top of the
film and in the presence or absence of adsorbed or immobilized proteins. Quantification of
(B) Cell number per field, (C) Cell spread area, and (D) Cell circularity. (E) Percentage of
proliferating cells measured by the EDU assay. Statistical analysis was performed, and data
was considered statistically different for p values < 0.05 (*). (#) denotes significant
differences when compared to all PEMs formulations.
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Adhesion of HUVECS on native (N) and cross-linked films (G) with or without additional
bilayers on the top when resuspended in normal medium or medium without serum. Cells
nuclei were stained blue by DAPI and F-actin filaments in green by phalloidin.

Figure 10.
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Schemel.
Schematic representation of layer-by-layer (LbL) adsorption of polyelectrolytes based on

electrostatic interactions. (i) The substrate (polystyrene well plates) was first modified with
polyethylenimine (PEI) and extensive washed. (ii) The positive charged substrate was coated
with polysaccharides that shared marine origin (ALG and CHI) using LbL assembly.
Between the polyelectrolyte depositions a washing step was performed. (iii) The adhesive
properties of ALG/CHI multilayers can be tuned by the addition of ECM proteins, chemical
cross-linking or a combination of thereof. (iv) Upon the addition of ALG/CHI on the top of
the cell adhesive ALG/CHI multilayers the films became non-adhesive.
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