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Abstract Implant infections remain feared and severe
complications after total joint arthroplasty. The incidence
of multi-resistant pathogens, causing such infections, is
rising continuously, and orthopaedic surgeons are con-
fronted with an ever-changing resistance pattern. Anti-
infectious surface coatings aim for a high local effective
concentration and a low systemic toxicity at the same time.
Antibacterial efficacy and biomechanical stability of a
novel broad-spectrum anti-infectious coating is assessed in
the present study. Antibacterial efficacy of a sol-gel
derived titanium dioxide (TiO,) coating for metal implants
with and without integrated copper ions as antibiotic agent
was assessed against methicillin resistant Staphylococcus
aureus (MRSA 27065). Both bacterial surface adhesion
and growth of planktonic bacteria were assessed with bare
and various TiO,-coated Ti6Al4V metal discs. Further-
more, bonding strength of the TiO, surface coating, using
standard testing procedures, as well as surface roughness
were determined. We found a significant reduction of the
bacterial growth rate for the coatings with integrated cop-
per ions, with highest reduction rates observed for a four-
fold copper TiO,-coating. Pure TiO, without integrated
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copper ions did not reduce bacterial growth compared to
uncoated Ti6Al4V. The coating was not detached from the
substrate by standard adhesive failure testing, which indi-
cated an excellent durability of the implant coating. The
TiO, coating with integrated copper ions could offer a new
strategy for preventing implant-associated infections, with
antibacterial properties not only against the most common
bacteria causing implant infections but also against multi-
resistant strains such as MRSA.

1 Introduction

Ever since the introduction and clinical establishment of
total joint replacement, endoprostheses have helped to
improve the quality of life of thousands of patients. Now-
adays joint replacement is an indispensable component of
modern medicine. Especially total hip replacement (THR)
is considered to be one of the most successful performable
operations. Approximately 1,500,000 primary total hip
replacements and additionally about 820,000 primary total
knee replacements (TKR) are performed annually world-
wide. Despite aseptic operation conditions and periopera-
tive antibiotic prophylaxis, an implant infection remains a
feared complication after joint replacement. Infection rates
are reported to range between 0.5 and 2% after primary
THR [1, 2] and approximately 1% after primary TKR [2].
Implant associated infections occur even more often after
revision hip arthroplasty [3]. Furthermore, for the pros-
thetic reconstruction after the resection of bone tumours,
infection rates of up to 35% can be found in literature [4],
due to large implants and immunosuppression by adjuvant
radiotherapy and chemotherapy.

With the implantation of the biomaterial, a so-called
“race for the surface” between bacteria and host tissue
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cells begins, which is considered vital for the further fate of
the implant [5]. Microbial adhesion triggers a pathogenic
sequence and thus results in a resistance against host
defence mechanisms [6]. Surface-adherent bacteria may
then proliferate and form a bacterial biofilm, which acts as
a barrier inhibiting the penetration of bactericidal agents
(antibiotics and immune defence). In consequence, a for-
eign-body triggered infection may, in many cases, not be
cured without the removal of the infected device [1]. In
general, infections associated with biomaterials have huge
clinical and economic implications. The additional average
costs of an infected joint prosthesis, for both medical and
surgical treatment, are estimated to be US $30,000. In total,
roughly US $1.8 billion additional costs are caused by
infected joint prosthesis and fracture fixation devices per
year in the US [7].

The ability of biofilm formation is considered to be a
major factor that influences the pathogenicity of a number
of organisms. This especially accounts for staphylococci
[8]. Thus Staphylococcus aureus (S. aureus) and coagu-
lase-negative staphylococci are the most frequent patho-
gens isolated from infected joint prostheses [9]. Recently,
the implications of a changing pattern of bacterial infec-
tions following total joint replacement have been pub-
lished. A definitive increase of multiple-drug resistant
pathogens was hereby observed, with methicillin-resistant
Staphylococcus aureus (MRSA) being the most common.
Up to 46% of the positive cultures in revision hip surgery
as well as in revision knee surgery revealed MRSA as the
pathogen in single studies. All MRSA associated infections
finally showed chronic sepsis [10]. The problems associ-
ated with infected medical devices in orthopaedic surgery,
especially with resistant bacteria, thus display the necessity
of further research and development of alternative treat-
ment and prevention strategies, such as ion based
anti-bacterial surfaces [4, 11] as metal ions possess broad
biocidal properties [12].

The aim of the present in vitro study was to evaluate the
bactericidal effect of a titanium dioxide coating against
methicilin-resistant S. aureus as well as its mechanical
properties. The investigated coating has previously shown
both good cytocompatibility and effectiveness against
antibiotic susceptible micro-organisms [13].

2 Materials and methods

2.1 In vitro tests with MRSA 27065

The specimens used for the microbiological investigations were
small discs (diameter = 14.5 mm, thickness = 0.95 mm)

made of titanium alloy (Ti6Al4V), a standard implant
material. The discs were coated with a sol-gel derived
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titanium dioxide surface coating (TiO,). The following
modified TiO, coatings were applied:

— a single pure TiO,-coating,

— a single TiO,-coating with integrated copper ions
(1 x Cu-TiOy),

— a twofold TiO,-coating with integrated copper ions
(2 x Cu-TiOy),

— a threefold TiO,-coating with integrated copper ions
(3 x Cu-TiOy),

— and a fourfold TiO,-coating with integrated copper ions
(4 x Cu-TiOy).

The coatings were applied to the titanium discs in a dip-
coating procedure (dipping speed: 1.5 mm/s, immersion
time: 20 s) as previously described [13, 14]. Copper ions
were incorporated into the sol by cold saturation with
copper-(Il)-acetate monohydrate. After drying of the sol
film at room temperature, calcification was performed in a
furnace at 500°C in air. The multilayer-coated samples
were produced during a repetitive dip-coating procedure.
Hence, greater amounts of copper ions can be provided by
the multilayer-coated samples, i.e. during repetitive dip-
coating procedures.

Prior to the microbiological investigations, the samples
were disinfected under ultraviolet (UV) light (590 nm) for
2 h. MRSA 27065 isolated from a patient with an implant-
associated infection was used as the pathogen for the
microbiological tests. Bacterial colonization of the discs
was studied with an assay modified after Christensen et al.
[13, 15] with a focus put on microbial proliferation and
survival. According to Christensen et al. [15] we therefore
used low inocula and long incubation periods under
nutritive conditions. The microtiter plate method is hereby
described as expedient, inexpensive and reliable [15]. In
brief, uncoated and coated Ti6Al4V specimens (n = 6)
were immersed in 1 ml of growth medium (Gibco™ RPMI
1640 + 10% Gibco™ Fetal Calf Sera (FCS) Invitrogen,
New York, USA) containing 1.0 x 10° colony forming
units (cfu) of S. aureus MRSA 27065 and incubated at
37°C. After 24 h, 200 pl of the incubation fluid were
removed and supplemented with 200 pl of a neutralizing
solution [16] to stop any further bactericidal action of the
copper ions. Serial dilutions of the incubation fluid were
hence placed on Mueller—Hinton agar plates and incubated
at 37°C for 48 h. After 48 h, the cfu were quantified using
a direct counting method. The remaining 800 pl of the
incubation fluid were discarded and the metal discs care-
fully rinsed. Afterwards the colonized metal discs were
transferred to vials containing 10 ml of saline solution and
sonicated for 7 min (Sonorex RK255H, Bandelin Elec-
tronic, Berlin, Germany) to remove the adhering bacteria.
This method of sonication has been described as precise,
sensitive and with a wide applicability [15]. Furthermore
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Fig. 1 Test setup for the standard adhesive test

complete and reproducible detachment of bacteria has been
described for sonication [17]. Serial dilutions of each
sample were placed on Mueller—Hinton agar plates and the
cfu were again quantified via the direct counting method
after 48 h incubation.

Means and standard deviations were applied for the
obtained results and evaluated for statistical significance
using non-parametric methods (Kruskal-Wallis and Mann—
Whitney test) and the method of closed testing procedures
[18], with “P < 0.05” being considered significant.

2.2 Mechanical investigations

The adhesive strength of surface coatings can be deter-
mined by different methods. According to Fritsche et al.
[19] the arbor-bending tests, scratch-tests and standard
adhesive tests in conformity with DIN EN 582 (Fig. 1)
were carried out using titanium specimens with a 4 x Cu-
TiO, coating (n = 3). Using a surface measuring instru-
ment (Hommel Tester T8000, Hommel-Etamic GmbH,
Schwenningen, Germany) the surface roughness of the
specimens was recorded. In addition, a hydroxyapatite
(HA, Bonit®) coated titanium alloy (Ti6Al4V) was also
investigated, in order to be able to correlate the assessed
data for the 4 x Cu-TiO,-coating to a clinically approved
bioactive coating.

2.3 Kinetics of copper ion release from the surface

In order to determine the kinetics of the copper ion release
from the modified TiO,-coating, absorption spectroscopy
was carried out. Small discs, as used previously in the
microbiological investigations, were incubated in 1 ml of
growth medium (Gibco™ RPMI 1640 + 10% Gibco™

Fetal Calf Sera (FCS) Invitrogen, New York, USA) for
24 h. As for the microbiological investigations, we used
Ti6Al4V discs, as well as TiO,, 1 x Cu-TiO,, 2 x Cu-
TiO,, 3 x Cu-TiO, and 4 x Cu-TiO, coated discs to
obtain the copper ion release. Copper ion concentration in
mmol/l as well as the standard deviation were then
obtained and compared.

3 Results
3.1 Impact of copper ions on adhering bacteria

Pure TiO,-coating of the discs did not decrease the bac-
terial growth in comparison to the uncoated Ti6Al4V discs
(P = 0.937). The integration of copper ions however was
followed by a significant decrease of the bacterial growth
on the coated discs in comparison to the pure Ti6Al4V
discs (P = 0.002). The reduction of the adhering bacteria
was most distinct for the samples with the 4 x Cu-TiO,
coating causing a reduction of viable bacteria on the
samples by six logarithmic levels compared to the uncoated
metal discs (P = 0.002). The 4 x TiO, discs furthermore
exhibited a significantly stronger bactericidal effect than
1 x Cu-TiO, and 2 x Cu-TiO, discs (P = 0.002). The
observed reduction of the bacterial growth on the fourfold
coated discs (4 x TiO,) was more obvious in comparison
with the threefold coated discs (3 x Cu-TiO,), however
with the lack of statistical significance (P = 0.485)
(Fig. 2a).

3.2 Impact of released copper ions on planktonic
bacteria in the supernatant

As for the adhering bacteria, no reduction of the planktonic
bacteria was observed by the pure TiO,-coating in com-
parison to the uncoated Ti6Al4V discs (P = 0.485). The
integration of copper ions caused a highly significant
reduction of bacterial growth in the supernatant
(P = 0.002). Again, strongest reduction of bacterial
growth was observed for 4 x CuTiO,. The stronger bac-
tericidal effect of the fourfold-coated discs was highly
significant in comparison to the mono- and twofold-coated
discs (P = 0.002) and more pronounced, but not statisti-
cally significant compared to the threefold-coated discs
(P = 0.699) (Fig. 2b).

3.3 Mechanical properties
The arbor-bending-tests revealed neither cracks nor chip-
ping off from the substrate using the 4 x Cu-TiO, coating,

whereas the HA-coating showed clear cracks and coating
detachment in the sense of adhesive failure. Neither
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Fig. 2 a, b Growth of MRSA 27065 (Colony forming units in percent) on Cu-TiO,-coated and uncoated Ti6Al4V surfaces (a) and in the

supernatant growth medium (b) (RPMI 1640 + 10% FCS)

chipping nor coating penetration could be determined in
the scratch-test of the 4 x Cu-TiO,-coating for axial loads
less than 65 N (Fig. 3). The HA-coating also showed no
chipping, but the scratching pin penetrated the coating at a
load of 5 N (Fig. 3). The standard adhesive strength testing
of the 4 x Cu-TiO,-coating resulted in an average of
89.6 N/mm? (n = 3), and was ended due to failure of the
adhesive glue in all samples. Detachment of the TiO,-
coatings from the Ti6Al4V specimens was not achieved,

@ Springer

which indicates that solely the bonding strength of the
adhesive glue was overcome. The HA-coating however
revealed an average adhesive strength of 32.3 N/mm?”
(n = 3), which is less than the bonding strength of the
adhesive glue. Complete removal of the HA-coating from
the substrate was observed, indicating adhesive failure of
the coating.

A roughness (R,) of 14.3 and 9.6 pm was measured for
the uncoated und the 4 x Cu-TiO, coated specimens
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Fig. 3 Results of the scratch test at 100x magnification for the Cu-
TiO,-coating at 65 N (fop) and HA-coating at 5 N (bottom)

respectively. Because of the highly random build up of HA
crystals in the HA-coating, its surface roughness varies a
great deal and can therefore not be determined properly.

3.4 Kinetics of copper ion release from the surface

Copper ions measured within the growth medium of the
pure TiO, discs were similarly low as from the uncoated
Ti6Al4V discs. The integration of copper ions however
was followed by an observable increase of copper ions
within the growth medium. The measured copper concen-
tration was hereby following an almost linear increase from

0,5 e
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Fig. 4 Copper ion concentration (mmol/l) within the growth medium
(RPMI 1640 + 10% FCS) after 24 h of incubation

the 1 x Cu-TiO, via the 2 x and 3 x -Cu-TiO, to the
4 x Cu-TiO, coating (Fig. 4).

4 Discussion

Antibiotics and immune cells reach the implant surface
only by diffusion, since implants are not vascularized [20].
Many different attempts in order to modify the implant
surface, regarding a potential reduction of implant-associ-
ated infections have been put forward [21]. Despite many
promising approaches of surface alteration, no final
breakthrough has been achieved so far.

Generally, anti-infectious surface coatings require a
high local effective concentration and a low systemic
toxicity at the same time. They are either to be considered
anti-adhesive or antimicrobial. Anti-adhesive surface
coatings aim to inhibit the initial adherence of bacteria,
whereas antimicrobial surface coatings aim to reduce the
bacterial growth rate. In both cases however, the bony
in-growth of the implant must not be jeopardized [21].

Some implants which are associated with a more fre-
quent rate of infection, like central venous catheters and
urinary catheters, have been equipped with modified sur-
faces meeting the requirements for clinical application [4,
21, 22]. However, the development of antibiotic containing
surfaces encounters the problem of changing resistance
patterns of bacteria, and thus reflects the necessity to
develop alternative antibacterial strategies.

The bactericidal effect of metal ions, especially copper
and silver ions, is a well known phenomenon, which has
been recognized for centuries [23]. The bactericidal effect
of metal ions is due to the so called oligodynamic effect
(oligo- little, small; dynamic- force), which is considered to
be the noxious effect of tiny amounts of metal ions against
living cells [24]. On a molecular scale the exposure of
micro-organisms to copper may lead to a decline in
membrane integrity and eventually cell death [12]. Fur-
thermore, copper can facilitate hydrolysis or nucleophilic
displacement of cell organelles [25]. Copper may also form
complexes with proteins or alter the protein structure such
that proteins cannot perform their normal function, which
results in either cell death or viral inactivation. Due to a
specific affinity to the DNA, copper also possesses the
ability to break hydrogen bonds within the DNA, thus
opening the double helix by cross-linking within the
strands [12, 25].

Even though silver ions are particularly used in current
clinical applications, Heidenau et al. demonstrated copper
to posses the most favourable ratio of antibacterial effec-
tiveness and cell toxicity, and hence proves most adequate
to be applied to implant surfaces as an antibacterial agent,
without decreasing the biocompatibility in a significant
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Fig. 5 Growth and mitochondrial activity of osteoblast-like cells
MC3T3-E1l on uncoated and coated Ti6Al4V surfaces after 48 h in
culture. (Reproduced with kind permission from Heidenau et al. [13])

manner [13]. This was proofed by evaluating growth
inhibition tests of bacteria and tissue fibroblasts under
corresponding conditions [13]. The sol-gel-derived TiO,-
coating initially aimed for and demonstrated an improve-
ment of the biocompatibility of titanium implants [11]. It
also previously proved to possess a good in vitro cyto-
compatibility [11]. Furthermore, in a recent study, the
copper loaded TiO,-coating revealed significant in vitro
bactericidal effectiveness against common sensitive
pathogens (S. aureus ATCC 25923) with retained excellent
cytocompatibility [13]. Hereby, mitochondrial activity as
well as cell proliferation on uncoated and coated discs was
determined. It was concluded, that TiO, and 1 x Cu-TiO,
discs lead to an increase of both, mitochondrial activity as
well as cell number in comparison to uncoated Ti6Al4V
coated discs where the results obtained for the 4 x Cu-
TiO, coated discs where still within the range of the
uncoated Ti6Al4V alloy (Fig. 5) [13]. Our current results
complement this previous study, as we were able to show
the significant dose-dependent bactericidal effect of the
copper loaded TiO,-coating also against a multi-resistant
pathogen (MRSA 27065). This extended spectrum bacte-
ricidal effect becomes of particular significance, since an
increase of MRSA associated orthopaedic implant infec-
tions has been reported [10] and a further increase of
resistant bacteria isolated from total joint infections is
anticipated [26]. Furthermore, copper ions not only possess
an anti-microbial effect against bacteria, but also against
viruses [12, 25], fungi [12] and other microorganisms [12].
This theoretically leads to a potential antimicrobial effect
of this novel TiO,-coating with integrated copper ions, not
only against the most common bacteria and more resistant
bacteria associated with orthopaedic implant infections, but
also against different pathogens such as fungi which are
also reported to cause orthopaedic implant infections [1].
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The present study moreover demonstrated that the
mechanical properties of this coating fulfil the require-
ments for a clinical application on orthopaedic implants.
The adhesive bonding strength to the Ti6Al4V substrate
was by far superior to a HA-coating, which is a non-per-
manent surface modification and dissolved by the tissue
after a certain period of time. Thus, the HA-coating does
not need to be as adhesive to the substrate as Cu-TiO,.
According to ASTM standard 1147-F the minimum
required adhesive strength for medical implant coatings is
22 N/mm? which was accomplished by the tested coatings.
Although surface roughness of the TiAl4V discs was
reduced after TiO, coating, the Cu-TiO, coated discs still
showed significant surface roughness and similar surface
microstructure to corundum-blasted Ti6Al4V surfaces,
which indicates a favourable environment for bone on-
growth and cell attachment [27]. All in all, improved
adhesion of osteoblast-like cells to TiO,-coated surfaces
has been demonstrated in previous investigations (Fig. 5)
[13].

5 Conclusion

The novel antibacterial TiO,-coating for metal implants
was evaluated in vitro regarding a bactericidal effect
against antibiotic resistant strains. The integration of cop-
per ions into the coating was followed by a highly signif-
icant reduction of bacterial growth of MRSA, both on the
implant surface as well as in the supernatant. The observed
reduction of bacterial growth was up to 6log;, for the
fourfold Cu-TiO,-coating. In addition, the coating dem-
onstrated to possess outstanding mechanical properties.

The investigations of this paper lead to the conclusion
that this TiO,-coating with integrated copper ions,
previously proven to be cytocompatible, could offer a
broad-spectrum antibacterial prophylaxis against implant-
associated infections. This may be particularly interesting
for indications such as revision or tumour arthroplasty,
which are associated with a higher rate of infection and a
compromised immune system.

Acknowledgments We would like to thank Prof. Dr. med.
I. Kappstein, Abteilung fiir Infektionshygiene, Technische Universitit
Miinchen, for inspiring discussions and constructive microbiological
advice.

References

1. Geipel U, Hermann M. Das infizierte Implantat. Teil 1: Bakte-
riologie. Orthopidde. 2004;33:1411-28.

2. Harris WH, Sledge CB. Total hip and total knee replacement (2).
N Engl J Med. 1990;323:801-7.



J Mater Sci: Mater Med (2011) 22:381-387

387

3.

10.

11.

12.

13.

14.

15.

Saleh KJ, Celebrezze M, Kassim R, Dykes DC, Gio JT, Calla-
ghan JJ, Salvati EA. Functional outcome after revision hip
arthroplasty. A metaanalysis. Clin Orthop Relat Res.
2003;416:254-64.

. Ahrens H, Gosheger G, Streibiirger A, Geber C, Hardes J.

Antimikrobielle Silberbeschichtung von Tumorprothesen. Der
Onkologe. 2006;12:145-51.

. Gristina AG. Implant failure and the immuno-incompetent fibro-

inflammatory zone. Clin Orthop Relat Res. 1994;298:106-18.

. Gristina AG, Naylor PT, Myrvik N. Mechanisms of musculo-

skeletal sepsis. Orthop Clin North Am. 1991;22:363-71.

. Darouiche RO. Treatment of infections associated with surgical

implants. N Engl J Med. 2004;350-14:1422-9.

. von Eiff C, Jansen B, Kohnen W, Becker K. Infections associated

with medical devices: pathogenesis, management and prophy-
laxis. Drugs. 2005;65:179-214.

. Berbari EF, Hanssen AD, Duffy MC, Steckelberg JM, Ilstrup

DM, Harmsen WS, Osmon DR. Risk factors for prosthetic joint
infection: case-control study. Clin Infect Dis. 1998;27:1247-54.
Ip D, Yam SK, Chen CK. Implications of the changing pattern of
bacterial infections following total joint replacement. J Orthop
Surg. 2005;13-2:125-30.

Heidenau F, Stenzel F, Ziegler G. Structured porous titania as a
coating for implant materials. Key Eng Mater. 2001;
192-195:87-90.

Borkow G, Gabbay J. Copper as a biocidal tool. Curr Med Chem.
2005;12-18:2163-75.

Heidenau F, Mittelmeier W, Detsch R, Haenle M, Stenzel F,
Ziegler G, Gollwitzer H. A novel antibacterial titania coating:
metal ion toxicity and in vitro surface colonization. J] Mater Sci
Mater Med. 2005;16—-10:883-8.

Heidenau F, Stenzel F, Ziegler G. Structured porous titania as a
coating for implant materials. Key Eng Mat. 2001;
192-195:87-90.

Christensen GD, Baldassari L, Simpson WA. Methods for
studying microbial colonization of plastics. Methods Enzymol.
1995;253:477-500.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Tilton RC, Rosenberg B. Reversal of the silver inhibition of
microorganisms by agar. Appl Environ  Microbiol.
1978;36-6:1116-20.

Gollwitzer H, Ibrahim K, Meyer H, Mittelmeier W, Busch R,
Stemberger A. Antibacterial poly(p, L-lactic acid) coating of
medical implants using a biodegradable drug delivery technol-
ogy. J Antimicrob Chemother. 2003;51-3:585-91.

Marcus R, Peritz E, Gabriel KR. On closed testing procedures
with special reference to ordered analysis of variance. Biomet-
rika. 1976;63-3:655-60.

Fritsche A, Haenle M, Mittelmeier W, Neumann H-G, Heidenau
F, Fulda G, Bader R. Methoden zur mechanischen Charakteri-
sierung von modifizierten Implantatoberflichen in der Orthopa-
dischen Chirurgie. Matwiss u Werkstofftech. 2008;39(9):659-64.
Cordero J, Garcia-Cimbrelo E. Mechanisms of bacterial resis-
tance in implant infection. Hip Int. 2000;10-3:139-44.
Gollwitzer H, Gerdesmeyer L. Antiinfektiose Oberflachenbes-
chichtung. In: Gradinger R, Gollwitzer H, editors. Ossire inte-
gration. Berlin, Heidelberg: Springer; 2006. p. 62-8.

Raschke M, Schmidmeier G. Biolgisierung von Implantaten in
der Chirurgie des Stiitz- und Bewegungsapparates. Unfallchirurg.
2004;107:653-63.

Dollwet HHA, Sorenson JRJ. Historic uses of copper compounds
in medicine. Trace Elem Med. 1985;2-2:80-7.

Hildebrandt H. Pschyrembel Klinisches Worterbuch 258.
Auflage. 258 ed. Berlin: Walter de Gruyter Verlag; 1998.
Thurman RB, Gerba CP. The molecular mechanisms of copper
and silver ion disinfection of bacteria and viruses. Crit Rev
Environ Control. 1989;18:259-315.

Garvin KL, Hinrichs SH. Emerging antibiotic-resistant bacteria.
Clin Orthop Relat Res. 1999;396:110-23.

Mittelmeier W, Grunewald I, Schaeer R, Grundei H, Gradinger
R. Zementlose Endoprothesenverankerung mittels trabekulédren
dreidimensionalen interkonnektierenden Oberflichenstrukturen.
Orthopaede. 1997;26-2:117-24.

@ Springer



	An extended spectrum bactericidal titanium dioxide (TiO2) coating for metallic implants: in vitro effectiveness against MRSA and mechanical properties
	Abstract
	Introduction
	Materials and methods
	In vitro tests with MRSA 27065
	Mechanical investigations
	Kinetics of copper ion release from the surface

	Results
	Impact of copper ions on adhering bacteria
	Impact of released copper ions on planktonic bacteria in the supernatant
	Mechanical properties
	Kinetics of copper ion release from the surface

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


