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Implant-associated infections (IAI) are often recurrent, expensive to treat, and associated with high rates
of morbidity, if not mortality. We biofunctionalized the surface of additively manufactured volume-
porous titanium implants using electrophoretic deposition (EPD) as a way to eliminate the peri-
operative bacterial load and prevent IAI. Chitosan-based (Ch) coatings were incorporated with different
concentrations of silver (Ag) nanoparticles or vancomycin. A full-scale in vitro and in vivo study was then
performed to evaluate the antibacterial, immunogenic, and osteogenic activity of the developed implants.
In vitro, Ch + vancomycin or Ch + Ag coatings completely eliminated, or reduced the number of planktonic
and adherent Staphylococcus aureus by up to 4 orders of magnitude, respectively. In an in vivo tibia intra-
medullary implant model, Ch + Ag coatings caused no adverse immune or bone response under aseptic
conditions. Following Staphylococcus aureus inoculation, Ch + vancomycin coatings reduced the implant
infection rate as compared to chitosan-only coatings. Ch + Ag implants did not demonstrate antibacterial
effects in vivo and even aggravated infection-mediated bone remodeling including increased osteoclast
formation and inflammation-induced new bone formation. As an explanation for the poor antibacterial
activity of Ch + Ag implants, it was found that antibacterial Ag concentrations were cytotoxic for neu-
trophils, and that non-toxic Ag concentrations diminished their phagocytic activity. This study shows
the potential of EPD coating to biofunctionalize porous titanium implants with different antibacterial
agents. Using this method, Ag-based coatings seem inferior to antibiotic coatings, as their adverse effects
on the normal immune response could cancel the direct antibacterial effects of Ag nanoparticles.

Statement of Significance

Implant-associated infections (IAI) are a clinical, societal, and economical burden. Surface biofunctional-
ization approaches can render complex metal implants with strong local antibacterial action. The
antibacterial effects of inorganic materials such as silver nanoparticles (Ag NPs) are often highlighted
under very confined conditions in vitro. As a novelty, this study also reports the antibacterial, immuno-
genic, and osteogenic activity of Ag NP-coated additively-manufactured titanium in vivo. Importantly, it
was found that the developed coatings could impair the normal function of neutrophils, the most impor-
tant phagocytic cells protecting us from IAI. Not surprisingly, the Ag NP-based coatings were outper-
formed by an antibiotic-based coating. This emphasizes the importance of also targeting implant
immune-modulatory functions in future coating strategies against IAI.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2018.09.051&domain=pdf
https://doi.org/10.1016/j.actbio.2018.09.051
mailto:s.aminyavari@umcutrecht.nl
https://doi.org/10.1016/j.actbio.2018.09.051
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


316 M. Croes et al. / Acta Biomaterialia 81 (2018) 315–327
1. Introduction

The use of various fixation devices or prosthetic joints in trauma
and orthopedic surgery is associated with implant-associated
infection (IAI) rates of 1–5% [1,2]. Persisting IAI could manifest as
a complicated clinical scenario and a burden on the patient’s qual-
ity of life, since complete implant removal is often needed to clear
the infection [2]. Moreover, the economic burden of IAI is enor-
mous [2]. For example, it is projected that the annual costs to treat
peri-prosthetic joint infections alone will exceed $1.62 billion by
2020 in the US [3]. Given the increasing demand for orthopedic
interventions, the growing number of immune-compromised
patients with high susceptibility to bacterial infections, and the
occurence of antibiotic-resistance microorgansims, IAIs are consid-
ered a serious clinical, societal, and economical burden [3,4].

The resistance of bacteria against the host immune system and
antibiotics increases dramatically once a biofilm has been formed
[2]. It is therefore essential to fully eradicate planktonic bacteria
in the first few days following the operation to prevent early infec-
tion (<3 months postoperatively) [5]. As compared to systemic
treatment, localized delivery of antibacterial drugs is more likely
to ensure peri-implant concentrations to reach therapeutic levels,
while avoiding adverse systemic effects [6]. This is of particular
importance considering the widespread use of antibiotics and the
emergence of drug-resistant bacteria [7]. To further diminish those
concerns, alternatives to antibiotics should be explored. For
instance, inorganic antibacterial agents or antimicrobial peptides
are attractive options due to their broad-spectrum bactericidal
activity [8–10].

Silver (Ag) is an antimicrobial agent which has been clinically
applied even before the discovery of penicillin [11]. Currently,
there are several commercially available products that use Ag for
its bacterial killing effects, including wound dressings, crèmes,
and catheter coatings [12]. To date, the widespread use of Ag in
orthopedic implants has been hampered due to its known toxicity
for eukaryotic cells, which could in turn affect osseointegration
[13]. Several lines of evidence suggest that the size and shape of
the Ag particles need to be fine-tuned to reduce the side effects
while maximizing the antibacterial effects, and that Ag in the form
of nanoparticles (NPs) has particularly strong bactericidal activity
[12,14,15]. Moreover, there is evidence to support that the method
of immobilization of Ag particles on the implant surface can
enhance the cytocompatibility both in vitro and in vivo [16,17].

A number of systems for local antibacterial drug delivery are
currently used in clinical practice, including polymethylmethacry-
late (PMMA) bone cement supplemented with antibiotics and
biodegradable polymers [18]. Methods such as plasma-surface
modification techniques, sputtering, or sol-gel coatings are being
investigated to more efficiently immobilize drugs onto the surface
of various metallic implants for their localized action [16,19,20].
Electrophoretic deposition (EPD) is a particularly versatile tech-
nique to biofunctionalize metal implants, since it could be applied
to a variety of prosthetic implants irrespective of the antibacterial
agent or the complexity of the implant [21]. Additively-
manufactured (AM) highly porous implants [22–24] are an emerg-
ing class of medical devices that could benefit from EPD biofunc-
tionalization. AM porous Ti could be fine-tuned to facilitate
osseointegration deep into the porous structure or to adjust the
load-bearing conditions [25]. In addition, they could provide high
porosity and a huge surface area available for coating, i.e. attach-
ment of antibacterial agents [26].

We previously showed that EPD-based coatings laden with Ag
NPs or antibiotics renders porous Ti implants with bactericidal
activity in vitro [27,28]. Next, to account for the diverse pro-
inflammatory and cytotoxic effects of Ag [29,30], it is of importance
to evaluate the performance of such implants in a relevant bone
model that captures the full spectrum of interactions between the
antibacterial agent, immune cells, and bone cells. As such, it is pos-
sible that bacterial clearance by host immune cells is influenced by
their interaction with Ag NPs [31]. In addition, local delivery of sil-
ver ions could have implications in terms of osseointegration
through modulating the osteogenic response [32,33].

In the current study, we perform a full-scale study of the in vitro
and in vivo performance of EPD-biofunctionalized AM porous Ti. To
this end, we develop chitosan-based coatings containing Ag NPs or
vancomycin. In vitro, the bacterial killing properties and the cyto-
compatibility for osteoblast-like cells and neutrophils of the
implants is investigated. In vivo, septic and aseptic rat tibia models
are used to evaluate the antibacterial, immunogenic and osteo-
genic performance of the developed biomaterials.

2. Materials and methods

2.1. Study design

Porous rod-shaped Ti implants were produced by direct metal
printing (DMP), and are referred to as the ‘as manufactured’
(AsM) implants. EPD was used to coat these implants with a chi-
tosan gel (Ch), either with or without various concentrations of
AgNO3 in the electrolyte (Ch + 1–100 mM Ag). Implants biofunc-
tionalized with vancomycin-loaded chitosan coatings (Ch + Vanco)
were used as a positive control for bacterial killing efficiency [28].

The in vitro antimicrobial effects of the implants were deter-
mined and evaluated after 24 h and 7 days following exposure to
Staphylococcus aureus (S. aureus). The cytocompatibility of the
implants was determined in terms of adhesion and proliferation
of MG-63 osteoblast-like cells after 24 h and 7 days.

The in vivo inflammatory response and peri-implant bone
changes were investigated for implants without (Ch, n = 4) or with
the highest concentration Ag (Ch + 100 mM Ag, n = 4) following
28 day intramedullary implantation in the rat tibia (‘biocompati-
bility study’).

The in vivo antibacterial properties of the different implants
were investigated following S. aureus challenge in an intramedul-
lary rat tibia model (‘infection study’). The day-28 bacterial load
and peri-implant bone changes were studied for the following
implant groups: AsM (n = 5), Ch (n = 8), Ch + 1 mM Ag (n = 8), Ch
+ 50 mM Ag (n = 8), Ch + 100 mM Ag (n = 8), Ch + Vanco (n = 5).

2.2. Additive manufacturing

Direct Metal Printing (DMP) was performed on a ProX DMP 320
machine (3D Systems, Leuven, Belgium) to produce volume-porous
Ti implants. Magics (Materialise, Leuven, Belgium) and DMP con-
trol software were used for file preparation. The unit cell had a
rhombic dodecahedron geometry and a size of 0.8 mm. Pure Ti
powder was used with spherical shape and chemical composition
according to ASTM F67 (Grade 1). The manufacturing process
was executed under inert gas atmosphere with oxygen concentra-
tions below 50 ppm. The implants were cleaned in demineralized
water using ultrasound. The final rod-shape implants had a diam-
eter of 1.1 mm and a total length of 15 mm (3 mm solid portion
and a 12 mm porous portion), and were designed for intramedul-
lary implantation in rat tibiae [Data in brief]. Based on microCT
measurements (n = 3), the following parameters were calculated:
strut thickness, 224 ± 71 lm; pore size, 216 ± 73 lm; porosity,
50 ± 5%. The implants were washed consecutively with aceton,
ethanol and ultra-pure water (MilliQ, Merck Millipore, Burlington,
MA). Implants were air-dried and sterilized by autoclave for
experiments.
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2.3. Electrophoretic deposition (EPD)

Two platinummeshes were employed as anodes, while the por-
ous Ti implants served as the cathode placed in between the
meshes with equal distance (± 1 cm). The electrolyte was prepared
by mixing 0.5 mg/mL of chitosan solution (dissolved overnight) for
45 min with the relative concentrations of silver nitrate (AgNO3) or
vancomycin corresponding to the different experimental groups.
The processing parameters were fine-tuned for the different con-
centrations of AgNO3 and vancomycin in the electrolyte (condi-
tions in Supplementary Table 1). The coated rods were gently
rinsed with ultrapure water (MilliQ) and left to dry overnight at
room temperature.

2.4. Surface characterization

A FEI (NovaNano, Hillsboro, OR) scanning electron microscope
(SEM) was used to characterize the surface morphology of the bio-
functionalized specimens. The chemical compositions on the sur-
faces were determined using an X-ray photoelectron
spectroscopy (XPS) device equipped with an Al Ka x-ray source
with 1486.6 eV energy (K-AlphaTM, Thermo Electron, Waltham,
MA). The peak of the C1s (at 284.84 eV) was used as reference to
determine all binding energies. The atomic percentage of all ele-
ments was obtained by normalizing the area of their corresponding
peak with respect to the sum of the peaks of all elements. A SEM
machine (JSM-IT100, JEOL, Tokyo Japan) equipped with an
energy-disperse spectrometer (EDS) was used to visualize biofilm
formation on the implant surface, quantify the chemical composi-
tion of the area around the histology specimens, and perform EDS
mapping on the Ch + Ag samples.

2.5. Ag+ measurement

To determine how much Ag+ was incorporated in the chitosan
layer after EPD, three samples from each group were dissolved in
5% (v/v) H2SO4 and 40% (v/v) HNO3 at 60 �C, and the total amount
of Ag+ was determined by inductively coupled plasma mass spec-
troscopy (ICP-OES, iCAP6300 Duo Instrument, Waltham, MA).

The release of Ag ions (Ag+) from the Ch + Ag coated rods was
also measured by ICP-OES. Three samples from each group were
immersed in 1 mL ultrapure water (MilliQ) and incubated at
37 �C. The water was sampled up to 14 days to measure the con-
centration of Ag+. Nitric acid (10 ml/ml) was added to the collected
samples to ionize all the silver particles in the solution.

2.6. Bacterial culture

S. aureus (American Type Culture Collection 49230, Manassas,
VA) was used as pathogen. This strain was originally isolated from
an osteomyelitis patient and has shown to cause chronic bone
infection in rats [34]. The bacteria were grown as described in
detail elsewhere [Data in brief]. On the day of surgery, the bacterial
suspensions were extensively washed with PBS and resuspended
to a concentration of 1 � 106 CFU/10 ll in PBS for in vivo injection.

2.7. In vitro antibacterial assay

The implants were incubated for 24 h at 37 �C on a shaker in a
freshly cultured bacterial suspension at OD600 = 0.001 (±5 � 105

bacteria/mL). For the measurements at day 7, the implants were
placed in PBS for 6 days before being transferred into the bacterial
suspension. The number of planktonic bacteria was determined by
plate counting using serial dilutions. To determine the number of
adherent bacteria, the implants were rinsed three times in PBS,
transferred to clean PBS and sonicated for 1 min. A sample of the
suspension was drawn for plate counting in triplicate. The antibac-
terial rate of the implants was calculated as described before [27].

2.8. Animal experiment

The animal experiments were performed after approval of the
local Ethics Committee for Animal Experimentation (Utrecht
University, The Netherlands) and the Central Authority for Scientific
Procedures on Animals (approved protocol AVD115002016445). A
total of 84 male Sprague Dawley rats (14-week old, Charles River,
L’Arbresle, France) were used for the experiments. The rats were
housed in groups of three at the Central Laboratory Animal Institute
(Utrecht University). Food and water was available ad libitum.

A pilot study with AsM implants showed that the establishment
of persistent infection was dependent on the S. aureus strain [Data
in brief]. Inoculation with 106 CFU of strain ATCC 49230 resulted in
bone and implant infection in 4/4 animals after 28 days and was
therefore the condition used to study the antibacterial perfor-
mance of the various experimental groups. The same surgical pro-
cedure was used [Data in brief].

2.9. MicroCT imaging

The tibiae were removed from the surrounding soft tissue using
a sterile technique. MicroCT (Quantum FX; PerkinElmer, Waltham,
MA) images were acquired with a tube voltage of 90 kV, a tube cur-
rent of 180 mA, and a field of view of 10 mm. The images were rep-
resented as a stack of 2D TIFF images with a resolution of 20 lm.
Analyses were performed with the BoneJ plugin (version 1.3.12)
in ImageJ freeware version 1.48 (U.S. National Institutes of Health).

The implant and surrounding Ag particles were excluded from
the dataset based on a global threshold. The proximal fusion point
between tibia and fibula was used as an anatomical reference to
cover the same bone area in all samples. An adaptive threshold
was applied based on the mean local grayscale distribution to seg-
ment the bone. The total bone volume (BV) was determined for a
total of 600 slices (1.2 cm) distal to the reference point. The peri-
implant BV and cortical BV were measured for a total of 20 slices
(0.4 mm) taken at 4 mm or 8 mm from the reference point, and
referred to as the ‘proximal’ and ‘distal’ locations respectively.
The peri-implant BV was defined as the volume of the bone tissue
present within a region-of-interest (ROI) enclosed by the inner
perimeter of the cortex, while the cortical BV was defined as the
volume of the bone tissue found outside of this ROI. Cortical seg-
mentation was performed to determine the bone porosity, which
was defined as the fraction (%) of the BV within the total volume
of the cortex after segmentation. The outer perimeter (mm) of
the segmented cortex was measured as a sign of cortical
expansion.

Osteomyelitis-specific bone changes were scored by two
blinded observers (MC & BP) on the raw scans according to one
of the following categories: 0 (no radiographic abnormalities), 1
(mild periosteal reaction and/or mild osteolysis), 2 (cortical thick-
ening and/or evident osteolysis), 3 (extensive osteolysis with focal
loss of cortex), 4 (loss of the cortical morphology).

2.10. Histological processing

For the biocompatibility study, the bone and implant were left
intact and fixed in 4% (w/v) formaldehyde. Samples were dehy-
drated by an ethanol series and embedded in methyl methacrylate
(MMA). Subsequently, 35 lm thick sections were cut (Leica sawing
microtome, Nusslochh, Germany) from the proximal and distal
peri-implant bone regions. For the infection study, a 1 cm thick
cross-sectional bone sample was harvested from the most distal
part of the implant with a sterilized saw blade (Dremel rotary
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saw, Breda, The Netherlands). After formaldehyde fixation, the
bone specimens were decalcified in 0.3 M ethylenediaminetetra-
acetic acid (EDTA), embedded in paraffin, and cut into 6 lm thick
sections. A pathologist (WVH) scored the signs of active and
chronic inflammation.

2.11. Determination of bacterial load

Bones were weighed and homogenized (Polytron PT3100;
Kinetica Benelux, Best, The Netherlands) under sterile conditions.
Serial dilutions were cultured on blood agar plates in triplicate.
CFU were counted and normalized to the weight of the fragments
(0.55 ± 0.11 g on average). CFU assessment on contralateral
untreated tibiae never demonstrated colony formation, confirming
localized infection at the site of contamination. The implants were
rinsed three times and sonicated for 1 min in PBS. Subsequently, a
sample was taken for CFU determination by plate counting.

2.12. Bone histomorphometry

MMA sections were stained with basic fuchsin and methylene
blue to visualize the bone tissue. For quantification of peri-
implant bone, stained sections were pseudo-colored in Adobe Pho-
toshop CS6 (Adobe Systems, San Jose, CA) and the bone area was
measured within a ROI, defined as a 1.3 mm Ø cylinder selected
around the center of the 1.1 mm Ø implant. The peri-implant bone
area was averaged for a proximal and distal tibial MMA section.

2.13. Neutrophil viability and phagocytosis assay

Human neutrophils were isolated from heparinized blood as
described before [35]. The blood was obtained from healthy donors
with informed consent and approval from the Medical Ethics Com-
mittee (University Medical Center Utrecht, approved protocol 07-
125/C). To establish possible Ag toxicity, neutrophils were treated
for 30 min with different concentrations AgNO3 and the cell perme-
ability for 1 mM 40,6-diamidino-2-phenylindole (DAPI) was mea-
sured by flow cytometry (FACSVerse, BD, Franklin Lakes, NJ). A
possible effect of Ag on bacterial phagocytosis was quantified by
labeling S. aureus (American Type Culture Collection 49230) with
0.5 mg/mL fluorescein isothiocyanate (FITC) for 1 h at 4 �C. The bac-
teria were washed, adjusted to a concentration of 5 x 108 CFU/mL,
and incubatedwith neutrophils (ratio of 10 bacteria per neutrophil)
in the presence or absence of AgNO3. To enable efficient bacterial
opsonization [36], experiments were performed in the presence of
different concentrations human pooled serum (HPS). Mixtures
were incubated for 15 min at 37 �C while shaking at 750 rpm in a
round bottom microplate and fixed with 1% paraformaldehyde.
Neutrophil-associated fluorescent bacteria (% FITC + neutrophils)
were measured on a flow cytometer (FACSVerse, BD). Data were
analyzed with FlowJo version 10.1 (FlowJo, LLC).

2.14. Statistical analysis

The biocompatibility study was not designed to statistically
compare groups, instead an arbitrary sample size of 4 was chosen.
A sample size calculation was performed for the infection study,
with the bone CFU as the main outcome parameter. The mean
and standard deviation was based a previous pilot using AsM
implants as control [Data in brief]. Using a power of 80%, a stan-
dard deviation of 60%, an effect size of 90%, and an adjusted alpha
for the different Ag groups that are compared to the Ch-only group,
it was found that a sample size of 8 was needed.

SPSS version 20 (IBM, Chicago, IL, USA) was used for statistical
analyses. One-way ANOVA with Bonferroni post-hoc correction
was performed to compare group means. The non-parametric
Mann-Whitney U test was performed when the Levene’s test
showed no homogeneity of the variance. A Fisher’s exact test was
performed to study the differences between the number of
culture-positive samples. The two-tailed Spearman’s correlation
(rs) was calculated to determine the relationship between the radio-
graphic osteomyelitis score and the histological osteoclast count.
3. Results

3.1. Implant coatings

The presence of Ti as bulk material was confirmed in the AsM
implants by the Ti 2p double peak at 459–465 eV (Fig. 1A). The
peaks for C and N respectively at 285 and 400.5 eV were indicative
of the presence of organic material in the form of the chitosan bulk
material. In the Ch + vanco group, there was a slightly higher con-
centration of C, which could be attributed to the imide and amide
groups present in vancomycin (Table 1). Successful production of
Ag-coated implants was validated by the Ag 3d peak with subpeaks
at 368 and 374 eV (Fig. 1A). Quantification of the atomic percent-
age of the elements showed increasing percentages of Ag for the
1, 50, and 100 mM Ag groups (Table 1).

SEM images showed 5–30 lm size remnant Ti powder after the
DMP process in all groups (Fig. 1B). EDS mapping analysis con-
firmed the homogeneous distribution of Ag NPs (Fig. 1C), and also
showed that the Ag layer was more prominent for increasing Ag
concentrations in the electrolyte (Table 2). The average size of
the particles was estimated to be 500–1000 nm in all groups based
on the observed particle size disitribution (Supplementary Fig. 1).

3.2. Ag+ loading and release

ICP-OES measurement showed that the total amount of Ag+

incorporated in the Ch + 1 mM Ag, Ch + 50 mM Ag and Ch
+ 100 mM Ag groups was 2.91 ± 0.19, 579.21 ± 20.04 and
1688.82 ± 30.05 mg/sample, respectively. The rate of Ag+ release
from the Ch + Ag coated implants correlated with the Ag concen-
trations in the electrolytes and was highest on the first day
(Fig. 1D). The cumulative Ag+ release was the largest for Ch
+ 100 mM Ag implants, with a logarithmic release curve reaching
plateau after 7 days. This suggests that most of the Ag+ was
released in the observed period.

3.3. In vitro antibacterial and cytotoxic properties

The Ch + 50 mMAg and Ch + 100 mMAg implants demonstrated
killing of S. aureus both at 24 h (Fig. 2A) and day 7 (Fig. 2B) when
compared to AsM or Ch-only groups. For both time points, the Ch
+ 50 mM Ag and Ch + 100 mM Ag conditions showed consistent 2-
log and 3-log reductions in the implant-adherent S. aureus, respec-
tively. Killing of planktonic S. aureus was stronger at day 7 (2–4 log
reductions) than at 24 h (1 log reduction). The antibacterial rate for
the Ch + 50 mM Ag and Ch + 100 mM Ag groups exceeded 99.9%
(Supplementary Fig. 2). Complete killing of S. aureus was seen in
the Ch + vanco group at both time points (Fig. 2A, 2B). Day 7 SEM
images confirmed the dose-dependent inhibition of bacterial col-
ony formation on the surface of Ch + Ag implants, and the absence
of cocci on the Ch + vanco implants (Supplementary Fig. 3).

The qualitative live/dead assay did not show apparent differ-
ences in the adhesion and growth of osteoblast-like MG-63 cells
on the Ch-only or Ch-vanco coated implants when compared to
AsM implants (Supplementary Fig. 4). Following the same trend
as seen for their bacterial killing properties, the Ch + Ag implants
showed a dose-dependent reduction in the attachment of MG-63
cells after 24 h.



Fig. 1. Implant surface characterization. (A) XPS spectra showing the surface chemistry of the coatings. (B) Representative SEM images of the implant surfaces. Arrows
indicate either Ag nanoparticles (NPs) or Ag microparticles (MPs). Asm, as manufactured; Ch, chitosan; Vanco, vancomycin; Ag, silver particles; Ti, titanium. (C) EDS mapping
of the Ag-coated groups. (D) Cumulative Ag+ release from Ch + Ag samples.
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3.4. In vivo biocompatibility

At day 28 post-implantation, there were no signs of active
inflammation on the surface or in the surrounding bone marrow
of Ch-only or Ch + Ag implants surfaces (Fig. 3A). Fibrous capsule
formation was seen in both groups, but was more prominent in
the Ch + 100 mM Ag group. Deatched particles were seen around
the Ch + 100 mM Ag implants, which were associated with



Table 1
Elemental composition of the implant coatings according to XPS.

Group Ti (%) Ag (%) C (%) N (%) O (%) S/Fe/Na (%)

AsM 23.42 0 13.22 3.43 46.72 13.23
Ch 0 0 55.26 13.58 20.06 11.1
Ch + 1 mM Ag 0 7.87 55.01 13.92 20.67 3.25
Ch + 50 mM Ag 0 15.36 39.99 19.48 17.76 7.41
Ch + 100 mM Ag 0 16.79 46.85 18.45 17.92 0
Ch + vanco 0 0 65.30 11.74 20.64 2.59

Table 2
EDS elemental analysis (At%) of the Ch + Ag implant coatings.

Groups Ti C N O Al Ag

Ch + 1 mM Ag 36.57 29.42 6.10 21.21 5.00 1.69
Ch + 50 mM Ag 46.08 19.76 5.81 20.95 2.57 4.82
Ch + 100 mM Ag 42.78 24.07 3.21 17.77 1.21 10.95

Fig. 2. In vitro antibacterial properties of EPD-coated implants. Adherent (left) and planktonic (right) colony-forming-unit (CFU) count after 24 h challenge of implants with S.
aureus. (B) Implants incubated in PBS for 6 days were transferred into an S. aureus suspension. Histograms show the adherent (left) and planktonic (right) CFU count after 24 h
bacterial challenge. Data are presented as mean ± SD (n = 3). *p < 0.05; One-way ANOVA with Bonferroni post-hoc correction.
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increased lymphocytic and monocytic cell infiltrates (Fig. 3A). EDS
measurement showed that these particles were composed of C, N
and Ag, and were therefore likely remnants of the Ch + Ag coating
(Fig. 3B). Similar peri-implant bone formation was measured by
histomorphometry in the Ch (0.12 ± 0.08 mm2) and Ch + 100 mM
Ag (0.09 ± 0.04 mm2) groups. Cortical bone volume (Fig. 3C) and
porosity (Fig. 3D) were comparable for both groups.
3.5. In vivo antibacterial effects

All bones (Fig. 4A) and implants (Fig. 4B) of the Ch-only and Ch
+ Ag groups were colonized with bacteria 28 days following bacte-
rial inoculation. The Ch + Ag groups did not show any antibacterial
effect as compared to the Ch-only group. There was a trend
towards a decreased bone infection rate in the Ch + vanco group
as compared to the Ch-only group (Fig. 4A). Moreover, a significant
reduction (p = 0.035) in the number of culture-positive implants
was found for the Ch + vanco group when compared to the Ch-
only group (Fig. 4B).

In comparison to the prior study [Data in brief], there was a rel-
atively large variation in the infection rate for AsM implants.
Hence, we could not make a reliable comparison between the
Ch-coated and AsM groups.

MicroCT quantification showed multiple signs of osteomyelitis
in S. aureus-contaminated tibiae including periosteal new bone for-
mation, thickening of the cortex, and osteolysis (Fig. 5A). The radi-
ological signs of osteomyelitis were significantly higher in the Ch
+ 50 mM Ag (p = 0.003) and Ch + 100 mM Ag (p = 0.0005) groups
than in the Ch-only group (Fig. 5B). A significant increase
(p = 0.003) in the peri-implant bone mass in the Ch + 50 mM Ag
and Ch + 100 mM Ag groups indicated a mixed catabolic and ana-
bolic bone response (Fig. 5C). The cortical and peri-implant bone
volume were quantified separately to better pinpoint the origin
of the bone volume changes. While there were no changes in cor-
tical bone volume between groups (Fig. 5D), the volume of peri-
implant new bone was significantly higher in the Ch + 50 mM Ag
and Ch + 100 mM Ag groups as compared to the Ch-only group
(Fig. 5E). Conversely, there was a significantly reduced peri-
implant bone in the Ch + vanco group. As a sign of cortical bone
expansion, there was only a trend towards an increased bone
perimeter in the Ch + Ag groups (Fig. 5F).
3.6. Histology

The soft tissues around the implants were characterized by the
formation of fibrous capsules with monocyte/macrophage and
lymphocyte infiltrations (Fig. 6A). There was a more pronounced
fibrotic/chronic inflammatory reaction in the Ch-only and Ch + Ag
groups, as indicated by the increased presence of myofibroblasts
and the more prominent collagen deposition. In these fibrous cap-
sules, neutrophils were only scarcely observed. In the Ch + 50 mM
Ag and Ch + 100 mM Ag groups, pigment-laden macrophages were
observed, suggesting the uptake of Ag particles. Normal-appearing
bone marrow was seen further away from the implant in all
groups. TRAP staining demonstrated an increased presence of
osteoclasts due to infection (Fig. 6B). Among samples of the infec-
tion study, a trend was observed towards increased osteoclast
numbers in Ch + Ag groups (Fig. 6C). In addition, there was a signif-
icant correlation (rs = 0.62, p < 0.0005) between the histological
osteoclast count and the microCT osteomyelitis score.
3.7. Neutrophil cell viability and phagocytosis

Short-term (30 min) exposure of neutrophils to Ag concentra-
tions in the lM range strongly reduced their viability, with nearly
complete killing of neutrophils following treatment with 10 lM Ag



Fig. 3. In vivo biocompatibility of EPD-coated implants. (A) Basic fuchsin/methylene blue-stained MMA samples demonstrate peri-implant bone (B, pink), fibrous capsule (F)
formation and presence of metallic particles (P) after 28 days implantation in the rat tibia. The images are representative for the group (n = 4). (B) EDX performed on MMA
sections shows the different chemical compositions at the implant-tissue interface (300x magnification). (C, D) Day-28 microCT measurement of the cortical bone volume (C)
and porosity (D) in contralateral tibiae without implant (n = 6) or tibiae receiving Chitosan-only (Ch, n = 4) or Chitosan + 100 mM Ag (Ch + Ag, n = 4) implants. (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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(Fig. 7A). For lower Ag concentrations, a significant reduction was
seen in the neutrophil’s capacity to phagocytose S. aureus
(Fig. 7B). In the presence of 0.5% serum, Ag concentrations within
the entire nM range reduced S. aureus uptake by up to 50%. A
dose-dependent reduction in phagocytosis by Ag was apparent
when experiments were performed using higher serum
concentrations.

4. Discussion

Here, we demonstrated the suitability of EPD to surface-
biofunctionalize implants and readily modify their properties in
terms of in vitro cytocompatibility and antibacterial efficiency. Chi-
tosan is a natural polymer, which is commonly used as a drug
delivery vehicle on medical devices or tissue engineering scaffolds
[37]. We found that chitosan is an effective EPD-based carrier to
mediate antibacterial drug deposition onto porous Ti implants.
The potential of EPD biofunctionalization was further addressed
in vitro by showing that the chitosan-vancomycin coatings fully
eradicated S. aureus, one of the most hazardous pathogens in IAI
[2]. Chitosan + Ag implants induced up to 4-log reduction in plank-
tonic and adherent S. aureus, and can therefore also be considered
bactericidal [38]. At the same time, high Ag concentrations in the
coatings were strongly cytotoxic for osteoblast-like cells. The tox-
icity of Ag NPs or the released Ag ions has often been reported,
and is caused by the oxidative stress, DNA damage, and apoptosis
[39]. In the current study, we observed a wide range of Ag nano-
and microparticle sizes following Ch-based EPD (Supplementary
Fig. 1). As the Ag particle size and associated dynamics of Ag ion
release strongly influence Ag toxicity [39], future efforts should
aim to define the ideal Ag NP coating with maximized bacterial
killing and minimized host cell cytotoxicity. Equally important,
the synergistic effect of Ag with other classes of antibacterial
agents could be exploited to reduce Ag’s toxicity and enhance its
bacterial killing efficiency [9].

To evaluate whether the normal bone response towards porous
Ti was disturbed by the immunemodulatory or the cytotoxic effects
of Ag [30,39], we evaluated the performance of chitosan-only and



Fig. 4. In vivo antibacterial properties of EPD-coated implants. (A, B) Implants were implanted in the rat tibia following intramedullary contamination with 106 colony-
forming-units (CFU) S. aureus. The infection was quantified after 28 days with respect to the CFU in homogenized bone (A) and the CFU on the implant (B). The dotted lines
indicate the group mean. *p < 0.05; Fisher’s exact test to assess differences in number of culture-positive samples. ns = not significant; One-way ANOVA with Bonferroni post-
hoc correction to assess differences in mean CFU.
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chitosan-Ag implants following 28-day implantation in the rat tib-
ia. The sustained presence of Ag particles in the bone marrow in the
chitosan-Ag group did not cause any obvious bone changes. Simi-
larly, no active inflammation was observed at the endpoint of the
study. This is in line with findings of others showing good short-
and long-term osseointegration for Ag-coated implants manufac-
tured through different techniques [40,41]. This suggests that,
under appropriate conditions, the host regenerative capacity can
overcome the cytotoxic effect of Ag. First, it is likely that the activity
of osteoblast (progenitor) cells can restore after an initial burst
release of Ag ions. Second, the in vivo performance of Ag-coated
implants could be facilitated by pro-osteogenic effects of low con-
centrations of Ag [32]. To further strengthen the functionality of
Ag-coated implants, follow-up studies should quantify the osseoin-
tegration by biomechanical tests or investigate their performance
under load-bearing conditions.

The in vivo antibacterial effects of the EPD-biofunctionalized
implants were investigated in an optimized rat osteomyelitis
model. Due to its versatility and relatively low costs [42], the rat
osteomyelitis model is an appropriate model to compare different
coatings strategies, before testing the pre-clinical effectiveness
with more clinically-relevant size implants in large animal species.
Whereas all rats receiving chitosan-only implants established
osteomyelitis as expected, there was an unexpected variation in
the infection rate for uncoated implants [Data in brief]. Chitosan
is generally thought to mitigate bacterial adhesion [43], and in
agreement to other reports [44], we found that the chitosan
increases the bactericidal effect of Ag in vitro (Supplementary
Fig. 5). Moreover, the antibacterial rate of the Ch + Ag groups was
more than 99% relative to the same implants without any coating.
Therefore, it is unlikely that chitosan had promoted the develop-
ment of infection in the rat model, although larger sample sizes
are needed to be conclusively about this. Disregarding the fact that
a direct comparison between uncoated implants and the different
Ch-coated groups could not be made, EPD was shown to be a pow-
erful tool to biofunctionalize porous implants with clinically
applied antibiotics. In line with their in vitro bacterial killing capac-
ity, the chitosan-vancomycin coatings significantly lowered the
infection rate in comparison to the chitosan-only group, despite
the challenging S. aureus inoculation dose chosen for this model
[45]. To further guarantee full eradication of bacteria, combinato-
rial use of antimicrobial compounds seems a logical path to explore
next.

The clinical use of Ag-coated implants is strongly debated.
Whereas Ag-treated implants have shown safety in small patient
populations [46], the routine use of Ag-coated implants has been
hampered by a lack of evidence of antibacterial performance. In
animal studies, Ag-coated orthopedic biomaterials demonstrate
antibacterial effects in a subcutaneous location [47,48], whereas
investigations in clinically-relevant bone models have yielded
mostly dissappointing results [49,50]. Analogous to these previous
reports, we found that Ag-coated implants failed to reduce the
infection rate in our rat model. In fact, sustained Ag activity likely
even further promoted the inflammatory response as shown by
increased osteoclast formation and exaggerated bone remodeling.
Although Ag particles were still detectable around the implants
at day 28, their local distribution or the amount of released Ag ions
apparently was insufficient to eradicate infection. A smarter
approach may be needed to fully target the different routes leading
to IAI. To illustrate, the simplified ‘race for the surface’ theory of
implant infection as first termed by Gristina [51] is increasingly
being challenged by evidence showing that bacteria largely reside
within peri-implant tissue and cells [52]. If this is true, an ideal
bactericidal coating may need the combination of firm Ag NP
immobilization on the implant to prevent long-term bacterial
adherence [16], together with immediate release of antibacterial
agents in the surrounding tissue. In the same line of reasoning,
combined delivery of Ag NPs and other classes of bactericidal
agents carries potential to fully exploit the antibacterial effects of
Ag NPs [28,53,54]. Finally, others have emphasized the role of
the specific interaction between Ag NPs and serum proteins, which
could affect the antimicrobial activity of Ag in vivo [55,56]. There-
fore, the addition of human blood components or other biologically
relevant compounds to the solutions may be a better in vitromodel
to test Ag+ release behavior and toxicity for bacteria or eukaryotic
cells.



Fig. 5. Morphological bone changes in the infection study. EPD-coated implants were implanted in the rat tibia for 28 days following contamination with 106 colony-forming-
units (CFU) S. aureus. (A) Qualitative microCT image showing an untreated contralateral tibia (control) or S. aureus-contaminated tibiae receiving implants (Implant + S.
aureus). Osteolysis (O) and new bone formation (N) were indicative of osteomyelitis. Images are representative for the group (n = 6–9). (B) Radiological osteomyelitis score in
S. aureus-contaminated tibiae: 0 = no radiographic abnormalities, 1 = mild periosteal reaction and/or mild osteolysis, 2 = cortical thickening and/or evident osteolysis,
3 = extensive osteolysis with focal loss of cortex, 4 = loss of cortical morphology. (C-F) The bone volume (C), cortical bone volume (D), peri-implant bone volume (E), outer
cortical perimeter (F) were quantified by microCT in untreated contralateral tibia, or S. aureus-contaminated tibiae receiving different coated implants. Data are presented as
mean ± SD (n = 6–9). *p < 0.05; One-way ANOVA (panels B, C, D, F) or Mann-Whitney U test (panel E) with Bonferroni post-hoc correction. ns = not significant.

M. Croes et al. / Acta Biomaterialia 81 (2018) 315–327 323



Fig. 6. Histological changes in the infection study. EPD-coated implants were implanted in the rat tibia for 28 days following contamination with 106 colony-forming-units
(CFU) S. aureus. (A) H&E staining showing the cellular composition in the peri-implant tissue. Images are representative for the group. (B) Staining for tartrate-resistant acid
phosphatase (TRAP) activity to demonstrate the presence of osteoclasts in the aseptic tibia model (no bacteria) or the S. aureus infection model (S. aureus contamination).
Mayer’s hematoxylin was used as counterstain. (C) TRAP-positive cell count (mean ± SD) of samples from the aseptic tibia model (no bacteria, n = 4) or the S. aureus infection
model (106 CFU S. aureus, n = 5–8). C = collagen fibers, BM = bone marrow, L = lymphocyte, M = monocyte, Mac = particle-laden macrophage, MF = myofibroblast,
N = neutrophilic granulocyte.
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Fig. 7. Effect of Ag on human neutrophil viability and bacterial phagocytosis. (A) Percentage of non-viable neutrophils after 30 min incubation with AgNO3 as measured by
the flow cytometric DAPI uptake. Histogram shows the mean ± SD (n = 2 neutrophil donors). (B) Flow cytometric uptake of FITC-labeled S. aureus by neutrophils in the
presence of different concentrations AgNO3 and human pooled serum (HPS). Histograms show the mean ± SD (n = 4–7 neutrophil donors). *p < 0.05; one-way repeated
measures ANOVA with Bonferroni post-hoc correction. ns = not significant.

Fig. 8. Proposed mechanisms at the bone-implant interface by which Ag could
affect implant osseointegration. 1. Ag nanoparticles release Ag ions that cause
structural changes in bacterial cell walls and damage of bacterial proteins, DNA and
RNA. This contributes to the antibacterial efficiency. 2. Ag particles or Ag ions
induce the death of neutrophils through a direct mechanism. At the same time,
sublethal Ag concentrations impair the phagocytic activity of neutrophils. This leads
to decreased antibacterial efficiency. 3. In the presence of infection, Ag nanopar-
ticles and/or Ag ions promote a hyper inflammatory reaction that causes an
abnormal bone response, involving increased activity of bone-resorbing osteoclasts.
Under sterile conditions, abnormal bone remodeling due to Ag nanoparticles of Ag
ions is not observed.
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To further explain the poor bactericidal effects of Ag-based
coatings in bone infection models, it is important to consider the
different effects that Ag could have at the bone-implant interface,
as shown schematically in Fig. 8. Similar to the different Ag particle
sizes that were assembled by EPD, 0.1–1 lm size wear particles
released from joint prosthesis are known to initiate an inflamma-
tory cascade [57]. On the one hand, this could hamper the normal
activity of phagocytes or suppress adaptive immunity [58–60]. On
the other hand, the pro-inflammatory response to Ag likely
explains why bones that received Ch + Ag implants were more
severely affected than those receiving Ch-only implants, despite
their similar bacterial load (Fig. 5, Fig. 6B). The inflammatory reac-
tion to S. aureus infection is characterized by dynamic bone
changes involving quiescent, resorbed and new bone [61]. Accord-
ingly, the enhanced pro-inflammatory response in presence of high
Ag concentrations can lead to an increased activity of bone forming
cells and a net bone volume increase around the implant [61–64].
Moreover, increased osteoclast numbers in the Ch + Ag groups sug-
gests that the presence of Ag led to further unwanted
inflammation-induced osteoclastogenesis [65].

We furthermore hypothesized that the bactericidal effects of Ag
NPs would come at the cost of impaired activity of phagocytic cells.
Neutrophils form the first line of defense to infectious disease [66],
and their important contribution in the anti-bacterial response is
made clear by the fact that neutropenia leads to inability to clear
infection [67]. From human neutrophil cultures in the current
study we demonstrated that Ag strongly reduced neutrophil viabil-
ity and phagocytic activity (Fig. 7). We propose that the detrimen-
tal effects of Ag NPs on neutrophil function have untill now been
underestimated, which should not be overlooked in the develop-
ment of novel antibacterial coatings.

Based on the above, the many actions of Ag around orthopedic
implants can be considered a double-edged sword, for which the
Ag feasibility depends on the specific clinical scenario. Since the
host response could overcome the cytotoxic effect of Ag in the
absence of infection (Fig. 3), it can also be reasoned that Ag may
exert favorable antibacterial effects when there is a low bacterial
challenge. However, when the body fails to eradicate infection,
sustained Ag activity may mediate local hyper inflammation and
kill neutrophils, which counteracts the general first defense
immune response needed to fight the infection by the host.

The current study evaluated the in vitro and in vivo feasibility of
applying EPD coatings to biofunctionalize AM porous implants for
infection prevention. The developed implants rendered chitosan-
vancomycin coating with antibacterial properties, which partially
prevented infection in a challenging bone infection model. In con-
tradiction to their direct in vitro bacterial killing effects, EPD-based
chitosan-Ag implants did not prevent or reduce infection in vivo.
Moreover, chitosan-Ag implants were found to negatively impact
the bone response and the efficiency of bacterial uptake by innate
immune cells. In conclusion, whereas antibiotic coating of AM
implants by EPD is a promising strategy to combat IAI, caution
should be exercised with the use of EPD-based Ag coatings, as Ag
NPs can also have a negative impact on the innate immune
response leading to persistent infection.
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