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A B S T R A C T

Metals are used in several orthopedic applications as fixation elements for the stabilization of fractures or as
prostheses. One of the most common orthopedic biomaterials in many developing countries is surgical grade
stainless steel (SS). However, its use as permanent implant in orthopedic surgery is conditioned due to its limited
corrosion resistance in physiological media, lack of osseointegration, and absence of antibacterial effect. The aim
of this work is to generate a degradable coating with antibacterial properties for stainless steel to be used in
implants/medical devices. The coating is composed of a biopolymer/silica-gentamicin nanoparticles composite
obtained by electrophoretic deposition (EPD) on surgical grade stainless steel plates. The coating surface was
characterized by microscopic examination, and in vitro performance was evaluated after immersion in phos-
phate-buffered saline (PBS) solution, simulated body fluid (SBF), and cell culture medium, to analyze coating
degradation, antibiotics release, cell attachment (ST-2 stromal cells), and antibacterial (Escherichia coli and
Staphylococcus aureus) properties. EPD coatings were uniform and covered homogeneously the surface of the SS
substrate. Also the distribution of silica-gentamicin nanoparticles was homogeneous on the coated area. The
degradation of the chitosan-gelatin coatings was evident after 7 days of immersion. The gentamicin release led to
excellent antibacterial behavior at 24 h, meanwhile the cell proliferation (at 7 days culture) was not inhibited.
The results show that the coating system exhibits promising behavior which could contribute to prevent hospital
infections at early implantation times.

1. Introduction

Metals do not generally generate efficient natural bonding with
bone tissue, and it is therefore necessary to produce a mechanical an-
chor. This anchoring may be done by cementation (cemented pros-
thesis) or by the creation of a surface that is capable of generating an
active response of the bone tissue, inducing new bone formation on the
prosthesis (non-cemented prostheses) [1,2]. The later type of implant is
mainly used when it is necessary to preserve bone tissue in patients
with high mobility as in young people. The development of implant
materials should consider obtaining a suitable surface to achieve in-
tegration with the adjacent bone. Both surface chemistry and mor-
phology can affect cell anchorage and growth on the implanted mate-
rial, thus affecting the compatibility of the interface between the host

tissue and the material [3]. Surface modification of materials used in
implantology is one of the most effective approaches to improve the
biomaterial performance [4], since the interaction of the biological
environment with the surface of the implant in the early stages of os-
teogenesis is fundamental for the success or failure of the prosthesis [5].

A positive outcome of a permanent implant material depends on
several factors such as implant design, patient's general health, and
surgeon ability or expertise. The factor that materials science and en-
gineering deals with is the implant itself. There are three main goals
that must be achieved with metallic implants for fixation purposes: fast
bone regeneration [6], avoidance of corrosion and metallic product
release to the surrounding medium [7], and prevention of infections
[8]. Regarding corrosion, stainless steel is widely used in temporary and
permanent implants; however it is susceptible to suffer crevice and
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pitting corrosion in physiological media [9].
At the present time the use of stainless steel removable screws for

bone or plate fixation is considered, especially in developing countries.
The improvement of the implant surfaces is a key issue for the success of
the surgical procedure and for prompt patient recovery. Several kinds of
bioactive apatite derivate coatings have been proposed over the past
20 years for improving bone fixation [10]; however, for complex and
corrodible surfaces such as screws, there are just a few attempts re-
ported in literature [11]. The use of biopolymers has also been con-
sidered for metal implants coatings. Natural polymers such as chitosan
and gelatin, which can be used alone or together as coating material,
have been investigated since they have excellent biocompatibility, de-
gradation, full natural origin (so called green coatings), and possible
antibacterial properties [12,13]. Such biopolymers are capable to bond
to several surfaces and can be used in combination with functionalised
particles for different applications. Electrophoretic deposition (EPD) is
a versatile coating method, being increasingly used to produce coatings
at room temperature, allowing the processing of a broad spectrum of
materials [14]. Fine powder or colloidal suspensions of different ma-
terials, including biopolymers like gelatin and chitosan, can be de-
posited by EPD [15–17]. By combining electrophoresis and deposition,
this technique offers many advantages, being favorable for diverse
bioactive coating systems [16,18,21]. EPD facilitates producing uni-
form, stable, and mechanically resistant coatings with variable thick-
ness on different shaped substrates as well as on three-dimensional
complex and porous structures [22–24].

The addition of antibacterial agents to the metallic surface should
help the surgeon to guarantee the normal development of the bone
healing, contributing to the success of the implant. In this context,
nosocomial infections are the cause of 50% of permanent implant re-
visions, [25], which means that the patient has to be re-operated or
carefully treated with prolonged doses of antibiotics. Application of
coatings on implants that can avoid bacteria colonization as well as
induce localized bone regeneration is the main objective of several
studies being carried out by biomaterial laboratories worldwide [8]. To
avoid bacterial colonization, the use of several antibacterial agents in-
corporated into coatings has been widely studied [26–31]. Systemic
administration of antibiotics for infection prophylaxis or treatment is
well known, but the required local drug levels are difficult to reach an
infected implant. A commonly used antibiotic is gentamicin, suitable to
prevent implant-related infections in a short time after surgery. Since
silica-based nanomaterials and their synthesis processes are bio-
compatible, cost effective, easily to handle as well as scalable for in-
dustrial purposes, they are good candidates for developing functional
coatings [32,33]. In the typical nanoparticle shape (spherical), silica is
investigated as a promising carrier system for drug delivery [34]. For
preventing or fighting nosocomial infections, several “model drugs”
have been tested [27,31,35,36] using silica nanoparticles as carriers.
The aim of these systems is to achieve local release and controlled time-
release of the selected drug, without affecting the main function of the
implant-surface interface.

The aim of this work is to develop and characterize a chitosan-ge-
latin electrophoretically deposited coating containing silica-gentamicin
nanoparticles on surgical grade stainless steel, for potential use as in-
tracorporeal implant material with bioactive and antibacterial proper-
ties.

2. Experimental section

2.1. Materials and coatings

The used substrate was stainless steel AISI 316 L (Atlantic Stainless
Co. Inc., composition: C 0.03% max, Mn 2% max, Si 1% max, P 0.045%
max, S 0.03% max, Ni 10–14%, Cr 16–18%, Mo 2–3%). Rectangular
sheets of 2.5 × 2 cm2 and round samples of 1.5 cm diameter were used
as substrates. The thickness of the substrates was 0.2 cm. The surface

finishing was as - received. Samples were degreased, hand washed with
distilled water, and rinsed with isopropanol previous to coatings de-
position.

The components of the proposed coatings were two biopolymeric
solutions (chitosan and gelatin) and silica-gentamicin nanoparticles.
The first solution was prepared by dissolving 0.5 g of chitosan (medium
molecular weight, deacetylation degree of 75–85% Sigma Aldrich) in
0.2 L deionized water and 10 mL acetic acid (VWR International, 99%).
Then 0.79 L of ethanol (VWR International, 99–100%) was added, and
the solution was stirred magnetically at room temperature for 24 h. To
obtain the other solution, 1 g of gelatin type B (Sigma Aldrich) was
mixed with 0.2 L of deionized water and 10 mL of acetic acid at 45 °C
for 1 h. Then the solution was cooled down to room temperature, 0.79 L
of ethanol was added and the solution was stirred. For preparing the
final solution, equal amounts in volume of each separated solutions
were used, with the aim of having 33 wt% chitosan and 67 wt% gelatin
as final composition. This composition had been optimized in previous
works [37,38].

Silica-gentamicin nanoparticles (labelled as SiGe NPs) were syn-
thetized by a modified Stöber method [31]. Briefly, 75 mL ethanol
(VWR International, 96%) was mixed with 3.4 mL of 25% w/vol am-
monia solution (EMPROVE® Merck). 0.02 g of gentamicin sulfate
(Sigma Aldrich) was incorporated, and the solution was stirred at room
temperature for 1 h. 0.2 mL of tetraethoxysilane (TEOS, Sigma Aldrich®
99%) was dropped into the solution with vigorous stirring for 1 h, and
then the suspension was stirred at room temperature for 24 h to com-
plete the generation of nanoparticles. The obtained suspension was
washed several times with distilled water to remove the remaining
ammonia residual and finally the particles were freeze-dried. 2 g/L of
the obtained SiGe NPs were added to the biopolymeric solutions.

The electrophoretically deposited coatings were obtained using di-
rect current (DC) with an EX735M Multi-Mode PSU 75 V/150 V 300 W
power supply (Thurlby Thandar Instruments Ld.). The SS 316 L sub-
strates were used as cathode and also planar sheets of AISI 316 L
stainless steel (ThyssenKrupp AG) were used as counter electrode. The
surface condition of the SS samples was as - received, with a polished
surface similar to 2,000 grit paper. The distance between electrodes was
fixed at 10 mm, with a volume of 40 mL of suspension used for EPD.
The trial and error principle was used to optimize the parameters for
electrophoretic deposition. By using the Hamaker's model [39], the
relationship between the parameters and the resulting deposition yield
can be approximately evaluated. Thus, changes of deposition time and
applied voltages formed the basis for the adaptation of the EPD process
to obtain homogeneous and reproducible coatings. Finally, the de-
position process was conducted by applying a constant voltage of 18 V
for 5 min, at room temperature. Produced samples were air-dried and
stored for further characterization.

2.2. Characterization methods

Particle size and its distribution are important characteristics de-
termining the properties of composite materials, especially if this
second (particulate) phase is composed of functional particles. To cal-
culate size distribution of SiGe NPs images were acquired with
Scanning Electron Microscopy (SEM) (Auriga Base ZEISS, Carl Zeiss
Microscopy) with 1 kV accelerating voltage and Transmission Electron
Microscopy (TEM) (JEM-2100F, Japan) operating at 94 kV. In this
work, Digital Image Processing (DIP) was used to analyze the shape and
distribution of the obtained nanoparticles, with an automatic algorithm
described by Meng et al. [40]. This algorithm is mainly based on local
adaptive Canny-edge detection, and it modifies circular Hough trans-
form. For each spherical particle, the algorithm describes them using a
single number —the diameter— because every dimension is identical.
With this information, the particle size distribution is defined as the
discrete function p(dk) = nk, where dk is the kth diameter measured
and nk is the number of particles with that diameter. Particle size
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distribution was obtained from 4 to 6 SEM images taken at the same
magnification. The geometric mean was calculated with around 350
nanoparticles counted.

In vitro immersion tests were carried out with the aim of de-
termining coating degradation and hydroxyapatite deposition ability of
the systems. For these tests Phosphate-Buffered Saline (PBS) and
Simulated body fluid (SBF) solutions were used: the first one was used
to investigate degradation of the coatings, and the second one with the
aim of simulating the concentration of inorganic ions in blood plasma
and to observe hydroxycarbonateapatite (HCAp) formation [41]. The
volume of solution used was according to the ISO/FDIS 23317 norm.
The immersion times were 1, 3, 7, and 14 days. Fourier Transformed
Infrared spectroscopy (FTIR) (Shimadzu IRAffinity-1S, Shimadzu Corp.,
transmittance mode, range of 400–4000 cm−1 wavenumber and re-
solution of 4 cm−1) and X Ray Diffraction (XRD) (MiniFlex 600, Rigaku,
with Cu–Kα radiation at 40 kV and 15 mA) tests were conducted on
previously immersed samples in SBF. After the immersion, FTIR and
XRD measurements were performed on the generated surfaces at each
time-point. Also, the morphology and integrity of the obtained coatings
were analyzed by SEM before and after soaking in the solutions.

Gentamicin release from the coatings in vitro in PBS was analyzed
by using an UV-VIS Spectrometer (Specord40 by Analytik Jena) with
the software WinASPECT 2.5.8.0, and enhancing the antibiotic signal
with Ninhydrin (Sigma Aldrich™), measuring absorption at 400 nm
wavelength. For the measurement of the drug release, each coating
condition was immersed by triplicate in 5 mL of PBS (Sigma AldrichTM)
and was incubated at 37 °C for 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 5, 8,
14, and 21 days. At each time-point, 1 mL of the sample solution was
withdrawn, while the same amount was replaced by fresh PBS.
Together with 0.3 mL of a ninhydrin stock-solution (2 mg/mL PBS), the
aliquot was heated up to 95 °C in a water bath for 15 min, following
known protocols [42,43]. After cooling down the spectrometric scan
was executed. The cumulative concentration of the drug was calculated
by a calibration curve and taking into account the extraction of 1 mL of
sample solution at each time point.

Assessments of the cell viability, proliferation, and morphology of
bone murine stromal ST-2 cell line (Leibniz Institute DSMZ - German
Collection of Microorganisms and Cell Cultures GmbH) on the coated SS
substrates were performed. The samples were disinfected by one-hour
UV-light irradiation placed into 12-multi-well plate at 50 cm distance
from the lamp. ST-2 cell culture was carried out in RPMI 1640 medium
(Thermo Fisher Scientific) with a 10% fetal bovine serum (Lonza) and
1% penicillin/streptomycin (Lonza), incubating the cells at 37 °C with
5% CO2. The seeding of the cells on the coated samples was done with a
100 μL drop of cell suspension with an inoculum ratio of 1.5 × 105

cells/mL. Then the wells were filled with 2 mL RPMI medium. Cell
viability after 1 day and 7 days was determined using the WST-8 assay
((2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2.4-disulfophenyl)-
2H-tetrazolium, monosodium salt), Sigma). Also, fluorescence staining
was performed. Briefly, rhodamine phalloidin and DAPI (ThermoFisher
Scientific) were used to stain actin filaments and cell nuclei, respec-
tively. The staining protocol started with immersion of the samples in a
fixation solution constituted by 1,4-piperazine-diethansulfonic acid
buffer, ethylene glycol tetraacetic acid, polyethylene glycol, paraf-
ormaldehyde, PBS and sodium hydroxide (all reagents from Sigma) and
in permeabilization buffer based on Triton-X and sucrose in PBS.
Afterwards, rhodamine phalloidin (8 μL/mL) and DAPI (1 μL/mL) were
added to each well. A fluorescent microscope (Axio Scope A1, Zeiss)
with 5, 10 and 20× was used.

In order to evaluate the antibacterial effect of the coatings, Gram-
positive S. aureus and Gram-negative E. coli bacteria were chosen as
bacterial strains. Halo inhibition (direct) and turbidity suspension (in-
direct) tests were used to study the antibacterial properties of the
coatings. Briefly, bacterial suspension with an optical density (OD) of
0.015 (OD at 600 nm) was prepared in sterile lysogenic broth (Luria/
Miller medium, Carl Roth, Germany) and grown in an incubator at

37 °C during 24 h. Fresh agar (LB Agar (Lennox), Lab M Ltd.) was
placed into petri dishes, and they were uniformly coated with 20 μL of
each bacteria suspension. The samples were inserted with the coated
side in contact with the agar and incubated at 37 °C for one day: The
halo inhibition zones around coated substrates were captured with a
digital camera and were measured by the image processing software
ImageJ [44]. For the turbidity measurements, samples were disinfected
in 24-well plates under UV light exposure for 1 h. Each well was filled
with 2 mL of LB-medium (Luria/Miller medium, Carl Roth, Germany)
and each type of bacteria to reach a final concentration of 0.015 OD at
600 nm. Afterwards, the plates containing the samples were incubated
at 37 °C for different periods of time (3, 6, 8, 24, 30, and 48 h). At these
given time-points, aliquots of bacterial suspension were taken out, and
their optical density was recorded.

3. Results and discussion

3.1. Particle and coating morphological evaluation

SiGe nanoparticle size distribution is a key parameter of relevance
for the design of the present coating system, since the degradation and
release of the active antibacterial drug depends, on how much of the
surface reactive area is available to be in contact with the surrounding
biological fluid. To obtain the size distribution of nanoparticles, SEM
(Fig. 1a) and TEM images (Fig. 1(b)) have been widely used, but with
manual or semi-automated measurement, using graphical processing
software. Also statistical size distribution analysis from the SEM images
is time-consuming and labor-intensive. In addition, results are not al-
ways reproducible, with great intra- and inter-user variability. On the
other hand, image analysis by Digital image Processing (e.g. with self-
made software) provides a very useful method for the measurement of
the size distribution of granular materials.

With the proposed method, explained in the Experimental section,
an efficient automatic segmentation for the generated nanoparticles can
be achieved (Fig. 1(c)). With this information it is possible to quantify
the diameter of each nanoparticle and define the particle size dis-
tribution. Results confirmed that the synthesis of the SiGe NPs gives
spherical and well distributed particles. Two diameter sizes were found
at the particle distribution: 150 and 199 nm with a standard devia-
tion < 15%. Also the surface and structure of the analyzed particles
were investigated more deeply by inspection of TEM images. Fig. 1(b)
as well as Fig. 2 illustrate the absence of a core-shell structure, and also
indicate the surface roughness of the obtained particles.

From the obtained images it is not possible to affirm that the SiGe
NPs are porous or hollow. The hypothesis is that with the present
synthesis method, amorphous silica-gentamicin composite nano-
particles were created, where the drug is embedded in the volume of
the particle, but exhibiting a radial distribution [45]. The negatively
charged silanol groups from the silica precursor react with the posi-
tively charged gentamicin particles, generating the composite NPs [31].

The stability of the mixture of the two polymeric solutions is es-
sential for a high quality electrophoretic deposition (EPD). Unstable
solutions cannot provide the mobility of particles and hence their de-
position on the electrode. The isoelectric point (IP) is the point, at
which the overall charge of the suspension is zero (a neutral charge)
[46]. The IP of chitosan is 6.2 [39], and the one of gelatin Type B is 4.8
[12]. In this work, the experimental procedure guarantees that the
chitosan is deacetylated and hydrolyzed due to the acidic medium,
when dissolving ensuring that in this process, –COO– groups are being
formed. At low pH range, below their IP and pKa values, chitosan and
gelatin are soluble, positively charged and able to form a colloidal
polyelectrolyte complex (PEC). The intermolecular attractive forces
between the –COO– groups of gelatin and the -NH3

+ groups of chitosan,
the electrostatic repulsion forces between the positively charged mo-
lecules and also hydrogen bonding guarantee the stability of this
complex [47,48]. According to literature, bare silica nanoparticles
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typically have an IP around 2.8 [20]. Researchers also report that si-
lanols can exist in three different forms on the silica surface, such as
SiOH+, SiOH and SiO− - groups, which affects the surface charge for
given pH values [20,31]. Consequently, silica nanoparticles show ne-
gative charges for pH values higher than 3. During the EPD process, the
pH range of the solution is kept constant in the range between 3.5 and
4. In solution, the positively charged colloidal PEC of chitosan and

gelatin [48] interconnects with negatively charged drug-loaded silica
nanoparticles by electrostatically attractive interactions. Finally, this
leads to a multiple positively charged and intermolecular stabilized
composite, which migrates to the cathode after applying an electrical
field; chitosan becomes insoluble and is deposited on the electrode to-
gether with gelatin and silica nanohybrids (Fig. 3). Also in Fig. 3(c), the
cross-section of the generated coating, indicating fairly homogeneous
distribution of NPs, can be seen.

Since for these colloidal suspensions significantly high potentials
were measured, in comparison to the basic mixture of chitosan and
gelatin, the addition of nanoparticles likely leads to the increase of the
suspension stability. Repulsive and attractive interactions between
molecules and charges of chitosan and gelatin are not avoidable.
According to Patel et al. [19], this kind of formed interactions between
negatively charged components and the chitosan/gelatin PEC are so
strong that particles are carried along with the PEC during the de-
position procedure because of its high mobility.

As previously explained in the Experimental section, several con-
centrations of chitosan, gelatin, and two concentrations of SiGe NPs
were tested. Based on the data available in literature and the homo-
geneity of the obtained coatings [37,38,45], 1 g/L of gelatin, 0.5 g/L of
chitosan and 2 g/L of SiGe NPs were chosen to study in this paper. The
optimization of the EPD parameters was also performed, as mentioned
in the Experimental section, leading to EPD time and voltage values
suitable for obtaining robust and uniform coatings on stainless steel
substrates. Coating adhesion is of great importance in this kind of ap-
plications [49]. The present coatings exhibited good adhesion to the SS
substrates when the deposition parameters were optimized according to
previous work [37].

After 1 day of exposure of the EPD chitosan/gelatin/SiGe NPs
coated samples to phosphate buffer solution, the degradation of the
coating was evident from SEM analysis (Fig. 4(a)). Part of the SIGe NPs

Fig. 1. (a) Scanning Electron Microscopy (SEM) image of the produced silica-gentamicin particles. (b) Transmission Electron Microscopy (TEM) image of the silica-
gentamicin nanoparticles. (c) SEM image of the analyzed particles with the applied proposed image processing method.

Fig. 2. Transmission Electron Microscopy image showing the surface of the
silica-gentamicin nanoparticles.
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was released, and the ones that remained on the coating were seen to
preserve their shape and size. After 21 days of immersion, the coating
was much degraded and also most of the SiGe NPs were either released
or degraded (Fig. 4(b)).

3.2. In vitro gentamicin release

Silica nanoparticles were selected as carriers for an antibacterial
agent to obtain controllable drug release simultaneously with decom-
position [34]. Therefore, this system should maintain an antibiotic re-
lease during a determined period of time in the area around the implant
with a subsequent decay of the carrier. In this way, it would be possible
to prevent bacterial adhesion and biofilm formation, if the amount of
the antibiotic released reaches the Minimum Inhibitory Concentration
(MIC) [50]. For E. coli and S. aureus the MIC values for gentamicin are
between 1 and 4, and between 0.25 and 4 mg/L, respectively [51,52].
Thus, in this context, the release kinetics of gentamicin carried in the
silica nanoparticles from a polymer containing matrix was studied. The
cumulative gentamicin release curve obtained for the antibacterial
coating is shown in Fig. 5. The obtained results for the chitosan/ge-
latin/SiGe NPs coating outline that the release kinetics of drug loaded

Fig. 3. (a) Scanning Electron Microscopy (SEM) image of the chitosan-gelatin coating on the stainless steel substrate. (b) SEM image of the chitosan-gelatin-silica
gentamicin nanoparticle coating. (c) Cross-section SEM image of the chitosan-gelatin-silica gentamicin nanoparticle coating.

Fig. 4. Scanning Electron Microscopy (SEM) image of the chitosan/gelatin/SiGe NP- coating after immersion in PBS solution: (a) one day, and (b) 21 days.

Fig. 5. Cumulative gentamicin release curve obtained for the EPD chitosan-
gelatin- SiGe NPs coatings in PBS solution.
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particles from the chitosan/gelatin matrix was controlled and influ-
enced by their desired distribution inside and on the matrix. Ad-
ditionally, this outcome supports the required SiO2-carrier decomposi-
tion. These mentioned phenomena, together with the adequate
degradation behavior of the coating, which was defined through dif-
ferent morphological and compositional factors, facilitated the sus-
tained release of gentamicin within the 21 days of analysis. If the initial
amount of gentamicin sulfate is considered to be the total amount of
gentamicin in the SiGe NPs at the starting solution (192 mg/L), almost
all the gentamicin is released at the end of the experiment (170 mg/L).
It is relevant to notice that 40% of the gentamicin is released during the
first 24 h of incubation, being an important hint for the prevention of
bacterial biofilm formation at the early stage after implantation [53].

3.3. In vitro HCAp formation

Fig. 6 shows the degradation of the coating and formation of HCAp
after immersion in SBF solution for 21 days. The main peaks in the FTIR
spectrum of the gelatin-chitosan solution mixture used for EPD have
small variations or changes from those of the main components alone.
Although vibrations of some of the present components of the system
may have overlapped with some new ones, some characteristic peaks
are still able to be recognized. In all conditions studied, a broad band
assigned to intermolecular electrostatic stability of the chitosan/gelatin
PEC formed between –COO– and -NH3

+ groups is noticed between
1530 cm−1 and 1678 cm−1 [54]. This band appears even after 14 days
without showing a shift, which could be attributed to the remaining of
the EPD coating on the surface after the immersion in SBF (Fig. 6). The
broad band of chitosan centered at 1049 cm−1, is also visible in all
samples [54]. Before soaking in SBF solution, the spectrum corre-
sponding to the composite coatings with chitosan/gelatin/SiGe NPs
presents two sharp peaks in the range of 443 cm−1 and 1060 cm−1.
Both are associated to SieO bonding in SiGe NPs, but the one at
1060 cm−1 is also associated to the chitosan and gelatin matrix. Also,
two characteristic bands appeared at 800 cm−1 and 940 cm−1, which
correspond to symmetric stretching vibration of Si-O-Si [55]. After
immersion, hydroxycarbonate apatite (HCAp) formation should be
confirmed by showing the typical bands of phosphate (567, 603 and
1032 cm−1) and carbonate (854 cm−1, 1410 cm−1) [56,57]. Some of
the expected peaks are not clearly seen on the spectra, thus another
method is needed to completely support and confirm the sample

bioactivity in vitro.
With the aim to confirm the presence of HCAp, XRD measurements

were also performed and results are shown in Fig. 7. The results refer to
an immersion period of 14 days in SBF. To eliminate the metal back-
ground from the XRD pattern, the coatings and deposits after 14 days of
immersion were scratched out to obtain a powder. In both types of
coating (chitosan/gelatin and chitosan/gelatin with SiGe NPs coatings),
characteristic peaks for deposited HCAp at around 2θ=23° were found
[58]; however, the main peak at 2θ=32° is missing, which could be due
to both the small amount of HCAp generated on the surface and the
overlapping with the chitosan and gelatin peaks [2]. Also the low in-
tensity of the peaks could be related with the low degree of crystal-
lization of HCA, which is expected in early stages of bioactivity.

SEM images of the chitosan/gelatin/SiGe NPs coating on SS after
14 days of immersion in SBF are shown in Fig. 8. The typical needle-like
and globular structure of the HCAp is observed.

3.4. In vitro cell behavior

The cell viability was measured by using the WST-8 assay after
1 day and 7 days for both type of coatings analyzed, and the bare
stainless steel substrate was used as control (Fig. 8). Cells cultured
without any substrate were used as positive control, too. It is noticeable
that the three groups of analyzed samples were supportive for the
proliferation of the bone murine stromal cells (ST-2 cells) after 7 days.
SS samples promoted the adhesion, growth, and proliferation of cells
for the two periods of time measured as well as the cells used as positive
control. Bare stainless steel samples reach even higher values of cell
growth in optical density than the separately proliferated cell cultures
that were used as control. In contrary, the viability of cells on the EPD/
SiGe NPs coatings is remarkable low. This is ascribable to the coating
degradation in the medium and the medium refreshing procedure,
which could also induce the detachment of cells.

On the one hand, comparing the EPD coating on stainless steel
substrate with the EPD/SiGe NPs coating, it is possible that gentamicin
could have acted as a minor inhibitor for cell proliferation at early times
by providing slightly adverse effects during its initial release. On the
other hand, it is noticeable that after 7 days, the viability of cells in
presence of gentamicin reaches almost half of the value of the control
cell culture. This indicates that at the beginning, the cell proliferation
was probably impaired due to the initial burst release of gentamicin
(within 24 h). The subsequent lower discharge might have facilitated a
better cell growth and enlargement as confirmed by optical density

Fig. 6. Fourier Transform Infrared (FTIR) spectra for the SS samples with
chitosan/gelatin EPD coating, and SS samples with chitosan/gelatin/SiGe NPs
EPD coating, before and after immersion in SBF for 14 days.(The relevant peaks
are discussed in the text).

Fig. 7. X Ray Diffraction patterns of the chitosan/gelatin and chitosan/gelatin/
SiGe NPs coatings after 14 days of immersion in SBF.
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(OD) measurements. The ratio of cell proliferation and adhesion (OD
7 days/OD 1 day) gives a clearer idea about the cellular activity of the
analyzed samples [59]. This ratio for the positive control (cells) was
5.2, while the ratio for the EPD coating without the SiGe NPs was 11.9,
more than the double. It means that the chitosan and gelatin matrix is a
suitable substrate for cell proliferation, even if at 7 days the coating
starts to degrade. Both chitosan and gelatin biopolymers are known for
their cell promotive properties. In particular gelatin contains distinct
amino acids such as glycine, which can modulate cell adhesion [60].
The ratio for SS is 7.1, and the same ratio was found for the chitosan/
gelatin/SiGe NPs coating, showing that the cell viability is relatively
high, even in the presence of the SiGe NPs (Fig. 9).

Fluorescence microscopy images (Fig. 10), unlike the WST-8 assay,
indicate that cells were well attached on both the chitosan/gelatin and
the SiGe NPs coatings, but they were not easy to observe after 7 days to
analyse cell proliferation. The artefacts of fluorescence in the samples
after 7 days could be due to degradation or reaction of the chitosan/
gelatin coating, or because cells are proliferating inside or under the
coatings. A clear dispersion of the cells is evident since their nuclei are
marked with the DAPI stain, where the blue dots in the picture re-
present individual cells.

Pishbin et al. [61] reported the non-toxicity of gentamicin towards
osteoblast-like human osteosarcoma cells (MG-63). Since this behaviour
is also shown in the present study, the slight inhibition effect with

respect to the delay of cell proliferation during the initial release period
of gentamicin should be investigated in more detail.

3.5. Antibacterial behavior

By direct contact to an agar medium, the inhibition capability of the
coatings was preliminary investigated (Fig. 11) against gram positive
(S. aureus) and gram negative (E. coli) bacteria. In comparison to the
large inhibition areas created by the EPD chitosan/gelatin/SiGe NPs
coatings, the bare metal and also the coatings with only chitosan/ge-
latin matrix were not successful to kill bacteria or to inhibit their
growth: the diameters of the inhibition zone were 1.5 cm for bare SS
(the diameter of the sample), 1.8 cm (E. coli) and 1.7 cm (S. aureus) for
the chitosan/gelatin EPD coating, and 4.1 cm (E. coli) and 3.9 cm (S.
aureus) for the chitosan/gelatin/SiGe NPs EPD coatings. Especially
chitosan does not satisfy the expectation of antibacterial counteraction,
although this is one of its usually mentioned specific properties [22,54].
Its low concentration in the present coatings (0.5 g/L) might have been
determinative for the obtained results. Since the incubation of all
samples was in a one day period, these results coincide with the drug
release results shown above, and support the spectrometric initial re-
sults of around 40% of gentamycin release within 24 h.

Thus, turbidity measurements were carried out as an indirect
method to analyze the antibacterial effect of the coatings. Due to the
release of gentamicin and its counteraction capability in a bacterial
suspension, changes in optical density occur, which were determined
on different time points. The results regarding the measured values are
presented in Fig. 12.

It can be noticed that both strains of bacteria grow with time and
after 9 h they seem to grow very fast, assuming that they might be close
to biofilm formation [62–65]. However, in the case of both gram-po-
sitive (S. aureus) and gram-negative (E. coli) bacteria with chitosan/
gelatin/SiGe NPs stainless steel- coated samples, no bacterial growth
was noticed, even after 30 h of immersion in the medium solution. This
result supports the antibacterial early time inhibition behavior of the
studied samples.

4. Conclusions

The present work introduced a novel and efficient drug delivery
system incorporated into biodegradable coatings applied by EPD on
metallic surfaces as stainless steel. The synthesized silica-gentamicin
nanoparticles presented diameters < 200 nm and an amorphous
structure that allow particle degradation and release of the drug. The
effective release of antibiotics such as gentamicin was proven, and the

Fig. 8. Scanning Electron Microscopy (SEM) images at two magnifications of the chitosan-gelatin-silica gentamicin nanoparticle coating after 14 days of immersion
in SBF solution, indicating formation of HCAp.

Fig. 9. WST-8 Cell viability tests for the bare, chitosan-gelatin EPD and chit-
osan-gelatin-SiGe NPs EPD coated stainless steel (SS) samples.
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present approach could also be adapted for other drug release appli-
cations. Compact and flawless coatings were obtained, allowing the
SiGe NPs dissolution as well as hydroxycarbonated apatite deposition,
first insight of bioactivity. Positive results were obtained in terms of
antibacterial properties combined with the fact that adhesion and
proliferation of pre-osteoblastic cells were not inhibited. The

gentamicin release was found to be higher than the minimum inhibition
concentration, therefore the generation of resistant bacteria could be
avoided. Further studies will be focused on investigating the me-
chanism of interaction between gentamicin and cells to elucidate the
correct antibiotic concentration leading to improved cell attachment
and by maintaining the antibacterial effect.

Fig. 10. Fluorescence microscopy images of
cells over (a) SS chitosan-gelatin EPD
coating with 100× magnification, (b) SS
chitosan-gelatin-SiGe NPs EPD coating with
100× magnification, (c) SS chitosan-ge-
latin EPD coating with 200×, and (d) SS
chitosan-gelatin-SiGe NPs EPD coating with
200×. In all images, the marking for nuclei
is in blue and the cell cytoskeleton is in red.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 11. Bacterial inhibition tests after 24 hs (direct contact, halo test) for: (a) bare SS sample with S. aureus, (b) chitosan-gelatin EPD coating on SS with S. aureus, (c)
chitosan-gelatin-SiGe NPs EPD coating on SS with S. aureus, (d) bare SS sample with E. coli, (e) chitosan-gelatin EPD coating on SS with E. coli, and (f) chitosan-
gelatin-SiGe NPs EPD coating on SS with E. coli. Inhibition zones marked with red circles in each case. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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