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ABSTRACT: The complex reconstructive surgeries for which patient-specific orthopedic,
maxillofacial, or dental implants are used often necessitate wounds that are open for a
considerable amount of time. Unsurprisingly, this allows bacteria to establish implant-
associated infection, despite the scrupulous sterilization efforts made during surgery. Here,
we developed a prophylactic bactericidal coating via electrophoretic deposition technology
for two 3D-printed porous titanium implant designs. The surface characteristics, antibiotic
release behavior, antibacterial properties, and impact on osteoblast cell proliferation of the
optimized coatings were investigated. The results unequivocally confirmed the biofunction-
ality of the implants in vitro. This study reveals a new avenue for future antibacterial patient-
specific implants.
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An established implant-associated infection (IAI) is often
difficult to treat, as bacteria form a biofilm on the implant

that hinders the host immune response and hampers antibiotic
penetration.1 By approximation, the killing of biofilm-residing
bacteria requires antibiotic concentrations 1000 times higher
than needed to kill planktonic bacteria.2 As compared to
systemic treatment, local delivery of antibacterial agents is more
likely to result in therapeutic levels at the infection, while
reducing the chance of systemic toxic effects. At the same time,
there is an increasing demand for patient-specific solutions to
repair large and complex bone defects seen in a growing number
of oncological pathologies, traumatic bone lesions, and revision
surgeries.3 Although cancer and trauma patients benefit from
patient-specific implant designs, their chances of developing an
IAI are increased because of their compromised immune system
and the large open wounds, respectively.4,5 Not surprisingly,
because of existing bone-ingrowth around implants, revision
surgeries are often complicated. To reduce this infection burden,
we sought to develop a versatile coating technology that can
deliver antibiotics locally and is also applicable on customized
implants.6

Electrophoretic deposition (EPD) is a rapid and cost-effective
coating method when compared to solvent casting,7,8 layer-by-
layer deposition,9,10 and plasma-based coatings.11,12 It is a site-
selective and versatile technique that yields a uniform and stable
coating with tunable thickness at room temperature.13,14 We
sought to combine this with additivemanufacturing (AM) or 3D
printing technology, as recent progress has enabled us to
fabricate geometrically complex, porous, patient-specific im-
plants to be used in complex orthopedic surgeries.15,16 This

approach will lead to better translation into clinical applications
than traditional testing of biofunctionalized simple designs such
as disk, rectangular, or rod-shaped samples,17−19 because (1) the
procedure yields the desired biofunctionality constantly
(reproducibility) and (2) it is applicable to the real size implants
(scalability).
Inspired by knee and hip implant designs, here we have

developed two different 3D-printed samples, namely, cone and
stem (Figure 1a). They were printed by selective laser melting
(SLM) as AM technology (Figure 1b), followed by shot blasting
treatment to get rid of the unmelted but attached powders on
implant surfaces (Figure 1c). Finally, the samples underwent
EPD coating to apply an antibacterial coating consisting of a
chitosan/gelatin (Chi/Gel) hydrogel and two different anti-
biotics, vancomycin (Van) and gentamicin (Gen). Gentamicin
and vancomycin are glycopeptide antibiotics with hydrophilic
properties. The positively charged vancomycin and highly
positively charged gentamicin form hydrogen and electrostatic
bonds with the negatively charged gelatin, which ensures that
particles of Chi/Gel loaded with antibiotics will be formed in the
colloid solution.20,21

The detailed geometrical and morphological design param-
eters for the stem and cone samples are given in Table S1. After
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the 3D printing, scanning electron microscopy (SEM) was used
to show the surface morphology of the nonshot-blasted (NSB)
and shot-blasted (SB) implant surfaces (Figure 2a). The SEM
images clearly illustrated two different microstructures in cone
and stem specimens, where the excessive powders were totally
removed by SB but untouched in NSB samples. To apply a
consistent and uniform coating on different implants, we
performed an extensive optimization study in which the effects
of time, voltage, and H2O2 were evaluated (Table S2).
Fluorescein isothiocyanate (FITC) dye was included in Chi/
Gel coatings to image the homogenicty of the coatings on
implants using a fluorescent microscope (Figure S1).
Fluorescent images also showed that the addition of H2O2 in
the colloidal EPD solution led to more homogeneous coating,
probably due to a reduction in bubble formation during EPD, in
both stem and cone samples (Figure S2a) with and without shot
blasting (Figure S2b). EDS mapping showed a highly increased
elemental composition of carbon for all coated samples, (Table
S3 and Figure S3). However, no increase in nitrogen and oxygen
composition was observed for all coated samples compared to
noncoated. The coated samples also showed a considerable
decrease in the titanium and aluminum elements that exist in the
titanium samples. The release profiles clearly showed the burst
release of Van and Gen after 1 day (Figure 2c, d), which is
followed by a small release during the next 7 days. The results
showed that Van release for both stem and cone in SB implants
was higher than NSB. Obviously, the stem samples showed a
slightly higher release of vancomycin compared to the cone

samples because of their larger surface area. On the other hand,
the difference in the release of Gen in the NSB and SB samples
was almost negligible and the amount of release for both stem
and cone specimens was comparable. The micro roughness
measurements confirmed that shot blasting were successful in
elimination of unmelted Ti powder from the surface of implants
(Figure 2e). All roughness parameters (including Sa, Sq, Sp, and
Sv) showed remarkable differences between SB and NSB
implants, as well as coated and noncoated implants (Figure
2e). However, there is a clear difference in the roughness of SB
implants before and after the EPD coating because the coating
on less-rough surfaces are more uniform and led to a more
homogeneous coating.22

After we established the chemical specifics of our coating, we
tested its antimicrobial properties. The number of adherent
bacteria was significantly reduced (i.e., 2 log differences) in
groups containing Van and Gen compared to Chi/Gel and As-
Manufactured (AsM) groups at day 1 in both stem and cone
samples (Figure 3a, d). Moreover, the antibiotics-containing
coatings showed total eradication of nonadherent bacteria (i.e.,
planktonic bacteria) at day 1. The CFU results at day 7 showed
no significant difference between experimental groups for both
adherent and planktonic bacteria, neither between cone and
stem samples nor between NSB or SB groups. The inhibition
zone tests clearly showed a bactericidal potency of antibiotic-
coated implants and thereby confirmed the CFU results at day 1
(Figure 3c, f).

Figure 1. Illustration of printing and coating of complex implants (i.e., stem and cone-shaped). (a) Designing complex implants that mimic the real
orthopedic implant. (b) Printing implants by selective laser melting (SLM) based on its design. (c) Shot blasting implants to eliminate the
imperfections from implant surfaces. (d) Antibiotic coating of implants by the electrophoretic deposition (EPD) method.
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The Alamar blue assay showed no significant differences in
metabolic activity of coated and noncoated groups for NSB
structures of both cone and stem implants (Figure 4a, b).
However, significant differences were observed between SB
implants that were either coated or noncoated at day 1 and 3.
DNA content also verified the results of alamar blue activity on
stem and cone samples after 3 days (Figure 4c, d).
Host cells grown on noncoated implants showed higher

metabolic activity than on coated implants. The live/dead
staining showed no dead cells at day 3, which means that neither
the coating polymer nor the antibiotics had any cytotoxic effect

(Figure 4e). Altogether, this shows that our 3D printed,
antibiotic-coated implants are antibacterial and biocompatible.
The cytoskeleton staining showed different actin organization
on NSB and SB structures at day 7 and 14 (Figure 4f, g). The
more rounded actin organization was found on the NSB
structure; however, the cells on the SB structure were more
elongated and spread more on this structure than NSB.

■ DISCUSSIONS

Currently, healthcare is shifting its attention to personalized
solutions and higher quality of care in terms of safety and

Figure 2. Characterization of additively manufactured shot-blasted (SB) and nonshot-blasted (NSB) implants. (a) SEM images of the SB and NSB
stem implants. (b) SEM images of the SB and NSB cone implants. (c, d) Cumulative release of (c) vancomycin and (d) gentamicin from all antibiotic-
included coatings for the SB and NSB stem and cone implants. Data are represented as the mean ± SD. (e) Roughness parameters of the SB and NSB
stem implants before and after coating. Background color also reflects the values.
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effectiveness.23 Although patient-specific implants have been
emerging on the market in the past decade, the invasive and
complex nature of the related surgeries considerably increases
the risk for infection.24 Thus, applying bactericidal coatings on
these personalized implants via a versatile technology could
facilitate the right care for the right patient with maximum
treatment effect and minimum side-effects and costs.
Adjusting the coating parameters to deliver a homogeneous

and uniform coating on the entire 3D structure is very crucial for
complex or 3D-printed implants. Here, the EPD technique was
used because it allows for extreme control on particle size and
morphology as well as coating thickness and uniformity.25 One
of its major advantages is that it is possible to add a variety of
antibacterial agents (such as antibiotics and nanoparticles) by
simply incorporating them into the different hydrogels.26,27

Here, polyelectrolyte complexes of chitosan and gelatin could be
formed by means of electrostatic interaction of the cationic
amino groups of chitosan and the carboxilic group in gelatin,
forming insoluble complexes that can be easily deposited on
titanium surfaces.25 Moreover, addition of hydrogen peroxide
(H2O2) to the colloidal solution of EPD showed a better coating
homogeneity (Figure S3b). Because of electrolysis during the
EPD process, H2 bubbles were formed at the cathodic side
(2H2O > 2H2 + O2).

28 Therefore, H2O2 could decrease this
bubble formation and increase homogeneity. The excessive
bubble formation at the cathodic side could lead to non-
homogenous coating structure. To maximize the homogentiy
and quality of the coating, researchers have used different
mechanical and chemical surface treatments to remove the
excessive powder of 3D-printed titanium implants.29,30 Tradi-
tionally, surface mechanical treatment such as shot blasting has
also been used to induce a compressive residual stress layer on

implants and thereby prevent fatigue crack propagation.31

Nevertheless, it is also useful to reduce bacterial adherence and
improve tissue regenerations of implants.32,33 In line with the
previous findings, the shot blasted samples not only altered the
release kinetics of antibiotics and antibacterial properties against
planktonic bacteria, but also yielded more organized and
orientated cells than non-treated samples, which couldmodulate
cell spreading to promote implant integration into the
bone.34−36

The advantage of our new coating strategy is 2-fold: (1) it can
be combined with 3D-printed personalized implants, and (2) it
assures local release of high concentrations of antibiotics near
the implant. Especially for this high concentration, local release
is important, because it will lower the systemic adverse affects of
the antibiotic despite reaching therapeutic concentrations at the
infection site. Furthermore, it will have a high chance of killing
all planktonic bacteria for up to 24 h, thus limiting the selection
of antibiotic-resistant clones at the infection site. Although we
have now tested the incorporation of two different antibiotics
(i.e., gentamicin and vancomycin), EPD also allows for
incorporation of other antibiotics. This would provide the
additional benefit of tailoring the antibiotic treatment to the
antibiotic susceptibility of the infecting bacterial strain.
We showed the potency of our implants in vitro, but to

facilitate their clinical appreciation, future in vivo evaluation
must be carefully planned. In vivo models should be able to
mimic complex bone and nonhealing bone defects that can be
treated with patient-specific (porous), load-bearing implants,
which are prone to bacterial contamination.37

Figure 3. Antibacterial behavior of all antibiotic-containing coatings on SB and NSB implants. (a, b) Quantification of CFU surviving 24 h incubation
with antibiotics released from stem implants. (c) Bacterial growth inhibition after 24 h on stem implants. (d, e) Quantification of CFU surviving 24 h
incubation with antibiotics released from cone implants. (f) Bacterial growth inhibition after 24 h on cone implants. Data are represented as themean±
SD (P < 0.05; a with b, a′, with b′, and no significant differences was observed between SB and NSB).
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Figure 4.Osteoblast precursor cell behavior of all antibiotic-containing coatings on SB and NSB Stem implants. (a, b) Alamar blue activity of the cells
on implants after 1 and 3 days. (c, d) DNA content of the cells on implants after 3 days. (e) Live−dead staining of cells on stem samples after 3 days
(live, green; dead, red). (f, g) Cytoskeleton staining of cells on stem samples after 7 and 14 days (DAPI, blue; phalloidin, red). Data are represented as
the mean ± SD (P < 0.05; a with b, c with d, and * shows the significant differences between SB and NSB).
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■ CONCLUSIONS

A chitosan/gelatin composite coating loaded with antibiotics
was successfully deposited on complex, 3D-printed implants by
means of EPD. All groups showed a stable and uniform coating
on the additively manufactured complex titanium implants. A
burst release of antibiotics resulted in high degradability of the
coating due to the gelatin incorporation in the particle
complexes. A difference in the surface roughness did not
significantly affect coating deposition, release behavior, cell
proliferation, or antibacterial activity. Importantly, around all
coated implants that contained antibiotics, the number of the
planktonic and adherent bacteria tremendously decreased
within 24 h. Collectively, the findings of this study pave the
way toward antibacterial coating for personalized implants.
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