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The adhesive capabilities ofmarinemussel proteins arewell-known, exhibiting the ability to stick to different un-
derwater substrates, either inorganic or organic. These unique adhesive properties are due to the high levels of
amino acid, 3,4-dihydroxyphenyl-L-alanine (DOPA), which presents the reactive catechol group. Herein, novel
antibacterial free-standing (FS) films were developed with natural polymers, namely chitosan (CHT) and
hyaluronic acid (HA), being the catechol-functionalized hyaluronic acid (HA-DN) also included to provide wet
adhesive properties. In order to obtain composite films, silver doped bioglass nanoparticles (Ag-BGs) were incor-
porated to promote bactericidal and bioactive properties, being tested four distinct formulations of FS films. Their
surfacemorphology and topography, wettability,weight loss, swelling,mechanical, adhesion and bioactivitywas
analyzed. In particular, bioactivity tests revealed that upon immersion in simulated body fluid, there was the for-
mation of a bone-like apatite layer. Moreover, upon 16 h in direct contact with Staphylococcus aureus and
Escherichia coli cultures, these FS films exhibited a clear antibacterial effect. Therefore, such bioactive, antibacte-
rial and adhesive free-standing films could potentially be used as temporary guided bone regeneration films, in
particular to regenerate small bone defects and also periodontal tissues.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

In recent decades, the scientific community has shown increasing in-
terest in marine adhesives, particularly in mussel adhesive proteins,
MAPs, since such proteins provide the role of cementwhich upon secre-
tion become quickly solidified via chemical crosslinking into an insolu-
ble plaque [1,2]. To this regard, it has been described that MAPs contain
considerable concentrations of an amino acid, 3,4-dihydroxyphenyl-L-
alanine (DOPA) [1,3–7], which presents the reactive catechol group (a
benzene ring with two ortho-placed hydroxyl groups) that is primarily
responsible for establishing strong bonds with various inorganic/or-
ganic surfaces, either in dry or wet environments [1,2,8–10]. Besides
their versatility, some studies have also reported that bioadhesives in-
spired by MAPs are nontoxic when used as tissue adhesives or for
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– Aveiro Institute of Materials,
surface functionalization, which makes them promising materials for
biomedical applications [2,11–13]. In addition, as a potential alternative
to the synthesis of complex polypeptide or a variety of amino acid side
chains, the catechol-functionalization has becoming a promising ap-
proach for designing biomimetic materials, since that functionality in-
corporates only the essential functional components of MAPs
necessary for moisture-resistant adhesion [14–16]. In this context, dif-
ferent materials have been modified with catechol groups including
synthetic (polyethylene glycol, polyvinyl alcohol) [17,18] and natural
polymers (chitosan, alginate and hyaluronic acid) [13,19,20]. Recently,
our group have been focused on the potentiality of the catechol-
functionalized hyaluronic acid in the development of biodegradable
multilayered systemswith enhanced adhesive properties, where auspi-
cious results were achieved envisaging tissue engineering purposes
[8,21–24].

In this work, another biomimetic approachwas used based on natu-
ral polymers, namely chitosan (CHT) and hyaluronic acid (HA). Chito-
san is a linear polysaccharide with glucosamine and N-acetyl
glucosamine units linked by β-1,4 glycosidic bonds [25], that it is only
soluble in acidic solution [26,27]. CHT is frequently used in biomedical
research due to the remarkable properties, such as biodegradability,
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biocompatibility, non-toxicity, low immunogenicity, anti-tumor effects
and bacteriostatic/fungistatic characteristics [28,29]. On the other
hand, HA is constituted by N-acetyl-D-glucosamine and D-glucuronate
withβ-L-4 andβ-L-3 linkages [8,30,31], and it can be found in several or-
gans and in connective tissues of mammals, such as the synovial fluid,
skin and vitreous body [32,33]. Furthermore, HA has influence in cell
migration, adhesion and proliferation, being useful in the biomedical
field, due to its important role in wound healing and lubricity [34].

Layer-by-Layer (LbL) technique was used since it is a versatile way
to produce films, presenting many advantages, such as simplicity,
cost-effectivity, flexibility, efficiency and reproducibility [35–37]. LbL is
based on different charged species (polyelectrolytes) that are sequen-
tially deposited onto a substrate [38]. This technique has been used to
develop materials for distinct biomedical applications [39–43], namely
wound healing [41,43], drug delivery [41,42] and biosensors
manufacturing [39]. In a previous work of our group [8], a LbL coating
containing CHT and hyaluronic acid modified with dopamine (HA-DN)
was produced. These LbL films had higher adhesion strength, compared
with the ones that did not contain catechol-modified polymer [8]. Sim-
ilar findings were found in other recent works developed by our group,
where LbL systems were constructed combining CHT, HA or HA-DN
[8,23,24] and bioactive glass nanoparticles (BGs) [21,44] or silver-
doped bioglass nanoparticles (Ag-BGs) [22]. Furthermore, these coat-
ings with HA-DN presented high cellular adhesion, proliferation and vi-
ability [8,21–24] and, in accordance with Zhang and co-workers, these
multilayer systems with CHT and HA-DN enhanced the osteoblast pro-
liferation [45].

In the present work, new multifunctional free-standing (FS) films
were proposed for guided bone regeneration, consisting in the incorpo-
ration of a quaternary formulation [SiO2-CaO-P2O5-Ag2O =
56:30:4:10%mol] of silver doped bioglass nanoparticles, AgBGs, in the
build-up of antibacterial and adhesive naturally-based FS films. These
Ag-BGs were previously optimized and characterized by our group
[46,47], revealing bioactive and antimicrobial properties that could be
interesting to prevent recurrent post-surgical infections. On one hand,
it has been established that nanoparticles composed by SiO2, CaO and
P2O5 induced an apatite-like layer formation [48–50]. Furthermore, it
has been generally evidenced that the presence of silver cations allows
antimicrobial activity and a reduction of microbial infection [50–59].
As far as we know, this is the first time that FS films based on natural
polymers and Ag-BGs that are simultaneously bioactive, antimicrobial
and with adhesive properties are developed. Based in previous findings
from the group [36,43,60,61], these FS films were post-processed
through genipin crosslinking, since this crosslinker has also a natural or-
igin and is non-cytotoxic [62–64], in order to obtain LbL filmswith rein-
forced physicochemical and mechanical properties. To investigate the
potential of these nanostructured FS films for biomedical applications,
and particularly for guided bone regeneration, their physicochemical,
mechanical and adhesive properties were characterized in detail, as
well as their bioactive and antibacterial effects under physiological-
simulated conditions.

2. Materials and methods

2.1. Materials

Chitosanmediummolecularweight (CHT,N-deacetylation degree of
80%, molecular weight of 770 kDa), hyaluronic acid sodium salt from
Streptococcus equi (HA,molecularweight of 595 kDa), dopamine hydro-
chloride (DN), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hy-
drochloride (EDC, purum, ≥98.0% (AT)), dialysis tubing, benzoylated
avg. flatwidth 32mm(1.27 in.), ammoniumphosphate dibasic, calcium
nitrate tetrahydrate 99%, ethanol absolute, ammonia water (ammo-
nium hydrogen phosphate 98%, maximum of 33% NH3), sodium chlo-
ride (NaCl), sodium of hydrogen carbonate (NaHCO3), magnesium
chloride hexahydrate (MgCl2·6H2O), calcium chloride (CaCl2), sodium
sulfate (Na2SO4), Tris(hydroxymethyl)-aminomethan (Tris buffer,
(CH2OH)3CNH2), 2-(4-(2-hydroxyethyl)-1-piperazinyl) ethanesulfonic
acid (HEPES, C8H18N2O4S), hydrochloric acid (HCl) and silver nitrate
(AgNO3) were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Tetraethyl orthosilicate (TEOS, 99.90%) was purchased by Merck KGaA
(Darmstadt, Germany). Nitric acidmonohydrate (69%), potassium chlo-
ride (KCl), acetone and 2-propanol were obtained by VWR International
(UK). Sodium hydroxide (NaOH) was purchased from Fisher Chemical
(Fisher Scientific UK, Leics, UK) and hydrogen peroxide 30% (w/v) was
obtained from Panreac AppliChem (Darmstadt, Deutschland). Sodium
of hydrogen carbonate (NaHCO3), dipotassium hydrogen phosphate
trihydrate (K2HPO4·3H2O) and calcium chloride (CaCl2) were pur-
chased from Merck (Merck Sharp & Dohme Corp., Kenilworth, NJ,
USA). Genipin was purchased by Wako (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan). For microbial tests, Mueller-Hinton agar
(MHA) medium was purchased from ThermoScientific (Thebarton, SA,
Australia) and standardized cultures of Staphylococcus aureus (ATCC
29213) and Escherichia coli (ATCC 25922) with 1.5 × 108 CFU were pur-
chased from theAmerican Type Culture Collection (Manassas, VA, USA).

2.2. Synthesis of hyaluronic acid-dopamine conjugate (HA-DN)

HA was modified with the catechol groups of dopamine hydrochlo-
ride, called hyaluronic acid-dopamine conjugate (HA-DN), following
the experimental procedure already described in a previous work [22],
which was based in the protocol proposed by Lee and co-workers [7]
with some modifications. Based on the UV–Vis spectrophotometry
characterization, the HA-DN conjugate synthesized following the men-
tioned procedure [22] exhibited a substitution degree around 22% (see
Fig. S1).

2.3. Production of silver doped bioglass nanoparticles (Ag-BGs)

Silver doped bioglass nanoparticles with medium silver content
[SiO2-CaO-P2O5-Ag2O (mol%):56-30-4-10] were produced using a
quick alkali-mediated sol-gel methodology optimized by our group
[47], which was modified considering some procedures for synthesis
of silver doped bioglass nanoparticles already reported in literature
[50,56,65]. Briefly, at room temperature, osmotized water was added
to TEOS and, then, added together with ethanol absolute. The pH
value of this solution was adjusted to 2 with 2 M nitric acid solution
and the reaction mixture was kept stirring for 1 h to produce a solution
A. Then, for preparation of the solution B, calcium nitrate tetrahydrate,
ammonium phosphate dibasic and silver nitrate were added to
osmotized water and the pH value was adjusted to 11.5 with ammo-
niumhydroxide solution, and this reactionmixturewas kept under stir-
ring for 1 h. Under smooth stirring, the solution A was slowly added to
solution B drop-by-drop and, simultaneously, the pH value of solution
B was maintained at 11.5 using ammonia hydroxide solution. The final
solution was kept stirring for 48 h, and after washing three times with
osmotized water, the precipitated gel particle was thermally treated
with 100 °C/h+ 580 °C,1/2 h in a furnace, to eliminate organic residues
and to obtain the Ag-BG powder.

2.4. Free-standing films production

In similar conditions of a previous work [44], fresh polyelectrolyte
solutions were prepared with CHT, HA and HA-DN in 0.15 M NaCl solu-
tion to obtain a final concentration of 2 mg·mL−1, while the final con-
centration of Ag-BGs suspension in 0.15 M NaCl was 2.5 mg·mL−1.
Attending the solubility of CHT in acidic solutions, the CHT solution
was prepared in 0.15 M NaCl with 1% (v/v) acetic acid. These PE solu-
tions were prepared under stirring overnight and, immediately before
the LbL construction, their pH value was adjusted to 5.5. The solution
0.15 M NaCl with the pH adjusted to 5.5 was used as the washing solu-
tion. It should be mentioned that the AgBG suspension was frequently
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dispersed in ultrasonic waterbath (DT100H SONOREX, Bandelin elec-
tronic GmbH& Co. KG, Berlin, Germany) around 15min to avoid the ag-
gregation and precipitation of nanoparticles during LbL deposition. For
the production of FS membranes, polypropylene (PP) films were used
as a substrate and four distinct formulations with 300 layers were pre-
pared, as shown in Fig. 1, using a dipping robot specially designed for
the automatic fabrication of multilayers. After drying at room tempera-
ture, these membranes were easily detached from the substrate and,
then, they were crosslinked with genipin following the procedure de-
scribed by Silva and co-workers [60]. In particular, free-standing films
were immersed in 1 mg·mL−1 of genipin solution, dissolved in DMSO/
sodium acetate buffer (0.15 M NaCl), overnight at 37 °C. The resulting
films were then washed with sodium acetate buffer (0.15 M NaCl,
pH 5.5) during 30 min and then with DW during 1 h. Finally, the
crosslinked FS films were dried during 1 day at room temperature.

2.5. Fourier Transform Infrared (FT-IR) spectroscopy

Fourier Transform infrared spectroscopy was used to analyze the
crosslinked free-standing films. The results were obtained using the
FT-IR (Infrared spectrometer-Jasco), in the attenuated total reflectance
(ATR), transmission mode. The FT-IR spectra were recorded from 600
to 4000 cm−1.

2.6. Atomic force microscopy (AFM)

Atomic forcemicroscopy imagingwas performed to characterize the
topography of both surfaces (bottom and top) from FS films, using as
AFM Dimension Icon (Bruker, USA) controlled by the NanoScope V
(Bruker, USA). Three images (10 × 10 μm2) were obtained from each
FS film condition using a PeakForce Tapping® based image optimization
technique, ScanAsyst® in air and at room temperature, and a silicon
probe (ScanAsyst-AIR) with a triangular shape, a nominal spring con-
stant of 0.4 N·m−1 and a nominal resonant frequency of 70 kHz. From
each AFM image, the main surface roughness parameters – root mean
square roughness (Rq), arithmetic roughness (Ra) and maximum
roughness (Rmax) – were evaluated using NanoScope Analysis soft-
ware (v1.5, Bruker, USA).

2.7. Scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS)

The morphology of both surfaces of the FS films were characterized
using the High-Resolution Field Emission Scanning ElectronMicroscope
with Focused Ion Beam, FIB–SEM (AURIGA COMPACT, ZEISS) and also
the Scanning Electron Microscope, SEM, with EDS (JSM-6010 LV, JEOL,
Japan) coupled with dispersive X-ray spectroscopy (INCAx-Act,
Fig. 1. Schematic illustration of distinct formulations
PentaFET Precision, Oxford Instruments) equipment, operating at
15 kV accelerating voltage. All samples were previously coated with a
thin gold layer, using a sputter coater 108A (Cressington, UK).

2.8. X-ray diffraction (XRD)

An AXS D8 Discover (Bruker, USA) equipment was used for this
characterization, with Cu-Kα radiation (λ = 1.54060 Å), scanning
range from 15° to 60° at a speed of 0.04°·s−1. The analysis for phase
identificationwas performed using analytical software EVA. The crystal-
line phases were indexed using the ICDD-2015 database (International
Center for Diffraction Data).

2.9. Thermogravimetric analysis (TGA)

Thermogravimetricmeasurementswere performed in order to eval-
uate the amount of Ag-BGs present in the FS films, using a TA Q500
equipment (TA Instruments, USA) and spending around 4 mg of FS
film per experiment. All tests were performed under nitrogen atmo-
sphere with a temperature range between 40 °C to 800 °C, at a rate of
10 °C.min−1.

2.10. Water contact angle (WCA) measurements

OCA15plus goniometer equipment (DataPhysics, Germany) was
used to perform the contact angle measurements onto both sides of
the films, i.e., “top” corresponds to the top of the film and the “bottom”
corresponds to the surface film in contact with the substrate, whichwas
always a CHT layer. The measurements were performed using the ses-
sile dropmethod, in which a drop of 3 μL of ultrapure water was depos-
ited on the surfaces by a syringe, and immediately after the water drop
contacted the surface, images were acquired and analyzed using the
SCA20 software (DataPhysics, Germany). For each condition character-
ized, at least three images were acquired, corresponding to six values of
water contact angle.

2.11. Tensile and adhesion tests

Tensile strength and also lap-shear adhesive strength were per-
formed using a universal electromechanical testing equipment (Instron
5543, USA), equipped with a 1kN load cell, under the tensile mode. For
this mechanical characterization, all samples were cut with similar di-
mensions: 0.6 cm of width, 3.0 cm of length and a gauge length of
1.2 cm. For each sample, the thickness of the dried samples was mea-
sured three times (n=3) and inwet state, sampleswere previously im-
mersed in PBS during 60 min. The measurements were taken under a
loading speed of 1.5 mm·min−1, for the dry samples and
developed for the studied free-standing films.
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0.5 mm·min−1 for the wet samples. Based on the experimental stress-
strain curves, the main mechanical parameters - ultimate tensile
strength (UTS, MPa), tensile Young's modulus (E, MPa) and strain at
break (ε, %) - were calculated. Additionally, the lap-shear stress tests
were performed following the ASTM D1002 standard. Briefly, the FS
films were soaked in PBS solution and cut with 5 mm width and
15 mm length, then they were put in contact with an overlapping area
of 3.75 × 5 mm2 and low-pressed between two glass slides overnight.
Finally, prepared samples were tested under the same conditions de-
scribed for the wet samples and the lap shear strength was determined
from the maximum of the experimental stress-strain curves. All exper-
imental data are presented as mean± standard deviation using at least
five tested specimens per condition.

2.12. In vitro bioactivity studies

The four distinct formulations of FS films were immersed in a
modified-simulated body fluid solution (m-SBF 1.5×) at 37 °C for
14 days. This solution was prepared following the Oyane and co-
workers procedures [66,67], by dissolving sodium chloride (NaCl), so-
dium sulfate (Na2SO4, Panreac), magnesium chloride hexahydrate
(MgCl2·6H2O), di-Potassium hydrogen phosphate trihydrate
(K2HPO4·3H2O), calcium chloride (CaCl2), potassium chloride (KCl), so-
dium hydrogen carbonate (NaHCO3), sodium carbonate (Na2CO3), so-
dium hydroxide (NaOH) and 2-(4-(2-hydroxyethyl)-1-piperazinyl)
ethanesulfonic acid (C8H18N2O4S) in UPW at 36.5 °C and with the final
pH adjusted to 7.4. The free-standing films were put into a substrate
of poly(propylene) holders with a window of 7 mm × 7 mm and im-
mersed, during 14 days in 10 mL of SBF at 37 °C. After being removed
from m-SBF 1.5 x, the films were washed with DW and left to dry at
room temperature overnight. These films were further characterized
in order to evaluate the formation of apatite by SEM with EDS (JSM-
6010 LV, JEOL, Japan) coupled with dispersive X-ray spectroscopy
(INCAx-Act, PentaFET Precision, Oxford Instruments) and XRD analysis
conducted with AXS D8 Discover equipment (Bruker, USA).

2.13. Swelling behavior

To determine the swelling behavior of the produced FS films, they
were soaked in PBS (pH = 7.4) at 37 °C along different time periods (t
= 0, 5 min, 15 min, 30 min and 1 h to 7 h). Firstly, all films (n = 3)
were weighted in dry state, Wd. Then, after each time-point, samples
were taken from PBS solution, the excess of solution was carefully re-
moved from the samples using filter paper, and the swollen films
were immediately weighted, Ws. So, swelling percentage (or water up-
take) was measured following the Eq. (1):

Swelling %ð Þ ¼ Ws−Wdð Þ=Wdð Þ � 100 ð1Þ

where: Ws =weight of swollen films andWd=weight of dried films.

2.14. Weight loss (WL)

In order to determine the degradation behavior of these FS films (n
=3), similarly with the tests performed for swelling behavior, samples
were soaked in PBS for different time points, namely t = 7, 14, 21 and
28 days, at 37 °C. All films were weighted before, Wi, and after each
time point, Wf. After each timepoint, samples (n = 3) were removed
from the PBS solution, washed in UPW and dried at 37 °C, and finally
weighted. The percentage of weight loss (WL) of the FS filmswas calcu-
lated using the Eq. (2):

WL %ð Þ ¼ Wi−Wfð Þ=Wið Þ � 100% ð2Þ

where:Wi= initial dryweight of the sample andWf= final dryweight
after each timepoint.
2.15. Microbiological study

To study the inhibition of bacterial growth, the LbL filmswere placed
in a Mueller-Hinton agar plate inoculated with 1.5 × 108 CFU of a stan-
dard culture of Staphylococcus aureus and Escherichia coli (OD600 of ap-
proximately 0.1) and incubated during 16 h at 37 °C. The formation of
inhibition zone surrounding the free-standing film was used as indica-
tor of antibacterial behavior.

2.16. Statistical analysis

All data obtained were represented as mean ± standard deviation
with at least three replicates. Statistical analyses were made using
one-way ANOVA followed by Tukey's test (GraphPad Prism 6.0 forWin-
dows), since the population was normally distributed, otherwise it was
mentioned. Statistical significance was accepted for a (*) p b 0.05, (**) p
b 0.01.

3. Results and discussion

The build-up of the proposed four conditions of FS films was
successful conducted, however the native films were not stable in
distilled water and PBS solution. To overcome this drawback, all
FS films were crosslinked with 1 mg·mL−1 genipin solution. Photo-
graphs of the macroscopic morphology of the native and
crosslinked LbL films are shown in Fig. S2. Through the analysis of
Fig. S2A1–D1, it can be seen that F1 and F2 (without Ag-BGs) are
transparent, whereas LbL films of F3 and F4 are opaque. So, simi-
larly with Rodrigues et al. findings [44], it was confirmed that the
incorporation of Ag-BGs clearly altered the optical properties of
the FS films. In the case of Fig. S2A2–D2, as expected, it was ob-
served that the crosslinked reaction with genipin changed the
color of the FS films, from the transparent white to the dark blue
color. In fact, genipin has been used as a crosslinker agent because
it is a natural molecule extracted from the gardenia fruit, which
provides that dark blue coloring [64,68]. Besides its coloring effect,
genipin presents significant lower cytotoxicity, when comparing
with other crosslinking agents, like glutaraldehyde [64,69].

The FT-IR results of the crosslinked free-standing films and the con-
trol (native films) are shown in Fig. 2.

Fig. 2 shows the characteristic bands of chitosan (CHT): the band
at 3267 cm−1 corresponds to the amine and hydroxyl groups [69].
Furthermore, bands at 1392 and 1565 cm−1 corresponds to the
amide II of group (O=C-N-H) [60]. At 926 cm−1 to 1151 cm−1

there are the vibrational bands of CHT [41,69–71] and bands at
1281, 1026 and 1078 cm−1 are attributed to the presence of OH-,
C\\O and C\\N stretching [69], respectively. At 1620 and
1660 cm−1 and between 1630 and 1700 cm−1 correspond to C_O
bands and amide I of CHT [41,71], respectively. The characteristic
peaks of HA are detected at 3383 cm−1, which corresponds to the –
OH– [72], also detectable in a range of 3350 to 3250 cm−1. The methy-
lene group appears around 2940 and 2920 cm−1 and amide bonds
stretching (C=O) are detectable in a range of 1700 to 1250 cm−1. The
peak at 1560 cm−1 corresponds to N\\H groups and the peak on
1100 cm−1 corresponds to ethers groups (-C-O-C) [73]. Furthermore,
the C\\O and C-O-C stretching modes are detected at 1132 cm−1 [41].
It is also possible to identify various vibrational modes of Ag-BGs,
namely O\\H stretching vibration at 3430 cm−1 and 1630 cm−1, due
to the presence of water [74,75]. Finally, around 1045 and 1051 cm−1,
there is the Si-O-Si asymmetric stretching vibration [50,56,74,75]. FT-
IR spectra of crosslinked films are slightly different than the
uncrosslinked ones, essentially because there is an increase in the trans-
mission through the crosslinked samples unlike the uncrosslinked ones,
due to the interactions between the ester groups of genipin and the
amine groups (N\\H) of CHT [60,62]. These changes are detected in
the characteristic bands of amide I and II of CHT, leading to the
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formation of amide bonds [60]. Furthermore, at 1410–1560 cm−1 and
1575 cm−1 there is an increase in transmittance, due to the formation
of alkene groups and a decrease of amine peak, detectable at
1575 cm−1 [60,62].
Fig. 3. SEM-EDSmicrographs. Top view of F1: [CHT/HA/CHT/HA]75 (A1); F2: [CHT/HA-DN/CHT
and cross-section views of F1 (A2); F2(B2); F3(C2) and F4(D2).
Fig. 3 shows the micrographs obtained for surface morphology of
distinct FS films and their respective cross-sections.

Fig. 3-A1 and Fig. 3-B1 show a homogeneous and smooth surface, in
contrast with Fig. 3-C1 and -D1, where it can be seen the adsorbed
/HA-DN]75 (B1); F3: [CHT/HA/CHT/Ag-BGs]75 (C1); F4: [CHT/HA-DN/CHT/Ag-BGs]75 (D1);
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nanoparticles in the end-layer, and also Ag-BGs across the film con-
struction can be seen in Fig. 3-C2 and -D2. The cross-sections of these
FS membranes do not present significant differences, showing a com-
pact organization of the layers. However, it is possible to detect some
differences in their thickness: the F1 and F3 were the thicker ones, pre-
senting a thickness of 27.08 ± 1.91 μm and 24.42 ± 1.70 μm, respec-
tively. Then, essentially due to the presence of catechol groups from
HA-DN that contributes for a more compact LbL structure, the F3 and
F2 presented slightly lower thicknesses, 23.33 ± 2.60 μm and 21.25
± 1.25 μm, respectively. These findings are in agreement with some
previous works based on the QCM experiments, where the antimicro-
bial bioinspired film ([CHT/HA-DN/CHT/AgBG]) was thicker than its
control ([CHT/HA/CHT/AgBG]) [22], but comparing with a similar LbL
construction without bioactive glass nanoparticles ([CHT/HA-DN]) [8],
those antimicrobial coatings presented a lower thickness.

In order to evaluate the surfacemorphology of the produced FS films
at a high resolution, AFM imaging analysis was performed and these re-
sults were shown in Fig. S3. Moreover, from this imaging technique
were determined the roughness parameters presented in Fig. 4, the
root mean square (Rq), the average roughness (Ra) and the maximum
roughness (Rmax) are lower for the bottom side (in contact with the
PP substrate) than for the top surface.

Also, when comparing all Rq, Ra and Rmax for the bottom surface of
F1 and F2, it can be noticed that they have similar values due to the con-
tact with the substrate. For the top side, the F1 presents higher values
when compared to F2. The present datawere corroborated in a previous
work [8], where higher roughness was obtained for coatings with CHT
and HA in comparison with those containing CHT and HA-DN. Regard-
ing F3 and F4, for the bottom side, we can see that the surface roughness
is lower than the obtained values for the top side, as they are in contact
with the substrate, but they present higher values than F1 and F2, prob-
ably due to some diffusion processes. Regarding the top surface of F3
and F4, it can be seen that they present higher Ra, Rq and Rmax values
than the control ones (Fig. 4). This can be justified by the presence of
Ag-BGs in the end-layer, which can lead to a higher roughness. Further-
more, the texture presented by the top side of F4 (Fig. 4-H) is consistent
with Ag-BGs agglomerates. Additionally, F3 presents higher Ra and Rq
values when compared with F4. In fact, the top surface in F3 presents
nanoparticles' agglomerates, meaning that these nanoparticles aren't
uniformly distributed on their surface, implying that F3 is more hetero-
geneous than F4. Effectively, a rough surface is useful for cell adhesion,
because there are more anchor points and more available surface area
for protein adsorption [76].
Fig. 4. Column graphic with root mean square (Rq), average roughness (Ra) values and max
formulations: top and bottom views (10 μm × 10 μm) (one-way ANOVA, p b 0.05 [*]).
Concerning the thermogravimetric analysis (Fig. 5), for all formula-
tions, the thermal degradation of organic fraction (CHT and HA) takes
place at a lower temperature than that of pure HA (220 °C) and CHT
(290 °C) [77], since the obtained results are around 213 °C for HA and
278 °C for CHT. TGA thermograms also show that around 60 °C to 80
°C there is a weight loss, and this is related to the evaporation of
water and alcohol. Moreover, around 540 °C and 550 °C there is the de-
composition of the unreacted Ca(NO3)2 [50]. The results also evidence
some differences in their final weight loss: for F1 was of 31.82%,
35.45% for F2, 41.02% for F3 and 50.68% for F4, verifying higher weight
loss for composite formulations (F3 and F4). In addition, discounting
the final weight loss at 800 °C for F3 and F4 and their respective controls
(F1 and F2), respectively, the incorporation of Ag-BGs was 15% for F3
and 16% for F4. These results are into the range described by Rodrigues
et al. [44], where polysaccharide/bioactive glass nanoparticles FS films
revealed an incorporation of nanoparticles between 56% and 16%. So,
the obtained AgBGs incorporation is quite satisfactory, attending that
these nanoparticles tend to agglomerate, and they were incorporated
on each LbL cycle with a previous ultrasonic treatment, in order tomax-
imize the Ag-BGs adsorption.

Since the mechanical properties are important to understand if a
material can be used in biomedical purposes, i.e., if it is able to resist
in biological environments [78], in the present work, the tensile me-
chanical properties were shown in Fig. 6, corresponding to the values
obtained for distinct membranes in both dry and wet states. It should
be mentioned that the mechanical characterization in dry state was
also included, because during surgical procedure these FS membranes
should withstand highest stresses at dry state (immediately before ab-
sorbing the body fluids) [79–81] and the transition dry-to-wet must
be also evaluated.

In the dry state, F1 and F2 presented significantly higher Young's
modulus values (1035.66± 384.48MPa and 1209.45± 651.64MPa, re-
spectively) than those formulations with Ag-BGs, where F3 and F4 evi-
denced correspondingly 218.76 ± 96.57 MPa and 66.57 ± 12.18 MPa
(Fig. 6-C). These values are in line with those reported by Mota et al.
[82], where significant differences were also found for pure chitosan
and composite membranes in dry and wet conditions. In fact, F3 and
F4 showed a brittle behavior, due to their inorganic component (Ag-
BGs), evidencing an early rapid increase in their strength and, for this
reason, their structure disrupted critically leading to the premature fail-
ure of these formulations. In the wet state, the stiffness of membranes
showed an opposite trend, being the formulations with Ag-BGs the
ones that evidenced higher Young's modulus values (Fig. 6-D), which
imum roughness (Rmax), n = 3. Representative images for different free-standing films



Fig. 5. Thermogravimetric analysis representation: A) TGA curves for the produced free-standing LbL films; B) Respective derivate of the weight curves as function of the temperature.
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could be justified by the plasticizing effect of PBS [78]. Moreover, the ul-
timate tensile stress and the Young's modulus decreased in wet condi-
tions comparing to the dry ones, which are in accordance with some
findings already reported about the mechanical resistance of some
Fig. 6. Mechanical properties of dry and wet FS films. The data is presented as Mean ± SD, n
(F) Ultimate strain (%) [one-way ANOVA, p b 0.05 [*], p b 0.01 [**]].
polymeric and composite membranes [82,83] and also regarding the
mechanical behavior of commercial resorbable membranes for peri-
odontal regeneration [82,84,85]. In the wet state, formulations contain-
ing Ag-BGs (F3 and F4) presented higher Young's modulus values, but
= 5. (A)–(B) Ultimate Tensile Stress (MPa), (C)–(D) Young's modulus (MPa), and (E)–
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for the ultimate strain (εB) they presented lower values than the control
ones. Essentially, polymeric conditions (F1 and F2) are more ductile,
presenting higher strain values (Fig. 6-F), but they present lower stiff-
ness, implying lower Young's modulus values (Fig. 6-D) and also subse-
quent lower ultimate tensile strength values (Fig. 6-B). Moreover, in
agreement with previous findings reported by other LbL works
[60,86], all formulations were stiffer than the uncrosslinked ones. Re-
garding themechanical performance of the films inwet state, since ten-
sile strength values between 1.6 and 22.5 MPa and Young's Modulus
between 10 and 70.9 MPa [84,85,87] have been reported with biode-
gradable membranes for guided bone regeneration, it can be seen that
the developed films presented valueswith the same order ofmagnitude
of the ones typically used in the clinics for the envisaged applications.

Adhesion tests were also conducted to evaluate the influence of the
end-layer in the adhesive strength of the developed films, and the adhe-
sion strengths determined for each condition were shown in Fig. 7.

In fact, the produced free-standing films have three different end-
layers, namely HA, HA-DN and Ag-BGs. Unsurprisingly, as it was repre-
sented in Fig. 7, the higher adhesion strengthwas obtained for F2: [CHT/
HA-DN/CHT/HA-DN]75 (448.61 ± 68.07 kPa), due to its adhesive end-
layer (HA-DN), being followed by F1: [CHT/HA/CHT/HA]75 (222.02 ±
108.10 kPa), F4: [CHT/HA-DN/CHT/Ag-BGs]75 (234.55 ± 67.56 kPa)
and F3: [CHT/HA/CHT/Ag-BGs]75 (202.73 ± 71.19 kPa). Regarding the
effect of HA-DN and Ag-BGs on the adhesive strength of the FS films,
herein, it was found similar findings reported in previous works devel-
oped by our group [8,21,22],where also different combinations of adhe-
sive LbL coatings were studied. Firstly, Neto and co-workers [8] showed
that the adhesive strength for filmswith HA-DNwas higher when com-
pared with the control one, where HA was the end-layer. Furthermore,
the same author showed that the adhesive strength increased for CHT/
HA-DN films with higher concentrations of catechol groups, and also
that the adhesive force increased with an increasing number of layers
[88]. In another study involving LbL coatings, it was demonstrated that
formulation containing BGs and HA-DN presented higher adhesive
strength, unlike the control condition without adhesive layer [21]. Al-
though, the adhesive strength is lower for coatingswith BGswhen com-
paring to the control ones [21] and herein, similar trend was found
comparing the results for F2 versus F4. In fact, the presence of HA-DNal-
lows to enhance the adhesive strength when compared with the corre-
sponding control films. Nevertheless, for F3 and F4, there was no
significant difference between their adhesive strength. Comparing
these resultswith those presented in a previouswork about polysaccha-
ride/BGs FS membranes, where adhesive strength values between 90
and 150 kPawere reported [44], it should bementioned that thepresent
study exhibited films with enhanced adhesive strength. Moreover, in a
more recent work where bioinspired FS adhesive films were developed
Fig. 7. Adhesive strength of the free-standing films. Data shown is represented asMean±
Standard Deviation (SD), n = 5 at least. Statistical analysis performed using One-way
ANOVA p b 0.05 [*], p b 0.01 [**].
with chitosan and hyaluronic acid, Wang et al. [83] reported similar ex-
cellent wet adhesion strength for FS films with 300 layers, reaching the
maximum adhesion around 400 kPa. Herein, the polymeric formulation
F2 presented higher adhesive strength (448.61 ± 68.07 kPa) followed
by the composite formulation F4 (234.55 ± 67.56 kPa), the polymeric
formulation F1 (222.02 ± 108.10 kPa) and finally, the composite F3
(202.73 ± 71.19 kPa). Besides the adhesion of these FS films were rela-
tively low than our previous results for LbL coatings [8,21,22], the max-
imum adhesion obtained was 2.6 times higher than the adhesion
strength of marine mussels measured on glass substrate (171 ±
65 kPa) [89] and the lower adhesion value was only 1.2 times higher.

Attending the expected application of these FS films, it is clear from
our results that the presence of catechol groups enhanced significantly
their bioadhesiveness. For example, considering that the gold standard
non-resorbable material for guided tissue regeneration membranes is
dense polytetrafluoroethylene (d-PTFE) [87], the enhanced adhesion
of the developed FS films could certainly help the implantation of
these inert membranes in situ.

In order to investigate if the developed free-standing films present a
bioactive character, theywere immersed in SBF solution during 14 days,
and XRD diffractograms were obtained before and after SBF immersion,
being the experimental results shown in Fig. 8.

The XRD diffractograms represented in Fig. 8 showed that after im-
mersion in SBF, for F1 and F2, there was no formation of hydroxyapatite
on its surface, since they did not content inorganic component. How-
ever, for F3 and F4, it was observed a characteristic halo of the amor-
phous materials in the 2θ region from 15 to 35°. For the samples
immersed during 7 days, some crystalline peaks appeared between 2θ
=15° to 35° are identified as hydroxyapatite (Ca5(PO4)3(OH), Hexago-
nal, pattern: 01-089-4405), and the strongest lines corresponds to 2θ
around 29° and 32.9°. These results are similar to other works devel-
oped in our group [21,22], demonstrating the capacity of these free-
standing films containing Ag-BGs to induce the formation of an
apatite-like layer onto their surface. SEM micrographs, shown in
Fig. S4 corroborated the in vitro bioactive character of the composite
FS films. Besides the SEM images evidencing cauliflower-like apatite
clusters, another indication of the development of an apatite precipitate
in soaked samples is that the concentrations of Ca and P gradually in-
crease as the concentration of Si decreases due to the dissolution of
AgBGs. From Fig. S4, it was demonstrated that only composite formula-
tions (F3 and F4) evidenced the formation of a calcium phosphate
(Ca\\P) layer on their surface, which corroborated the XRD pattern
shown in Fig. 8. In contrast and unsurprisingly, F1 and F2 (Fig. S4-A,
Fig. 8.XRDdiffractograms for four different formulations of FSfilmswith (7d) andwithout
(0d) immersion in SBF solution. Typical crystalline peaks of apatite-like phase were
indicated (*).
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B) there is no Ca\\P layer, due to the absence of bioglassmatrix on their
constitution.Moreover, the EDS quantification (wt%) presented only for
formulations with bioactive behavior (F3 and F4) showed the presence
of carbon (C), oxygen (O), sodium (Na) and chloride (Cl), due to the res-
idues of sodium chloride solution used in the washing steps during the
LbL assembly. More importantly, in agreement with a previous work
[22], it was detected high amounts of calcium (Ca) and phosphorous
(P), due to the formation of a calcium-phosphate layer (Ca\\P) for F3
and F4 (Fig. S4-C, D) and a decrease of silicon (Si), due to the dissolution
of Ag-BGs. Furthermore, as expected for F3 and F4, EDS showed Ca/P ra-
tios which are closed to the stoichiometric composition of hydroxyapa-
tite (1.67) [46,90]: 1.5 for both formulations with AgBGs, confirming
their bioactivity potential of these LbL constructions, similarly with pre-
vious results obtained only for these AgBGs [46].

In order to evaluate the hydrophobicity/hydrophilicity of the devel-
oped FS films, the water contact angle (WCA) analysis was performed
and these experimental results were shown in Fig. 9.

Hydrophilicmaterials have been describedwith lowerwater contact
angles, i.e., angles below 90°, and in opposite way, hydrophobic mate-
rials are associated to higher WCA values (N90°) [91]. Based on the re-
sults presented in Fig. 9, it can be concluded that the WCA values
were higher for the side of the films that was in contactwith the PP sub-
strate (bottom) and lower for the end-layer of the film (top). Particu-
larly, the top side from F1 and F2 presented means WCA values of
44.36° ± 4.63° and 64.98° ± 3.39°, respectively. However, Neto and
co-workers [8] showed a different trend for WCA values, where [CHT/
HA]10 and [CHT/HA-DN]10 presented 77.36° ± 1.44° and 73.34° ±
1.82°, respectively. The present work shows lower WCA values than in
the previous work [8], mainly due to the increase of the number of
layers on the produced FS films, which contributed to an improve on
their hydrophilicity, and also due to the effect of genipin crosslinking,
that also reduces the WCA values [88]. It is well-known that CHT, bot-
tom side, presents hydrophobicity [60], and the obtained results are
overall near or above 90°, except for F3, which had a WCA equal to
51.60° ± 9.33°. Concerning the top sides of F3 and F4, the obtained
values revealed that the surfaces are hydrophilic and for F4 it is
completely hydrophilic (WCA = 0°). The probable explanation for the
difference between the WCA values for the top sides of F3 and F4 is
Fig. 9.Water contact angle analysis of the free-standing films, top and bottom side. The top side
silver doped bioglass nanoparticles (Ag-BGs) and the bottom side corresponds to the layer com
performed using One-way ANOVA, p b 0.01 [**].
the higher concentration of Ag-BGs on the surface of the last one,
which implies a decrease in WCA value. Regarding this effect,
Roohani-Esfahani et al. [92] developed a nanocomposite made by bi-
phasic calcium phosphates, poly-ε-caprolactone and bioactive glass
nanoparticles, and pure PCL showed aWCA value of 109.2° that became
more hydrophilic with the addition of bioglass nanoparticles (WCA de-
creased to 54.7°) [92]. In fact, in accordance with Roohani-Esfahani and
co-workers' findings, overall WCA values decreased with the presence
of silver-doped bioglass nanoparticles.

The water uptake was also assessed by swelling analysis at t = 0,
5 min, 15 min, 30 min and 1 h to 7 h, Fig. S5.

In accordance with some previous findings [44,93], these FS films
swelled rapidly during the first 5min in PBS solution and then, they sta-
bilized reaching the swelling equilibrium (t=30min). Afterwards their
final water uptake value was defined by their composition. Polymeric
formulations (F1 and F2) swelled around 150 to 450%, but F3 and F4,
that containing Ag-BGs, showed a relative lower swelling than the poly-
meric ones, around 150 to 230%. One possible reason to explain this
lower water uptake for formulations with Ag-BGs is that with the addi-
tion of nanoparticles, the space between the polyelectrolyte chains is
lower than the for controls ones, implying lower available space for
water absorption. This effect could be intensified by the genipin
crosslinking, attending that those crosslinked FS films presented lower
swelling values than the uncrosslinked ones [60,61], because the
crosslinker also reduces the intermolecular space between polyelectro-
lyte chains [60].

Concerning the applicability of these free-standing films for tissue
regeneration, it is crucial to perform longer degradation studies, to eval-
uate their stability and integrity along the time [94]. In this sense, deg-
radation tests were performed during 28 days at 37 °C by immersion
of films in a PBS solution, since it simulates the saline environment of
the human body, and the experimental results were represented in
Fig. S6.

There was an increase of weight loss for all formulation until day 14
(except for F1), then it stabilized reaching the equilibrium. Moreover, it
can be seen that the formulations containing Ag-BGs presented higher
weigh loss rates, when compared with the control ones. Goh and co-
workers [75] studied the change of pH over time for different
corresponds to the hyaluronic acid (HA), hyaluronic acid dopamine conjugate (HA-DN) or
posed by chitosan (CHT). The data is presented asMean± SD (n=10). Statistical analysis



Fig. 10. Images of Mueller-Hinton agar plates 16 h after being inoculated with gram-negative E. coli and gram-positive S. aureus (1.5 × 108 CFU) in direct contact with F1, F2, F3 and F4
membranes incubated at 37 °C. Scale bar represents 1 mm.
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formulations of bioglass nanoparticles immersed in PBS solution, and
their results showed a pH increase over time related with the Ca2+

ions released with H+ ions present in the PBS solution. Probably, a
high pH value and the silver ions (Ag+) released to the PBS solution
could contribute to an accelerated degradation specifically for F3 and
F4. In fact, it has been shown that silver ions are dissolved from AgBG
rapidly (in hours), being also demonstrated that the Ag+ release to-
gether with other bioglass species, namely calcium, phosphate and sili-
cate, does not compromise the antibacterial properties of AgBGs
[95–98].

Finally, the antimicrobial vulnerability of the produced films was
also investigated through a qualitative way based on the disk diffusion
methodology. Fig. 10 presents the representative images of Escherichia
coli and Staphylococcus aureus cultures that were grown for 16 h in di-
rect contact with different FS formulations.

The antibacterial properties of silver nanoparticles has been de-
scribed as resulting from the silver ions release [95,99,100], and the con-
crete antibacterial action of these silver ions has been described through
differentmechanisms already described elsewhere [46]. Summarily, it is
believed that silver ions can react with the surface proteins of bacterial
cell walls, promoting their metabolic pathway disorder [75,101], which
could lead to the bacterial cell death; in other way, silver ions can also
contribute for disruption of the bacterialmembrane, followed by the en-
trance of Ag+ into the cytoplasm, that can induce subsequent damages:
silver ions can stimulate the production of reactive oxygen species,
which cause critical damages to proteins, DNA, RNA synthesis, leading
to the bacterial cell death [102].

Unsurprisingly, only F3 (Fig. 10-C, G) and F4 (Fig. 10-D, H) exhibited a
bright inhibitory zone formed around membranes, evidencing their anti-
bacterial action. In fact, these resultswere in accordancewith the findings
described in our previous works [46,47], where it was described that this
antibacterial performance resulted from the leaching of ionic silver from
the glass matrix. Moreover, since the silver ions could only be released
from the powders through the ion exchange between Ag+ and H3O+

from surroundingwater, the release of Ag+ is controlled by the rate of in-
terdiffusion of these cations [52]. Probably due to that diffusion-
controlled mechanism that decreases the rate of Ag+ release, the inhibi-
tory zones formed around F3 and F4 membranes were relatively small,
nevertheless these results are according with those already reported in
literature [22,46,47,52,53,75,95,100,103,104]. In particular, similarly
with a previous study of our group [22], where the antibacterial activity
of LbL coatings with Ag-BGs was studied, in the present work it was
also detected an inhibition zone that is not regular, probably because
these FSmembranes tend to rearrange their shape in wet state becoming
not flat, which could affect the diffusion of silver ions from the mem-
branes through the agar plate.
4. Conclusions

Four different LbL free-standing films based on CHT, HA, HA-DN and
Ag-BGs were successfully developed. The incorporation of Ag-BGs on
these FS films did not compromise their bioactivity, having induced
the formation of a calcium-phosphate layer on their surface. Further-
more, adhesion tests revealed that the incorporation of HA-DN led to a
significantly increase of the film adhesion strength. Microbiological
studies confirmed that only formulations containing silver doped nano-
particles showed a promising bacterial growth inhibition. Besides their
ability to induce hydroxyapatite on their surface, after immersion in
SBF solution during 14 days, they presented an effective antibacterial
activity against E. coli and S. aureus bacteria after 16 h. F4 revealed to
be themost promising resorbable FS polysaccharide composite configu-
ration, since it combined three relevant functionalities for guided bone
regeneration, bioactivity, enhanced adhesiveness and antibacterial
properties, which can synergistically contribute for a successful regen-
eration. These adhesive FS films could be used as temporary guided
bone regeneration films in small bone defects and periodontal tissues,
and also as a medical dressings.
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