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Abstract

This work is the first reporting the use of layer-by-layer to produce adhesive
free-standing (FS) films fully produced using natural-based macromolecules: chitosan
(CHI), alginate (ALG) and sulfated levan (L-S). The deposition conditions of the
natural polymers were studied through zeta potential measurements and quartz crystal
microbalance with dissipation monitoring analysis. The properties of the FS films were
evaluated and compared with the control ones composed of only CHI'and ALG in order
to assess the influence of levan polysaccharide introduced in‘the multilayers. Tensile
tests, dynamic mechanical analysis and single lap shear strength tests were performed to
evaluate the mechanical properties of the prepared FS. The presence of L-S conferred
both higher tensile strength and shear strength to the developed FS. The results showed
an adhesion strength 4 times higher than the control (CHI/ALG) FS films demonstrating
the adhesive character of the FS films containing L-S. Morphological and topography
studies were carried out revealing that the crosslinking reaction granted the L-S based
FS film with a higher roughness and surface homogeneity. Preliminary biological
assays were performed by cultivating myoblasts cells on the surface of the produced FS.
Both crosslinked and uncrosslinked FS films containing L-S were cytocompatible and

myaoconductive.

Keywords: Sulfated Levan; Free-standing membranes; Adhesiveness; Biomedical

applications

Introduction

Suture has been the practice of choice for wound closure and bleeding control

but they have many disadvantages such as, high infection rate, inconvenience in



handling, and concern over possible transmission of blood-borne disease through the
use of needles. There is thus a need to overcome such drawbacks in which an easy
method to repair or attach devices to tissues would be welcomed by surgeons. One of
the goals of tissue engineering consists on the design and development of biocompatible
tissue adhesives and sealants with high adhesion properties in order to face the actual
adverse effects of the sutures [1, 2]. Several polymeric materials, either natural or
synthetic [1-3], are being designed for the conception of materials with adhesive
properties. Although several improvements are being done, many challenges remain to
be achieved. For instance, some adhesives can trigger allergic reactions in some
patients, mainly the ones that are derived from bovine sources. Other issues are related
with long preparation time, inefficacy in high pressure bleeding, low stability in
aqueous environment, others generate heat during polymerization having concerns
about their degradation products, they may lack required flexibility, some possess high
swelling ratio which requires more caution when they are applied to closed spaces to
avoid pressure buildup on surrounding tissues and some sealants perform better when
applied to dry surfaces which is a limiting factor when wet tissue adhesion is required.

Nature gives us a wealth of resources that can be exploited for medical adhesives
and sealants such as collagen, cellulose, fibrin and mussel adhesive proteins [4-8].
While the sea is a good source of natural bioadhesive materials, it is also possible to
find other interesting materials through less conventional sources such as extremophilic
environments as is the case of levan.

Levan is a fructan polymer composed of B(2—6)-linked fructose residues and it
is one of the most widely distributed polysaccharides in nature. It is produced
extracellularly from sucrose-based substrates by diverse microbial species that also

include the first extremopbhilic levan producer halophilic bacterium Halomonas



smyrnensis AADG6T. Moreover, it is water-soluble, biocompatible, biodegradable, non-
toxic and is capable of forming adhesive bonds with diverse substrates due to the large
number of hydroxyl groups in its structure [9] and is being associated with many high
value applications in medical, food, pharmaceutical, cosmetics and chemical industries.
Among the different types of existing levan, sulfate-modified levan (L-S) has been
reported to provide good experimental results as an anticoagulant as well as enhanced
antioxidant and antitumor activity [10, 11]. Due such properties, this work aims to
demonstrate its potential as a new adhesive device for biomedical applications. The
proof-of-concept includes the assembly of L-S into multilayer films using the layer-by-
layer technique (LbL). LbL is a versatile and easy-to-apply methods to produce either
coatings or free-standing (FS) membranes in which several materials can be deposited
sequentially through the spontaneous adsorption of various alternating materials [12,
13]. Among the different types of interaction that can be employed, this technique can
be based on electrostatic attractions between oppositely charged molecules being a
simple and versatile method to obtain multilayered structures [14]. Furthermore, this
technique allows the production of robust nanostructured coatings on substrates with
complex geometries and the use of harmful organic solvents is not needed. Importantly,
depending on the applications envisaged, several materials can be selected. In particular,
different authors have reported LbL strategies in order to have adhesive LbL films [15-
22]. However, the production of FS membranes with adhesive proprerties using this
technique has been scarce.

In this perspective, we intended to develop new FS films composed of chitosan
(CHI), alginate (ALG) and sulfated derivative of Halomonas levan (L-S) in order to

verify if L-S presents a viable option in LbL FS films development and if its usage can



grant enhanced properties, namely adhesiveness, mechanical and biological

performance, when compared to the widely used FS CHI/ALG composition.

2. Experimental section

2.1. Materials

Medium molecular weight chitosan (CHI) was purchased from Sigma-Aldrich
with a degree of deacetylation ranging from 75-85% and a viscosity of 0.2-0.8 Pa.s.
Before its usage, CHI was purified by filtering steps and precipitation in'water and
ethanol, followed by freeze-drying. At low pH (<6.5), CHI is a positively charged
polyelectrolyte. Sodium alginate (ALG) obtained from brown algae was also purchased
from Sigma-Aldrich with a viscosity of 0.005-0.04 Pa.s and was used as received.
Levan produced by Halomonas smyrnensis AAD6T cultures was sulfated with
chlorosulfonic acid to obtain sulfated Halomonas levan (L-S) with a sulfation degree of
1.36 [23]. The reaction associated with the modification of L-S is show in scheme 1.
Genipin was supplied from Waco Chemicals GmbH (Germany), ethanol from Fisher
Chemical (USA) and sodium chloride (NaCl), phosphate buffered saline (PBS) and
dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich.

For all experiments polyelectrolyte solutions were freshly prepared by
dissolution in a sodium acetate buffer (0.1 M CH3COOH; 0.15 M NaCl, pH 5.5, RT)
using polymer concentrations of 0.3 mg/mL for the QCM-D experiments and 2.0

mg/mL for the production of the FS membranes.

Scheme 1



2.2. Zeta potential ((-potential) measurements

The C-potential of the polyelectrolytes was determined using a Zetasizer nano
instrument (Malvern, United Kingdom) at 25 °C with a saline dispersion medium. An
aqueous solution of each polymer was used at a concentration of 1 mg/mL and a pH
value of 5.5.

2.3. Multilayer assembly monitoring using Quartz Crystal Microbalance
with dissipation (QCM-D)

The formation of the multilayers was studied in situ using a QCM-D monitoring
(Q-Sense E4 system, Q-Sense AB, Sweden). The QCM-D crystals were excited at 15,
25, 35, 45 and 55 MHz corresponding to the 3, 5™ 7, 9" and 11" overtones. The
build-up of multilayer films composed of CHI and ALG is already well known [24]. In
this work the QCM-D was used to analyse the influence of the inclusion of L-S in this
system. The adsorption was studied using polyelectrolyte solutions at 0.3 mg/mL and at
a constant flow rate of 50 uL/min using a deposition order of CHI/ALG/CHI/L-S
repeated 5 times. Between each polyelectrolyte deposition, a rinsing solution of sodium
acetate (0.1 M.CH3COOH; 0.15 M NaCl; pH 5.5) was introduced with an adsorption
time of 5. min, while the polymer adsorption time was of 10 min each.

The films’ viscoelastic properties were studied using the QTools software (Q-
sense AB) which allowed to calculate the thickness of the multilayer films according to
the VVoigt model using a Simplex algorithm to find the minimum of the sum of the
squares of the scaled errors between the experimental and model Af and AD values [24].
The modelling was performed using the 7™, 9" and 11" overtones. The solvent viscosity
selected was 1 mPa.s and a film density of 1 g/cm?®. The solvent density was varied

between values from 1000 to 1030 kg/m? in order to minimize the total error (x?).



2.4. Production of multilayer free-standing (FS) membranes

The production of the multilayer FS membranes was performed using the LbL
methodology. This process was automatized using a home-made dipping robot.
Polypropylene substrates were immersed in alternated polyelectrolyte solutions with.a
rinsing solution deposition between each polyelectrolyte. The rinsing solution used was
a sodium acetate buffer (0.1 M CH3;COOH; 0.15 M NaCl; pH = 5.5) and the polymer
solutions were used at a concentration of 2 mg/mL. Deposition time of the
polyelectrolytes was 6 min and 4 min for the rinsing solution. Prior to film deposition,
the substrates were cleaned with ethanol and rinsed thoroughly with water before being
dried with a stream of nitrogen.

Two types of FS membranes were produced: Multilayer membranes containing
CHI, ALG and L-S with a deposition order of CHI/ALG/CHI/L-S repeated for 100
cycles and multilayer membranes containing only CHI and ALG with the same number
of layers, thereafter named as (CHI/ALG/CHI/L-S)100 and (CHI/ALG/CHI/ALG)1o,
respectively.
2.5. FS membrane crosslinking

(CHIJALG/CHI/L-S)100 membranes were also chemically crosslinked using
genipin. A genipin solution (1 mg/mL) was prepared by dissolving the adequate amount
of genipin into a dimethyl sulfoxide /sodium acetate buffer (0.15 M NaCl, pH 5.5)
mixture (1:4 (v/v)). The crosslinking agent solution was incubated with membranes
overnight at 37°C. Afterwards, the membranes were extensively washed with ethanol
and distilled water and dried. The FS membrane are named as X-Linked

(CHI/ALG/CHI/L-S)100.



2.6. X-Ray Spectroscopy (XPS)

The XPS analysis was performed using a Kratos Axis-Supra instrument. Due to
the no conducting nature of the samples a co-axial electron neutralizer to minimize
surface charging was used, which performed the neutralization by itself. The XPS
measurements were carried out using monochromatic Al-Ka radiation (1486.6 V).
Photoelectrons were collected from a take-off angle of 90° relative to the sample
surface. The measurement were carried out in a Constant Analyser Energy mode (CAE)
with a 160 eV pass energy and 15 mA of emission current for survey spectra and 40 eV
pass energy for high resolution spectra, using and emission current of 20 mA. Charge
referencing was adjusted by setting the lower binding energy C1s photo peak at 285.0
eV Cls hydrocarbon peak. An electron flood gun was also employed to minimize
surface charging (Charge compensation). The residual vacuum in the X-Ray analysis
chamber was maintained at around 6.2x10°torr. The samples were fixed to the sample
holder with double sided carbon tape. The C1s, O1s, N1s, S2p and survey spectra were
recorded using a Kratos Axis-Supra instrument. Data analysis and atomic quantification
were determined from the XPS peak areas using the ESCApe software supplied by the
manufacturer Kratos Analytical.

2.7. Scanning electron microscopy (SEM)

The morphology of the produced membranes was studied using a JSM-6010LV
SEM (JEOL, Japan) microscope, operating at 15 kV. The samples were coated before
analysis with a gold layer, using an EM ACEG600 (Leica Microsystems, Germany)
sputter coater. To analyse the cross-sectional area, the membranes were dipped in liquid

nitrogen until free fracture.



2.8. Atomic force microscopy (AFM)

A Dimension Icon AFM equipment (Bruker, France) with a spring constant of
0.06 N/m, operating in a ScanAsyst mode was used to study the topography and
roughness of the FS membranes. The FS topography was studied with 512 x 512 pixels?
at line rates of 1Hz. For suface roughness analysis, images with 10 x 10 um?® were
obtained. Analysis of the AFM images was performed using NanoScope Analysis
software and the root mean squared roughness (Rq) and average height (Ra) values
were determined.
2.9. Water contact angles (WCA) measurement

Water contact angles of all surfaces were determined using a Goniometer
equipment OCA 15+ (DataPhysics Instruments). The sessile drop method was applied
in which a 5 pL drop of pure water was deposited on the sample surface by a syringe.
As the water drop contacted the surface, images were acquired and analysed using the
SCA 20 software.
2.10. Mechanical characterization and evaluation of the adhesive properties

The tensile behaviour of the FS films was evaluated using a universal
mechanical testing equipment (Instron 5543, USA) equipped with a 1 kN load cell. The
produced FS films were cut into rectangular shape, with approximately 5 mm width.
Tensile tests were carried out with a gauge length of 10 mm and a loading speed of
Imm/min. After immersion overnight in a PBS solution, the cross-sectional area of the
FS films was measured immediately before the tests, where the thickness was
determined in three different regions of each sample using a micrometer (Mitutoyo,
Japan). Resulting stress-strain curves allowed to determine the ultimate tensile strength

(UTS), elongation at break, and Young’s modulus of the multilayered FS films.



Dynamic mechanical analysis (DMA) was applied in order to study the
mechanical/viscoelastic properties of the developed FS films. The FS strips were cut
with = 5 mm width and, prior to the DMA assays the samples were immersed in a PBS
solution overnight. The geometry of the samples was then measured accurately for each
sample where the thickness was determined in three different regions of each sample
using a micrometer (Mitutoyo, Japan). The measurements were carried out using a
Tritec 2000B DMA (Triton, UK) equipped with the tensile mode. FS films were
clamped in the DMA apparatus with a gauge length of 10 mm and immersed in the PBS
bath. After equilibration at 37°C, the DMA spectra were obtained during a frequency
scan between 0.2 and 15 Hz. The experiments were performed under constant strain
amplitude (50 um) and a static pre-load of 1 N was applied during the tests to keep the
sample tight. At least three specimens were tested for each condition with the same
experimental settings.

The adhesive properties of the produced FS films were evaluated using a single
lap shear strength test adapted from ASTM D1002 [25]. Rectangular samples (30 x 10
mm?) were cut and overlapped in pairs with an overlapping area of 5 x 10 mm?.
Samples were then hydrated with a PBS solution and placed between firmly tight glass
slides. After an immersion period of 24 h at 37 °C in a PBS solution, the glass slides
were removed and the samples were tested using the universal mechanical testing
equipment (Instron 5543) where each grip pulled the extremity of one of the overlapped
samples. A tensile speed of 5 mm/min was used until sufficient stress was applied for
membrane detachment. The resulting stress-strain curves allowed to determine the
bonding strength of each type of FS film.

In addition to the measurement of the adhesion force, a non-quantitative test was

applied to test the potential of bioadhesion of the FS films. Briefly, the membranes were
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hydrated in PBS overnight and left in contact with a surface of a porcine bone for 3
days. At the end of that time, FS membranes were pulled out from the bone with the
help of tweezers. This procedure was recorded by a video camera (Canon EOS 1200D).
2.11. Biological tests

2.11.1. Cell seeding preparation and cell culture

C2C12 myoblasts cell line (European Collection of Cell Cultures (ECCC), UK), was
used to test the in vitro biocompatibility of the developed FS. Prior to cell culture, FS
were subjected to a sterilization process with 70 % (v/v) ethanol, during 2 hours, and
then removed and washed with sterile PBS. Two independent experiments were
conducted for each condition and assay, with triplicates.

C2C12 cells were cultured in DMEM supplemented with 10% FBS and 1% of
antibiotic/antimycotic (Sigma-Aldrich), at 37°C and 5% CO,. When confluence was
reached, the cells, at passage 6 to 8, were trypsinized, centrifuged and re-suspended in
cell culture medium. Then the C2C12 were seeded at a density of 4.0 x 10* cells per cm?
under static conditions in aliquots of 200 pl, on the top of the FS. After 4 hours, 800 pl
of growth culture medium (GM) were added to each well. The myoblast- seeded FS
were nourished with fresh GM every 2 days and maintained at 37°C and 5% CO, until
the end of each experiment.

2.11.2. Viability and proliferation of C2C12 on the FS

The metabolic activity of the C2C12 seeded on the FS was measured using the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H tetrazolium
(MTS colorimetric assay, Cell Titer 96 AQueous One Solution Cell Proliferation Assay,
Promega, USA). At each time point (1, 5 and 7 days) the culture medium was removed
and replaced with 500 pl of serum-free DMEM with 20% of MTS reagent (Promega,

USA). After that, samples were protected from the light, incubated during 3 hours, at
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37°C and 5% CO,. The absorbance was measured with a microplate reader (BioTek,
USA), at a wavelength of 490 nm. The negative control was considered as the
background absorbance of serum-free medium. C2C12 relative viability was considered
comparing the FS results with tissue culture polystyrene (TCPS) (3D Biomatrix, USA).
Cell proliferation of C2C12 seeded on the FS films was also investigated through
the quantification of a fluorimetric double-stranded DNA (PicoGreen dsDNA kit; Life
Technologies, UK). After each predetermined time-point (1, 5 and 7 days) the samples
were washed with sterile PBS, transferred into eppendorfs containing 1 mL of ultra-pure
water and incubated for 1 hour at 37 °C. Then, the samples were kept in a -80 °C freezer
until testing. Samples were thawed and sonicated for 15 minutes and DNA standards
ranging from 0 to 1.5 mg/ml were prepared. The PicoGreen® working solution was
incubated with the recovered supernatant of each sample and standard for 10 minutes, in
the dark at RT. A microplate reader (BioTek, USA) was used to measure the
fluorescence, using a 485 and 528 nm as excitation and emission wavelengths,
respectively. The fluorescence values were corrected for the fluorescence of the reagent
blanks. The concentration of DNA was calculated against a standard curve obtained by
the prepared DNA standards. At least triplicates were performed for each sample.
2.11.3. Focal adhesion formation and morphology of C2C12 on the FS
The morphology of the adherent cells on the FS was observed by fluorescent
microscopy at days 1, 5 and 7. At each time point, the samples were washed with sterile
PBS and fixed with 10% formalin in PBS solution; after 30 minutes the cells were
permeabilized using 0.2 % (v/v) of Triton 100x in PBS, for 5 minutes, and the non-
specific binding sites were blocked using 3%(w/v) BSA in PBS, for 30 minutes.
Afterwards, fluorescein phalloidin (Sigma-Aldrich) at 1:150 in PBS, pH=7.4, was used

to stain the F-actin of the cells and 4°, 6-diami-dino-2-phenylindole, DAPI, (Sigma-
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Aldrich) at 1:1000 in PBS, pH=7.4 to stain the nucleus of the cells. Between each stage,
three washing steps were performed using sterile PBS. Fluorescence microscopy using a
transmitted and reflected light microscope with apotome 2 (Axio Imager Z1m, Zeiss,
Germany) was employed for imaging the C2C12 on the surface of the FS. The images
were acquired and processed with the AxioVision software version: Zeiss2012 (Zeiss).
The chosen micrographs were representative for each time point and condition. The
formation of focal adhesions (FAS) after 4 hours was assessed on the surface of both
produced uncrosslinked and crosslinked FS (CHI/ALG/CHI/L-S)1q0. For that, adherent
cells on the surface of the FS were labelled with an immunofluorescence antibody to
vinculin (Abcam®, UK). Cell seeded FS were fixed with formalin 10% (Termo Fisher
Scientific, USA), permeabilized with 1% Triton (Sigma Aldrich) for 5 minutes and the
non-specific binding sites were blocked with 3% of BSA (Sigma Aldrich) for 1 hour.
The samples were incubated at 4°C overnight with the primary antibody vinculin (1:400
in PBS) and then incubated with secondary donkey antibody anti-mouse Alexa Fluor
488 (Invitrogen™, USA) (1:1000 in PBS) for 1 hour at RT, in the dark. Finally, the
cells were incubated with DAPI (1:1000 in PBS) at RT for 15 minutes. Prior to
fluorescence microscopy, the samples were washed several times, and left in PBS
overnight.

2.11.4. Myogenic Differentiation of the C2C12 seeded on the FS

After the achievement of 60% to 80% confluence of C2C12 seeded on the FS, GM was
replaced by differentiation medium (DM) to induce myogenic differentiation. The DM
was composed by DMEM supplemented with 2% of horse serum (HS) (Invitrogen ™)
and 1% of antibiotic/antimycotic and was replaced every two days. After 7 days of
differentiation, samples were washed with sterile PBS and fixed with 10% of formalin.

After 30 minutes, they were washed 3 times and were then permeabilized with 1% of
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Triton in PBS for 5 minutes and the non-specific binding was blocked with 3% of BSA
in PBS for 1 hour. Between each step, the samples were washed 3 times with PBS. For
immunofluorescence imaging, the cells were incubated with the primary antibody
Troponin T (Acris Antibodies, Inc®, Germany), overnight at 4 °C, and then with the
secondary goat antibody anti-mouse Alexa Fluor 488 (Invitrogen ™) for 1 hourat RT
and in the dark. Finally, to stain the nuclei, the cells were incubated with DAPI for 15
minutes at RT and in the dark. Between each step, samples were extensively washed
with PBS. As for the assessment of the morphology of the C2C12 on the surface of the
FS, fluorescence microscopy was used using a transmitted and reflected light
microscope with apotome 2 (Axio Imager Z1m, Zeiss, Germany). The images were
acquired and processed with the AxioVision software version: Zeiss2012 (Zeiss). The
chosen micrographs were representative for each time point and condition.

2.12. Statistical analysis

All data obtained from the characterization techniques was represented as average value
+ standard deviation with at least three replicates for each test subject. For WCA and
tensile tests data, namely ultimate tensile strength and strain at failure, a One-way
ANOVA followed by Tukey’s multiple comparison test was applied. Adhesion tests
were analyzed using an unpaired t test with Welch’s correction. For the cellular assays,
Two-way ANOVA was used. Statistical significance of all tests was accepted for
p<0.05 (*). All statistical analysis was performed using the software GraphPad Prism
6.0 and the correspondent statistical significance and standard deviation are represented

in all graphs.
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3. Results and discussion

3.1 Build-up of the multilayers

The L-S used in this work was produced using a Levan of microbial origin. The
sulfation of the levan was performed by suspending the Halomonas levan in pyridine
(CsHsN) onto which chlorosulfonic acid (CISO3H) was added (scheme 1). The degree
of sulfation was then determined according to the Whistler and Spencer (1964) method
[26]. The L-S used in this work was measured as having a degree of sulfation of 1.36.
The L-S was also structurally characterized by FTIR and 2D-NMR as reported by
Erginer et al. [23].

The zeta potential ((-potential) of CHI, ALG and L-S was measured before the
study on the QCM-D. CHI exhibits a moderately high (-potential (26.67 + 0.85 mV)
that is due to the protonated amine groups under acidic state. Mirroring the {-potential
of CHI, ALG possesses approximately the same degree of {-potential but negative (-
29.83 £ 1.16 mV) due the presence of carboxylic groups. For L-S, although it has a
much lower absolute value of {-potential than ALG, it also presents a negative value (-
6.36 + 0.52 mV) due to the sulfate groups in the levan chains. As the chosen technique
to produce the films in this work is the LbL assembly, mainly based on electrostatic
interactions, it is essential for the materials that will be used to have opposite {-potential
[27]. Considering the {-potential values obtained, we hypothesise that CHI is able to
interact with ALG and L-S through electrostatic interactions in order to form the desired
multilayered structure.

QCM-D was used to monitor in situ the build-up of the polyelectrolytes. The
buildup between CHI and L-S was first monitored. An effective film construction was
observed (data not shown). As the motivation of this study was to evaluate the effect of

L-S on the (CHI/ALG) films, the build-up between CHI, ALG and L-S was also
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assessed. Figure 1A shows the variation of the normalized frequency (Af/v) and
dissipation (AD) of the 7™ overtone corresponding to the deposition of 5
(CHI/ALG/CHI/L-S) tetralayers. The points depicted represent the state of frequency
and dissipation after each material deposition which can be distinguished by the
stepwise decrease in frequency and increase in dissipation. The decrease in frequency.in
each deposition step indicates that mass was adsorbed onto the gold-coated quartz
crystals representing a successful deposition. Although L-S has a much lower value of
(-potential thus presenting a lower adsorption than CHI and ALG; it is observable that
the frequency also decreases upon the L-S adsorption. The results indicates that the L-S
is effectively introduced in the multilayers. The dissipation (AD) values display a
successive increase for each layer deposition which indicates that a non-rigid material is

being adsorbed by the crystal surface.

Figure 1.

Modelling of the QCM-D data according to the VVoigt model allowed further
investigation into the multilayer structure properties such as thickness (Figure 1B),
shear modulus and viscosity (Figure 1C). The thickness evolution of the build-up of the
same 5 tetralayers is represented in Figure 1B, the constant increase in thickness also
confirms the successful deposition of each polyelectrolyte. After the deposition of the 5
tetralayers the thickness was estimated to be 102 + 3 nm. These values are based on the
assumption that each layer has a uniform thickness. In the work of Silva et al. [28],
(CHI/ALG) films revealed a thickness of ca. 250 nm for the same number of layers (20
layers) that is higher than the one obtained in this work where the concentration of the

polyelectrolyte solutions were even lower than the ones used in this work (0.2 mg/mL
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vs 0.3 mg/mL). This corroborates that the extent of deposition of L-S is lower than
ALG.

Viscosity and shear modulus were also estimated using the same method — see
Figure 1C. The build-up of the film provoked an increase in both viscosity and shear
modulus reaching values of 7.4 mPa.s and 0.58 MPa for viscosity and shear modulus,
respectively. Although the viscosity has a consistent value increase comparable to the
thickness development, the shear modulus values have a more irregular increase. This
increase in both properties is generally consistent with the knowledge that an increment
of layers will cause higher viscous component and damping properties that characterize
a “softer” film. Thus, the assembled multilayer film is not rigid and exhibits the
characteristic viscoelastic behavior, which is typical of macromolecular systems [24].

QCM-D results reveal that L-S can be successfully included in (CHI/ALG)
multilayered films to conceive a viscoelastic polymeric thin coating using the LbL
approach. Thus, based on the such experiments, FS films were produced under the
conditions described in the experimental section. Besides the (CHI/ALG/CHI/ALG)100
and (CHI/ALG/CHI/L-S)1oo FS films, crosslinked - henceforth referred to as x-linked
(CHI/ALG/CHI/L-S)100 films - were also prepared. Genipin was used as the crosslinking
agent [29-31] once it has been extensively investigated in the crosslinking of amine-
containing polymers, such as CHI [32, 33]. In CHI-based materials this crosslinker acts
through a nucleophilic attack of CHI C-2 to C-3 genipin, resulting in opening of the
hydropyran ring and the formation of a nitrogen-irdoid which produce aromatic
intermediates. Subsequent steps may involve radical induce polymerization that create
genipin heterocyclic conjugates which can be exploited to further tailor the properties of

the final construct. Additionally, the ester groups of genipin can react with amino
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groups in CHI and secondary amide linkages can be established [34, 35]. This covalent

crosslinking is permanent and presents high selectively [36, 37].

When CHI/ALG/CHI/L-S films are crosslinked with genipin, since ALG and L-S does
not contain primary amines, genipin will give rise to semi interpenetrating polymer
networks with free ALG and L-S chains entrapped inside crosslinked CHI multilayers,
as previously reported in other multilayered systems [31, 38]. The chemical crosslinking
with genipin leads to the formation of a permanent network (covalent bonds) by the
nucleophilic attack of these small molecules in the amine groups of CHI [35]. A blue
colour typical of the crosslinking reaction with genipin.appeared some hours later on the
x-linked (CHI/ALG/CHI/L-S)100 FS films confirming the efficiency of the crosslinking
process by simple visual inspection. The effect of crosslinking on the
(CHI/ALG/CHI/ALG)100 FS films was clearly reflected in properties, such as

mechanical performance, adhesiveness, surface morphology and cell viability.

3.2 XPS analysis

The chemical composition of the prepared FS films was examined by XPS
surface measurements. As expected, three main elements: carbon (C), oxygen (O) and
nitrogen (N) were present in the survey spectrum of the prepared FS membranes. For
the (CHI/ALG/CHI/ALG)qq FS films a concentration of 64.69% Cis, 31.62% O and
3.69% Niswas detected. For the (CHI/ALG/CHI/L-S)100 FS films a concentration of
77.10% Cys, 19.98% O and 2.80% Niswas detected as well as 0.12% S 2p that is due
to the sulfur content of L-S.
3.3 Morphology of the free-standing films

The surface of the upper side (facing outward) and cross-section of the distinct

FS films were evaluated by SEM (Figure 2). The SEM images show that the surface of
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the prepared FS films presents some features with sizes in the order of 1-5 pm. No
significant topographic differences were observed between the studied FS.

The cross-sections of all FS films also do not present visible differences
evidencing a quite homogeneous and compact organization of the layers. However, it.is
possible to discern differences in the thickness between them. The
(CHI/ALG/CHI/ALG)100 Were the thicker ones and presents a thickness of 193.25 +
12.26 um. The original and x-linked (CHI/ALG/CHI/L-S)100 FS films present
thicknesses of 54 + 3.61 um and 56.5 £ 1.6 um, respectively. The results are consistent

with the QCM-D results.

Figure 2.

The AFM technique was employed in order to study in more detail the surface
topography and roughness of the upper side of the FS. Figure 3A, B and C show the
representative images obtained using an analysis area of 10 x 10 um? and the respective
3D representation of each type of FS. Analysis of the images obtained by AFM
provided values of root mean squared roughness (Rq) (Figure 3D) and of average height

(Ra) (Figure 3E).

Figure 3.

From both Rqg and Ra results, the control FS films present the rougher surface.
The introduction of L-S on the CHI/ALG system render the FS smooth, however, upon
crosslinking, an increase in roughness (p > 0.0001) was verified when comparing both

(CHI/ALG/CHI/L-S)100 and X-linked (CHI/ALG/CHI/L-S)100. Although it was not
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possible to draw any conclusion by SEM about the roughness of the FS films, by AFM
it was observed that the introduction of L-S rendered the surface smooth similarly to
what was reported before on (CHI/Ph-levan) multilayer films where phosphonated
derivative of Halomonas levan was used [20]. The crosslinking caused a significant
increase in the roughness of the (CHI/ALG/CHI/L-S)100 as it has been reported in other
crosslinking studies [29, 35, 39]. Such rough topography and increase of surface area
could be advantageous for cell adhesion [40].
3.4 Wettability

The wettability of the developed FS films was analysed by water contact angle
(WCA) measurements. These results are displayed in Figure 4, presenting the WCA of
both sides of each FS produced. On the side.in contact with the substrate during the LbL
process (down side), it is possible to verify that no significant changes occurred (WCA
~ 80°), when comparing all the FS films. This is explained by the presence of the same
material layer, CHI, in the first'layer. The X-linked (CHI/ALG/CHI/L-S)10o Showed a
significantly higher WCA than the uncrosslinked FS film. It is easily observable that the
L-S has a more hydrophilic behaviour than ALG or CHI resulting in a much lower
WCA in the (CHI/ALG/CHI/L-S)100. The hydrophilicity of the (CHI/ALG/CHI/L-S)100
FS film is considerably decreased in the crosslinked FS film both WCA continues to be

lower than in the (CHI/ALG/CHI/ALG)10o.

Figure 4.

3.5 Mechanical behaviour
Tensile tests allowed to study the elastic (Young) modulus, ultimate tensile

strength (UTS) and strain at failure (¢) of the FS films — see Figure 5. The mechanical
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tests demonstrated that the X-linked (CHI/ALG/CHI/L-S)100 FS films possess a Young
modulus of 31.52 + 1.08 MPa being the stiffer films, followed by the
(CHI/ALG/CHI/L-S)100 FS films that have a Young modulus value of 17.77 = 1.09
MPa. The softer FS films are the (CHI/ALG/CHI/ALG);0.0nes that have an elastic
modulus of 7.45 = 0.60 MPa meaning that the inclusion of L-S provoked an increase in
the rigidity on the produced FS films. Also, these tests revealed that both the
uncrosslinked and the crosslinked (CHI/ALG/CHI/L-S)100 FS have a much higher UTS
(3.80 £ 0.75 MPa and 3.73 = 0.3 MPa, respectively) than the (CHI/ALG/CHI/ALG)100
FS (1.25 + 0.47 MPa). Regarding the strain at failure, the (CHI/ALG/CHI/ALG)1o0 FS
films have a deformation slightly lower value than the (CHI/ALG/CHI/L-S)100 films. On
the other hand, the X-linked (CHI/ALG/CHI/L-S)100 have a much lower deformation
which is caused by the higher structural stiffness granted by the crosslinking reaction as
reported by other works [28, 41].

Analysing these values, it 1s possible to conclude that the presence of L-S results
in a higher tensile resistance. It is also observable that the crosslinking on the FS with
L-S does not appear to confer any considerable difference in terms of UTS, however it

causes a significant decrease in strain at failure (p < 0.0001).

Figure 5.

DMA tests performed with the FS films allowed to evaluate their viscoelastic
behaviour — see Figure 6. The storage modulus (£°) values show a consistent increase
with frequency in all samples (Figure 6A). (CHI/ALG/CHI/L-S);00 have an increased
stiffness, with £’ values that are approximately 2 times higher than the

(CHIALG/CHI/ALG) 00 FS. As it was expected, the X-linked (CHI/ALG/CHI/L-S)100
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presents an even higher stiffness, as the £ values are more than 3 times higher than the
uncrosslinked (CHI/ALG/CHI/L-S)1g0 FS films. These values are in agreement with the
behaviour observed in the tensile tests for the Young modulus. Moreover, such results
are also consistent with dependent water uptake results in which
(CHI/ALG/CHI/ALG)100 and (CHI/ALG/CHI/L-S)100 FS films presented a water uptake
of 175 % and of 125 %, respectively (data not shown). Such behaviour has been already
reported by other works where it was found that the mechanical properties of CHI
membranes were influenced by their hydration levels [42-44].

As tan d represents the ratio between the elastic and viscous behaviour of a
material, it provides insight into the viscoelastic behaviour of the sample. Tan d values
(Figure 6B) are similar between the different studied FS. A general decrease with
frequency was observed but no signs of the presence of relaxation processes could be
detected. The X-linked (CHI/ALG/CHI/L-S)1q0 present the lowest values of tan 6
possessing lower dissipative properties than the other produced FS, which can be related
to its higher crosslinking degree [45].

Considering that the tan § values of all FS films present a value between 0.15
and 0.3 we can safely assume that these FS have a viscoelastic behaviour as it would be
expected from a structure composed by natural polymers having the ability to absorb

water.

Figure 6.

Previous studies have indicated that levan may present good adhesive properties
mostly due to the presence of hydroxyl groups in its constitution [9, 20, 46, 47]. In order

to study the adhesiveness of the films, they were subjected to lap shear strength tests
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where the FS films were put in close contact through overlapping. In the case of the
(CHI/ALG/CHI/ALG)100 FS, the CHI side was overlapped with ALG side and, for the
FS with L-S, the CHI side was put into contact with the L-S side. Figure 7 represents
the average shear strength necessary to detach two FS of the same type of formulation.
(CHI/ALG/CHI/L-S)100 required a lap shear strength 4 times higher than the
(CHI/ALG/CHI/ALG)100 FS films. From these results, it is possible to confirm that the
introduction of L-S contributes significantly to a higher adhesion strength. Some studies
already investigated the lap shear strength necessary to separate two LbL films by using
adhesive materials on the constitution of the multilayer films. For instance,
(CHI/phosphonate-derivatized levan, Ph-levan) films revealed an increased
adhesiveness compared to the (CHI/ALG), where an adhesive strength of 2.5 MPa and
0.9 MPa was verified for the films containing Ph-levan and for (CHI/ALG),
respectively [20]. Neto et al. [21] found a higher adhesive strength (2.32 MPa) for
multilayer films made of CHI and dopamine-modified hyaluronic acid (CHI/HA-DN) in
comparison to (CHI/HA) films (0.75 MPa) confirmed also in high-throughput tests [22].
Multilayer films.containing CHI, HA-DN and silver doped bioactive glass nanoparticles
(AgBG) were produced where several combinations of the materials were used on the
production of the multilayer films [48]. The films with the [CHT/HA-DN/CHT/AgBG]s
+ [CHT/HA-DN] sequence were the ones possessing the higher adhesiveness (around 1
MPa). Such studies reported lap closed with the ones reported in this work, but it should
be noticed that such multilayered films were produced over glass slides and the
overlapping was done immediately after film construction. In this work, the lap shear
strength experiments were performed in FS films, meaning that the multilayers films
were prepared and detached from their substrate just by letting them dry. Afterwards,

the overlapping was done by rehydrating the FS. This could be an advantage since the
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adhesiveness is not lost upon drying. Similar experiments [38] were performed with
(CHI/ALG) FS membranes where adhesiveness was only verified when the FS films
were immersed in a calcium chloride solution promoting a calcium-induced adhesion
process. In this work, adhesiveness of the FS films occurred just by using PBS. Other
adhesive materials have been proposed [49, 50] and some of them are already been used
in clinical practice [51, 52] but they have less adhesive strength. Other evidence of the
adhesion ability of the (CHI/ALG/CHI/L-S)100 Was given by a qualitative test, on which
the membranes were attached on the surface of a porcine bone during 3 days, followed
by its removal. It was observed that the (CHI/ALG/CHI/L-S);00 FS films were more
hard to pull out from the bone than the (CHI/ALG/CHI/ALG)100 Ones (see video
recording). Thus, the (CHI/ALG/CHI/L-S)190 With enhanced adhesive character could

be used in biomedical applications where strong adhesiveness is required.

Figure 7.

3.6 Biological tests

The uncrosslinked (CHI/ALG) system has relatively low cell adhesion and proliferation
on both fibroblasts [28, 53] and myoblast [54] cell lines. On the other hand, when
crosslinked, the adhesion, proliferation [55] and even for differentiation [56] of cells on
these FS films or even other similar ones were enhanced. In this work, in-vitro
biological assays were performed on the (CHI/ALG/CHI/L-S)190 and X-Linked
(CHI/ALG/CHI/L-S)190 FS films, as the main goal is to determine the influence that the
L-S introduction could have on cell adhesion, proliferation and differentiation of C2C12

cells.
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The cellular viability on the produced FS films are presented in Figure 8A. The
cellular viability increased with increasing culturing time, suggesting good cell viability
on the surfaces of the FS films. At day 1, significant differences were found for TCPS p
> 0.01(**) and X-Linked (CHI/ALG/CHI/L-S)100 p > 0.01(**) in relation to the
(CHI/ALG/CHI/L-S)100 FS. At day 5, TCPS presented significant differences p>
0.0001(****) and p > 0.05(*) in relation to (CHI/ALG/CHI/L-S)00 and X-Linked
(CHI/ALG/CHI/L-S)100, respectively. Regarding (CHI/ALG/CHI/L-S)100 FS, at day 7
significant differences were found for X-Linked (CHI/ALG/CHI/L-S)100 p > 0.05(*) and
for TCPS p > 0.0001(****). Figure 8B shows the DNA quantification along the
different times points (1, 5 and 7 days). Overall, an increase in cell proliferation was
verified for all tested substrates, suggesting the non-cytotoxicity of the material with the
continuous growth of the cells above the FS. During all experiments, significant
differences p > 0.0001(****) were verified for all formulations tested in relation to
latex, a negative control, indicating that cells interacted well with both FS membranes
and TCPS. Comparing the produced FS films, significant differences p > 0.0001(****)
were found at day 5-and day 7 for the X-Linked (CHI/ALG/CHI/L-S)100 confirming that
the genipin crosslinking plays an important role in cell adhesion and proliferation of
muscle cells, by tailoring the stiffness of the membrane. Overall, DNA quantification
results matched with the MTS assay results. They reinforce the good C2C12 viability
when cultured on both types of FS membranes, as well as enhanced cellular functions
for X-Linked (CHI/ALG/CHI/L-S)100. The results are consistent with previous results
showing that C2C12 depend on substrate stiffness [57-59]. Briefly, when in contact
with the membranes, cells interact with the substrate, receiving a mechanical feedback.
Soft materials usually impair cell adhesion and performance [60]; with genipin

crosslinking, it was possible to increase the stiffness of the FS membranes and this way,
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to increase the myoblasts adhesion. Similarly, Silva J. M. et. al [53] improved the
cellular adhesion to chitosan/alginate freestanding membranes, by increasing the
stiffness of the membranes through crosslinking with genipin.

DAPI-phalloidin staining was performed to understand how C2C12 cells adhered
and which morphology they presented on the surface of the produced FS films - see
Figure 8C. At day 1, the cells presented a round shape typical of the short-culture period
and started to adhere on the surface of the produced membranes (data not shown). After
a period of 5 and 7 days of culture in GM, the C2C12 presented a spread morphology
exhibiting well-defined actin stress in the peripheral as well as the interior regions of the
cell (data shown for 5 days of culture). Since the material stiffness influences the cell
adhesion, it would be expected that it also affects cell morphology. However, after 5
days in GM, C2C12 cells were spread either when cultured on (CHI/ALG/CHI/L-S)100
or X-Linked (CHI/ALG/CHI/L-S)100 membranes. As the chemistry of the surface has
been also reported by having influence on the behaviour of different type of cells, we
hypothesize that it overpassed the differences on the mechanical properties. In fact,
previous investigations have suggested that among other chemical groups, cells cultured
on sulfate groups-containing surfaces exhibit largest contact area and a more spread
morphology [61].

The functional adhesion to the (CHI/ALG/CHI/L-S)190 and X-Linked
(CHI/ALG/CHI/L-S)100 FS was evaluated by the expression of focal adhesion (FAS)
proteins using an immunofluorescent staining for vinculin - see Figure 9, top panel. The
interactions at the interface between cell and material happen through multiple FAs
contact, which are crucial to adapt the cell response to exogeneous regulatory mitogenic
signals. After 4 h of culture, it was possible to observe the presence of FAs with no

specific distribution over the surface, in all formulations studied; although, it seems that
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there was some cell aggregation on the (CHI/ALG/CHI/L-S)100 FS while for the X-
Linked (CHI/ALG/CHI/L-S)100 FS the cells were individually dispersed all over the
surface. This could be related with the effect of crosslinking. Among other, crosslinking
strategies have been reported as a strategy to enhance adhesion and proliferation of
cells. Ren K. et. al. [59] suggested that stiffer films were obtained when crosslinking
poly(L-lysine)/hyaluronan films, enhancing the formation of C2C12 focal-adhesions
and proliferation. Genipin crosslinking of different multilayer systems can be used to
increase cell adhesion [29, 53, 62]; otherwise these systems are'almost non-cell
adhesive.

Differentiation experiments were also performed on the produced FS films
where the C2C12 were in DM up to a period of 7 days— see Figure 9 bottom panel.
Interestingly, myotubes were formed on all produced FS even for the uncrosslinked
(CHI/ALG/CHI/L-S)100. Muscle cells are very dependent on substrate stiffness that have
influence in their differentiation in'which, generally, cells are not able to form myotubes
on soft substrates [56-59]. However, by the results of the immunofluorescence for
troponin T, it seems that crosslinked and non-crosslinked membranes allowed myogenic
differentiation. We hypothesize that the presence of L-S could have influence on the
differentiation of C2C12, as sulfated groups have influence on cell differentiation [63-
65]. Indeed, sulfated polysaccharides have been reported to influence the expression of
different genes related with cell differentiation; the mechanism behind this phenomenon
is not totally clear yet [66, 67]. Still, the intensity of troponin T immunofluorescence
seemed higher and the formed myotubes appeared more elongated for cells seeded on
X-Linked (CHI/ALG/CHI/L-S)100 FS, which could be a result of the higher stiffness of

these substrates. Ren K. et. al. [68] showed that stiffer polymer-based multilayer films
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promotes the formation of more elongated and thin striated myotubes than soft
substrates.

Overall, the developed FS could promote and control specific cellular responses
through cell-material interactions. The preliminary biological assays indicate that the

produced FS films are cytocompatible and able to allow myogenic differentiation.

Figure 8.

Figure 9.

Conclusions

The potential of FS films made of CHI and ALG are well known. In order to
improve their potential L-S was included in their constitution. Free-standing membranes
based on chitosan, alginate and sulfated levan were successfully produced using the
LbL method, provingthat sulfated levan is a suitable polyelectrolyte for such type of
polyssacharide-based nanostructured multilayer films. The introduction of sulfated
levan enabled the production of free-standing membranes with enhanced mechanical
properties that required a higher tensile stress in order to rupture and a higher shear
strength for detachment when compared to the widely used control membranes
composed of chitosan and alginate. Moreover, such free-standing were myoconductive
even in the absence of crosslinking. The crosslinking of the FS sulfated levan-
containing films with genipin proved to improve their properties, granting a higher
stiffness and surface roughness which in turn provided a higher mechanical resistance

and enhanced cell viability and proliferation.
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Finally, taking into account all the results, it is possible to conclude that the

(CHI/ALG/CHI/L-S)100 membranes that were developed in this study possess suitable

conditions for distinct applications in the biomedical field, such as biological adhesives

and for cardiac tissue engineering applications.
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Statement of Significance

Sutures remain as the “gold standard” for wound closure and bleeding control; however
they still have limitations such as, high infection rate, inconvenience in handling, and
concern over possible transmission of blood-borne disease through the use of needles.
One of the challenges of tissue engineering consist on the design and development of
biocompatible tissue adhesives and sealants with high adhesion properties to repair or
attach devices to tissues. In this work, the introduction of sulfated levan (L-S) on
multilayered free-standing membranes was proposed to confer adhesive properties.
Moreover, the films were myoconductive even in the absence of crosslinking just by the
presence of L-S. This study provides a promising strategy to develop biological

adhesives and for cardiac tissue engineering applications.
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