Clin Orthop Relat Res (2017) 475:722-732
DOI 10.1007/s11999-016-4713-7

Clinical Orthopaedics
and Related Research’

APublication of The Association of Bone and Joint Surgeons®

@ CrossMark

SYMPOSIUM: 2015 MEETINGS OF THE MUSCULOSKELETAL TUMOR SOCIETY AND THE INTERNATIONAL SOCIETY OF LIMB SALVAGE

Antibacterial and Biocompatible Titanium-Copper Oxide Coating
May Be a Potential Strategy to Reduce Periprosthetic Infection:

An In Vitro Study

German A. Norambuena MD, Robin Patel MD, Melissa Karau MT,
Cody C. Wyles BS, Paul J. Jannetto PhD, Kevin E. Bennet BSChE, MBA,

Arlen D. Hanssen MD, Rafael J. Sierra MD

Published online: 4 February 2016
© The Association of Bone and Joint Surgeons® 2016

Abstract

Background Periprosthetic infections are devastating for
patients and more efficacious preventive strategies are
needed. Surface-modified implants using antibacterial
coatings represent an option to cope with this problem;
however, manufacturing limitations and cytotoxicity have
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curbed clinical translation. Among metals with antibacte-
rial properties, copper has shown superior in vitro
antibacterial performance while maintaining an accept-
able cytotoxicity profile. A thin film containing copper
could prevent early biofilm formation to limit peripros-
thetic infections. This pilot study presents the in vitro
antibacterial effect, cytotoxicity, and copper ion elution
pattern of a thin film of titanium-copper oxide (TiCuO).
Questions/purposes (1) Do titanium alloy (Ti6Al4V) discs
coated with a thin film of TiCuO reduce Staphylococcus
epidermidis biofilm and planktonic cell density compared
with uncoated discs? (2) Do Ti6Al4V discs coated with a thin
film of TiCuO affect normal human osteoblast viability
compared with untreated cells? (3) Is copperion concentration
generated by coated discs lower than previously published
copper ion concentrations that cause 50% toxicity in similar
human cell lines in vitro (TC50)?

Methods Ninety Ti6Al4V discs (12.5 mm diameter; 1.25
mm thick) were used in this study. Seventy-two Ti6Al4V
discs were coated with a thin film of either titanium oxide
(TiO) or TiCuO containing 20%, 40%, or 80% copper using
high-power impulse magnetron sputtering (HiPIMS). Eigh-
teen Ti6Al4V discs remained uncoated for control purposes.
We tested antibacterial properties of S epidermidis grown on
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discs in wells containing growth medium. After 24 hours,
planktonic bacteria as well as biofilms removed by sonica-
tion were quantitatively cultured. Annexin/Pi staining was
used to quantify in vitro normal human osteoblast cell via-
bility at 24 hours and Day 7, respectively. Copper elution was
measured at Days 1, 2, 3, 7, 14, and 28 using an inductively
coupled plasma mass spectrometer to analyze aliquots of
culture medium. Copper ion concentration achieved at 24
hours was compared with previously published TC50 for
gingival fibroblast, a phenotypically similar cell line with
available data regarding copper ion exposure.

Results  Discs coated with TiCuO 80% copper showed
greater biofilm and planktonic cell density reduction when
compared with other tested compositions (analysis of variance
[ANOVAJ; p < 0.001). Discs coated with TiCuO 80% copper
showed mean biofilm and planktonic cell density of 4.0 log;,
(SD =0.4) and 5.7 log; (SD = 0.2). Discs coated with TiCuO
80% showed a mean difference in biofilm and planktonic cell
density of 2.5 logig (95% confidence interval [CI], 1.9-3.1
logio. p < 0.001) and 1.2 (95% CI, 0.6-1.8; p < 0.001),
respectively, when compared with uncoated discs. Normal
human osteoblast viability did not differ among all groups at 24
hours (ANOVA; p =0.2) and Day 7 (ANOVA; p =0.7). Discs
coated with TiCuO 80% copper showed a mean difference
(95% CI) in relative cell viability (%) at 24 hours and Day 7 of
31.1(95% CI, —19.4 t0 81.7; p=0.4) and —5.0 (95% CI, —7.8
to 17.9; p = 0.9), respectively, when compared with untreated
cells. For all TiCuO-coated discs, copper ion elution peaked at
24 hours and slowly decreased in a curvilinear fashion to nearly
undetectable levels by Day 28. Discs coated with TiCuO 80%
copper showed mean copper ion concentration at 24 hours of
269.4 pmol/L (SD = 25.2 pmol/L) and this concentration was
lower than previously published TC50 for similar human cell
lines at 24 hours (344 pmol/L, SEM = 44 pmol/L).
Conclusions This pilot study demonstrates a proof of
concept that a thin-film implant coating with TiCuO can
provide a potent local antibacterial environment while
remaining relatively nontoxic to a human osteoblast cell
line. Further research in an animal model will be necessary
to establish efficacy and safety of this technique and
whether it might be useful in the design of implants.
Clinical Relevance A thin film coating with TiCuO
demonstrates high antibacterial activity and low cellular
cytotoxicity to human osteoblasts in vitro. Taken together,
these properties represent a potential strategy for prevent-
ing periprosthetic infection if further work in animal
models can confirm these results in vivo.

Introduction

Biofilm-forming bacteria are considered the major cause of
periprosthetic infections [32]. Biofilms are created when

bacteria adhere to surfaces and secrete an extracellular
polymeric matrix. Bacterial adhesion is the first and most
important step in this process. Once bacteria establish a
biofilm, protection is conferred from both the host immune
system and antibiotic therapy, perpetuating the infection
[29]. Thus, human host immune cells compete with
microorganisms for the implant surface in the so-called
“race for the surface” [12]. Staphylococcus epidermidis is
recognized as a leading nosocomial pathogen. This
microorganism has a strong ability to establish adherent
biofilms on artificial surfaces such as central venous
catheters, artificial heart valves, and prosthetic joints [36].

Periprosthetic infections are devastating to patients.
These infections occur after 0.4% to 2.2% primary THAs
and TKAs [24, 25, 46]. For patients undergoing tumor
megaprosthetic implantation, the risk is greater, estimated
at 4% to 45% [28]. This complication harms patients and
strains healthcare systems around the world [7, 17]. In
addition, current treatment for periprosthetic infection such
as implant extraction, meticulous débridement, antibiotic-
loaded cement, and high-dose systemic antibiotic admin-
istration adds certain morbidity and can often result in side
effects without assuring cure [37].

Several attempts have been made to add antibacterial
properties to orthopaedic devices by coating them with
metal particles, antibiotics, or antibacterial solutions.
Clinical translation has been limited by cytotoxicity con-
cerns, poor adhesive properties, and lack of homogeneity
and complexity of coating methods [1, 39, 48]. Silver-
coated megaprostheses are currently available in Europe
for clinical use in tumor surgery. Infection reduction has
been modest with this approach and argyria, a bluish skin
decoloration caused by abnormal silver compound depos-
its, has been reported in up to 20% of patients [9, 15, 23,
45].

The U.S. Environmental Protection Agency has approved
over 300 copper alloys as antimicrobial touch surfaces [11]
and its public health benefit has been supported by a multi-
center study that showed patients treated in intensive care
units with copper alloy surfaces had a significantly lower
incidence of hospital-acquired infections and/or coloniza-
tion with methicillin-resistant Staphylococcus aureus or
vancomycin-resistant enterococci than did patients treated in
standard rooms [33]. Regarding the use of implants con-
taining copper, practically all clinical experience comes
from the use of intrauterine contraceptive devices made of
copper [21]. Copper is essential for several cellular enzy-
matic reactions and plays an important role in hydrogen
peroxide (H,O,) and highly toxic hydroxyl radical (¢OH)
generation within phagocytes [2, 14, 30, 34]. This makes
copper an interesting material for coating metal implants as a
way to prevent periprosthetic infection, especially when
considering that copper ions have been shown to have
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superior antibacterial performance while maintaining bio-
compatibility in vitro compared with silver, zinc, cobalt,
aluminum, and mercury ions [16]. This pilot study explores
the value of a thin film of titanium-copper oxide (TiCuO) by
describing its antibacterial effect, cytotoxicity, and copper
ion elution pattern in vitro.

We asked the following questions: (1) Do titanium alloy
(Ti6Al14V) discs coated with a thin film of TiCuO reduce S
epidermidis biofilm and planktonic cell density compared
with uncoated discs? (2) Do Ti6Al4V discs coated with a
thin film of TiCuO affect normal human osteoblast via-
bility compared with untreated cells? (3) Is copper ion
concentration generated by coated discs lower than previ-
ously published copper ion concentrations that cause 50%
toxicity in similar human cell lines in vitro (TC50)?

Materials and Methods
Materials and Coating

Ti6Al4V discs (12.5 mm diameter x 1.23 mm thick) were
waterjet cut from Ti6Al4V sheets (Vincent Metals, Min-
neapolis, MN, USA). A total of 90 Ti6Al4V discs were
manually polished and used in this study. Seventy-two discs
were sent to Southwest Research Institute, San Antonio, TX,
USA, for coating and 18 discs were left uncoated for control
purposes. TiCuO films were deposited in a closed-field
unbalanced magnetron sputtering system by reactive sput-
tering titanium and copper in an argon/oxygen atmosphere
(Fig. 1). During the coating process, the substrate holder was
rotating constantly in the system at a rotational speed of six
revolutions per minute. Titanium targets were powered by a
high-power impulse magnetron sputtering (HiPIMS
Cyprium™ plasma generator; Zpulser™, Mansfield, MA,
USA) and the copper target was powered by pulsed dc
magnetron sputtering (Pinnacle plus; Advanced Energy, Fort
Collins, CO, USA). Ti6Al4V discs were coated with various
ratios of TiO or TiCuO containing 20%, 40%, and 80%
copper. The thickness of the film was 450 nm for all coated
discs (Fig. 2). Coated discs were randomly analyzed with
energy-dispersive x-ray spectroscopy to ensure the films
were loaded with the targeted proportion of copper. Coated
discs were returned to our institution for further testing.
Uncoated and TiO-coated discs were defined as negative
controls because we were not expecting an antibacterial
effect against S epidermidis. TiCuO-coated discs containing
20%, 40%, and 80% copper, respectively, were defined as
experimental discs. All discs underwent flash steam cycle
sterilization at 132°C for 3 minutes at 27 to 28 pounds
(Getinge Model 433HC, Gothenburg, Sweden) before the
experiments. This pilot study combines three experiments
testing the following properties of a thin film containing
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Fig. 1 This schematic drawing shows the characteristics of the
closed-field unbalanced magnetron sputtering system used for TiCuO
coating depositions. This deposition system is a cubic chamber (30
inches x 30 inches x 30 inches) that contains two unbalanced
magnetrons of reversed magnetic polarities installed vertically to
form a closed magnetic field. The substrates were ultrasonically
cleaned in acetone and ethyl alcohol for 10 minutes each. After
cleaning, the substrates were installed in the deposition chamber on a
double-rotation holder. Before all film depositions, a base negative
pressure in the deposition system was achieved. The titanium target
was powered by HiPIMS (HiPIMS Cyprium™ plasma generator;
Zpulser Inc) and the copper target was powered by pulsed dc
magnetron sputtering (Pinnacle plus; Advanced Energy Inc). Argon
and oxygen gas flows were introduced into the system through ports
in the side of the chamber. The chamber was baked to release
adsorbed water and gasses at 120°C.

copper: antibacterial activity, cell viability, and elution
patterns. We tested five conditions: uncoated discs
(Ti6Al4V) and coated discs with TiO, TiCuO 20%, TiCuO
40%, and TiCuO 80% copper. For the antibacterial investi-
gation, we tested all conditions at 24 hours in triplicate (three
discs per condition) and we repeated the experiment three
times to assess consistency. For cell viability analysis, we
tested all conditions at Days 1 and 7 in triplicate and we did
not repeat the experiment. For elution pattern assessment, we
tested all conditions at Days 1,2, 3,7, 14, and 28 in triplicate.
Discs were not changed through time and we did not repeat
the experiment.

Antibacterial Activity

Using a previously described method [13, 16], discs were
submerged in separate wells containing 2 mL. Roswell Park
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Fig. 2A-B The homogeneity of the thin film was confirmed by scanning electron microscopy. The photographs show axial cut and lateral views
of TiCuO film containing 40% (A) and 80% (B) of copper. Black arrows define the thickness of the coating.

Memorial Institute culture media and 10% fetal calf serum
containing 10° colony-forming units per milliliter (CFU/
mL) of S epidermidis (IDRL 6061) isolated from a
periprosthetic hip infection. After 24 hours at 37°C on an
orbital shaker, discs were removed from the wells, dipped
into sterile saline to remove planktonic cells, placed into 1
mL sterile saline, vortexed, sonicated, and revortexed. The
sonicate fluid was quantitatively cultured and the bacterial
load was reported as log;o CFU/mL. In addition, 1 mL of
the planktonic cells from each well was collected, the
copper ions neutralized with 1 mL of 1.0 g/L sodium
thioglycolate and 1.5 g/L sodium thiosulfate, and the
solution quantitatively cultured. Bacterial load was
reported as log;y CFU/mL. Visual assessment of the
amount of biofilm and sonicated fluid was recorded.

Normal Human Osteoblast Viability

Normal human osteoblast cell lines (Lonza, Allendale, NJ,
USA) were used for cell viability experiments. Cells were
separately seeded in 12-well plates (Corning, Tewksbury,
MA, USA) at a concentration of 3 x 10% cells per well.
Osteoblast Growth Medium (Lonza), a cell culture medium
optimized for osteoid cell lineages, was used as the primary
culture medium for normal human osteoblasts. Once cells
reached 90% confluence, a Netwell® insert (Corning) was
placed in each well to suspend the discs in 2 mL culture
medium above the cells (Fig. 3A-B). To simulate normal
extracellular fluid turnover, we changed cell medium every
24 hours. Annexin/PI staining was used to determine not
only cell death, but also apoptosis at 24 hours and Day 7 of
cell exposure. Untreated normal human osteoblast cells
were considered the control group.

Elution Pattern and Toxic Concentration of Copper Ions

Copper release rates were measured using an inductively
coupled plasma mass spectrometer in dynamic reaction cell
mode [4]. The uncoated and coated discs were placed in 2 mL
Osteoblast Growth Medium (OGM; Lonza) at 37°C in a
humidified atmosphere with 5% CO,. The copper concen-
tration in isolated OGM was measured at Days 1, 2, 3, and 7
for control discs and at Days 1, 2, 3, 4,7, 14, and 28 days for
experimental discs. Medium was changed every 24 hours to
simulate physiologic fluid turnover. Different in vitro studies
have defined copper ion concentrations that produce 50% of
cell population toxicity (TC50) or death (LD50). These
concentrations depend mainly on the cell line exposed to
copper ions. For gingival fibroblast populations, TC50 at 24
hours has been calculated to be 344 umol/L (SEM 44 pumol/
L) [20]. For neurons and hepatic cells, LD50 range from 17 to
750 umol/L [35, 42]. In our case, we did not look for TC50 or
LD50 of normal human osteoblast expose to copper ions;
instead, we exposed cells to TiCuO-coated discs containing
different amounts of copper that eluted copper ions. There-
fore, we use previously published TC50 for gingival
fibroblast, a phenotypically similar human cell line, to
compare our results.

Statistical Analysis

All data are presented using summary statistics, including
means and SDs for all continuous data. The primary out-
comes included biofilm and planktonic cell density
(expressed on a logjy scale), relative normal human
osteoblast viability (reported as a percentage of untreated
cell viability), and copper ion concentration (reported as
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Fig. 3A-B (A) Normal human osteoblast cells (Lonza) were sepa-
rately seeded in 12-well plates (Corning) at a concentration of 3 x 10*
cells per well. OGM medium (Lonza), a cell culture medium
optimized for osteoid cell lineages, was used to feed the cells. Once
cells reached 90% confluence, a Netwell® insert (Corning) was
placed in each well to suspend the discs and avoid direct contact with
the cells (black arrow). Two milliliters of culture medium were
needed to completely cover the discs. To simulate normal extracel-
lular fluid turnover, cell medium was exchanged every 24 hours. (B)
Side view of 12-well plates (Corning). Black arrow is pointing how
the cells are separated from the discs.

pmol/L). Separate analyses were conducted for each out-
come. Comparisons of the outcomes among the five
conditions (described previously) were performed using
analysis of variance (ANOVA). When the overall F test
was found to be significant, further analysis was conducted
using an appropriate multiple comparisons procedure (such
as the Ryan-Einot-Gabriel-Welch test) to control the
overall experimentwise Type I error rate. To evaluate the
effect of the experimental conditions on the release of
copper ions over time, a two-factor ANOVA with repeated
measures on one factor (time) was used. However, because
a significant interaction between time and copper concen-
tration was observed, separate one-factor models were
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generated to compare the concentration levels separately at
each time point. All statistical tests were two-sided, and p
values < 0.05 were considered significant. All analysis was
conducted using SAS Version 9.3 (SAS Institute Inc, Cary,
NC, USA).

Results
Antibacterial Activity

Discs coated with TiCuO 80% copper showed biofilm and
planktonic cell density reduction when compared with
other tested compositions. Mean (SD) biofilm cell density
(logyo CFU/mL) at 24 hours was 6.5 (£ 0.7) for Ti6Al4V,
6.2 (£ 0.4) for TiO, 6.0 (£ 0.7) for TiCuO 20% copper, 5.4
(£ 0.7) for TiCuO 40% copper, and 4.0 (£ 0.4) for TiCuO
80% copper. Mean planktonic cell density (log;o CFU/mL)
at 24 hours was 6.9 (+ 0.4) for Ti6Al4V, 6.9 (& 0.5) for
TiO, 7.1 (£ 0.5) for TiCuO 20% copper, 6.3 (£ 0.6) for
TiCuO 40% copper, and 5.7 (£ 0.2) for TiCuO 80% copper
(Fig. 4A-B). Mean difference (95% confidence interval
[CI]) in biofilm cell density (logl0 CFU/mL) when com-
paring uncoated discs with discs coated with TiO, TiCuO
20% copper, TiCuO 40% copper, and TiCuO 80% copper
was 0.3 (95% CI, —0.2t0 0.8; p = 0.4), 0.5 (95% CI, —0.01
to 1.1; p=0.1), 1.1 (95% CI, 0.5-1.7; p < 0.001), and 2.5
(95% (I, 1.9-3.1; p < 0.001). Mean difference (95% CI) in
planktonic cell density (logl0 CFU/mL) when comparing
uncoated disc with discs coated with TiO, TiCuO 20%
copper, TiCuO 40% copper, and TiCuO 80% copper was
—0.03 (95% CI, —0.5 t0 0.5; p=0.9), —0.2 (95% CI, —0.4
to 0.8; p = 0.08), 0.6 (95% CI, —0.01 to 1.1; p = 0.06), and
1.2 (95% CI, 0.6-1.8; p < 0.001). Further statistical anal-
ysis showed that mean biofilm and planktonic cell density
of uncoated discs, discs coated with TiO, and TiCuO 20%
copper were not different from each other. As the copper
concentration increased, the amount of biofilm after rinsing
became more scant or absent. Visual assessment of
planktonic fluid and biofilm sonicate fluid was considerably
less turbid when discs coated with TiCuO containing 80%
copper were compared with uncoated discs (Fig. 5).

Normal Human Osteoblast Viability

Despite the fact that multiple comparison analysis failed to
show differences in cell viability among the groups at 24
hours (p = 0.2) and Day 7 (p = 0.7), discs coated with
TiCuO 80% copper considerably affected normal human
osteoblast viability at 24 hours. Mean (SD) relative cell
viability (%) at 24 hours was 100.3 (£ 2.0) for Ti6Al4V,
100.1 (£ 7.2) for TiO, 108.5 (£ 2.1) for TiCuO 20%
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Fig. 4A-B These graphs show biofilm (A) and planktonic (B) mean
cell density after 24 hours of exposure. Using ANOVA, overall
differences among groups were significantly different (p < 0.05);
however, only discs coated with TiCuO 80% copper and TiCuO 40%
copper demonstrated statistical significance after multiple group
comparison analysis (p < 0.05). Discs coated with TiCuO 80% copper
achieved 2.5 log;o and 1.2 log;( reduction in biofilm and planktonic
cell density compared with uncoated discs (p < 0.001).

copper, 92.7 (& 28.4) for TiCuO 40% copper, and 68.9 (£
34.2) for TiCuO 80% copper. Mean (SD) relative cell
viability at Day 7 was 101.4 (£ 2.7) for Ti6Al4V, 99.1 (=
1.7) for TiO, 102.4 (£ 2.1) for TiCuO 20% copper, 102.7
(£ 0.1) for TiCuO 40% copper, and 105.0 (+ 3.6) for
TiCuO 80% copper. We included one possible outlier in
the analysis of discs coated with TiCuO 40% copper (re-
sults in triplicates = 109.0, 109.1, 59.9) and one possible
outlier in the analysis of discs coated with TiCuO 80%
copper (results in triplicates = 89.9, 29.4, 87.4) (Fig. 6A—
B). Mean difference (95% CI) in relative cell viability (%)
at 24 hours when comparing untreated cells with cells
exposed to uncoated discs, discs coated with TiO, TiCuO
20% copper, TiCuO 40% copper, and TiCuO 80% copper
was —3.26 (95% CI, —47.3 to 53.8; p = 0.9), —0.1 (95%
CI, —50.5 to0 50.6; p=0.9), —8.5 (95% CI, —42.0 to 59.1; p
=0.9),7.3 (95% CI, —43.2t0 57.9; p=0.9), and 31.1 (95%

Fig. SA-F Marked biofilm was present on the top side of uncoated
discs (A) compared with scant biofilm seen on discs coated with
TiCuO 80% copper (B) after 24 hours. The planktonic fluid from
surrounding the uncoated discs was turbid (C) compared with a fairly
clear fluid from the wells containing discs coated with TiCuO 80%
copper (D). After rinsing, the biofilm was markedly less adherent and
easily rinsed off the experimental discs compared with uncoated
discs. As the copper concentration increased, the amount of film after
rinsing was scant or absent. Marked biofilm was still present on the
top side of uncoated discs after rinsing (E) compared with a clear
surface of on the top side of discs coated with TiCuO 80% copper (F).
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Fig. 6A-B These graphs compare mean and SD of relative cell
viability of normal human osteoblasts (Normal human osteoblast) at
24 hours (A) and Day 7 (B) after of exposure using annexin/PI
staining.

CI, —19.4 to 81.7; p = 0.4). Mean difference (95% CI) in
relative cell viability (%) at Day 7 when comparing un-
treated cells with cells exposed to uncoated discs, discs
coated with TiO, TiCuO 20% copper, TiCuO 40% copper,
and TiCuO 80% copper was —1.4 (95% CI, —11.4 to 14.2;
p=0.9), 1.0 (95% CI, =119 to 13.8; p = 0.9), —2.4 (95%
CI, —10.5t0 15.2; p=0.9), —2.7 (95% CI, —10.1 to 15.6; p
< 0.9), and —5.0 (95% CI, —7.8 to 17.9; p = 0.9).

Elution Pattern and Toxic Concentration of Copper Ions

Copper ion concentration that achieved the greatest
antibacterial activity at 24 hours was generated by discs
coated with TiCuO 80% copper. This concentration was
lower than previously described TC50 of copper ions for
gingival fibroblasts [20]. Uncoated and TiO-coated discs
showed insignificant traces of copper ions in the super-
natant over the first 7 days of measurement. All
experimental discs had a peak concentration of copper ions
at 24 hours with a subsequent curvilinear decrease over
time (Fig. 7). Mean (SD) copper ion concentration at 24
hours for discs coated with TiO, TiCuO 20%, 40%, and
80% copper was 1.3 (£ 0.9), 11.2 pmol/L (£ 2.8), 50.8
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Fig. 7 This graph shows the kinetics of copper elution from uncoated
discs, TiO-coated discs, and TiCuO-coated discs containing 20%
40%, and 80% copper.

pmol/L (£ 12.9), and 269.4 pmol/L (£ 25.2 pmol/L),
respectively. Mean copper ion concentration at Day 28 for
discs coated with TiCuO 20%, 40%, and 80% copper was
0.7 pmol/L (SD = 0.3), 2.7 umol/L (SD = 1.6), and 21.1
pmol/L (SD = 2.3 pumol/L), respectively. Copper ion con-
centration between each composition was different from
each other when compared by separate day (two-way
repeated-measures ANOVA p < 0.001) (Table 1).

A summary of the antibacterial, cell viability, and elu-
tion results of the different coating compositions studied
helps to understand how copper content and copper ion
concentration are related with better antibacterial effect but
increased cytotoxicity, at least at 24 hours (Table 2).

Discussion

Many orthopaedic societies consider infection prevention
one of the most critical issues to address over the next
decade [31]. Initiatives to minimize bacterial colonization
at the time of insertion have been studied in the past with
slow permeation in the clinical setting [1, 39, 48]. Several
preclinical and clinical studies support the use of copper
alloy touch surfaces to reduce the burden of bacteria in
healthcare settings [10, 11, 33], but few studies support the
use of copper implants to reduce periprosthetic infections
[6, 18, 27, 41]. The ideal antibacterial coating should be
biocompatible, thin, dense, and firm with precise decay of
the active material. Furthermore, it should display high
activity (release) over the first 24 hours and dissipate once
the “race for the surface” has been safeguarded. The
coating process should not cause physical property changes
in the implant and coating homogeneity should be inde-
pendent of implant shape. Finally, the associated cost with
coating should account for a small percentage of total
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Table 1. Analysis of copper concentration separate by day

Day Coating Mean (SD) p value Pairwise comparisons
composition pmol/L
1 Uncoated Ti6Al4V 0.5 (0.1) < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%, TiO, uncoated Ti6A14V
TiO 1.2 (0.9) TiCuO 40% > TiCuO 20%, TiO, uncoated Ti6Al4V
TiCuO 20% 11.2 (2.8)
TiCuO 40% 50.8 (12.9)
TiCuO 80% 269.4 (25.2)
2 Uncoated Ti6Al4V 0.3 (0.1) < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%, TiO, uncoated Ti6Al4V
TiO 1.0 (0.7)
TiCuO 20% 2.8 (0.7)
TiCuO 40% 34.0 (14.5)
TiCuO 80% 200.8 (50.8)
3 Uncoated Ti6Al4V 0.3 (0.04) < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%, TiO, uncoated Ti6Al4V
TiO 0.6 (0.3)
TiCuO 20% 1.6 (0.4)
TiCuO 40% 26.9 (11.3)
TiCuO 80% 143.2 (36.5)
7 Uncoated Ti6Al4V 0.3 (0.04) < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%
TiO 0.4 (0.2)
TiCuO 20% 2.2 (2.6)
TiCuO 40% 21.2 (1.3)
TiCuO 80% 83.9 (20.3)
14 Uncoated Ti6Al4V N/A < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%
TiO N/A
TiCuO 20% 1.0 (0.2)
TiCuO 40% 12.6 (3.9)
TiCuO 80% 61.5 (13.0)
28 Uncoated Ti6Al4V N/A < 0.001 TiCuO 80% > TiCuO 40%, TiCuO 20%
TiO N/A
TiCuO 20% 0.73 (0.34)
TiCuO 40% 2.68 (1.56)
TiCuO 80% 20.78 (3.23)

Ti6Al4V = titanium alloy; TiO = titanium oxide; TiCuO 20% = discs coated with titanium copper oxide containing 20% copper; TiCuO 40% =
discs coated with titanium copper oxide containing 40% copper; TiCuO 80% = discs coated with titanium copper oxide containing 80% copper;
N/A= composition was not tested.

Table 2. Summary of antibacterial, cell viability, and elution characteristics of different coating compositions at 24 hours

Composition Mean (95% CI; p value) biofilm Mean (95% CI; p value) planktonic Mean (SD) relative normal Mean (SD) copper ion

cell density reduction expressed  cell density reduction expressed in human osteoblast viability elution expressed
in log;o logio expressed (%) (pmol/L)
TiO 0.3 (—0.2t0 0.8, p=0.4) —0.03 (=0.5to 0.5; p = 0.9) 100.1 (£ 7.2) 1.3 (£ 0.9)
TiCuO 20% 0.5 (—=0.01 to 1.1; p = 0.1) —0.2(—0.4 t0 0.8; p = 0.08) 108.5 (£ 2.1) 11.2 (£ 2.8)
TiCuO 40% 1.1 (0.5-1.7; p < 0.001) 0.6 (—0.01 to 1.1; p = 0.06) 92.7 (£ 28.4) 50.8 (£ 12.9)
TiCuO 80% 2.5 (1.9-3.1; p < 0.001) 1.2 (0.6-1.8; p < 0.001) 68.8 (+ 34.2) 269.4 (£ 25.2)

CI = confident interval; TiO = titanium-oxide; TiCuO 20% = discs coated with titanium-copper-oxide containing 20% copper; TiCuO 40% =
discs coated with titanium-copper-oxide containing 40% copper; TiCuO 80% = discs coated with titanium-copper-oxide containing 80% copper.
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implant cost. Our aim was to describe the antibacterial, cell
viability, and elution characteristics of a thin film generated
by HiPIMS in the presence of oxygen with different ratios
of titanium and copper as a proof-of-concept investigation
for use as a strategy to reduce periprosthetic infection.

This study has several limitations. First, in vitro results
may not fully recapitulate in vivo performance of copper-
coated implants. In this regard, extracellular fluid volumes
that surround an implant in vivo greatly differ from the 2
mL fixed volume used in our study to fully submerge the
discs in media. Also, complex extracellular fluid turnover
in vivo greatly differs from our fixed change of media
every 24 hours. Second, there are many ways to engineer
the surface of a metal to elute antibacterial copper ions. In
this regard, we chose titanium copper oxide coating
because while copper ions are eluting, titanium oxide
theoretically provided corrosion resistance to the substrate
[3]. However, there are many other coatings containing
copper that could have similar or potentially even better
performance (eg, titanium-copper, copper-nickel, titanium-
coper-nitride, titanium-silver-copper) [5, 6, 18, 22, 41, 44].
Also, we chose HiPIMS, a physical vapor deposition
method, for coating because it enables deposition of dense,
firm, and thin films. However, other advanced methods of
coating could have alternative performance (eg, chemical
vapor deposition, pulsed laser deposition, and hybrid
deposition processes) [26]. Third, although S epidermidis is
the most common bacteria involved in periprosthetic
infections, there are many other microorganisms that par-
ticipate in this pathophysiology that remain untested.
Additional experiments are needed to determine if these
results translate to other microbes of importance in ortho-
paedics. Lastly, copper is an essential mineral, but
excessive copper is toxic. We compared copper ion con-
centrations generated by discs coated with TiCuO with a
previously published TC50 for a similar cell line. There-
fore, we cannot assume identical results for normal human
osteoblasts. Also, a significant portion of copper toxicity
derives from the ability of copper to accept and donate
single electrons because it changes oxidation state, which
damages DNA and potentially contributes to genotoxicity
[19]. We did not test for genotoxicity and this analysis will
be mandatory in subsequent animal model testing.

In our study, discs coated with TiCuO 80% copper
showed antibacterial activity and greater reduction in bio-
film and planktonic cell density. We recorded 2.5 log;o
mean reduction in biofilm formation at 24 hours with discs
coated with TiCuO 80% copper. Although a small amount
of biofilm was still present on the top side of discs coated
with TiCuO 80% copper, the biofilm was markedly less
adherent compared with Ti6Al4V discs. Upon rinsing, the
majority of the biofilm was removed and no longer visible.
Hoene et al. [18] presented antibacterial and adverse tissue
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effects of TiAl6V4 plates coated with titanium-copper
using galvanic deposition in vitro. After 24 hours no
planktonic or adherent S aureus was found in contrast to
the uncoated plates on which 1.05 x 10° CFU/mL of
planktonic bacteria was detected in the incubation fluids
and 2.45 x 10° CFU/mL adherent bacteria in the rinsed
fluids. Stranak et al. [41] presented the antibacterial profile
of titanium-copper (Ti-Cu) thin film deposited using dif-
ferent plasma-assisted magnetron sputtering methods. They
obtained similar antibacteria effect against S epidermidis
compared with our results. They also found an initial
cytotoxic effect followed by the growth of osteoblastic
cells (MG-63 cell line). Recently, a case report described
the use of a bipolar prosthesis coated with titanium-copper-
nitride (TiCuN) as a transient spacer for a two-stage septic
total hip revision. The patient received 2 weeks of intra-
venous antibiotics and 2 weeks of oral antibiotics. At 6
weeks, an outpatient miniincision biopsy showed no signs
of a persisting infection. At 8 weeks, the patient underwent
second-stage total hip revision. Culture from the spacer
sonication fluid failed to show microorganism growth [6].

Although statistical analysis showed no difference in
cell viability among groups at 24 hours and Day 7 of
exposure, discs coated with TiCuO 80% copper showed an
expected slightly larger drop in relative cell viability (31%)
compared with untreated cells, which correlates with a
higher concentration of copper at 24 hours. This last result
was highly influenced by a one-data-point possible outlier.
At Day 7 minimal variance in relative cell viability among
groups was also identified (Fig. 6A-B). A recent study
showed less than 20% cytotoxicity when mouse macro-
phages were exposed to 250 umol/L copper ions, whereas
CuO nanoparticles showed 20% cytotoxicity at concen-
trations of 125 pmol/L when compared with untreated cells
[43]. Another study, using human hepatic liver carcinoma
cell lines (HepG2), showed that a concentration of 200
pmol/L for 24 and 48 hours caused 10% and 25% cyto-
toxicity when compared with untreated cells [38]. Hoene
et al. [18] presented the results after intramuscular
implantation of two Ti and two Ti-Cu plates into nine rats.
Serum copper was elevated until 48 hours and tissue
macrophages around implants increased until 72 hours with
moderately increased local inflammatory response. In a
previously described case report using a bipolar prosthesis
coated with titanium copper nitride (TiCuN) as a transient
spacer for a two-stage septic total hip revision, patient
postoperative serum copper levels at Day 1, Week 1, and
Week 6 were all within physiologic range [6]. Copper is an
essential trace element with antibacterial properties known
since antiquity. Total body copper in adults is approxi-
mately 80 mg; the acceptable range of daily intake is 1.3 to
8.0 mg/day [30, 47]. Medical devices containing copper
have been used in humans for several decades. Perhaps the
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most easily recognized is the contraceptive intrauterine
device, TCu380A, which has been used for more than 40
years with no reports of copper toxicity [21]. Beyond
people with Wilson’s disease, which is a genetic deficiency
of ceruloplasmin, there is little evidence to indicate that
chronic human exposure to copper results in systemic
effects other than liver injury [2]. Although copper is a
very weak sensitizer as compared with other metals, it will
be necessary to monitor the integrity of periprosthetic soft
tissues in the wake of increasing adverse metal reactions to
cobalt and chrome implants or other metals such as silver
[8].

Copper ion concentration of discs coated with TiCuO
80% copper slightly surpassed 250 pmol/L at 24 hours,
decreased to approximately 200 umol/L at 48 hours, and
reached normal physiologic serum levels of copper level at
Day 28. Therefore, after a few weeks of copper ion elution,
the implant should become copper-free, avoiding potential
long-term copper toxicity. Copper ion concentration that
has been documented to cause 50% human cell death
within 48 hours in vitro ranges from 178 pmol/L to 750
pmol/L depending on cell type [35, 38, 40, 42]. Among cell
lines with similar phenotypes to osteoblasts, human gin-
gival fibroblasts had a TC50 of 344 umol/L [20]. Although
concentration of discs coated with TiCuO 80% copper was
below the TCS50 for gingival fibroblasts, we cannot con-
clude copper ion concentration achieved by TCuO would
not be toxic for normal human osteoblasts. However, our
results were below the previously published threshold and
furthermore rapidly tapered off from the peak values.
Using the parameters determined in this study, a hypo-
thetical 400 mm x 12-mm femoral endomedullary rod
implant coated with 450 nm TiCuO containing 80% copper
would release nearly 1000 pg of copper during the first day,
which is far below the daily intake of 2000 to 3000 pg
copper recommended by the World Health Organization
[47].

In summary, periprosthetic infection is one of the most
devastating complications in orthopaedics, thus necessi-
tating a new generation of implants capable of intrinsic
protection from biofilm-forming bacteria. Dense TiCuO
coating generated by HiPIMS has shown auspicious
antibacterial activity and biocompatibility in vitro; how-
ever, validation with an in vivo animal model will be
mandatory to further establish the potential of copper-
coated implants in humans. As such, this technology may
serve as a novel approach for addressing periprosthetic
infection. This has particular relevance for tumor prosthe-
ses in which infection is a major concern.
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