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Abstract

AIM

To investigate osteoconductive and antimicrobial pro-
perties of a titanium-copper-nitride (TiCuN) film and an
additional BONIT® coating on titanium substrates.

METHODS

For micro-structuring, the surface of titanium test samples
was modified by titanium plasma spray (TPS). On the
TPS-coated samples, the TiCuN layer was deposited
by physical vapor deposition. The BONIT® layer was
coated electrochemically. The concentration of copper
ions released from TiCuN films was measured by atomic
absorption spectrometry. MG-63 osteoblasts on TiCuN
and BONIT® were analyzed for cell adhesion, viability
and spreading. In parallel, Staphylococcus epidermidis
(S. epidermidis) were cultivated on the samples and
planktonic and biofilm-bound bacteria were quantified by
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counting of the colony-forming units.

RESULTS

Field emission scanning electron microscopy (FESEM)
revealed rough surfaces for TPS and TiCuN and a special
crystalline surface structure on TiCuN + BONIT®. TiCuN
released high amounts of copper quickly within 24 h.
These release dynamics were accompanied by complete
growth inhibition of bacteria and after 2 d, no planktonic or
adherent S. epidermidis were found on these samples. On
the other hand viability of MG-63 cells was impaired during
direct cultivation on the samples within 24 h. However, high
cell colonization could be found after a 24 h pre-incubation
step in cell culture medium simulating the /7 vivo dyn-
amics closer. On pre-incubated TiCuN, the osteoblasts
span the ridges and demonstrate a flattened, well-spread
phenotype. The additional BONIT®-coating reduced the
copper release of the TiCuN layer significantly and showed
a positive effect on the initial cell adhesion.

CONCLUSION

The TiCuN-coating inhibits the formation of bacterial
biofilms on orthopedic implants by influencing the “race
for the surface” to the advantage of osteoblasts.

Key words: Implant-coating; Antimicrobial effect; Ti-
tanium plasma spray; Titanium-copper-nitride; BONIT®;
Osteoconductivity

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Implant-associated infection is the most feared
complication after joint replacement. We investigated
the osteoconductive and antimicrobial properties of a
titanium-copper-nitride (TiCuN) film and an additional
BONIT® coating on titanium. TiCuN released high amounts
of copper quickly within 24 h and after 2 d, no planktonic
or adherent Staphylococcus epidermidis were found on
these samples. A high colonization by osteoblast-like
MG-63 cells was found after pre-incubation in medium for
24 h. TiCuN inhibits the formation of bacterial bio-films
on orthopedic implants by influencing the “race for the
surface” to the advantage of osteoblasts.

Bergemann C, Zaatreh S, Wegner K, Arndt K, Podbielski A,
Bader R, Prinz C, Lembke U, Nebe JB. Copper as an alternative
antimicrobial coating for implants - An in vitro study. World J
Transplant 2017; 7(3): 193-202 Available from: URL: http://
www.wjgnet.com/2220-3230/full/v7/i3/193.htm DOI: http://
dx.doi.org/10.5500/w;jt.v7.i3.193

INTRODUCTION

Materials commonly used for permanent implants
such as knee and hip prostheses are for the most part
inert. However, researchers have recently taken up
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the challenge of designing biomaterials which have
been physically and/or chemically modified to promote
the regenerative processes of the affected tissues!.
Increased surface area (roughness) on implants improves
bone-to-implant contact after the implant placement and
enhances functional activity of bone cells in contact with
the biomaterial™”. Titanium is one of the most common
materials used for orthopedic implants®® and surface
modifications are created by sandblasting, plasma
spraying or etching to accelerate osseointegration™.
Despite aseptic operation conditions and perioperative
antibiotic prophylaxis, implant-associated infections
remain one of the most severe complications after joint
replacement™™*, occurring even more frequently after
revision arthroplasty!™®. Staphylococcus epidermidis (S.
epidermidis) and Staphylococcus aureus are the most
frequently found microorganisms causing such implant-
associated infections. The pathogenesis of infections
associated with biomaterials is as follows: After an
initial, reversible adhesion of the bacteria, a biofilm is
formed!'®™ which enables the bacteria to avoid immune
responses and circumvent antibiotics!®’. Antimicrobial
agents do not succeed as well against biofilm bacteria
as against planktonic bacteria™®. In addition, infected
medical devices continue to pose problems in orthopedic
surgery, thus warranting further development of effective
prevention and treatment strategies, including the use of
thin coatings based on metal-ions®®”. There are several
metal ions (Cu®*, Ag®, Zn®*) which are known to have
antibacterial properties and which could be deposited
on the surface of implants™*?. Silver, for example,
has been in use as an antibacterial coating for medical
devices®*?!, However, the lower toxicity and higher
cytocompatibility of copper commends this metal ion for
deposition on implant surfaces. Furthermore, copper
can be metabolized””’, whereas silver tends to resist
metabolization, increasing body’s silver serum level®®,
Although the general antimicrobial effects of copper
have been recognized, to date researchers have little
experience with the use of copper as an antimicrobial
agent on medical implant surfaces™>", This lack of
data on the effects of copper prompted us to study
its qualities as an antibacterial agent in this context.
We studied the effects of the deposition of a copper-
based inter-metallic thin film on titanium plasma spray
optimized (TPS) titanium substrates. Our particular
interest was in finding a deposited film which exhibits an
antimicrobial effect while allowing for sufficient growth
and vitality of osteoblasts on the surface. Taking these
two factors into account, we investigated the properties
and effects of titanium-copper-nitride (TiCuN) films
deposited by physical vapor deposition (PVD). For this
purpose we studied the chemical composition of the
coating and the release of copper from it, investigating its
antibacterial properties and the influence on cell growth,
as well as determining the influence of an additional
osteoconductive coating with a BONIT® layer.
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MATERIALS AND METHODS

Preparation of coatings and test samples
Commercially pure titanium (grade 5, DOT, Rostock,
Germany) of technical purity was used in the form of
cylindrical plates of 11 mm in diameter and 2 mm thick.
For micro-structuring, the surface of the test samples was
modified by TPS. For the TPS coating, argon is ionized in
a high temperature plasma flame in a vacuum chamber.
The argon gas heats up and expands rapidly being
expelled at high speed through an anode. Simultaneously
titanium powder is inserted into the plasma flame and
the molten titanium particles adhere to the substrate
surface, cool rapidly and fuse to the implant surface. On
the TPS-coated titanium test samples, a TiCuN layer with
an average copper load of 1-3 ug/mm?2 was deposited by
PVD (DQT). Copper and titanium were released from a
target by electricity, ionized and deposited on the sample
surface. The procedure developed a face-centered cubic
network of titanium atoms with nitrogen ions inserted
in the gaps. The TiCuN coating is very thin and only
modifies the implant surface, leaving the mechanical
properties of the implant unchanged®®?*". The second
coating on the TiCuN-layered samples was a BONIT®
layer (DOT) applied using an electrochemical process.
Samples were packed into sterilization foils (Direct,
Konstanz, Germany), sealed, and gamma-sterilized
with @ minimum dose of 25 kGy of Co-60 radiation (BBF
Sterilisationsservice, Kernen-Rommelshausen, Germany).
We refer to these different samples as follows: TPS:
Commercially pure titanium modified by TPS; TiCuN:
TPS + TiCuN; TiCuN + BONIT®: TPS + TiCuN + BONIT®.

Characterization of the coatings

Roughness of the sample surfaces was analyzed by
a Hommel tester (Hommel Etanic T 8000, Jenoptik,
Jena, Germany). Coating thickness and porosity was
determined according to the Standard Test Method
for Stereological Evaluation of Porous Coatings on
Medical Implants ASTM F 1854. Adhesive strength of
the coatings was determined according to DIN EN 582
with the universal tensile testing machine Shimadzu
AG-50KNG (Shimadzu, Kyoto, Japan). To investigate
the surfaces of the different materials, samples were
gold sputtered by a coater (SCD 004, BAL-TEC, Balzers,
Liechtenstein) and the surfaces were examined by field
emission scanning electron microscopy (FESEM, SUPRA
25, Carl Zeiss, Oberkochen, Germany).

Copper release measurement

The concentration of copper released from the samples
was measured by atomic absorption spectrometry (AAS)
(ZEEnit 650, Analytik Jena AG, Jena, Germany) with
electro-thermal atomization as described earlier”™. Briefly,
the substrates were stored in 1 mL Dulbecco’s modified
Eagle medium (DMEM, Invitrogen, Darmstadt, Germany)
with 10% fetal calf serum (FCS, Superior, Biochrome,
Berlin, Germany) and 1% gentamicin (Ratiopharm, Ulm,
Germany) at 37 °C in a humidified atmosphere with 5%
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COz. The copper concentration of this DMEM solution
was measured after 24 h and after incubation for an-
other 24 h on three samples each per coating method.
Nitric acid was used to stabilize copper ions released in
the DMEM after storage. The supermnatant was diluted to
1:100000 and a volume of 20 uL of the diluted solution
was used for analysis. The intensity measured was
compared with the standard reference intensity to obtain
the number of copper atoms released from the sample (n
= 3). Copper release from samples seeded with MG-63
osteoblasts (see paragraph cell culture) was determined in
the supermatant accordingly.

Investigations of antibacterial effects

Estimation of the antibacterial potential against S.
epidermidis on test samples was completed according
to the protocols described earlier™>®!, The biofilm-
forming strain of S. epidermidis (ATCC 35984, American
Type Culture Collection, Manassas, VA, United States)
was routinely cultured on Columbia blood agar plates
(Thermo Fisher Scientific, Waltham, MA, United States).
Previous to the test, an overnight culture (37 C,
microaerobic conditions) of S. epidermidis was prepared
in a tryptic soya broth medium (Sigma-Aldrich, St.
Louis, MO, United States). Afterwards, the overnight
culture was centrifuged at 4000 rpm for 10 min at 4 C,
after a washing step the bacteria pellet was diluted in
1 x PBS and adjusted to its strain-specific OD at 600
nm to obtain 1 x 10® CFU/mL in tryptic soya broth
medium. For the experiments, bacteria were diluted in
DMEM containing 10% FCS until 1 x 10® CFU/mL was
achieved. After 2 d of incubation at 37 °C, 5% CO2, S.
epidermidis within the biofilm on the test samples were
detached by ultrasonic treatment with a sonication bath
for 4 min at 35 kHz (BactoSonic, Bandelin Electronic,
Berlin, Germany) and deposited into glass test tubes
(Greiner Bio-One, Kremsmdunster, Austria) with 1 mL
of PBS. Subsequently, the solution was serially diluted
in PBS and afterwards plated on TSB-agar with the
help of a spiral plater (Eddy Jet 2, IUL, S.A., Barcelona,
Spain). After 24 h of incubation at 37 C, 5% COz,
colony-forming units were determined. To analyze the
planktonic, unbound S. epidermidis, supernatants of
the test-samples were shifted into 15 mL centrifuge
tubes (Greiner Bio-One) with 1 mL of PBS after 2 d of
incubation. Supernatants were centrifuged at 4000 rpm
for 10 min at 4 C and diluted consecutively in PBS. To
determine the quantity of colony-forming units, dilutions
were plated on TSB-agar plates as described above (n
=6).

Cell culture

Human MG-63 osteoblast-like cells (ATCC, No. CRL-1427™,
LGC Promochem, Wesel, Germany) were cultured
in Dulbecco’s modified Eagle medium (DMEM) with
10% FCS and 1% gentamicin at 37 C in a humidified
atmosphere containing 5% CO2. At subconfluency,
cells were detached with 0.05% trypsin/0.02% EDTA
(PAA Laboratories, Célbe, Germany) for 5 min at 37 C.
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Table 1 Characterization of the coatings

Coating TPS +TiCuN TiCuN + BONIT®
Coating thickness (um) 200-400 10-30
Roughness Ra (um) 30-60 -

Porosity (%) 20-40 60

Adbhesive strength (MPa) 74 15

TPS: Titanium plasma spray; TiCuN: Titanium-copper-nitride.

After stopping the trypsinization by the addition of
complete cell culture medium, an aliquot of 100 uL was
put into 10 mL of CASY® ton buffer solution (Roche
Innovatis, Reutlingen, Germany) and the cell number
was measured in the counter CASY® Model DT (Scharfe
System, Reutlingen, Germany). An appropriate cell
number was seeded onto the samples as described for
the following applications. Two different experimental
arrangements were used: (1) the MG-63 cells were
directly cultivated on the samples; and (2) to simulate
the in vivo dynamics closer, the samples were pre-
incubated in cell culture medium DMEM with 10% FCS
and 1% gentamicin at 37 °C in a humidified atmosphere
with 5% CO: for 24 h, then the medium was changed
and the cells were seeded onto the surfaces and
cultivated for another 24 h.

Cell viability

To study the influence of TiCuN on cell metabolism
and vitality the MTS assay (CellTiter 96® Aqueous One
Solution Cell Proliferation Assay, Promega, Mannheim,
Germany) was performed. Forty thousand cells were
seeded onto the samples in 24-well plates either directly
or on pre-incubated samples at a volume of 1 mL. After
24 h, the cell culture medium was replaced by 800 pL
of fresh medium and 200 puL of the MTS solution and
incubated for 3 h at 37°C in a 5% CO:z atmosphere.
The spectrophotometric absorption of 5 x 100 pL of the
culture medium of 3 samples was analyzed on a 96-well
plate by an ELISA reader (Anthos 2010, Anthos Labtec
Instruments, Wals-Siezenheim, Austria) at 490 nm (n =
3). The extinction is proportional to the number and the
metabolic activity of the cells.

Flow cytometric measurement of cell adhesion

The cell adhesion of MG-63 osteoblasts on the
different material surfaces was determined as already
described™., Briefly, suspended MG-63 cells in DMEM
with 10% FCS (5 x 10°cells/0.3 mL) were seeded
directly onto sample discs. To avoid the seeding of cells
beside samples, discs were laterally fixed in adhesive
tapes (Carl Roth, Karlsruhe, Germany). After 10 min to
allow cell sedimentation and adhesion to the surface,
the supernatant containing the non-adherent cells was
then drawn up with a pipette, transferred into 12 mm x
75 mm test tubes (BD Biosciences, Heidelberg, Germany)
and analyzed by flow cytometry (FACSCalibur™; BD
Biosciences). Cell adhesion of 3 independent experiments
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was then calculated in percent (n = 3).

Cell morphology and spreading

Material samples were pre-incubated in DMEM with
10% FCS and 1% gentamicin at 37 °C in a humidified
atmosphere with 5% CO2. After 24 h the medium was
changed and 4.0 x 10* MG-63 cells were seeded onto
the samples. After cultivation for 24 h, cells were washed
with PBS, fixed with 4% glutaraldehyde (1 h, Merck,
Darmstadt, Germany), dehydrated through a graded
series of ethanol (30% 5 min, 50% 5 min, 75% 10 min,
90% 10 min, and 100% 2 x 10 min) and dried in a
critical point dryer (K850, EMITECH, Cambridge, United
Kingdom). Gold sputtering was performed with the
coater (SCD 004, BAL-TEC). The morphology of the cells
on the substrate surfaces was investigated by scanning
electron microscopy (SEM, DSM 960A, Carl Zeiss).
Spreading of the cells was quantified by Image] (Rasband,
W.S., Image], United States National Institutes of Health,
Bethesda, Maryland, United States, http://imagej.nih. gov/
ij/, 1997-2016). The cell area of 30 cells in 2 independent
experiments was analyzed (n = 60).

Statistical analysis

The statistical significance was calculated using SPSS
21.0 for Windows (SPSS Inc., Chicago, IL, United States).
Data are expressed as mean values % standard deviation
(SD) and analyzed using Mann-Whitney U test or the
t-test. Values were compared to TPS at the same time
point and differences for all experiments were considered
statistically significant at P < 0.05 (°P < 0.05, °P < 0.01,
‘P < 0.001).

RESULTS

Sample characteristics

We tested TPS-coated titanium samples equipped with
both a TiCuN layer and a BONIT® layer in order to deter-
mine their suitability as bone implants encompassing anti-
microbial and osteoconductive characteristics. Samples
were purchased from DOT Coating (Rostock, Germany).
The characteristics of the different coatings are shown in
Table 1.

Figure 1 shows FESEM images of the surfaces of the
different samples. The visibly rough surface of the samples
is caused by the titanium plasma spray technique for
TPS and TiCuN. A special crystalline surface structure
is visible on TiCuN + BONIT®. BONIT® is an absorbable
composite layer of two thin crystalline calcium phosphate
phases with different solubility, the more soluble outer
calcium phosphate phase (brushite) and the inner
crystalline hydroxyapatite phase (= 70% brushite and
< 30% hydroxyapatite). BONIT® was shown to promote
a fast on growth of bone cells and bone formation on
implant materials in earlier studies™®*?. Therefore, we
used this coating additionally on the TiCuN films to study
the antimicrobial as well as osteoconductive properties
combined in one sample.
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Figure 1 Surface topography of the coated materials vs titanium plasma spray control (field emission scanning electron microscopy, magnification x 100,
%1000, bars = 100 um, 10 um, respectively). TPS: Titanium plasma spray; TiCuN: Titanium-copper-nitride.

H TPS
& TiCuN
O TiCuN + Bonit®

| b |

Cu release (mmol/L)

24 h

24 h MG-63 24 h + 24 h MG-63

Figure 2 Copper release in Dulbecco’s modified Eagle medium. A high amount
of copper is released from the TiCuN layer after incubation in DMEM for 24 h. The
copper release is reduced on TiCuN + BONIT® due to the BONIT® layer. A complete
exchange of the medium and seeding with MG-63 cells for another 24 h reveals
significantly reduced copper release from TiCuN. The amount is equalized to the
level on TICuN + BONIT® (n = 3, mean value + SD, ttest, "P < 0.01). TPS: Titanium
plasma spray; TiCuN: Titanium-copper-nitride; DMEM: Dulbecco’s modified Eagle
medium.

Copper release

The results of copper release measurements from the
samples in 1 mL of DMEM, indicated as mmol/L unit and
dependent upon storage conditions, are shown in Figure
2. The highest copper release after 24 h was measured
for TiCuN samples at about 3.8 mmol/L. Copper release
was further elevated when samples were seeded with
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MG-63 osteoblastic cells and incubated for 24 h (around
4.6 mmol/L). For TiCuN samples which were pre-incubated
in DMEM for 24 h and seeded with cells for another
24 h after exchanging the medium, copper release was
significantly reduced to 0.6 mmol/L. TICuN + BONIT® samples
showed nearly constant low copper values between 0.5
and 0.8 mmol/L independently of the storage conditions.
The BONIT® coating seems to slow down the release of
copper from the TiCuN layer, resulting in a prolonged time
of release.

Antibacterial effect

Heavy metal ions like copper ion can deactivate the
central catabolic and biosynthetic pathways and become
toxic*®. We employed S. epidermidis strain RP 62A
(ATCC35984) to study the influence of the TiCuN samples
on the growth of bacteria. The antimicrobial effect of
TiCuN films on S. epidermidis is presented in Figure 3.
Only the TiCuN coating demonstrated growth inhibition;
this indicates that the copper species was released into
the medium at a high rate of diffusion. After 2 d, no
planktonic or adherent S. epidermidis were found on the
TiCuN samples. In contrast, the TPS discs proved to have
7.62 x 10’ CFU/mL planktonic bacteria in the incubation
fluids and 2.52 x 10° CFU/mL adherent bacteria in the
rinsed fluids. The concentration of planktonic bacteria
reached 1.08 x 10® CFU/mL in the incubation fluids
from the TiCuN + BONIT® samples. An equal amount of
biofilm-bound bacteria (1.33 x 10® CFU/mL) could be
detected. Thus, no antibacterial potential was found after
24 h for TiCuN + BONIT®; it can be surmised that the
low amount of copper released by this coating (between
0.5 and 0.8 mmol/L, see Figure 2) prevented any
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Figure 3 Antibacterial effect of the Titanium-copper-nitride coating on
Staphylococcus epidermidis bacteria for planktonic and biofilm state after
2 d. On TiCuN, planktonic and biofilm bound bacteria were killed completely.
On TiCuN + BONIT®, no antibacterial effect could be observed (n = 6, mean
value + SD, U-test, °P < 0.01). TPS: Titanium plasma spray; TiCuN: Titanium-
copper-nitride.

significant antibacterial effect. The fast copper release
from TiCuN samples can efficiently kill bacteria in the
initial state of implantation and we assume that the risk
of implant infection can thereby be significantly reduced.

Copper ions attack the bacteria at different sites**¢.
They can interact with the outer membrane of bacteria
and subsequently disintegrate the bacterial cell wall which
is known as the bacteriolytic effect. If copper ions get
into the bacteria, they can bind to the DNA and become
involved in cross-linking within nucleic acid strands with
the result that the bacteria cannot replicate. Furthermore
copper ions generate reactive oxygen species and can
cause lipid peroxidation and protein oxidation™”".

In addition, copper is an essential trace element
present in many cell processes; a defect in the homeo-
stasis of copper is a direct cause of certain human
diseases™*®, Copper also plays a role in the control of cell
proliferation®®®. Thus bioceramic scaffolds loaded with
copper sulphate were shown to stimulate osteoblast
activity and proliferation and the angiogenesis™**".,

To determine the influence of the TiCuN and BONIT®
coating on osteoblasts, we investigated the initial cell
adhesion, the cell viability, the cell morphology and
the cell spreading of MG-63 osteoblast-like cells after
culturing on these surfaces.

Initial cell adhesion

Initial osteoblast cell adhesion was analyzed after 10 min
of culturing (Figure 4). After direct seeding of MG-63
cells onto the samples, the non-adherent cells in the
supernatant were measured by FACS. The adhesion of
the cells was significantly reduced on TiCuN to about
26% compared to TPS where around 56% of the cells
were adherent after 10 min. On the other hand, TiCuN
+ BONIT® enhanced initial cell adherence significantly (to
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Figure 4 Initial cell adhesion of MG-63 osteoblasts on the titanium-
copper-nitride. Surfaces compared to the titanium plasma spray control after
10 min. The MG-63 cells were directly seeded onto the samples and cultivated
for 10 min. Cell adhesion was significantly reduced on TiCuN, but TiCuN +
BONIT® enhanced cell adherence significantly (n = 3, mean value + SD, t-test,
°P < 0.01). TPS: Titanium plasma spray; TiCuN: Titanium-copper-nitride.

about 87%).

Cell viability and spreading

The experiments to determine cell viability employed two
different setups: (1) MG-63 cells were cultivated on the
surfaces themselves; and (2) the samples underwent
pre-incubation in cell culture medium DMEM for 24 h
and cells were seeded onto the surfaces after a complete
exchange of the medium. In this way the in vivo situation
was simulated more closely, where dead cells and the
persistent bacteria inside these cells are removed and
new cells can adhere and proliferate on the surface.
After incubation of the cells for 24 h, the cell viability
was determined (Figure 5). Cultivation of the cells for
24 h directly on TiCuN reduced cell viability of the MG-63
cells to about 10% and on TiCuN + BONIT® for the
same period to about 29% compared to TPS. Cells on
TiCuN + BONIT® showed higher viability in comparison
with TiCuN. This corresponds with the lower copper
release values on these samples due to the BONIT®
coating. Interestingly, the incubation of TiCuN samples
for 24 h in DMEM prior to cultivating the cells led to an
increase in cell viability by about 30%. During the pre-
incubation period, a substantial amount of copper is
released from the TiCuN film (Figure 2), after which
the cells are able to grow onto the substrate surface.
Although present, this effect is not as pronounced for
TiCuN + BONIT®: Here, cell viability is increased by
only 10%. So, on both samples cell viability reached
around 40%. This corresponds to the low copper release
measured on TiCuN and TiCuN + BONIT® after pre-
incubation (between 0.6 and 0.7 mmol/L). The copper
amounts released are slightly higher than the copper
concentration limit identified for cell survival in earlier
studies”"*”). These studies showed that cell proliferation
of hMSC is stimulated by copper concentrations below
0.3 mmol/L, whereas cell viability decreases significantly
to around 30% at copper concentrations higher than

June 24, 2017 | Volume 7 | Issue 3 |



Bergemann C et a/. Copper-coated implants

A d B d
| |
d d
20 F —————— 20 - —————
100 - 100 -
80 - 80 -
(%] (%)
o o
F 60 - F 60 |-
ES S
40 - 40 + [ T
I I :
20 - L 20 -
0 0
S TiICUN  TiCuN + Bonit* TPS TiICUN  TiCuN + Bonit*

Figure 5 Viability of MG-63 osteoblasts on the titanium-copper-nitride surfaces. Two different experimental arrangements were used: (A) the MG-63 cells were
directly cultivated on the TiCuN surfaces for 24 h and (B) the samples were pre-incubated in DMEM for 24 h and after this the cells were seeded onto the surfaces for
another 24 h. Cell viability was significantly reduced after direct seeding on TiCuN. Cell viability was higher on TiCuN + BONIT® compared to TiCuN. Pre-incubation of
the samples in DMEM for 24 h before seeding elevated cell viability on both samples (n = 3, mean value + SD, ttest, P < 0.001). TPS: Titanium plasma spray; TiICuN:
Titanium-copper-nitride; DMEM: Dulbecco’s modified Eagle medium.

Figure 6 Scanning electron microscopy images of MG-63 osteoblasts on the pre-incubated surfaces. Samples were pre-incubated in DMEM for 24 h. After
a complete exchange of medium, cells were seeded onto the surface and cultivated for another 24 h. Cells spread well on TPS and TiCuN surfaces but seem to be
smaller on TiCuN + BONIT® (magnification x 1000). TPS: Titanium plasma spray; TiCuN: Titanium-copper-nitride; DMEM: Dulbecco’s modified Eagle medium.

0.5 mmol/L.

Figure 6 shows SEM images of the osteoblasts gro-
wing on the sample surfaces. MG-63 osteoblasts were
seeded onto the pre-incubated samples and cultivated
for 24 h. It can be seen that the osteoblasts on the TPS
reference and the TiCuN surfaces exhibit a flattened,
well-spread phenotype and bridge the gaps between the
ridges. The cells spread less readily on TiCuN + BONIT®
and seem to be covered by small crystals evolved from
the BONIT® layer. This is understandable, considering
that BONIT® consists of a brushite and a hydroxyapatite
phase. The more soluble brushite is metastable at a
physiological pH and converts to a less soluble apatite
phase™>**, During this phase transformation, loose crystal
particles are released onto the settled cells and the surface
cannot be considered solid. This explains the reduction in
cell area on TiCuN + BONIT® compared to TiCuN and TPS,
as revealed by the statistical analysis (Figure 7).
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DISCUSSION

Our cell biological investigation revealed a cytotoxic
effect on osteoblasts within 24 h by the TiCuN coating.
On the other hand, the TiCuN surface showed a strong
antibacterial influence on both planktonic and biofilm-bound
S. epidermidis. The BONIT® coating reduced the copper
release significantly within 24 h and as a consequence,
no antibacterial effect could be demonstrated on TiCuN +
BONIT® samples. The viability of osteoblasts on the TiCuN
samples could be enhanced by a pre-incubation step.
The copper-coated materials and controls were incubated
in cell culture medium for 24 h and cell seeding was
performed after a complete exchange of the medium. In
this way the in vivo dynamics were simulated: Dead cells
and the persistent bacteria inside these cells are removed
and new cells can adhere and proliferate on the surface.
Using this approach the osteoblasts were able to grow

June 24, 2017 | Volume 7 | Issue 3 |



Bergemann C et a/. Copper-coated implants

1600 -
1400 -
1200 -

1000 -

800 -

Cell area (um?)

600 -

400 -

200

0

TPS TiCuN TiCuN + Bonit®

Figure 7 Spreading of MG-63 osteoblasts on pre-incubated samples after
24 h. Cell area is unchanged on TiCuN compared to TPS but significantly
reduced on TiCuN + BONIT® due to the additional BONIT® layer (n = 60, mean
value + SD, ttest, °P < 0.001). Titanium plasma spray; TiCuN: Titanium-copper-
nitride.

properly. Stranak et af*® found similar results for copper-
doped titanium surfaces: Over a short period of time
these released significant amounts of copper. Stranak et
al®® used dual high-power impulse magnetron sputtering
which produced copper containing films on TiAIV alloys
that released high amounts of copper (about 6 mmol/L)
completely and quickly within 24 h. They were able to
show an initial antibacterial effect within 24 h and high
colonization by osteoblasts after replacement of the cell
culture medium and cell seeding for another 24 h. A critical
step in the development of implant-related infections is
the surface adhesion of bacteria; this represents the first
stage in the colonization process, the so-called “race for
the surface” on the biomaterial™**®\. Burghardt et a/*”
demonstrated that complete killing of adherent bacteria
within 24 h could be achieved by a final concentration of
1.75 mmol/L copper in the culture medium. The indicated
bactericidal properties of copper can be used to hamper
the settlement of an implant material by bacteria. It is,
however, important to take into consideration the sensitivity
to concentration displayed by copper’s functional effects. It
was found that copper acts as an antibacterial agent above
concentrations of 0.5 mmol/L®" and an osteoinductive
one in the range of 0.05-0.3 mmol/L copper™”. Therefore,
it is suggested to use implants which initially introduce
copper onto the surface at a high concentration to create
an antibacterial effect in the vicinity of the implant. The
stimulating effect on osteoblasts will prevail at a greater
distance from the implant surface and later on. Some
studies reported an additional advantage of depositing
copper: It has lower toxicity and higher cytocompatibility
compared to other antimicrobial metals. A relatively lower
concentration of silver or zinc could have strong toxicity to
the tissue cells; however, a relatively higher concentration
of copper still had no toxic effect on the cells®**”, Further,
copper represents an essential cofactor in collagen formation
through its fadilitation of the enzyme lysyl oxidase™". Recent
studies which introduced copper combined with hyaluronan
into elastin-vascular constructs were able to demonstrate
increased synthesis of lysyl oxidase and collagen as well
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as stimulated elastin-crosslinking™!. Various studies
have shown the proliferation of human mesenchymal
stem cells to be stimulated by copper ions; this makes
the incorporation of copper into implant surfaces an
interesting approach for tissue engineering in regenerative
medicine®**>%51%5371 " In the study presented here we
could show that TiCuN coating on TPS-optimized titanium
combines a rough TPS surface with the antibacterial
function of copper ions while maintaining the excellent
properties required for good osteoblast cell growth. Our
data were acquired by in vitro experiments, investigating
processes within the first 48 h of material cell contact
with osteoblast-like MG-63 cells. In future research, data
will be verified by in vitro analyses after longer periods of
time and with primary osteoblasts. In an animal study,
we will examine the in vivo acceptance of the TiCuN and
BONIT® coating on TPS-optimized titanium implants.
Patients’ first experiences provided in a clinical case report
indicated that TiCuN-coated implants can be suitable as
temporary spacers for two-stage septic joint revisions™".
In conclusion, the TiCuN coating is indicated as a suitable
method of reducing bacteria adhesion and promoting the
growth of osteoblasts on implants. The additional BONIT
® layer could be accomplished by another TiCuN coating
or usage of an antibiotic to preserve the antibacterial effect
and the osteoinductive influence.

In this study the antibacterial effect of TiCuN-coated,
TPS-optimized titanium was examined. We showed that
TiCuN has a strong ability to kill planktonic bacteria as
well as bacteria adhering as a biofilm, and after pre-
incubation we found low cytotoxicity. The antibacterial
role should inhibit the formation of bacterial bio-films
on orthopedic implants by influencing the “race for the
surface” to the advantage of the osteoblasts.
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Background

Titanium is one of the most common materials used for orthopedic implants.
Increasing the roughness of the implant surface improves bone-to-implant
contact after implant placement and enhances the functional activity of bone
cells in contact with the biomaterial. Implant-associated infections remain one
of the most severe complications after joint replacement. Bacteria interact with
the surface of the material and after an initial reversible adhesion, a biofilm
is formed. Such biofilms enable bacteria to evade antibiotics and immune
responses.

Research frontiers
The problems associated with infected medical devices in orthopedic surgery
necessitate further research and the development of alternative treatment and
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prevention strategies, such as thin metal-ion based surfaces.

Innovations and breakthroughs

Some studies reported that copper represents a promising metal ion for
deposition applications because of its lower toxicity and higher cytocompatibility
compared to other antimicrobial metals. The authors investigated the properties
and effects of titanium-copper-nitride (TiCuN) films deposited by physical
vapor deposition. They studied the chemical composition and copper release
with respect to antibacterial properties and cell growth and the influence of an
additional osteoconductive coating with a BONIT® layer. The authors were able
to show that a TiCuN coating on TPS-optimized titanium combines the rough
TPS surface with the antibacterial function of copper ions, while maintaining the
excellent properties required for good osteoblast cell growth.

Applications

In conclusion, the TiCuN coating is an interesting agent to inhibit the formation
of bacterial bio-films on orthopedic implants by influencing the “race for the
surface” to the advantage of the osteoblasts.

Peer-review

This is a very interesting topic and very well-presented scientific research.
The study design is solid and meticulously and flawlessly conducted, the
results of this study can be very important to professionals who perform these
procedures.
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