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A B S T R A C T:

Prosthetic failure due to implant-associated infections remains a big problem, despite the extensive use of implants
and number of researches performed on this topic. A new problem arises with the development of additively
manufactured complex orthopedic metal implants. In spite of the advantages that come with patient specific implants
to cure the most critical orthopedic situations, these implants are inherent to infection susceptibility. Currently, no
study has shown deposition on such complex implants, therefore this research aims to make the first steps towards an
antibacterial coating deposited on additively manufactured complex implants to fight peri implant infections. This is
facilitated by means of electrophoretic deposition. In order to develop homogeneous deposition of a chitosan/gelatin
based coating loaded with vancomycin or gentamicin on titanium implants, a state-of-the-art setup was used, containing
a cylindrical counter electrode surrounding the complex specimen. After parameter optimisation, in vitro release
behaviour, cell viability assays and antibacterial tests were performed, in order to investigate the biological behaviour
of the coating. The release behaviour, which was dependent on coating degradation, showed a burst release after one
day followed by sustained release up to day seven. Specimen including antibiotics showed antibacterial effect against
S. Aureus. While all planktonic bacteria where eradicated, biofilm formation by adherent bacteria was significantly
decreased, however not prevented. Cell viability assay showed bacterial adherence and growth, with an increased
rate in the gentamicin samples, potentially caused by the high hydrophilicity of this drug. While an in vivo study is
suggested to obtain more in-depth insights in the biological behaviour of the coating, this method is suggested to be a
successful way to create a homogeneous coating against peri implant infections on complex implants, preventing peri
implant infections, to reduce the change of patient specific implant revision.

Keywords: metal implants, 3D printing, additive manufacturing, antibacterial coatings, electrophoretic deposition,
complex orthopedic implants, antibiotic release, patient specific implants
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I. INTRODUCTION

A. Implant associated infections

IMPLANT associated infections (IAIs) are proven to
be one of the most common reasons for orthopedic

implant revision. IAIs are especially critical when ad-
dressing additively manufactured (3D printed) complex
implants. IAIs leading to failure of a prosthetic device,
resulting in implant revision are remarkably problematic
for orthopedic implants, since they are designed to remain
in the body for an unlimited period of time after implanta-
tion [1]. In the Netherlands, 13,3% (n=28.639) of all total
hip procedures (n=215.380) during the last seven years
required revision. Of all revisions, 20,3% were caused by
infections, making this the third main reason of failure for
orthopedic implants according to LROI annual report 2018
Dutch Arthroplasty Register [2]. Furthermore, a significant
increase in the demand of total hip and knee arthroplasty is
expectedin the years to come, based on the increase rates
of the past decade and due to life expectancy increases
[3, 4]. The gram-positive Staphylococcus Epidermidis (S.
Epidermidis) is the most common bacteria in Europe
and Staphylococcus Aureus (S. Aureus) in the USA [5].
These bacteria are found at the surgical site of 90%
of all implants, originating from contamination during
surgery [6]. Implant associated bacteria are not distributed
singularly like planktonic bacteria, but tend to tightly
adhere to the surface of biomaterials forming an abundant
matrix containing extracellular polymeric substances so-
called biofilm. Bacteria can reach the implant and colonize
during a “race for the surface”, which is a process that
takes place during the first six hours after implantation [1].
In this critical phase, a contest between bacterial adhesion
and tissue cell integration takes place. Bacteria that reach
the surface first will form biofilm. In biofilm state, bacteria
are 10 to 1000 times more resistant to antibiotics and host
response [7]. Therefore, biofilms are mostly responsible for
the implant infection persistence and can have vigorous
consequences for the patient, including implant revision
[1, 7].

B. Additive manufacturing

Nowadays, the focus of orthopedic implant produc-
tions and development has shifted to the use of additive
manufacturing [8]. Additive manufacturing is a free-form
fabrication technique that allows for patient specific im-
plants with the use of Computed Tomography (CT). Such
implants include complex porosity and accurate topologi-
cal designs to improve tissue integration and regeneration
resulting in fast recovery and decreased implant revision
[7]. Additive manufacturing can be applied with several
materials such as polymers, ceramics and metals [8]. Met-
als are the most widely applied biomaterials in orthopedic
surgery [2]. Porous metal implants increase the mechanical
behaviour of an implant compared to compact implants,
regarding fatigue behaviour and stress shielding. For ex-
ample, stress can be mitigated, due to the decreased elastic
modulus of a metal material. Porous titanium stiffness
could additionally change stress and strain distribution
within the host tissue, changing the mechanobiological

regulation, which can be favorable for bone apposition and
patterning [9]. Their mechanical behaviour is comparable
to bone, where the porosity varies between 50% and 90%
for trabecular bone and 3% to 5% for cortical bone [10].
This porosity in bone causes a specific elastic modulus
of 3 to 30 Gpa for cortical bone and 0.02 and 2 Gpa
for trabecular bone, which is more comparable to porous
metals than rigid structures. Moreover, this allows for
permeability, which is ideal for oxygenation and nutrition
of cells that reside in the inner spaces of the bone [11].
Additive manufacturing of metals can be achieved by
using the selective laser melting technique, a process that
fuses metal particles together (layer-by-layer), allowing for
specified unit cell variations on a microscopic scale [12].
Different designs of unit cells, including pore size and
structure are evaluated and compared in several studies to
create the most desirable mechanical behaviour and host
response. Gyroid-like unit cells are found to be preferable,
since studies have showed that curvature is an important
factor for tissue regeneration [11]. The concave surface
is found to positively impact tissue regeneration when
comparing to flat and convex surfaces [13]. Additionally,
this geometrical design has preferable stress and strain
variables, which creates a desired mechanical loading
architecture, to minimise bone resorption [13].

C. Complex patient specific implants

Complex orthopedic implant surgeries often requires
longer and open procedures, not only because of their very
complex and varying shapes, but also because most patient
specific implants are produces, only in case of critical
situations. These situations include spinal surgeries, due to
vanishing bone diseases [14] or mandibular reconstruction
due to bone cancer removal [15]; thus, cases that cannot
be treated using conventional approaches and techniques
[2, 14]. The approval of patient specific implants is com-
plicated due to strict medical standards and regulations,
which results in complex implants, being exclusively used
for very specific and critical situations [14]. Moreover,
revision of a porous complex implant is extremely difficult,
due to the strong bone-ingrowth after implantation. This
increases the urgent need for antibacterial coatings for
patient specific implants. In these emergency situations,
the patients’ general health and quality of bone tissue
surrounding the implant can be poor, as bone resorption
can be a consequence of osteoarthritis (inflammation of
the bone joints) [3, 16]. These factors can result in a
prolonged surgical procedure. Since surgery is the most
critical moment for implant infection, complex orthopedic
implants are inherent to bacteria susceptibility [17].

D. Coating for complex implants

IAIs are considered as very challenging in orthope-
dics, which is why an antibacterial coating should be
developed to prevent early stage infection and develop-
ment to biofilm. Bacterial infection could also increase
the cytotoxicity of metal ions at the implant interface,
influencing the general health of the patient. This could
increase the chance of revision surgery on the long-term
[18]. Despite the fact that coating solutions for this problem
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are gaining significant attention, no research has developed
an antibacterial coating for complex “patient specific”
orthopedic implants. Antibacterial-release coatings that
include polymers and are loaded with antibiotics appear to
be a suitable candidate to fight peri-implant infection [19].
Previous studies suggest that electrophoretic deposition
is a frontier technology for deposition of such coatings
[20]. Electrophoretic deposition is fast, cost-effective, site-
selective and it is able to produce mechanically resistant
and stable coatings with adjustable thicknesses [7]. Mate-
rial possibilities have been investigated, concluding that
co-deposition of the natural polymers chitosan and gelatin
could be favourable, due to their excellent biological per-
formance, physical properties, degradation, drug release
properties, cost-effectiveness and cell adhesion [19, 21].
Nevertheless, optimization of electrophoretic deposition
parameters and setup to create a homogeneous deposition
and preferable coating thickness on the complex implants
will be challenging.

E. Aim of this study

The aim of this research was to develop an optimised
electrophoretic deposition setup that could deposit a homo-
geneous antibacterial-release coating on complex implants
to avoid bacterial adhesion in the most critical stage of
bacterial infection. Vancomycin and gentamicin, which are
widely used antibiotics and can prevent bacterial adhesion,
were loaded in positively loaded polymeric particles. [22–
25]. To test the biological response and antibacterial ef-
ficiency of the deposited coating, in vitro release tests,
antibacterial assays and cell viability tests were executed.
This study has made the first step towards successful an-
tibacterial coating deposition for additively manufactured
complex metal implants.

II. MATERIALS AND METHODS

A. Design and additive manufacturing

A sheet-Gyroid unit cell was employed as the base for
the lattice structure. Initially, a surface profile of a cubic
scaffold was generated by k3DSurf software. The resulting
file was processed using 3-matic software (Materialise,
Belgium), through a combined process of wrapping and
boolean intersection with a stem/cone volume structure to
create the highly porous structure in a 3D model. These
structures were chosen in order to mimic an orthopedic
hip implant, with the most highly complex shapes. The
designed geometrical and morphological properties of
stem and cone specimens are presented in Table I.
The structures were additively manufactured via Selective
laser melting (SLM) using a SLM machine equipped
with a Twin (2x400W) IPG fiber laser (IPG Photonics
Corporation, Oxford, USA) having a wavelength of range
1070 10 nm. SLM processing of Ti6Al4V-ELI powder
with a particle size of 20-63 µm (grade 23) from SLM
Solution Group (AG, Lubeck, Germany) was performed on
top of a solid titanium substrate, with a laser thickness of
30 µm and a scan velocity of 10 m/s in an inert atmosphere
with oxygen concentrations below 50 ppm. Afterward, the
specimens were cut off the titanium base plate with wire
electrical discharge machining. The implants were washed

consecutively with acetone, ethanol and ultra-pure water
(MilliQ).

B. Surface modification

The metal surface of the implant specimens was modi-
fied using a surface treatment method called shot blasting
(SB), to obtain desirable characteristics including the elim-
ination of imperfections, fatigue improvement and surface
biofunctionalization [26]. With a pistol, Alumina (Al2O3)
abrasive with an average particle size of 50 micron was
fired with high velocity and pressure of 4 Bar in a
controlled manner towards the implant surface, in order
to remove the partially melted titanium particles that were
formed during SLM (fig. S1a). The stem and cone implants

Designed parameters Stem Cone
Big radius (mm) 24 5
Small radius (mm) 21 2,5
High (mm) 5 15
Pore size (µm) 892 892
Sheet thickness (µm) 316 316
Porosity (%) 81,5 80,9
Surface area (mm2) 2102 1070

TABLE I: Geometrical and morphological design parameters
for the stem and cone samples

were shot blasted in a closed cabinet while rotating for
90 seconds, clamped on a needle (fig. S1b). The up
and downside of the implants were shot blasted for 45
seconds while holding tightly in front of the shot blasting
pistol. After shot blasting, the titanium implants were
washed and sonicated in an Ultrasonic bath (Fisherband
FB115047) for 30 minutes with 99% Acetone, with 99%
Ethanol and MilliQ respectively and left to dry in an
oven for eight hours (50 ◦C). The morphology of the
shot blasted surface and non-shot blasted/As Manufactured
(AM) implant surface were visualised using a scanning
electron microscope (SEM, Jeol, JSM-IT100, Japan).

C. Electrophoretic deposition process and coating param-
eter optimization

Electrophoretic deposition was applied in order to de-
posit positively loaded chitosan/gelatin [Chi/Gel] particles
on the titanium surface of the implant specimen. The
specimen were connected to the negative power supply
under a constant voltage mode to create a negative implant
surface potential. 0,5 mg/mL chitosan (Low molecular
weight, deacetylated chitin, poly(D-glucosamine), Sigma-
Aldrich, Germany) and 1,0 mg/mL Gelatin (Porcine skin,
Sigma-Aldrich, Germany) were used as coating base, to
later incorporate the antibiotics vancomycin hydrochloride
(Sigma-Aldrich, Germany) and gentamicin sulphate (Gen)
(Sigma-Aldrich, Germany) [16,21].

To optimize the parameters deposition time (t) and
voltage (V) for uniform deposition of the coating, different
values for voltage and deposition time (obtained from
previous EPD studies) were evaluated by adding 0,01
mg/ml Fluorescein isothiocyanate (FITC) to the colloid
solution and visualising the coating with a fluorescence
microscope (fig. S3a). The optimal parameters were se-
lected according to their homogeneity, morphology and
deposition weight. A 1% aqueous acetic acid solution
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Fig. 1: a) Schematic figure of electrophoretic deposition. (Re-
trieved from: E. Avcu, F.E. Bastan, H.Z. Abdullah, M.A.U.
Rehman, Y.Y. Avcu, A.R. Boccaccini, Electrophoretic deposi-
tion of chitosan-based composite coatings forbiomedical appli-
cations: A review.Progress in Materials Science (2019)[19] b)
Electrophoretic deposition setup used during the experiments
including the surrounding anode and the titanium implant as
cathode.

was used to dissolve chitosan and gelatin separately. After
24 hours of magnetic stirring, chitosan and gelatin were
poured together in a beaker to form the Chi/Gel complexes
[21]. 0,01 mg/ml FITC solved in 1 mL ethanol was added in
the solution covered with Aluminium foil, one hour before
the electrophoretic deposition (EPD) process. For elec-
trophoretic deposition, a cylindrical anode (r = 15mm) was
used that surrounded the stem and cone implant specimen
during EPD (Fig. 1). The stem and cone implant specimen
were connected to the negative power supply to create a
cathodic deposition in the DC-EPD setup [27, 28]. To reduce
bubble formation at the cathodic implant surface, 100mM
hydroxide peroxide (H2O2) was added to the colloid so-
lution [29]. To determine the difference of the coating with
and without addition of H2O2, the coating was stained
either with 0,01 mg/mL FITC or with 0,4 mg/mL red
dye (New Coccine, Sigma-Aldrich) and visualised using a
fluorescence microscope (OlympusBX511) and a stereo-
scope (Olympus SZ61). After optimisation of the solution
parameters, either 0,5 mg/mL vancomycin [Chi/Gel/Van]
or 1,0 mg/mL gentamicin [Chi/Gel/Gen] was added to
the Chi/Gel solution to create the antibacterial-release
coatings on both shot blasted (SB) and (AM) cone and
stem specimen. For every implant, 50 mL solution was
used in a 50 mL beaker using the cylindrical anode
(r=15mm) to deposit the coating for each group similarly,
under constant magnetic stirring. After coating optimi-
sation, eight experimental groups for the stem and cone
could be separated for the SB and AM implant specimen:
As Manufactured (= no coating) [ASM], chitosan/gelatin
[Chi/Gel], chitosan/gelatin/vancomycin [Chi/Gel/Van] and
chitosan/gelatin/gentamicin [Chi/Gel/Gen] (Table II).

D. Characterisation of the deposited coating

The presence of coating was visualised using red dye
(New Coccine, Sigma-Aldrich, Germany) and the mor-
phology of the coating was visualised using FITC. The
surface chemistry of the different experimental groups
was analysed with energy-dispersive X-ray spectroscopy
(EDS-mapping) using a SEM (Jeol JSM-IT100, Japan).
A 900X magnification area (fig. S5) was visualised for
every SB experimental group to determine the atomic
concentration and distribution of the elements present
on the implant surface (n=1). The coating weight was

obtained by weighing the implants before and after coating
deposition (n=3).

E. In vitro release profile

For in vitro release measurements, both stem and cone
were coated with vancomycin and gentamicin for the AM
and SB groups, using the optimised EPD setup and param-
eters (n=3). The coated specimens were soaked in 1 mL
PBS (pH=7.4) for cone specimen and 2 mL PBS (pH=7.4)
for stem specimen and incubated at 37 ◦C. After 2h, 6h
and day 1 t/m 7 the PBS was refreshed. 100 µL of every
sample was measured with the Fluoroskan Ascent FL
Multiplate reader (Thermo Labsystems, Helsinki, Finland)
at a wavelength of 544 to determine the cumulative release
profile of vancomycin and gentamicin at every specific
time point. To measure the concentration of vancomycin,
ultra-performance liquid chromatography (UPLC) was em-
ployed, using an ACQUITY UPLC H-Class PLUS Bio
system (Waters Corporation, US) equipped with a BEH
C18 column (1.7 µm, 2.1 mm x 50 mm, Waters). The two
mobile phase mixtures used consisted of 100% acetonitrile
(ACN) mixed with 0,1% trifluorasic acid (TFA) and 5%
ACN (mixed with 95% MilliQ) mixed with 0,1% TFA.
A flow rate of 1mL/min was used to elute the samples.
A photodiode array detector (PDA) (Waters 2996, Waters,
Canada) was used at an absorbance of 233 nm. To analyse
the results, the additional PDA dector software was used
(Eaters Empower 3 Pro, Waters, Canada). The concentra-
tion of gentamicin was measured using UV-Spectroscopy.
A Boric acid buffer was prepared by dissolving 24,7 g
Boric acid in 900 mL MilliQ. 50% (w/v) of potassium
hydride was added to adjust the pH to 10.4 pH. Sufficient
water was added to produce 1000 mL solution for accurate
pH adjustment. The OPA reagent was prepared by dis-
solving 0,2 g o-phthaldialdehyde (OPA) (Sigma-Aldrich,
Germany) in 1mL isopropanol and added to 19 mL of
0.4 M Boric buffer. To adjust the pH to 10,4 pH, 0,4
ml 2-mercapto-ethanol was added to the solution using
potassium hydroxide and finally incubated for 10 minutes
at room temperature. The absorbance was measured by
spectrophotometrically (Spectrostar Nano, Germany) at
332nm. The cumulative release of Gentamicin at every
time point was measured by normalizing the data based
on the standard curve, using Excel.

F. Antibacterial assay

For both stem and cone, each experimental group (n=3)
was coated with the optimised EPD setup and parameters.
S. Aureus stain (49230, ATCC, US) was used to deter-
mine the antibacterial activity of the biomaterials. The
specimens were brought in contact with tryptic soy broth
(TSB) medium with 1% bacterial glucose suspension in
the mid-log growth phase (OD600 = 0,01 107 bacteria
/mL). The implants were incubated at 37 ◦C for 24h and
continuously stirred using a rotation platform. The colony
forming units (CFUs) were counted (plate counting) in
duplo to quantify both adherent and planktonic bacteria at
day 1 and day 7. For adherent bacteria, the specimens
were rinsed three times using 2ml PBS, transferred to
fresh PBS and sonicated for 1 min, to determine the CFU
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count afterwards. For planktonic bacteria, 20 µL samples
were taken from the incubation medium and used for CFU
determination. The data were evaluated using Prism 8.2
and SPSS. To evaluate the inhibition zone, an S. Aureus
strain (ATCC 49230) was grown on a blood agar plate
(TSA) at 37 ◦C overnight. The culture was grown to log
phase in fresh TSB. The bacterial suspension was diluted
to 0,5 McFarland and evenly distributed over a TSA plate.
The samples were placed on the plate and incubated at 37
◦C overnight.

G. Cell viability assay

To measure the cell viability over a period of time,
alamarBlue Cell Viability Reagent (Thermo Scientific MA,
USA) was used. For every sample (n=3), 1 million MC3T3
osteoblast precursor cells were seeded on the implant spec-
imen and incubated for 1 day in the alamarBlue reagent.
After 1 day, the medium was changed and measured
with a Fluoroskan Ascent FL multiplate reader (Thermo
Labsystems, Helsinki) at an absorbance of 570 nm. This
procedure was repeated every day over a period of 3 days
to quantify the metabolic activity. Live/dead viability assay
was performed for every AM experimental group (n=1)
after 3 days of incubation at 37 ◦C to determine the cell
adhesion and survival on the implant surface. Live cells
were visualised with FITC (green) and dead cells using
New Coccine (red), using a confocal microscope (LEICA
TCS SP8-X, Ernst-Leitz-Str, Germany).

H. Statistical analyses

All data was analysed using SPSS and were presented
by their mean ± standard deviation. One-way ANOVA
with Tukey post-hoc correction was performed to compare
the means between the different experimental groups in
SPSS. The CFU data were first log-transformed and then
a statistical analysis was performed to determine the an-
tibacterial efficiency of the different experimental groups.

III. RESULTS

A. Morphology of the AM and SB titanium surfaces

The SEM images (Fig. 2b.) show the structure and
morphology of the AM and SB titanium surfaces. The
AM and SB surfaces differ, as the partially melted titanium
particles are removed after SB. The SEM images clearly
show a change in surface roughness and morphology
for SB compared to AM, since the surface between the
partially melted titanium particles for the AM samples is
very smooth without any scratches, whereas for the SB
samples many small scratches can be seen. The thickness
of the implant slightly decreases after shot blasting, due to
the removal of the upper titanium layer from the sample.

B. Parameter optimization

After deposition of the coating on the AM samples using
FITC with different voltage (V) and deposition time (t)
parameters (fig. S3a+c.), the most homogeneous deposi-
tion was found using 10 V and 10 min. After addition of
H2O2 in the colloid solution, a more homogeneous coating
could be deposited for stem samples, since less uncoated

Fig. 2: (a) Macrograph of additively manufactured porous
titanium specimens: Stem and cone shaped. (b) Macrograph and
SEM pictures of the AM (Left) and SB (Right) stem specimens,
top to bottom: 1X, 3X and 270X. (For cone: fig. S2) (c) Images
of the optimised homogeneous coating on AM (left) and SB
(right) stem specimens.

spots are visible on the implant surface (fig. S3b.). The
cone sample shows no difference after addition of H2O2.
After incorporation of the antibiotics, the gentamicin sam-
ples showed less uniformity compared to [Chi/Gel] and
[Chi/Gel/Van], so parameters needed to be optimised for
the gentamicin samples. Good results could be obtained
for a voltage of 15 V and a deposition time of 15 min.
Despite the use of H2O2, bubbles at the cathodic side of
the [Chi/Gel/Gen] samples were observed during the EPD
process. Table II. shows the optimised coating parameters
that are used in this research to investigate biological
response of the coating.
EDS mapping showed a highly increased elemental com-
position of Carbon for all coated samples, compared
to [ASM] (n=1) (Table III). No increase for Nitrogen
and Oxygen could be measured for all coated samples
compared to [ASM]. However, the coated samples showed
a considerable decrease of the Titanium and Aluminium
elements, that exist in the titanium samples (Ti-6Al-4V)
compared to the [ASM] samples. For all samples, Vana-
dium was not detectable when using area or point EDS
mapping. In contrast, the EDS maps (fig. S5) did show
Vanadium elements in the area measured for the [ASM]
samples. Additionally, despite the fact that vancomycin
Hydrochloride contains Cl (Chloride) and gentamicin Sul-
fate contains S (Sulfur), negligible values for Cl or S were
detected.
The coating weight before and after coating deposition
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Sample Surface Coating Parameters
(Stem/cone) AM/SB H2O2 V t

1 ASM AM Yes - -
2 Chi/Gel AM Yes 10 10
3 Chi/Gel/Van AM Yes 10 10
4 Chi/Gel/Gen AM Yes 15 15
5 ASM SB Yes - -
6 Chi/Gel SB Yes 10 10
7 Chi/Gel/Van SB Yes 10 10
8 Chi/Gel/Gen SB Yes 15 15

TABLE II: Optimized parameters for the eight experimental groups.

Experimental group Atomic concentration (%)
O C N Ti Al V Cl S

SB-ASM 36,63 17,78 7,52 26,59 10,64 0,07 - -
SB-Chi/Gel 29,60 63,64 3,35 2,27 0,94 0,08 - -
SB-Chi/Gel/Van 30,81 65,46 3,48 0,08 0,04 0,02 0,11 -
SB-Chi/Gel/Gen 30,14 66,05 3,28 0,05 0,04 0 - 0,03

TABLE III: Atomic concentration of the different experimental groups measured at one representative area at 2200X magnification.

Fig. 3: Cumulative release profile measured over 7 days for
vancomycin on stem (a) and cone (b) specimens, determined by
UPLC and for gentamicin on stem (c) and cone (d) specimens,
determined by UV-spectroscopy.

was determined, resulting in a coating weight with an
average of 9 µg for both AM and SB stem samples and
an average of 6 µg for both AM and SB cone samples
(n=3).

C. Release profiles

The release profiles (Fig. 3a-d) clearly showed van-
comycin and gentamicin release for both stem and cone.
For all samples, in the first few hours to one day, a
burst release is noticeable that is followed by a slowly
sustained release over the next 7 days. For vancomycin
release, the stem shows a higher release for the [AM-
Chi/Gel/Van] samples compared to the [SB-Chi/Gel/Van],
whether cone shows opposite results. The stem samples
show a slightly higher release of vancomycin compared
to the cone samples. For vancomycin release, a difference
of around 100 µm could be detected between SB and AM
samples. For both stem and cone coated with Gen, the
difference in [AM-Chi/Gel/Gen] and [SB-Chi/Gel/Gen]
groups were very small, with almost negligible increased
values for SB samples. The amount of release for both

Fig. 4: a) MCT3T cell viability for the different experimental
groups measured at day 1, and day 3 using AlamarBlue (n=3). b)
Confocal Live/Dead fluorescence images of Stem-AM samples
(10X) at day 3.

stem and cone is comparable, but stem samples showed a
slightly higher release for the SB samples.

D. Antibacterial effects

The antibacterial adherence for both vancomycin and
gentamicin groups was significantly reduced compared to
the [ASM] and [Chi/Gel] groups at day 1 for both cone
and stem samples (Fig. 5a.). The adherent bacteria showed
a significant decrease of Log 2 and the non-adherent
bacteria (= planktonic bacteria) showed total eradication
of S. Aureus after addition of vancomycin and gentamicin.
The inhibition zone tests (Fig. 5b.) showed similar results.
However, [Chi/Gel] and [ASM] were not able to kill
bacteria upon contact, confirmed after both CFU and
inhibition zone assays. The CFU results at day 7 show
no significant difference between all experimental groups
for both adherent as planktonic bacteria. This means that
according to this data, the coated implants do not show
increased antibacterial effect when samples are incubated
in PBS for 7 days. However, the inhibition zone tests at
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(a)

(b)

Fig. 5: (a) CFU’s of the antibacterial killing effect at 1 day and
day 7 for AM and SB specimens for both adherent and planktonic
bacteria, measured for the different experimental groups (n=3).
Representative images of the S. Aureus inhibition zones at day
1, for all experimental groups (b) (n=1) (Day 7:fig. S4

day 7 showed contradicting results. Eradication of bacteria
was visible at day 7 for the Van and Gen groups compared
to [ASM] and [Chi/Gel].

E. Cell viability

in vitro cell viability assay shows cell proliferation for
every experimental group. A lower level of cytotoxic-
ity for the [Chi/Gel] samples as well as [Chi/Gel/Van]
was detected at day 1, only for the stem-SB samples.
However, at day 3 cell proliferation could be noticed
compared to day 1. The samples without coating showed

no cytotoxicity and higher cell proliferation according to
the alamarBlue assays (fig. 5a.). Live/dead assay at day
3 showed viable cells for all AM experimental groups,
which is comparable to the alamarBlue data. No dead
cells could be detected using this method. [Chi/Gel/Gen]
demonstrates higher cell viability compared to the other
groups, with almost fairly equally distributed cells. The
[ASM], [Chi/Gel] and [Chi/Gel/Van] groups show less
cells at day 3, however cells were present and equally
distributed.

IV. DISCUSSION

A. Problem statement and results

In this study, an attempt was made to solve the problem
regarding IAI prevalence for complex orthopedic implants
causing implant failure, by developing a method to deposit
an antibacterial coating on titanium (Ti-6Al-4V) implants
[2–4]. Prevention of biofilm formation, a problem that
originates from surgery contamination during the first six
hours after implantation, was the major focus of this
research [1]. Nowadays, additively manufactured complex
orthopedic implants are exclusively produced for the most
critical situations, when no conventional approaches are
applicable [14]. These additively manufactured metal im-
plants are ideal, because of their specific bone mimicking
mechanical properties, creating desirable host response
and tissue regeneration to minimize bone resorption [13].
However, the procedures for implantation of these specific
implants often require longer and more difficult surgical
interventions, which is why patients are more suscepti-
ble for implant infection [3, 16]. It is therefore of great
importance that an antibacterial coating is developed for
complex implants. This may reduce the chance of revision
on additively manufactured implants caused by IAIs. To
co-deposit polymeric particles consisting of chitosan and
gelatin, the technique of electrophoretic deposition (EPD)
is used. EPD is known to be simple and fast, and therefore
cost-effective, enabling the formation of a coating with
adjustable thickness [30]. Antibiotics can be loaded in the
polymeric particles formed in the colloid solution, creating
an antibacterial efficient coating [24]. Release profiles for
both vancomycin and gentamicin showed a burst release
at day one which was followed by a sustained release until
day seven. In vitro antibacterial assay resulted in a signif-
icant decrease in bacterial attachment for the vancomycin
and gentamicin groups after day one. In vitro cell viability
assay demonstrated no cytotoxicity. However, day three
showed significantly higher pre-osteoblastic proliferation
for the [ASM] group compared to the other experimental
groups for the stem-SB samples. All other samples show
no significant difference between the experimental groups.
Live/dead assay on the other hand showed higher cell via-
bility at day 3 for the [Chi/Gel/Gen] groups, nonetheless it
confirmed that cell proliferation was present for all groups.

B. Electrophoretic deposition

In this research, EPD was applied in order to create a
homogeneous antibacterial releasing coating on the com-
plex implant specimen. Creating a coating on additively
manufactured structures can be challenging, due to its
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complexity and printing parameters. As explained before,
the structure complexity can affect the surface roughness
and morphology and additionally coating thickness and
cell/bacterial adherence because of the underlying complex
structures [18]. Decreased uniformity of a coating can neg-
atively affect osseointegration and can increase bacterial
infection susceptibility [19]. Spriano et al. (2018) showed
that coating deposition on porous titanium involving heat
decreased the uniformity of the coating, due to induced
stress and delamination [31]. Next to that, since most an-
tibiotics are not thermostable, deposition processes at room
temperature are compulsory to enable the incorporation of
a drug to create the bactericidal property [32, 33]. Hence, the
application of a coating method that can be used at ambient
temperatures was preferred over coating techniques that
required elevated temperatures, such as chemical vapour
deposition [18]. Furthermore, stability during electrochem-
ical deposition methods is extremely important to create a
coating with a desired thickness, uniformity and controlled
release characteristics. Several techniques have gained
increasing attention because of their promising and innova-
tive nature including self-assembled monolayers, layer-by-
layer assemblies or atomic transfer radical polymerization.
However, the last two applications showed poor stability
in ambient and physiological environments, making them
unsuitable for this specific study [7]. The self-assembled
monolayer method could be excluded for deposition of
antibiotic incorporation, since big molecule incorporation
is impossible for monolayer films [34]. Moreover, the
use of this procedure for multilayer application is very
time and material consuming [34]. More compatible and
state-of-the-art methods for antibiotic loading are EPD,
electrospraying and dip coating [16]. As explained before,
EPD is known to be simple and fast, and thereby cost-
effective, so therefore this effective method was chosen
in this study to deposit the antibiotic loaded particles
of chitosan and gelatin [7]. Earlier research showed that
with optimised parameters, a uniform coating could be
deposited on additively manufactured implants when using
EPD [35]. Charged particles being well controlled and
dispersed are key issues for a stable colloid suspension [19].
Optimisation of the parameters in this research (fig. S3a.)
showed less homogeneity when voltages higher than 10V
were applied. This could be explained by the fact that there
is a threshold for the stability of a colloidal suspension,
preventing deposition when the applied electric field sur-
passes excessive repulsion forces between particles [19].
Next to that, slower kinetics of particle migration will
take place with lower voltages applied. Therefore, particles
have more time to locate at a suitable position, creating
higher uniformity [35]. Nonetheless, voltages lower than
10 V appeared to have a less uniform deposition of
the [Chi/Gel] particles. So it seemed that the suspension
was most stable at 10 V over a deposition period of
10 minutes. For gentamicin, a voltage of 15 V and a
deposition time of 15 min were applied to create a stable
deposition. A concentration of 1,0 mg/ml was used during
our experiments for Gen, which is double the amount of
Van (0,5 mg/ml). Therefore, higher EPD parameter values
were needed to create stability during the EPD process

[36]. These results indicate that when higher amounts of
drugs are loaded into the Chi/Gel complexes, higher EPD
parameters are needed to create the same deposition yield.
Next to that, higher zeta potential is favourable for a
colloid solution and a pH value between 3pH and 5,6pH
seems ideal to create the polymeric complexes of chitosan
and gelatin in MilliQ. Therefore, Acidic acid was added
to the solution to create ideal suspension stability [19, 36].

C. Mechanical properties

To create ideal mechanical properties for the additively
manufactured complex implants, shot blasting was applied
on the stem and cone specimen. The SEM images of
the Alumina shot blasted samples (Fig. 2b.) showed that
the partially melted titanium particles were removed. An
earlier study showed that shot blasted titanium surfaces
decreased bacterial adhesion, preventing biofilm forma-
tion, compared to smooth surfaces or surfaces that are
shot blasted with different powder particles [37, 38]. S.
Aureus and S. Epidermidis attachment decreased with an
increased surface roughness at nanoscale, while human
osteoblast adhesion and proliferation was increased after
surface treatment using shot blasting [38]. It appeared that
surface roughness is inversely related to bacterial attraction
[37, 38]. Additionally, the cellular surface of S. Aureus and
S. Epidermidis is hydrophobic. Therefore, it was expected
that the highest adhesion value would be obtained with
smooth surfaces like the AM samples, since a lower hy-
drophilicity is visible for smooth surfaces compared to the
Alumina shot blasted surfaces [37, 38]. This was confirmed
by an earlier study, which showed higher bacterial attach-
ment rates for smooth surfaces compared to shot blasting
surfaces [37]. Benedetti et al. (2017) showed no relation
between hydrophilicity and bacterial attachment, however
suggested osteoblast adhesion corresponds to wettability
and consequently to grain size, as grain size refinement
was shown to increase hydrophilicity and thereby pro-
moted osteoblast attachment and growth [39]. Not only
biological parameters but also fatigue behaviour is shown
to improve after shot blasting treatment. The reduction
of partially melted titanium particles at the surface after
shot blasting increased the fatigue resistance and crack
formation at high cycle fatigue test by Benedetti et al.
(2017) [39]. Hence, the low cost and fast post-processing
shot blasting technique was preferred over other treatments
like hot isostatic pressing and electropolishing [39]. It was
decided to shot blast our samples with Alumina powder
particles, since it showed preferable results over other
powder particles used in other SB studies [37]. To detect
the difference between AM and SB samples, both samples
were used for in vitro assays. The SEM image of the AM
sample 700X (fig. S2) shows a smooth surface in between
the partially melted titanium particles. This could increase
the bacterial attachment and decrease osteoblast adhesion
and growth. The SB samples show roughness at nanoscale,
where all partially melted titanium powder particles are
removed. This should decrease bacterial attachment and
reversely increase osteoblast adhesion and growth. After
surface modification, solution and EPD parameter op-
timization was performed. Ideal EPD parameters were
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found for the different experimental groups as shown in
table II. Next to that, hydrogen peroxide (H2O2) addition
to the colloidal solution showed increasing coating ho-
mogeneity (fig. S3b.). Because of electrolysis during the
EPD process, H2 bubbles were formed at the cathodic
side, creating a local increase of pH (2H2O > 2H2+O2)
[24]. Addition of H2O2 could decrease this bubble for-
mation, thereby enabling the increase in homogeneity
(H2O2 + 2H+ + 2e− > 2H2O). This was observed
during the EPD procedure for all samples, except for
samples including gentamicin. Excessive bubble formation
at the cathodic side could be observed, which could lead
to porosity in the coating structure. A different coating
structure was visible for the [SB-Chi/Gel/Gen] samples
compared to the other shot blasted samples (fig. S3c.).
Yet, no porosity could be detected, which is why it seems
that the bubbles formed at the implant surface did not have
significant effect on the coating homogeneity. gentamicin
is shown to enhance the creation of hydrogen peroxide,
so the addition of gentamicin in the colloid solution could
probably block H2O formation. This could explain the
formation of bubbles at the cathodic side [40].
Chemical composition identification was assessed using
EDS analysis for all experimental groups. Surface iden-
tification is important, since this upper layer interacts
with the biological environment surrounding the implant,
which can affect the biocompatibility and antibacterial
effect [41]. Ti-6Al-4V is known as a biocompatible alloy,
however the surface chemistry of additively manufac-
tured titanium can differ from controversial surfaces and
additionally coating composition has to be evaluated to
ensure coating deposition on the implant sample [41]. The
high presence of Carbon for all coated samples suggested
that coating was deposited on the titanium surface (Table
III), considering the high number of Carbon (C) ions in
chitosan and gelatin. This is confirmed by the atomic
decrease of Titanium (Ti) and Aluminium (Al), since
coating deposition creates molecule layers making the
Titanium surface less detectable. SEM operates with a
layer around 1 µm or less, so the uppermost atomic layers
will be analysed. However, Oxygen (O) and Nitrogen (N)
did not show any increase in atomic concentration, despite
the existence of these elements in not only the chitosan
and gelatin molecules but also vancomycin and gentamicin
(fig. S6). Light elements such as O and N are difficult
to quantify using EDS due to limited sensitivity. Addi-
tionally, contamination can cause invalid values for the
ubiquitous Oxygen, creating an error in this quantitative
evaluation. Despite the inert atmosphere (with an Oxygen
concentration below 50 ppm at which SLM operated), O
could have been available during the printing process and
could have reacted with Al and Ti, because of the high
affinity to those elements. Higher chemical composition
of TiO2 was expected on the titanium surface, since
Ti is more pronounced compared to Al. Hydrogen (H)
could not be identified, because EDS mapping is related
to identification of the K-shells. H only consists of one
valence shell (one valence electron, that overlaps with
signals from other atoms in EDS), so no K-shells could be
measured [42]. Despite the fact that ∼4% Vanadium was

expected for the [ASM] samples, this element was not
detectable during EDS area evaluation [43]. Conversely,
the EDS mapping (fig. S6) showed increased Vanadium
concentration, suggesting the presence of Vanadium on
the implant surface. Also C was detected at the surface
of the [ASM] samples, which was probably caused by
atmospheric contamination [41]. The samples coated with
antibiotics could have shown small amounts of Sulfate (S)
and Chloride (Cl), since vancomycin hydrochloride and
gentamicin sulfate were used in this work. However, no S
and Cl was detected. This could be caused by the lower
presence of these ions (fig. S6), adding that spectrum noise
cannot be neglected. Therefore, it could be possible that
those elements are missed during this analysis. However,
the EDS mapping (fig. S5) showed reasonable uniformity
of the deposited coating in terms of chemical composite
distribution, hence it could be suggested that coating
was deposited on the implant surface, probably with a
homogeneous distribution of molecule complexes.

D. Antibiotic loading

In this study, the two different drugs including van-
comycin and gentamicin were loaded separately into the
chitosan/gelatin complex to improve antibacterial activity.
These water-soluble antibiotics are commonly used in
clinic and have shown to decrease S. Aureus and S.
Epidermidis colonization in earlier antibacterial coating
studies [32]. Due to the polycation formation of the amino
groups of chitosan and the Glycine amino acid in gelatin,
which contains −COO− groups in acidic environments,
polyelectrolyte complexes of chitosan and gelatin could
be formed by means of electrostatic interaction, forming
insoluble molecules [19].
Gentamicin and vancomycin are glycopeptide antibiotics
and appear to have hydrophilic properties. The positively
charged vancomycin and highly positively charged gen-
tamicin form hydrogen and electrostatic bonds with the
negatively charged gelatin, which is why particles of
Chi/Gel loaded with antibiotics were formed in the colloid
solution [44, 45]. To tune the amount of drug, either the
drug to polymer ratio or the concentration of drug in the
solution could be changed [7]. In this work, optimised
amounts of drugs were used, that were derived from an
earlier coating study [17]. To investigate the amount of drug
released at specific time points, in vitro release tests were
performed for both vancomycin and gentamicin. The in
vitro release of vancomycin showed an initial burst release
at day 1, followed by sustained release until day 7. Gelatin
is a highly biodegradable protein that formed a complex
with the less degradable chitosan to improve mechanical
and biomedical properties including cell adhesion, shear
bond strength and drug release [19]. Gelatin addition to
the chitosan coating therefore enabled this burst release
at day 1. Release behaviour of both AM and SB showed
higher release for stem compared to cone specimen. After
weighing the samples, more coating deposition yield was
measured for the stem (9 mg) compared to cone (6 mg)
samples. Stem specimen have a larger volume structure
and thereby an increased surface area, so more coating
deposition was possible. This could indicate the higher
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vancomycin release for stem. Besides, a significant higher
release of vancomycin from the SB samples for cone
specimen could be noted, whereas stem samples showed
opposite results. The effect of surface treatment on the
release behaviour could be explained by the fact that SB
surfaces are more hydrophilic compared to AM samples,
creating more Van der Waals interactions with the com-
posite coating. However, cone samples showed conflicting
results, as well as both cone and stem specimen that
were coated with [Chi/Gel/Gen]. More research should
be assessed to make a clear statement about the effect
of surface treatment on the release behaviour of antibiotic
coatings. In vitro gentamicin release behaviour was com-
parable for stem and cone. Both profiles showed a burst
release at day 1, followed by sustained release until day 7,
similar to the release profiles of vancomycin. Given that 9
mg of coating is deposited including approximately 30%
of gentamicin, one third of all gentamicin was released
after one day. This is favourable in case of fighting peri
implant site infections, since bacteria need to be killed
immediately upon contact after implantation. However,
bacteria entering the body in a later stadium will have
a smaller chance of being killed by gentamicin in the
implant environment due to antibiotic release, since there
is a slow release of antibiotics over the next 7 days.
The in vitro cell viability assays shows favourable ad-
hesion and growth of the pre-osteoblastic cells over the
3 days measured. Spreading of cells over the implant
surface is detected with live/dead assay, leading to the
conclusion that all experimental groups show no toxicity
and enhanced osteogenic differentiation. The composite
coating loaded with gentamicin showed a higher num-
ber of cells compared to the other experimental groups,
suggesting that the [Chi/Gel/Gen] coating promotes cell
proliferation. The reason for this might be the increase
of hydrophilicity when using gentamicin (because of its
amino side chains), since osteoblastic differentiation is
enhances by hydrophilicity and surface roughness [46].
In vitro alamarBlue assay shows that for the stem-SB
samples, higher values could be measured for the [ASM]
group. This suggested that cells prefer the SB surface
over a coated surface. Nano-roughness is favourable for
osteoblastic differentiation, so it could be said that cell
proliferation was enhanced by the SB surface [38].
At last, in vitro antibacterial efficiency showed significant
decrease of the colony-forming unit of adherent bacteria
and planktonic bacteria for the experimental groups con-
taining antibiotics. This confirmed the bactericidal effect
of a vancomycin and gentamicin release coating. Despite
the antibacterial properties of chitosan, no significant
difference could be detected between the [ASM] and
[Chi/Gel] groups, indicating that the [Chi/Gel] coating did
not create any antibacterial effect [21]. Earlier research
confirmed this result, showing that a [Chi/Gel] coating
did not kill S. Aureus without antibiotic loading [24].
Next to that, the surface roughness should decrease the
attachment of bacteria according to literature. However,
no significant antibacterial effect was found between the
AM and SB groups. Since SB enhances the mechani-
cal properties of the implants, it is preferable to shot

blast the titanium implants, since it does not decrease
antibacterial efficiency. Hence, it is thought that antibiotic
loading could be the only effective possibility to increase
the antibacterial effect of the titanium samples in this
setup. Furthermore, significantly more planktonic bacteria
were eradicated compared to adherent bacteria. Nearly
all planktonic bacteria were gone after one day, whereas
the biofilm forming bacteria could still be detected in
all experimental groups, confirming that total eradication
was not possible. Possibly, bacteria could colonise at
non-coated areas on the implant surface or areas that
contained less antibiotics. More uniformity quantification
could be performed such as cross-section measurements,
to determine the exact coating thickness and uniformity of
the coating at different locations [17]. However, inhibition
zone results did show total bacteria eradication for the
vancomycin and gentamicin groups, not only at day 1
but also at day 7. Yet, according to the CFU results, the
samples were not able to kill bacteria upon contact after 7
days. The release profile shows that after 7 days only slow
sustained release of vancomycin or gentamicin is visible,
so the antibacterial effect of the antibiotic release coatings
will be significantly lower after 7 days. Earlier research
showed that a [Chi/Gel] coating including vancomycin
was able to eradicate all adherent bacteria at day 1 [17].
The difference in this research compared to our work
exists in the use of implant specimen, because despite
the fact that additively manufactured porous samples were
used, no complex shapes were included in their work. The
complex shapes of patient specific implants, comparable
to the implant specimen used in our study, will remain
the biggest challenges to overcome the problem regarding
bacterial colonization. It is clear that a perfectly uniform
antibacterial coating is not yet achieved for these specific
shapes. Hence, more research is needed to fully accom-
plish eradication of adherent bacteria in vitro. Difference
in antibiotic use was detected, since gentamicin showed
a bigger inhibition zone against S. Aureus compared to
vancomycin at both day 1 and day 7 for stem and cone.
However, double the amount of gentamicin was used
in this study, which makes comparison between these
antibiotics difficult.
Because of the new technologies and techniques for which
no strict guidelines or protocols exist, the risk of missteps
cannot be neglected. Nevertheless, significant decrease
could be detected for the antibiotic loaded coatings. There-
fore, electrophoretic deposition of a chitosan/gelatin based
coating loaded with antibiotics to create a burst release
which can fight peri implant infection seems a promising
solution for patient specific orthopedic implants.

E. Clinical perspective

Electrophoretic deposition as a method to deposit an
antibiotic loaded coating seems a promising, simple and
cost-effective way to eradicate bacterial infections. How-
ever, in vivo large animal model study is suggested to ex-
amine the working mechanism of this coating for complex
titanium implants in clinic. Regulations and guidelines
should be explored and set for this method, to optimise
the working mechanism, effectiveness and additionally
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to create a simple in clinic scenario that is convenient
for surgeons, since their preference for conventional (less
effective) approaches will otherwise remain. In clinic,
less porous shapes will be used as complex implants,
because implant revision will be impossible when full
osseointegration occurs. However, to investigate deposition
of the antibacterial coating on such structures, methods
including most complex implant shapes must be employed
in vitro as well as in vivo in next studies.
Nowadays, S. Aureus and S. Epidermidis are the
cause of increasing rates regarding antibiotic resistance.
Methicillin-resistant S. Aureus (MRSA), causing early in-
fection and Methicillin-sensitive S. Aureus (MSSA), caus-
ing late infection, are the two main examples of these an-
tibiotic resistant bacteria. Despite the facts that antibiotics
based on glycopeptides can eradicate Methicillin resistant
bacteria, the aforementioned bacteria and also S. Epider-
midis were reported to be developing resistance towards
gentamicin [1]. As a result of natural selection, antibiotics
remove drug-sensitive competitors, leaving resistant bacte-
ria behind for reproduction [47]. At the moment, the preva-
lence of MRSA in Europe is very low. Especially in the
Netherlands, less than 1% of S. Aureus infections is caused
by MRSA [48]. However, in future, antibacterial resistance
should be taken into account when developing coatings
including gentamicin or other antibiotics having risk of
antibacterial resistance, since resistance can increase over
time.

V. CONCLUSION

A chitosan/gelatin composite coating loaded with an-
tibiotics has been successfully deposited on the complex
implants by means of EPD. All experimental groups
showed a stable and uniform coating on the additively
manufactured complex titanium implants. A burst release
of antibiotics resulted in high biodegradability of the
coating, due to the gelatin incorporation in the particle
complexes, being favourable for peri implant infection
eradication. Difference in surface roughness did not show
significant effect on coating deposition, release behaviour,
cell proliferation or antibacterial activity. This is why
shot blasting is suggested in future studies, since it has
been shown to increase the mechanical behaviour of the
implant surface. Gentamicin coating showed higher pre-
osteoblastic proliferation compared to the other experi-
mental groups, possibly due to its high hydrophilicity.
This could suggest that a gentamicin loaded coating
could enhance the cell viability. Addition of antibiotics in
the coating greatly influenced the antibacterial behaviour,
decreasing biofilm formation and eliminating planktonic
bacteria. Hereby, first steps were made towards an an-
tibacterial coating method developed for patient specific
additively manufactured complex metal implants, to avoid
implant revision.

VI. ACKNOWLEDGEMENT

The collaboration project is co-funded by the PPP.
Allowance made available by Health∼Holland, Top Sector
Life Sciences Health, to LSHM18026 to stimulate public-
private partnerships. I would gratefully acknowledge F.

Jahanmard for her assistance in the lab and A. Majed
for his technical assistance. Furthermore, I wish to thanks
S.M. Ahmadi from Amber Implants (Delft) for providing
us with the additively manufactured implant samples and
assisting me on a technical level.

REFERENCES

[1] Carla Renata Arciola, Davide Campoccia, and Lucio
Montanaro. Implant infections: adhesion, biofilm
formation and immune evasion. Nature Reviews
Microbiology, 16(7):397, 2018.

[2] Dutch Arthroplasty Register. Online lroi annual
report 2018, 2018.

[3] Ma Geetha, Ashok K Singh, Rajamanickam Asoka-
mani, and Ashok K Gogia. Ti based biomaterials, the
ultimate choice for orthopaedic implants–a review.
Progress in materials science, 54(3):397–425, 2009.

[4] Steven Kurtz, Kevin Ong, Edmund Lau, Fionna
Mowat, and Michael Halpern. Projections of primary
and revision hip and knee arthroplasty in the united
states from 2005 to 2030. JBJS, 89(4):780–785,
2007.

[5] Vinay K Aggarwal, Hooman Bakhshi, Niklas Unter
Ecker, Javad Parvizi, Thorsten Gehrke, and Daniel
Kendoff. Organism profile in periprosthetic joint in-
fection: pathogens differ at two arthroplasty infection
referral centers in europe and in the united states. The
journal of knee surgery, 27(05):399–406, 2014.

[6] F Ordikhani, E Tamjid, and A Simchi. Character-
ization and antibacterial performance of electrode-
posited chitosan–vancomycin composite coatings for
prevention of implant-associated infections. Materi-
als Science and Engineering: C, 41:240–248, 2014.

[7] Sadra Bakhshandeh and Saber Amin Yavari. Elec-
trophoretic deposition: a versatile tool against bio-
material associated infections. Journal of Materials
Chemistry B, 6(8):1128–1148, 2018.

[8] Amir A Zadpoor and Jos Malda. Additive manufac-
turing of biomaterials, tissues, and organs, 2017.

[9] S Amin Yavari, SM Ahmadi, J Van der Stok, Ruben
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VII. SUPPLEMENTARY

Fig. S1: a) 50 micron Alumina (Al2O3) abrasive used for shot blasting. b) Schematic shot blasting setup.

Fig. S2: Macrograph and SEM pictures of the as manufactured (Left) and shot blasted (Right) cone specimens, top to
bottom: 1X, 3X and 700X
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(a)

(b)

(c)

Fig. S3: a) Fluorescent images (FITC) of the optimization of coating parameters for AM cone and stem: deposition time and
voltage. b) Fluorescent images (FITC) of the optimised coating with and without addition of H2O2 in the suspension on SB samples
(Top: cone, Bottom: stem). c) Fluorescent images of the optimised coating for the different experimental groups (Top: AM, bottom:
SB).
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Fig. S4: a) CFU’s of the antibacterial killing effect after 7 days for AM and SB stem specimens for adherent and planktonic bacteria
measured for different coating composition groups (n=3). Representative images of the inhibition zones for the same groups (b)
(n=1).
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Fig. S5: EDS map [SB-ASM], [SB-Chi/Gel], [SB-Chi/Gel/Van], [SB-Chi/Gel/Gen] for atoms existing at the surface of the titanium
implants (Ti-6Al-4V), the [Chi/Gel] complex coating (C, O, N) and the loaded antibiotics vancomycin hydrochloride (Cl) and
gentamicin Sulphate (S)

Fig. S6: EDS map [SB-ASM], [SB-Chi/Gel], [SB-Chi/Gel/Van], [SB-Chi/Gel/Gen] for atoms existing at the surface of the titanium
implants (Ti-6Al-4V), the chitosan/gelatin complex coating (C, O, N) and the loaded antibiotics vancomycin hydrochloride (Cl) and
gentamicin Sulphate (S) [49–52]


