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Abstract: In this study electrophoretic deposition (EPD) technique is used to prepare chitosan-based coatings
with enhanced antibacterial activity suitable for bone implants applications. We designed, prepared and
compared physic-chemical and biological properties of coatings obtained with commercial chitosan, chitosan
enriched with silver nanoparticles and chitosan obtained from insects. With the aim to consider the
sustainability issue, silver nanoparticles were directly prepared in the chitosan solution by laser ablation in
liquid technique, avoiding the use of chemicals and limiting the production of wastes. Moreover, a sustainable
source of chitosan such as Hermetia Illucens exuviae was considered. The EPD process was optimized by
adjusting parameters like voltage and deposition time to achieve ideal coating thickness and adhesion. The
prepared films were characterized by spectroscopic and microscopic techniques such as SEM, XRD, and FTIR.
Antimicrobial tests against E. coli and S. aureus revealed that silver nanoparticles enhanced the antibacterial
properties of the polymer, whereas biological evaluation using the WST8 test on MG63 human osteoblasts-like
cells showed that all coatings are non-toxic. Finally, chitosan obtained from insect showed comparable
properties with respect to the commercial polymer, suggesting it could replace seafood-derived chitosan in
biomedical applications, whereas the Ag@chitosan composite demonstrated superior antibacterial activity
without compromising its biocompatibility.

Keywords: electrophoretic deposition; chitosan; coating; AgNPs; antibacterial activity

1. Introduction

In recent years, the development of advanced coatings for bone implants has attracted
considerable interest in the field of orthopaedic surgery and biomedical engineering [1]. Bone implant
coatings are designed to optimize the process of osseointegration; i.e., forming a stable integration of
implants with the surrounding bone tissue. This process involves a series of biological events that
allow the implant to merge organically with the surrounding bone, creating a solid and durable
connection. Since the interaction at the interface between bone and implant plays a crucial role in this
process, coatings and surface treatments are used to improve cell adhesion and promote
osteointegration [2].

Many studies were devoted to prove the capability of advanced materials (such as
hydroxyapatite, bioactive glasses, or bioactive polymers), to promote the formation of new bone
tissue around the implant. Furthermore, by incorporating specific growth factors and biomolecules
it is possible to tune the properties of the coating and enrich its functionalities to stimulate tissue
regeneration and to accelerate the healing process [3]. Among deposition techniques, electrophoretic
deposition (EPD) has emerged as promising room temperature method to achieve precise control
over coating properties [4]. EPD offers a versatile approach to accurately deposit uniform and
adherent coatings with controlled thickness and composition. Through EPD, the coating process can
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be adapted to accommodate various implant geometries and materials, facilitating the customization
of implants based on specific patient requirements [5].

EPD also allows to deposit nanocomposite films obtaining coatings that possess the properties
of both organic components, such as polymers, and inorganic compounds, such as metals or metal
oxides [6]. Among natural polymer, Chitosan (Cs), derived from chitin, has favourable characteristics
such as biodegradability, biocompatibility and low immunogenicity, making it an attractive
candidate for biomedical applications [7]. The ability of Cs to promote adhesion, proliferation and
cellular differentiation further increases its suitability for bone tissue engineering [8]. The main source
of Cs is waste from the fishing industry, but alternative sources of Cs have recently been considered,
of which insects seem to be the most promising [9]. Extracting Cs from insects emerges as a more
advantageous process than alternative sources, in terms of extraction method, chemical consumption,
time and yield. [10]. Moreover, it was shown that the integration of Cs and silver nanoparticles (Ag
NPs) through electrophoretic deposition has an immense potential to improve the biocompatibility
and antimicrobial properties of bone implants [11]. In fact, the presence of Ag NPs enrich the Cs
matrix with antimicrobial properties, addressing the widespread problem of implant-related
infections, which significantly affect the outcomes of surgical operations in patients [12,13].

Recently the attention of researchers has been focused on the development of green
methodologies for the preparation of Ag NPs. Several studies report the use of biological reducing
agents such as microorganisms or plant extract for nanoparticles production [14,15]. Laser Ablation
in Liquid (LAL) can be considered a sustainable technique and has proven to be a suitable strategy
to prepare NPs of metals, oxides and alloys with a composition and morphology depending on the
physical-chemical properties of the target and the liquid and on the laser source parameters [16].

LAL is based on the ablation of a solid target in a liquid environment. When an intense laser
pulse hits the solid surface, the local evaporation of the target takes place with the formation of a
laser-induced hot plasma that is confined in the liquid environment. The evaporation of the
surrounding liquid leads to the formation of a Cavitation Bubble (CB), characterized by an oscillating
dynamics. The NPs nucleate and grow in the CB and are released into the liquid at the bubble collapse
[17].

This study reports on the production and characterisation of coatings for metallic bone implants
using EPDs. The physico-chemical and functional properties of films obtained by depositing Ag@Cs
and Cs from insects were compared with those of films obtained by depositing commercial Cs under
the same experimental conditions.

2. Materials and Methods

2.1. Materials and Processing

Cs solutions (1g/l) were prepared by dissolving low MW Cs (100-300 kDa, 70% deacetylation
degree, purchased from Acros) in 0.1% acetic acid (pH=4.2). The solutions were kept under agitation
at a temperature of 35°C for 4 hours until a complete Cs dissolution. The same procedure was
followed to prepare the 1g/1 solution by using Cs obtained from Hermetia illucens exuviae (35-40 kDa,
90 % deacetylation degree) (CsE) [18].

Ag Nps were prepared by LAL technique. A nanosecond Nd:YAG laser source, (wavelength of
532 nm, a pulse duration of 7 nm, a repetition frequency of 10 Hz, and power of 150 mW) was focused
vertically on the Ag target (Goodfellow) by a 5 mm lens. The column of liquid above the target surface
was fixed at 2 cm. Colloidal solutions (AgNPs@Cs) with a concentration of Ag NPs of 8 ug/ml were
obtained for ablation time of 45 min.

316L stainless steel foils of 0.2 mm thickness were used as electrodes for the EPD process. The
electrodes (3 x 1,5 cm) were cleaned with acetone and isopropanol mixture before the deposition. 1g/1
Cs, 1g/E-Cs and AgNPs@Cs solutions were kept in agitation for about one hour before deposition.
Direct current EPD has been used at the voltage of 10 V using a TTi power supply (EX752M Multi-
mode PSU, UK) for different deposition times. The experimental conditions used for the depositions
are reported in Table 1.
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Table 1. EPD parameters for the coating deposition experiments.

Coating Solutions Power Electrode Distance Dep. Time
Cs Cs 10V 1cm 1 min
Ag-Cs30 AgNPs@Cs 10V 1cm 30 sec
Ag-Cs45 AgNPs@Cs 10V 1cm 45 sec
Ag-Csl AgNPs@Cs 10V 1cm 1 min
Ag-Cs2 AgNPs@Cs 10V 1cm 2 min
CsE CsE 10V 1cm 1 min

2.2. Physic-Chemical Characterization

The morphology and size distribution of Ag NPs were determined using transmission electron
microscopy (TEM) by using a G2 20 FEI Tecnai instrument. For this, some drops of the AgNPs@Cs
solution were dropped on a Holey carbon-coated copper grid (Agar Scientific). Uv-vis absorption
spectra were obtained by a Specord 50/PLUS Analytic Jena spectrophotometer. All spectra were
acquired in the 200 to 800 nm range. IR characterization of the coatings was carried out by a Nicolet
6700 spectrometer operating in ATR mode, in the 4000 to 400 cm-1 range. The XRD diffrectograms
were obtained using the Rigaku, (MiniFlex 600) diffractometer, using Cu-Ka radiation at 40 kV and
32 mA. Diffraction patterns were acquired in the 20 range of 5°-60°, with a step size of 0.040° and a
time per step of 4 s. The wetting properties were evaluated by contact angle measurement for each
coating using the KRUSS DSA30 drop shape analyser. Five drops of distilled water with a volume of
3 ul were dropped on the centre of each sample to avoid any effects from the edges. Then the mean
value and the standard deviation of the contact angle were calculated. A scanning electron
microscopy (SEM) equipped with an energy dispersive X-ray (EDX) analyser (SEM Carl Zeiss Auriga
with EDS, X-MaxN Oxford Instruments) was used to study the surface morphology and elemental
composition of coatings. The mechanical properties of the coating were evaluated qualitatively
through cyclic bending test. During this test, the coated substrate was bent around an axis of 180°
until the coated surface became parallel to the other half of the substrate. Subsequently, the substrate
was folded back to its original position before starting the next bending cycle. Over the entire process,
the distance between the two halves of the folded substrate was maintained constantly less than 2
mm [19].

2.3. Antibacterial Activity

The antibacterial activity of coatings against the gram-positive bacteria Staphylococcus aureus (S.
aureus) and gram-negative Escherichia coli (E. coli) was evaluated. A suspension of S. aureus and E. coli
bacteria was inoculated into a sterile Lysogeny broth (LB) medium overnight. The optical density
was then adjusted to 0.015. Aliquots of the bacterial suspensions were added to the samples,
previously sterilized by UV and immersed in sterile LB; the stainless steel uncoated that was used as
a control group. After a 24-hour incubation at 37 °C, these extracts were completely homogenised
then 100 ul were collected from each and placed in a 96-well plate for the analysis. A second test has
been performed by incubating the coating for 24 h at 37 °C in sterile culture medium before the
inoculation of bacterial strains. A microplate reader (PHOmo, anthos Mikrosysteme GmbH,
Germany) was used for the optical density measurements at 600 nm.

2.4. Cell Viability Test

For the viability test, MG63 cells (human osteosarcoma cell line) were use as model cell. This cell
line is commonly used to characterize biomaterials intended to be in contact with bone, as MG-63
cells express many of the characteristics of normal osteoblasts [20]. Cells were cultured in cell culture
polystyrene flasks using Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Schwerte, Germany),
supplemented with 10 vol. % fetal bovine serum (FBS, Sigma-Aldrich) and 1 vol.%
penicillin/streptomycin (Pen-Strep; Sigma-Aldrich). After UV sterilization, the coatings were placed
in a 24-well plate, 1x10* cells were seeded in each well on the sample surface and incubated at 37.5%
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COx2 for 24 h, 48 h and 72 h. Each coating has been tested in triplicate. At the end of the incubation
time, the culture medium was removed and washed with phosphate buffer solution (PBS), then 300
ul of WST-8 reagent (1% reagent solution WST-8 (Sigma-Aldrich) and 99% complete fresh medium)
have been added to each well and the cells have been incubated for ~2 hours at 37 °C and 5% CO..
After incubation, 100 ul of the solution was transferred from each well to a 96-well plate. The
absorbance was measured at 450 nm using an Omega FLUO star microplate reader (BMG Labtech)
UV-Vis spectrometer.

2.5. Statistical Analysis

The experimental results are represented as the mean value + standard deviation (SD) for each
group of samples. The statistical significance between control and samples was analysed using
OriginLab 2018 software (OriginLab Corporation). Statistical analysis was performed using one-way
ANOVA test with Tukey’s post hoc tests, with a probability of p<0.05 considered as being statistically
significant.

3. Results and Discussion

3.1. AgNPs@Cs Composite

Nanosecond LAL technique has been used to directly generate Ag NPs in the polymer solution.
The presence of Ag NPs in the Cs solution was confirmed by surface plasmon resonance (SPR), where
the band of silver is centred at 403 nm, as reported in Figure 1a.
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Figure 1. AgNPs@Cs (a) UV-Vis spectrum; (b) TEM image and (c) size distribution of silver
nanoparticles; (d) HR-TEM and FFT of a single Ag particle.

TEM analysis allows to observe spherical NPs with a mean diameter of 30£13 nm, as shown in
Figure 1b,c. The presence of few larger particles (with a diameter of several tens nanometres) can be
related to secondary melting effects due to the re-irradiation of the colloidal solution [21]. Crystalline
domains are clearly visible in larger edge shaped particles. The lattice distance of 0.24 nm, evaluated
by Fast Fourier Transformation (FFT), matches the (111) lattice distance of the fcc crystal structure of
silver (Figure 1d).
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3.2. Coatings

3.2.1. Physic-Chemical Characterizations

All coatings were prepared by EPD as described in Table 1 and were characterized by FTIR,
XRD, and SEM techniques. The FTIR spectra of Cs, CsE, Ag-Cs1 and Ag-Cs2 are reported in Figure 2
(a). All coatings present all the signals characteristic of the Cs functional groups. In particular, the
broad band at 3400 cm™ is associated with the stretching vibrations of O-H and N-H groups. The
peaks at 2870 cm™ and 1374 cm! correspond to the asymmetric stretching vibrations of the aliphatic
CH groups and the symmetric deformation vibrations of the CHs groups, respectively. Other
distinctive peaks are the OH bending vibration at 1430 cm™ and the C=O stretching peaks of amides
Iand Il at 1673 cm™ and 1590 cm, respectively [22].
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Figure 2. (a) FTIR spectra and (b) XRD patterns of Cs, CsE, Ag-Cs1 and Ag-Cs2 coatings respectively
in blue, pink, light blue and green; (c¢) Average contact angle and profiles of the water droplets on Cs,
CsE, Ag-Cs30, Ag-Cs45, Ag-Cs1, Ag-Cs2 and uncoated steel immediately after deposition.

The X-ray diffraction patterns of Cs, CsE, Ag-Csl and Ag-Cs2, are reported in Figure 2 (b). All
coatings present a broad band centered at 20° that can be related to Cs [23]. Moreover, in XRD spectra
of Ag-Csl and Ag-Cs2, it can be observed a weak signal at 20 37.8°, that can be associated to fcc Ag
(JPD 01-089-3722). The intensity of this peak increases with the increasing of the deposition time.

The wetting and hydrophobicity properties of coatings were evaluated through water contact
angle measurement. Usually, lower contact angles indicate lower hydrophobicity or better
wettability. The stainless steel used as substrate has a contact angle ranging from 90° to 100°, the
presence of the coatings improves wettability by lowering the contact angle. More specifically, Cs
and CsE have a contact angle between 60° and 70°. As shown in Figure 2 (c), the deposits obtained
from Ag NPs@Cs solution show a trend in agreement with the deposition time: as time increases
there is a lowering of the contact angle values, ranging from 80°+5° to 70°+7° to 65°+ 5° for depositions
of time of 30s, 45s and 1 and 2 min, respectively. Several studies indicate that to achieve the best
cellular adhesion, the contact angle of the coatings should be within the range of 40° to 70° [24].
However, it is important to note that this range may vary depending on the type of cell considered
[25]. In the context of bone cells, specifically, it has been suggested the ideal range is between 35° and
85°, with an optimal value of 55° [26]. As a result, while the contact angle of all coatings is within the
suitable range, it emerged that Ag-Cs coatings tend to approach the upper limit of this value.

All coatings present a similar compact and homogeneous surface morphology, as can be
observed in SEM images reported in Figure 3a-f. Some shallow cracks are present of in all deposits,
these cracks became sharper and deeper for CsE and Ag-Cs2. By SEM cross-section analysis it was
possible to evaluate the thicknesses of the various coatings, (Table 2). A direct correlation between
deposition time and thickness can be argued. EDX analysis confirm that Ag NPs have been
successfully transferred during the EPD process with an Ag w/w% of about 0.8%, irrespective from
the deposition time.
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Figure 3. SEM images of (a) Cs, (b) CsE, (c) Ag-Cs30, (d) Ag-Cs45,(e) Ag-Cs1, and (f) Ag-Cs2 coatings
obtained by EPD.

Table 2. Thickness of the coatings.

Sample Thickness
Cs 4.1+0,2 pm
AgNPs@Cs 2.9+0,7 um
AgNPs@Cs 5.1£0,8 um
AgNPs@Cs 7.120,1 um
AgNPs@Cs 14.4+0,7 pm
E-Cs 4.1+0,3 pm

To assesses the adhesion of the coatings the cyclic bending test was used [19]. In Figure 4a-f are
reported the cyclically bent coatings in the region where the tensile strength is at the maximum. After
10 bending cycles, Cs and CsE samples show a relatively compact surface with few micro-cracks and
loose areas on the edge of the coating. No visible cracks or detachments were observed after 10
bending cycles for Ag-Cs45 coating and few cracks and some slight lifting are present for Ag-Cs30
and Ag-Csl. On the other hand, Ag-Cs2 coating clearly shows many cracks and lifting after 10
bending cycles. Detachment of the coating during the cyclic bending test can be attributed to the
thickness of the polymer leading to less flexibility of the coating. Therefore, the Ag-Csl coating seems
to be ideal compromise to achieve compact and homogeneous films with high adhesion to the
substrate.

(e) ()

Figure 4. SEM images of stainless steel coated with (a) Cs, (b) CsE, (c) Ag-Cs30, (d) Ag-Cs45, (e) Ag-
Csl, and (f) Ag-Cs2 after 10 bending cycles.
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3.3. Antibacterial Activity

The results of the antimicrobial test showed that all coatings tested exhibited an inhibitory effect
on bacterial proliferation, both on S. Aureus gram-positive and on E. Coli gram-negative bacteria. All
coatings present antimicrobial activity against both bacterial strains as reported in Figure 5a, with a
decrease in growth of 15% for all coatings except for Ag-Csl showing 25% inhibitory activity. The
results are in accordance with those reported in similar works [11,27]. After 24-hour incubation in the
culture medium, an increase in the limitation of proliferation that exceeds 20% for all coatings is
evident, except for the coating Ag-Csl that gave the best result by showing an inhibition of 35%
(Figure 5b).
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Figure 5. (a) Antibacterial activity of coatings relative to stainless steel against E. coli and S. aureus
after 24 h of incubation. (b) Antibacterial activity of coatings relative to stainless steel, preincubated
for 24 h, against E. coli and S. aureus after 24 h of incubation. Asterisks (*) denote significant differences
(p<0.05), (**) denote significant differences (p<0.01).

It appears, therefore, that a more prolonged contact between coating and medium allows a
stronger inhibitory action against the bacterial strains tested. The Ag-Cs1 sample proves to have the
best bactericidal performance in both tests. CsE and Cs samples showed comparable antimicrobial
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activity in both tests, confirming that the antibacterial activity of commercial chitosan and chitosan
obtained from Hermetia Illucens exuviae is comparable. [28,29].

3.4. Viability Test

The cell viability test was performed on human osteoblasts like cells (MG-63) at three different
times; 24 h, 48 h and 72 h and by using uncoated stainless steel as control. In the 24 h test, the data
show reductions of 10-15% in mitochondrial cell activity in samples Cs and CsE compared to the
control. Chitosan has been shown not to be toxic to MG-63 cells [30], so it is assumed that the reason
for this decrease in viability may be related to the relatively low number of cells attached. It is known
that cellular adhesion first involves non-specific forces, such as electrostatic or van der Waals forces,
followed by specific interactions with the substrate, which are mediated by cell receptors [31].
However, chitosan lacks specific domains to integrate with receptors or cell recognition sequences
(such as RGD) that promote cellular adhesion [32]. As a result, fewer cells are likely to attach to the
coating surfaces only through non-specific electrostatic interactions between the protonated amine
groups of the glucosamine unit in chitosan and the negatively charged groups of the carboxylate and
sulphate in proteoglycans on the cell surface [33]. Ag-Cs30, Ag-Cs45, and Ag-Csl coatings show
values of viability ranging from 80% to 75%, these deposits prove not to be toxic to the MG-63 cell
line. Ag-Cs2 shows a cellular viability below 60%. This is probably due to an excessive release of
silver ions in the culture medium that by interaction with cellular metabolism could slow down cell
proliferation [34].

In the 48h test, Cs and CsE coatings provide a substrate of adhesion and proliferation that is
slightly better than the control with a cell viability value of about 117% and 119%, respectively. On
the other hand, the Ag-Cs30, Ag-Cs45, and Ag-Csl deposits show values comparable to the control,
and the Ag-Cs2 coating shows a cell viability value of around 80%. Finally, in the 72h test, Cs and
CsE samples show cell proliferation with viability values of 110% and 120%, respectively. At the same
time, the deposits of Ag-Cs30, Ag-Cs45, Ag-Cs1, and Ag-Cs2 show values comparable to the control.

The Cs and CsE coatings at times 48 h and 72 h show to be suitable substrates for cell growth,
compared to the control. This is partly due to the fact that their contact angles are within the optimal
range for cellular adhesion; i.e., from 40° to 70° [24], and also by considering the ability of chitosan to
stimulate cell growth [35]. The comparison also shows how the CsE deposit stimulates proliferation
more strongly than Cs at all time-points. This is probably linked to the degree of acetylation. In a
previous study it has been shown that the degree of acetylation affects cell adhesion and proliferation;
low degrees of acetylation are the best substrates for the proliferation of the MG-63 cell line [36].
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Figure 6. Cell viability of osteoblast-like cells (MG-63) cultured on coatings after 24 h, 48 h, and 72 h
of incubation. Stainless steel was used as a control. Asterisks (*) denote significant differences (p <
0.05).
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4. Conclusions

Commercial chitosan (from maritime origin), chitosan from an alternative source (Hermetia
illucens exuviae), and chitosan enriched with silver NPs obtained by laser synthesis in the polymeric
solution (AgNPs@Cs) were considered to coat 316 L stainless steel substrates by EPD method. The
optimization of the deposition parameters allowed the deposition of adherent and uniform coatings
with controlled thicknesses. All the coatings showed antibacterial properties that resulted in an
effective limiting of bacterial growth on both gram-positive and gram-negative strains, with the Ag-
Csl coating showing the highest antibacterial activity. All coatings led to effective interaction with
osteoblast-like cells, being non-cytotoxic. Furthermore, Cs and CsE revealed not only the lack of
toxicity but also the ability to promote cells proliferation compared to stainless steel, the CsE has also
shown a better cellular compatibility profile at all incubation times compared to the commercial Cs.
This study paves the way for the use of alternative source of chitosan and chitosan enriched with
silver nanoparticles as antibacterial coatings for biomedical implants.
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