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ABSTRACT: Marine-derived polymers are environmentally friendly and sustain-
able biomaterials that have structural similarities with the main components of the <2 //’/

extracellular matrix. Moreover, some marine polymers have specific bioactivity that S
can be transferred to the systems made of these biomolecules. Herein, we
developed antibacterial adhesive films combining two marine polysaccharides,
namely, fucoidan and chitosan. Fucoidan was functionalized with catechol groups

(FCat) to improve its adhesive properties. This modification enhanced also the r

Adhesive

fucoidan antibacterial properties: while fucoidan is active against Gram-positive é
bacteria, FCat showed bactericidal activity against Gram-positive and Gram-

negative bacteria. To improve the processability and mechanical properties, FCat L

was blended with chitosan and solvent-casted to obtain films. These films exhibited
an adhesion strength similar to the one of clinically used natural adhesives and no
cytotoxicity: fibroblastic cells attached and remained viable on the films. Altogether our results demonstrated that the developed
antibacterial and adhesive films are a feasible alternative of cytotoxic synthetic adhesives used for soft tissue healing applications.
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1. INTRODUCTION mussels are well-known bio-adhesives that are efficient in wet
environments because of the content of 3,4-dihydroxyphenyl-L-
alanine (L-DOPA)/catechol groups.”>~>° Recently, we have
demonstrated that fucoidan can be modified with dopamine and
the obtained derivative is significantly more adhesive than the
nonmodified fucoidan.”® Herein, we assessed the antibacterial
activity of fucoidan obtained from two different brown algae
species (Fucus vesiculosus and Bifurcaria bifurcata) and catechol-
conjugated fucoidan.

Applications in TE and wound healing also require feasible
processing into devices with appropriate mechanical properties.
We propose blending as a strategy to achieve this requirement.

Because the use of polymers from marine sources avoids the risk
wall matrix of brown seaweeds and described for its antibacterial . . ! polymers ro o
.56 . . ) ) LT of infections and immunogenicity and has no limitations related
properties.”” Fucoidan is neither toxic nor irritating’ and has - L1
. P 3 ¢ . 910 to religious or ethical issues, as a second component of the blend,
been proposed for anticoagulant,” antioxidant,” angiogenic,” . .
. 1112 R E T . 217 we have selected another marine-derived polymer, namely,
antitumoral, "~ antiviral, anti-inflammatory, ™’ and . . . . .
. s o . . o chitosan, a cationic polysaccharide obtained from the chitin of
antibacterial © applications. However, its bioactivity depends . 27
) ; ; ) the crustacean shells through a deacetylation process.
on the molecular weight, the extraction and purification : 1 . 2128
. Chitosan is biodegradable and biocompatible,”™ and together
procedures, and structure (e.g,, branching, sugar and sulfate

v 10 ” ] ‘ with fucoidan, it can be processed into nanoparticles,29
content, and sulfate group positions).” In tissue engineering
(TE), fucoidan has been used to promote fibroblast
proliferation”® and enhance the activity of fibroblast growth Received:  August 28, 2022
factor-2 (FGF-2).”' Herein, we propose to extend these Revised:  November 17, 2022
applications of fucoidan to soft TE and wound healing
applications. To this end, fucoidan should be rendered adhesive
to promote its tight attachment to the tissue and enhance
healing.”” The marine adhesive proteins (MAPs) secreted by

The development of biomaterials for soft tissue engineering and
wound healing remains challenging because of the requirements
for antibacterial properties and adhesion between the material
and tissue to promote the treatment efficacy.' Nowadays,
infections continue to be the most severe risk associated with
implant failure,” and thus, antibacterial biomaterials that
promote tissue healing are demanded.’ Marine ecosystems
rich in microalgae and macroalgae, such as seaweeds, are known
to combat different bacteria.* Such ecosystems contain different
components, but among them, fucoidan, an anionic sulfated
polysaccharide that is fucose-rich, has been identified in the cell
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hydrogels,” polyelectrolyte multilayers,”" or sponges.”" In this
work, chitosan was blended with fucoidan or catechol-
conjugated fucoidan. The blends were processed in the form
of films, an adequate geometry for their potential application as
wound dressings, and their bioadhesive, biocompatible, and
antibacterial properties were evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials. Medium molecular weight chitosan (~310 kDa,
determined by gel permeation chromatography, GPC) was obtained
from Sigma-Aldrich. Chitosan was deacetylated (degree of deacetyla-
tion: ~99%, determined by '"H-NMR) and purified by a series of
filtration and precipitation steps in water and ethanol, followed by
freeze drying according to the protocol described by Signini and
Campana.>> Fucoidan from Fucus vesiculosus (F. vesiculosus) was
purchased from Sigma-Aldrich (batch number: SLBW1602, molecular
weight of 103 kDa measured by GPC with multiangle laser light
scattering (MALLS) detector and a sulfation degree of 9% were
provided by the supplier). Mouse fibroblast cell line L929 was obtained
from Sigma-Aldrich partnered with the European Collection of
authenticated cell cultures (ECACC, UK). Dulbecco’s modified
minimum essential medium (DMEM), sodium bicarbonate
(NaHCO,), phalloidin—tetramethylrhodamine B isothiocyanate fluo-
rescent dye, bovine serum albumin (BSA), dopamine hydrochloride, N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), 2-(N-morpholino)ethanesulfonic acid buffer (MES), Mueller
Hinton Broth (MHB), and Mueller Hinton agar (MHA) were also
purchased from Sigma-Aldrich. Dialysis membrane spectra/Por 3
(cutoff 3.5 kDa, width 54 mm, diameter 34 mm) were purchased from
Fisher Scientific. Alamar blue was obtained from Bio-Rad. Antibiotic/
antimycotic, Dulbecco’s phosphate buffered saline (DPBS), trypLE
express (1X) with phenol red, fetal bovine serum (FBS), Calcein AM,
and propidium iodide (PI) were ordered from Thermo-Fisher
Scientific. 4',6-Diamidino-2-phenylindole (DAPI) was obtained from
Biotium Inc., Alcian Blue 8GX was purchased from DiaPath, and
glycerol and acetic acid were ordered from Honeywell (North Caroline,
USA). Sodium chloride (NaCl) and sodium hydroxide (NaOH) were
purchased from PanReac AppliChem.

2.2. Extraction of Fucoidan. Fucoidan was extracted from
Bifurcaria bifurcata (B. bifurcata) based on the methodology described
by Yang et al.>> The algae were collected at the Aver-o-Mar beach
(Portugal) and then pretreated with 85% ethanol for approximately 12
h, followed by an acetone wash and drying. Extraction was carried out
with distilled water at 65 + 5 °C for 1 h. The obtained extract was
centrifuged at 20,000 g for 15 min and the supernatant was treated with
1% (v/v) CaCl, and kept overnight at 4 °C. The fraction was removed
by centrifugation (20,000 g) and left at 4 °C for 4 h to promote the
precipitation of some impurities. After centrifugation, absolute ethanol
was added to the supernatant and left at 4 °C overnight. The
precipitated polysaccharide was recovered by centrifugation, washed
with ethanol and acetone, and vacuum-dried at room temperature
(RT). Then, the fucoidan was characterized by Fourier transform
infrared (FTIR) and 'H-NMR spectroscopies and compared with
commercial fucoidan from F. vesiculosus.

2.3. Modifications of Fucoidan. Fucoidan was modified
according to the procedure proposed by Jeong et al.*® Briefly, fucoidan
(1 g) was dissolved in 150 mL of MES buffer (0.1 M, pH =6, 1 h). EDC
(2.05 g) and dopamine (1.24 g) were added to the solution and the
reaction mixture was stirred for 2 h at RT. The solution was dialyzed
against distilled water (cutoff 3.5 kDa, 24 h) to remove unreacted
coupling reagents. The final product was freeze-dried and kept at 4 °C
until use.

2.4. Assessment of Fucoidan Antibacterial Properties. Two
different strains, namely, Gram-negative Escherichia coli (E. coli)
(ATCC 25922) and Gram-positive Staphylococcus aureus (S. aureus)
(ATCC 25923), were used to determine the minimum bactericidal
concentration (MBC) of different fucoidans (commercial and extracted
by us) and catechol-conjugated commercial fucoidan (FCat). E. coli and
S. aureus strains were cultured on MHB (37 °C, 60 rpm) and the

microbial suspension was adjusted to 1.0 X 10 CFU/mL. Fucoidan
obtained from different sources and FCat were dissolved in sterile water
(200 mg/mL). These stock solution were diluted to prepare a series of
solutions with different concentrations (1, 2, S, 10, 25, 50, and 100 mg/
mL) that were tested using the following procedure. In a 96-well plate,
50 uL of bacterial suspension was added to 50 uL of the fucoidan
solution. The plate was incubated at 37 °C for 24 h. Then, aliquots from
each well (10 uL) were added on the surface of nutrient MHA and
incubated at 37 °C for 24 h. MBC was determined as the lowest
concentration that shows no bacterial growth on the agar plate. Several
controls were used: bacterial suspension without fucoidan, bacterial
suspension with ampicillin (50 mg/mL), and different concentrations
of fucoidan without a bacterial suspension. All assays were performed in
triplicate.

2.5. Film Casting. The films were obtained from chitosan solution
(1.5% w/vin 0.15 M NaCl) with aq. acetic acid (1.5% v/v) and glycerol
(5% v/v) to which 0.5% w/v of fucoidan or modified fucoidan was
added (Table SI in the Supporting Information). The solution was
solvent-casted in a Petri dish (@ = 90 mm) or directly in a 24 well plate
for the biological assays and dried at 37 °C for 48 h. The dried films
were neutralized using 1 M NaOH for S min, followed by washing with
distilled water until neutral pH. The obtained films are designated as
Chit (single-component films from chitosan used as a control), Chit/F
(blended films obtained from chitosan and unmodified fucoidan), and
Chit/FCat (blended films obtained from chitosan and modified
fucoidan).

2.6. Surface Characterization of the Films. Surface chemistry of
the films was analyzed by X-ray photoelectron spectroscopy (XPS,
spectroscope Axis supra, Kratos) equipped with monochromatic AI-Ka
radiation at 1486.6 eV. Photoelectrons were collected from a take-off
angle of 90° relative to the film surface. Each measurement was done in
a Constant Analyzer Energy (CAE) mode with a pass energy of 160 eV
for survey spectra and 40 eV for high-resolution spectra. The Cls
binding peak at 285 eV corresponding to a hydrocarbon peak was used
as a reference.’® Data analysis and atomic concentration were
determined from the XPS peaks of high-resolution scans using ESCape
software (Kratos).

Alcian blue staining was performed to visualize the distribution of the
fucoidan on the surface of the films. The films were gently shaken in a
solution of Alcian blue (1% Alcian blue dissolved in 3% of acetic acid,
pH = 2.5) for 1 h, followed by several washes with PBS, until the blue
background had been removed. The films were observed under a
microscope Leica DM750.

Surface hydrophilicity and surface energy of the films were obtained
using two testing liquids, namely, water and diiodomethane, and
Owens, Wendt, Rabel, and Kaeble (OWRK) equation. The contact
angles were measured with goniometer OCA 15+ (DataPhysics,
Germany) equipped with a motor syringe for droplet deposition. The
testing liquid (3 L for water and 1 L for diiodomethane) was placed
on the film and an image was recorded and analyzed by SCA20 software
(DataPhysics, Germany). The surface energy and the respective polar
and dispersive components were determined using the following input
parameters from the SCA20 software database: water surface energy of
72 mN m™" (dispersive component (y4) = 19.90 mN m™ and polar
component (7,) 52.20 mN m™') and diiodomethane surface energy of
50 mN m™ (y4 = 47.40 mN m™" and ¥p = 2.60 mN m™).

2.7. Mechanical Properties. Tensile strength tests were
performed with Universal Mechanical Testing Equipment (INSTRON
5540), equipped with a load cell of 50 N, under tensile mode. The films
were cut into strips ($ X 25 mm?) and soaked in PBS solution at RT.
The thickness of each sample was measured using a digital micrometer
(Mitutoyo, Japan). The samples were positioned between the two grips
of the equipment at a distance of 1 cm in the length axis, and the
measurements were carried out under a cross-head speed of 1 mm/min
until film rupture. Five specimens were tested per condition and based
on the experimental stress—strain curve, the main mechanical
parameters tensile strength, elongation at break, and Young’s modulus
were calculated for each film.

2.8. Adhesion Properties. The adhesion strength of the films was
assessed using a Universal Mechanical Testing Equipment (Instron
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Figure 1. Modification and characterization of fucoidan: (a) Schematic presentation of the reaction used to modify fucoidan (FCat); (b) Nuclear
magnetic resonance (‘H-NMR) spectra of fucoidan (gray), dopamine (orange), and FCat (black); (c) UV—vis spectra of fucoidan (2 mg/mL, gray)

and FCat (2 mg/mL, black); (d) FTIR spectra of fucoidan and FCat.

5540) with a load cell of 50 N, following an adjustment of the lap-shear
test described in the ASTM D1002 standard procedure. Briefly, the
films were cut in stripes (10 X 30 mm?) and two strips were vertically
overlaid to achieve an overlapping area of 10 X 10 mm®. The overlapped
strips were placed between two glass slides, clamped tightly, and
immersed in PBS solution at 37 °C. Then, the glasses were removed,
and each extremity of the bonded strips was positioned between the
grips of the mechanical testing machine at 20 mm of distance, and an
axial tensile force was applied at a constant cross-head speed (3 mm/
min). The resulting stress—strain curve was used to determine the
adhesion strength of the films by the following equation:

Force (N)

- 2
area of adhesive overlap (m®)

lap — shear adhesion (Pa) =

(1)

2.9. Cellular Assays. 1929 mouse fibroblast cells (NCTC clone
929, ATCC CCL-1, passage P30 and 31) were used to test the in vitro
cytotoxicity of films. Cells were cultured in DMEM with low glucose

and phenol red, supplemented with 10% FBS and 1% antibiotic—
antimycotic solution. Cells were incubated at 37 °C in a humidified air
atmosphere of 5% CO,. The medium was changed every 3 days. At 90%
of confluence, cells were washed with DPBS and detached with 5 mL of
trypLE express solution for S min at 37 °C. To inactivate the trypLE, 10
mL of the culture medium was added. The cells were centrifuged at 300
rcf for 5 min, and the obtained pellet was resuspended in the culture
medium. Films (@ = 13 mm) were sterilized by UV (30 min each side)
followed by immersion in 70% (v/v) ethanol (30 min). The sterile films
were washed with DPBS, immersed in DMEM without FBS (24 h),
placed in a 24-wells plate, and 200 uL of a cell suspension in DMEM
culture medium (3 X 10° cells/mL) was added to each well. Tissue
culture polystyrene (TCPS) was used as a control. Samples were
incubated at 37 °C in a humidified air atmosphere of 5% CO,. After 3h
of seeding, a fresh culture medium was added to each well until 1 mL of
volume.

The metabolic activity of L929 fibroblastic cells was determined by
the Alamar blue assay after 1, 3, 7, 14, and 21 days of culture. At these
time points, the culture medium was replaced with a fresh medium
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Table 1. Antibacterial Activity of Fucoidan from Different Sources and Modified Fucoidan (FCat) against E. coli and S. aureus”

fucoidan
concentration fucoidan (B. bifurcata)S. fucoidan
(mg/mL) (B. bifurcata)E. coli  aureus (F. vesiculosus)E. coli
1 n.a. n.a. +
2 n.a. n.a. +
S + + +
10 + + +
S0 + - +
75 - - +
100 - - +
““+” indicates the presence of bacteria in the agar plate, whereas “~” in

fucoidan

(E. vesiculosus)S. FCat fucoidan FCat fucoidan

aureus (F. vesiculosus)E. coli (F. vesiculosus) S. aureus
+ + +

_ + —

- na. na.

- na. na.

dicates the absence of bacteria.

Figure 2. Macroscopic characterization of the developed films. Representative macroscopic images of the films obtained from (a) chitosan (Chit) and
blends of chitosan with (b) fucoidan (Chit/F) or (c) modified fucoidan (Chit/FCat). Films were immersed in distilled water prior imaging. Light
microscopy images of (d) Chit, (e) Chit/Fuc, and (f) Chit/FCat films stained with Alcian blue. Scale bar is 0.5 mm.

supplemented with Alamar blue (20%) and incubated at 37 °C in a
humidified air atmosphere of 5% CO, in dark for 4 h. Then, aliquots of
100 uL were transferred to a 96-well black plate and the fluorescence
was measured (530 nm excitation wavelength/ 590 nm emission
wavelength) using a microplate reader (BIO-TEK instruments). Cell
viability: Live/dead assay (Calcein AM stains the live cells in green and
PI stains dead cells in red) was used to assess the viability of L929 cells
cultured on the films. After 1, 3, 7, 14, and 21 days, the culture medium
was replaced by 500 uL of DMEM supplemented with 1 g Calcein AM
and 0.5 pg PI for 15 min in the dark. The samples were then washed
with DPBS and analyzed using an inverted confocal microscope with
incubation (TCS SP8, Leica, Germany).

The cytoskeletal organization was visualized by fluorescent
microscopy after phalloidin/DAPI staining. At specific time points
(1, 3,7, 14, and 21 days), the medium was removed from the cultures,
and the samples were washed with DPBS and fixed with 10% formalin
for 30 min. Thereafter, the samples were stained with rhodamine—
phalloidin [1:100] for 30 min and with DAPI [1:1000] for S min. After
washing with DPBS, the samples were analyzed using an inverted
confocal microscope with incubation (TCS SP8, Leica, Germany). The
number of L929 cells attached to the film was determined by counting
cell nuclei stained with DAPIL The nuclei number was assessed with
Image] (Analysis particles). The results represent the means of three
different field-of-view images for each substrate and time point.

2.10. Statistical Analysis. Statistical analysis was performed using
OriginPro 2016 software. The results are presented as average =+
standard deviation of at least three replicates. Statistical significance was
evaluated by one-way analysis of variance (ANOVA) followed by
Tukey’s test after performing the Shapiro—Wilk test for normal
distribution. The p value was set lower than 0.0S and the following

symbols were used in the Results and Discussion section: *p < 0.0S, **p
< 0.01, ¥**p < 0.001.

3. RESULTS AND DISCUSSION

Fucoidan extracted from brown algae has various bioactivities,
including antibacterial characteristics, that depend on the source
and the extraction procedure. Herein, we selected two different
algae species to obtain fucoidan: B. bifurcata due to the
abundance on the northeastern Atlantic coast and F. vesiculosus
because it is one of the most studied fucoidan.””B. bifurcataalgae
were collected, and fucoidan was extracted following a water-
based methodology, with yields varying between 1.0 and 2.5%.
The FTIR spectrum of fucoidan isolated from B. bifurcata was
similar to the one of commercial fucoidan (Figure S1 in the
Supporting Information). The 'H-NMR spectra were also
similar and exhibited the characteristic signals of fucoidans: the
signal at 1.23—1.32 ppm corresponding to the H6 methyl
protons of L-fucopyranose; the signal of the methyl protons of
the O-acetyl groups at 2.21 ppm; the signals at 3.43—4.08 ppm
corresponding to the ring’s protons (H2-HS); the signal at 4.53
ppm associated with the protons of the 4-O-sulfated
monosaccharides; and the signals at 5.15 ppm attributed to
the C-H proton of substituted O=C and H1 protons of a-L-
fucopyranose residues” *” (Figures 1b and S2 in the
Supporting Information).

The antibacterial potential of the two fucoidans was assessed
to establish the amount of fucoidan needed for blending with
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Figure 3. XPS spectra of the studied Chit, Chit/F, and Chit/FCat films and high-resolution sulfur spectra of Chit/F and Chit/FCat films.

Table 2. Surface Wettability (Water Contact Angle) and Surface Energy (SE) Together with Its Components for the Studied

Films
sample © water (°) SE (y) mN m™"
Chit 117 £3 36.51 +£0.01
Chit/F 47 £ 3 51.29 +0.09
Chit/FCat 61+3 43.19 + 0.0§

disp (y4) mN m™" polar (7,) mN m~!
35.50 + 0.01 1.01 + 0.00

13.90 + 0.07 37.39 + 0.0S
20.27 + 0.05 22.92 + 0.00

chitosan in order to obtain antibacterial films. Fucoidan
obtained from F. vesiculosus was more efficient in inhibiting
the growth of Gram-positive S. aureus (MBC of 2 mg/mL) than
fucoidan from B. bifurcata (MBC of 50 mg/mL). However,
fucoidan from F. vesiculosus did not reduce the growth of Gram-
negative E. coli, in contrast to fucoidan from B. bifurcata whose
MBC was 75 mg/mL (Table 1). Because of the higher efficiency
against Gram-positive bacteria, fucoidan from F. vesiculosus was
functionalized with dopamine to make it more adhesive (Figure
1a). The functionalization was confirmed by 'H-NMR, UV—vis,
and FTIR spectroscopies. In the NMR spectrum of FCat, the
signal at 6 = 6.7—7.5 ppm confirmed the presence of aromatic
groups, and the peaks at 6 = 3 ppm correspond to the aliphatic
protons of dopamine (Figure 1b). The degree of substitution
(DS) of FCat was determined from the UV—vis spectrum
(Figure 1c). The UV—vis spectrum of FCat showed a
characteristic aromatic peak at 280 nm that is not present in
the spectrum of native fucoidan. Using this peak and a
calibration curve with dopamine solution, we determined a DS
of 11%. FTIR spectroscopy supported the modification of FCat
through the presence of peaks at 1519 and 1558 cm™,
corresponding to the C=C aromatic stretching and N—H
bending (Figure 1d).

Surprisingly, the modification with dopamine groups
enhanced the antibacterial properties of fucoidan (Table 1):
MBC for FCat was 2 mg/mL for S. aureus, i.e. similar to
unmodified fucoidan, but the conjugate was also efficient against
E. coli, with an MBC of 5 mg/mL. Indeed, previous reports
describe an antimicrobial activity of catechol derivatives
associated with the aromatic portion.”**'

Because fucoidan and FCat films were not able to be handled
in wet environments, we prepared blended films by adding
chitosan to unmodified fucoidan (from F. vesiculosus) or its
derivative FCat. The obtained films had different macroscopic
appearance (Figure 2a—c): pristine chitosan films (Chit) were
transparent, the film produced from a combination of fucoidan
and chitosan (Chit/F) had a heterogenous orange/brown color,
and the films produced from a combination of FCat and chitosan
(Chit/FCat) presented a homogenous dark brown color.

Alcian blue staining was performed to detect sulfates in the
films. We observed that the control, Chit film, was not stained in
blue, confirming the lack of sulfates (Figure 2d). On the other
hand, the Chit/F films were blue-stained heterogeneously
(Figure 2e), whereas the Chit/FCat films exhibited homoge-
neous staining with no visible phase separation (Figure 2f).
These results indicate that the modification of fucoidan
enhances its compatibility with chitosan, most probably via
the formation of additional hydrogen bonding, ultimately
resulting in a more homogeneous blending of Chit/FCat films.

The incorporation of fucoidan in the films was also confirmed
by XPS analysis (Figure 3, Table S2 in the Supporting
Information), which showed the emergence of new peaks for
S2s and S2p for the fucoidan-containing films. As expected,
signals for carbon, oxygen, and nitrogen are present in the
spectra of all films because these elements are constituents of
chitosan (C, O, N) and fucoidan (C and O) chemical structures.
The presence of sodium and chloride is residual and appears due
to the use of NaCl to produce the films. In the spectrum of Chit/
F films, additional peaks are observed at 174.64—162.60 and
235.71—225.65 eV, which are attributed to sulfur (S2p and S2s,
respectively) and associated with the fucoidan presence (Figure
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Figure 4. Mechanical properties of the studied films: (a) Tensile strength; (b) elongation at break; (c) Young’s modulus; (d) Lap-shear adhesion data
for the three studied films. Significant differences are marked with **p < 0.01, ***p < 0.001.

3). The S2p peak was also observed in the spectrum of Chit/
FCat (172.12—165.35 eV), while no S signals were detected in
the Chit spectrum.

Because material hydrophilicity influences protein adsorption
and cell behavior, we also determined the water contact angle
and the surface energy (SE) of the films. (Table 2 and Figure S3
in the Supporting Information). Blended films had increased
hydrophilicity when compared with the pristine chitosan film.
The SE (y) is a parameter associated not only with the
wettability but also with adhesion and friction.*” The results
showed that the addition of fucoidan or its derivative increased
the SE of the studied films, with a significant contribution of the
polar component. The relation between cell attachment and the
SE of films is complex and not always straightforward. The
higher SE is associated with high protein adsorption. However, a
very high SE can also result in protein denaturation and partial
surface passivation that is not favorable for cell attachment. Of
note, the used cell culture medium contains a mixture of proteins
with different properties and size that compete for the surface
(adsorption) area, which makes challenging determination of
any specific protein-dependent effects and, consequently, cell
behavior.*>~* These assumptions are also valid in the case of
bacterial adhesion.***®

The mechanical properties (tensile strength, elongation at
break, and Young’s modulus) are essential for a biomaterial/
device proper function. Mechanical properties of the films were
measured in the wet state and in tensile mode (Figure 4a—c).
The tensile strength was higher for Chit (6.72 + 1.83 MPa) than
for Chit/F (1.65 + 0.31 MPa) and Chit/FCat film (3.92 + 0.65
MPa). The elongation at break was similar for Chit and Chit/
FCat (1529 + 36.8 and 162.8 + 23.0%, respectively) and
significantly higher than the one measured for Chit/F films (74.1

+ 13.1%). The high elongation at break is an added value for soft
tissue applications as it represents high ductility related to the
ability of the films to deform but not break. No significant
differences were found in uniaxial elastic Young’s modulus (E)
of Chit, Chit/F, and Chit/FCat films that were 3.12 & 1.10, 2.60
+ 0.36, and 2.26 + 0.61 MPa, respectively, which indicate that
the material’s stiffness was not altered upon blending. Overall,
these data showed that the films have appropriate mechanical
properties to be applied in the regeneration of different soft
tissues, likely the spinal cord (E = 1.23 MPa),"” ulnar nerve (E =
S MPa),*® or lens capsule (E = 3—4 MPa)."

The adhesiveness of the films was assessed in vitro at
simulated physiological conditions (Figure 4d). Because an
adhesive film prolongs the contact between the material and the
wound, it is expected that it will promote an efficient treatment.
Chit and Chit/F films detached at a similar strength of about 15
kPa, while a higher strength of 21.89 + 1.80 kPa was applied to
detach the Chit/FCat films. This result is in line with the
previous data showing that functionalization with dopamine
enhances the adhesion strength of the modified polymers™*~>*
Moreover, Scognamiglio et al. reported that the adhesion
strength is enhanced during the in vivo applications because of
the oxidizing environment of the body that may accelerate the
oxidation of hydroxyl groups dopamine, enhancing the bio-
adhesion process.

Chit/FCat films showed better adhesion strength than well-
known natural tissue adhesives such as chitosan (15 kPa>®) and
fibrin (13.5 kPa®*) and similar values to synthetic tissue
adhesives based on cyanoacrylate (12—40 kPa>”). Considering
the advantages of Chit/FCat films such as sustainable and low-
cost raw materials, no risk of disease transmission, we
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hypothesized that the films produced in this study are an
excellent alternative to fibrin glue in tissue adhesive applications.

The cytotoxicity of the films was assessed using L929 cultures
for up to 21 days as recommended by ISO 10993-5 (Figure S).
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Figure 5. (a) Metabolic activity of L929 cells determined by Alamar
blue assay. Significant differences: ***p < 0.001. (b) Representative
fluorescent images of live (green)/dead (red) cells on the films. Scale
bar is 100 ym.

Significant differences in the metabolic activity of cells cultured
on the developed films were observed on the first day: 1929
cultured on Chit/FCat films presented the highest metabolic
activity. However, this difference was not maintained for longer
culture times and after 14 days, the cultures on all films had a
similar behavior (Figure Sa). The live/dead assay (Figure Sb)
showed a minimal number of dead cells (in red), discarding the
cytotoxic effect of the films. The number of cells on the films
gradually increased with time, reaching the confluence after 14th
day of culture and starting to detach from the surface on day 21.
On the other hand, the fibroblast culture on TCPS for periods
longer than 7 days showed cell overgrowth and detachment.
This fibroblasts behavior is evidenced in Figure Sa, which shows
that the metabolic activity of fibroblasts on TCPS does not
increase from the seventh day onward. It must be pointed out
that the films were stable during the 21 days of culture.

The morphology of L929 cells cultured on the films was also
evaluated (Figure 6). On the first day of culture, round cells were
observed at all conditions. This shape was altered along the
culture time: after 7 days, spread spindle-like cells with well-
defined actin filaments can be seen on controls (TCPS and Chit)
and Chit/FCat films. After 14 days of culture and until the end of
the studied period, a cell monolayer that covered the films was

Day 1 Day 3 Day 7

Day 14

Chit

Chit/FCat  Chit/F

Control

Figure 6. Representative images of L929 cells seeded on the developed
films for different culture times and stained for actin (Phalloidin, red)
and nuclei (DAP], blue). Scale bar is S0 ym.

observed and the morphology of the adherent cells on different
films was similar.

These results were confirmed by SEM (Figures S4 and SS in
the Supporting Information). SEM images revealed round L929
cells with few filopodia and lamellipodia on Chit films after short
culture times (1 and 3 days). At longer culture times (after 7
days and until the end of the experiment), we observed
formation of filopodia and lamellipodia and cells elongated to
the typical spindle-like morphology.56 On the other hand, L929
cells seeded on the Chit/FCat films elongated and formed
protrusions at an earlier time point, that is, after 3 days of culture.
After the 14th day of culture, the cells seeded on the studied
films were attached to the surface, with many extending filopodia
forming cell clusters on the material. These data agree with
previous reports that have shown an important role of catechol
groups in promoting cell attachment and proliferation.>”*

The number of adherent L1929 cells on the studied films and
tissue culture polystyrene (TCPS) was evaluated by counting
cell nuclei (Fiji Image]) after staining with DAPI (Figure 7). The
cell density increased with the time of culture, except for the
Chit/FCat films, for which the number of cells reached a
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Figure 7. Attachment of 1929 cells (number of cells/mm?) on the
studied films (Chit, Chit/F, and Chit/FCat) and control (TCPS) for 3,
7, 14, and 21 days. Significant differences between substrates for the
same culture time are marked: *p < 0.0S, **p < 0.01, and **p < 0.001.
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maximum on day 14. Longer culture time (21 days) did not
result in a further increase of the attached cells on the Chit/FCat
because confluence was achieved already at day 14. These results
confirmed that catechol functionalization enhanced cell attach-
ment and spreading for shorter periods.

4. CONCLUSIONS

Compared to traditional materials, bioadhesive films are a
promising approach for local delivery and/or repair of tissues.
Herein, we developed a bioadhesive film using fucoidan derived
from F. vesiculosus, which was conjugated with dopamine via
Schiff base to provide a more adhesive and antibacterial
characteristic. The MBC assays showed that the introduction
of catechol moieties improved the antibacterial performances of
fucoidan, especially in Gram-negative bacteria. The blend of this
conjugate with chitosan enhanced adhesive properties to bond
the film to the target tissue. Furthermore, the Chit/FCat film
supported better fibroblastic cell adhesion, proliferation, and
viability than the nonconjugated film.

Overall, considering the advantages of Chit/FCat films,
including the low cost, no toxicity, and simplicity, this next-
generation adhesive film produced using marine resources might
be potentially used as a better alternative for commercial
adhesives with antibacterial characteristics for soft tissue repair
and/or wound healing.
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