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Abstract—The aim of this study was the synthesis of hard and low-abrasive novel implant materials with built-in time-dependent
antibacterial properties, which can be tailored by a well-defined time-dependent and finite release of metal ions. We were able to
synthesize such smart implant surfaces employing ECR (electron cyclotron resonance)-plasma on typical titanium implant material by
transforming a polymer film into diamond-like carbon (DLC) which contains metal nanoparticles as reservoirs for controlled metal ion
release. We found that the amount of released antibacterial metal ions is a biexponential function of time with a high release rate during
the first few hours followed by a decreased ion release rate within the following days. To describe our experimental findings, we developed
a kinetic model assuming that both nanoparticles near the surface and nanoparticles in the DLC bulk contribute to the total amount of

ions released with different time constants.
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1. Introduction

Despite many efforts in the field of clinical hygiene research, healthcare-associated infections are still a serious problem and
frequently lead to revision surgeries. According to recent studies, joint replacements require still almost 7 % revision, and infections
due to surfaces harboring bacteria, such as gram positive staphylococci !, are amongst the most prominent post-operative incidents
1.2 As the aging population and hence the need for implants grows in Western countries, this serious problem will presumably
even increase in the future. Novel and innovative scientific approaches thus, amongst others, aim towards an appropriate
biofunctionalization of implant surfaces. Especially for articulated joint surfaces, the most important demands are biocompatibility,
time-dependent antibacterial activity and profound corrosion- as well as wear resistance. In terms of antibacterial performance,
modern implant surfaces should ideally provide a tailored antibacterial behavior with a large initial antibacterial activity during the
first 24 h after implantation. This way, implant-associated infections could be avoided and the implant surface would be protected
against bacterial adhesion and subsequent biofilm formation * 4. The initial fast action should be followed by a continuously
decreasing antibacterial activity within the subsequent few days.

To create such intelligent implant surfaces with optimized hardness, wear and corrosion resistance and at the same time exhibiting
the desired antibacterial properties, we employed an energetic ion treatment of a functionalized polymeric surface layer. This
polymer layer is containing metallic nanoparticles (NP) and then is transformed into a very hard and wear resistant DLC layer, still
containing the metal NPs.

The transformation method of our choice is the Plasma Immersion lon Implantation (PIIl), a surface modification process that
improves the wear resistance by forming a very hard layer on the material surface °. During the PIII process, the polymeric surface
is surrounded by non-condensing plasma whereupon a pulsed bias (5-20 kV) is applied to an electrode coupled to the polymer
surface to be modified. Due to their acceleration in the plasma, the impinging ions are implanted below the surface leading to
hydrogen effusion. Subsequent rebonding of the displaced atoms then results in a well-defined DLC layer, having the desired low
friction coefficient and high density and perfect hardness. DLC has been proven in the past to represent an outstanding coating
material and has been in the focus of research for medical materials for several years 5%, By our transformation process of functional

polymer layers containing metal NP, we combine these outstanding properties with additional antibacterial ones.



In terms of antibacterial applications, Ag, Cu and ZnO nanoparticles (NPs), of order 100 nm in size, are receiving more and more
attention. Several mechanisms have been reported for the antibacterial activity of metal NPs. Their antibacterial activity is related
to the generation and release of ions from the particle surface into the biological system, where smaller particles result in faster ion
release than larger ones ®**, The antibacterial effectiveness of NPs is assumed to result from a combination of their small size, fast
dissolution in a given volume and high surface-to-volume ratio providing close interactions with microbial membranes 2.
Especially silver NPs have been proven to ensure high antimicrobial efficacy while showing low cytotoxicity?, but antimicrobial
activity has also been demonstrated for nano-sized Cu particles 2. Because of its selective toxicity mainly targeting prokaryotic
systems, also ZnO NPs can be used to reduce microbe attachment and viability on medical surfaces ** 4. According to 1%, AgNOs,
CuCl; and ZnCl, metal salts display a concentration-dependent cytotoxicity with inhibitory concentration (ICso) values of 3.23
mg/L, 5.08 mg/L and 4.58 mg/L, respectively. Hence, the cytotoxic effect of the NPs mentioned above seems to decrease following
the sequence Ag>Cu>ZnO. Various biomedical applications using antibacterial NPs have emerged on the market over the last
years: Prominent examples include venous catheters coated with Ag NPs or Cu and ZnO NPs within dental materials 6-18,
Regarding medical DLC applications, DLC coated stents were also investigated 5. Moreover, DLC was found to be a versatile
coating material for endoprosthesis and dental implants and other applications °. While there are publications on the copper ion
release kinetics of plasma-polymer coatings?® 2, there are no publications on quantitative metal ion release from DLC. Some
reports, however, on doping DLC with Ag, Cu and V to create antibacterial properties'® 22 2, exist in the literature. These
publications report in detail about the material properties and the biological effect in vitro but not on quantitative release kinetics.
However, there is still a lack of promising implant materials being wear resistant and antimicrobial due to tailorable Ag, Cu or Zn
release at the same time. Here, we demonstrate a novel approach to synthesize antibacterial implant materials by the combination
of a dip-coating polymer deposition process and subsequent DLC transformation employing our PIII technique. We thus obtain
materials fulfilling the above mentioned essential requirements for articulated joint implants like mechanical stability,
biocompatibility, and time-dependent antibacterial metal ion release. These modified DLC surfaces are supposed to have low
abrasive properties. In this study, we report for the first time on the ion release kinetics of Ag, Cu and Zn from DLC. Knowledge

about these kinetics is crucial for tailoring desired ion release from medical implants.

2. Materials and methods

2.1. Materials



Cylindrical titanium alloy (Ti6Al4V) samples (&: 10 mm, thickness: 2 mm), provided by Aesculap AG Tuttlingen, were used
as substrate material. The sample surfaces exhibit a roughness of Rq= 5 pm, which is due to a corundum blasting step. For the
coating, we prepared a colloidal poly(vinylpyrrolidone) (PVP) solution, containing the Ag, Cu or ZnO NPs. Ag NPs were directly
formed in the polymer solution while the Cu or ZnO NPs were synthesized in a separate step beforehand.

To prepare the Ag containing polymer dip-coating solution, stock solutions of poly(vinylpyrrolidone) (PVP, MW 55000, Sigma-
Aldrich, 66.7 g/l) in ethanol, silver nitrate (AgNQOs, 17.0 g¢/l) in ethanol and benzoin (10.6 g/l) in acetone were prepared. Here
benzoin acts as photoinitiator. These stock solutions were mixed in the volume ratio 1:3:3 (CAg 1), 1:0.6:0.6 (‘Ag 1/5°) and
1:0.3:0.3 (‘Ag 1/10°) starting with 75 ml of PVP solution. After the complete dissolution of all reactants, the solution was UV-
irradiated with a mercury lamp (36 W) from a distance of 25 cm for 12 hours leading to a light-induced reduction of the AgNO3
and subsequent formation of Ag NPs. These NP dispersions were used for the dip-coating process without further treatment for
the samples Ag 1/5 and Ag 1/10, whereas the total volume of the highest Ag concentration was reduced to 150 ml by evaporation.

The ZnO NPs were prepared separately from the PVP solution as described elsewhere 2* 2% and stored in dry ethanol (Emsure
quality, Merck). For the according coating, we prepared a dispersion containing 500 mg of ZnO NPs and 5.0 g of PVP in 145 ml
dry ethanol.

Similarly, the Cu NPs were synthesized employing a modification of a standard protocol 2. Here, a copper salt (CuCl, >98%,
Merck, 0.4 g), PVP (6.48 g) and poly(ethylene glycol) (PEG, MW 8000, Sigma Aldrich, 8.52 g), were dissolved under a slow N2
stream in 120 ml deionized water and heated to 70°C (oil bath temperature). Aqueous NHs solution (25%, 3.0 ml) was added and
the mixture was stirred for 45 min. Hydrazine sulfate (>99%, Sigma-Aldrich, 2.22 g) was added and stirred for another 100 min at
70°C, followed by 16 h stirring at room temperature. The NPs were finally separated by centrifugation (6700g, 15 min), re-
dispersed in 70 ml of deionized water, centrifuged again and re-dispersed in 70 ml of ethanol (last step repeated). The particles
were stored in ethanol (16 ml). For the Cu NP containing samples, dispersions containing 500 mg of NPs and 5.0 g of PVP in

145 ml of ethanol were used.

2.2. Sample preparation and characterization

To create a well-defined polymeric film on top of our implant Ti6Al4V samples, we used a dip coating technique. The samples

were mounted on a steel plate using adhesive carbon tape and then dipped into the colloidal polymer solution containing either the

Ag, Cu or ZnO NPs. The film thickness was adjusted by a variation of the dipping velocity (here 0.75 mm/s) and the viscosity of



the solution. After dipping, the complete sample was covered with the polymer film except for the backside which stuck to the
holder.

To obtain a polymer-to-DLC surface transformation, the coated samples were dried in air and then treated by a P11 process. The
samples were immersed into a microwave plasma (f=2.45 GHz) consisting of Ne (47.7 %), Ar (32.7 %) and CH,4 (19.6 %) for t=73
min at p=3-10 mbar, while a pulsed bias U=-20 kV was applied to the sample holder at a frequency of 200 Hz and a pulse length
of 5 ps, leading to a DLC layer of 40-50 nm thickness. To further elucidate the sample preparation procedure, we schematically
presented it in FIG. 1. To characterize the final functional DLC layers, Raman spectroscopy (sp3 content, see FIG. 2) as well as
nano-hardness measurements were performed. We used an ASMEC UNAT nanoindenter(Asmec GmbH, Rossendorf, Germany)
in QCSM mode. Here, an additional force vibration is modulated on top of the force ramp which allows to measure depth-dependent

hardness. We applied a maximum force of 0,6mN using a diamond Berkovich tip.
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FIG. 1. Sample preparation procedure. The figure schematically shows the dip-coating process used to cover the samples’ surface by a polymer film for Ag
containing samples, reproduced from 2’. Accelerated ions were implanted into the surface creating a modified DLC layer with a thickness of tens of nanometers.

The first two steps were omitted for Cu and ZnO samples.

2.3. Nanoparticle characterization

In order to obtain information about the Ag, Cu and ZnO NPs, their size and morphology, we employed Transmission Electron
Microscopy (TEM) investigations with a Jeol JEM 2100 F instrument (see FIG. 3). Here, small droplets of the colloidal solutions

were deposited and dried on standard carbon-coated copper grids (Plano GmbH).



2.4. Metal ion release measurements

To investigate the metal ion release for the functionalized DLC samples, two identical samples from each batch (Ag, Cu, ZnO)
were embedded in paraffin wax, leaving a total surface area of 1.57 cm? exposed. To prevent ion release from the sample edges,
they were covered by a metal protective paint (AkzoNobel). Afterwards, all samples were immersed into 10 ml calf serum solution
(Biochrom GmbH, protein concentration of 30 g/l, containing EDTA as stabilizer and Amphotericin B from Calbiochem to prohibit
fungal infection) and kept in a standard incubator at 37 °C. After defined periods of time, the calf serum solution was completely
exchanged and the total concentrations were measured employing Inductively Coupled Plasma-Optical Emission Spectroscopy
(Varian ICP-OES) equipped with an autosampler. The presented data in figure 4 represent the mean values from three independent

samples.

3. Results and discussion

3.1. DLC characterization

To characterize the hybridization type in the DLC-layer, we performed Raman spectroscopy measurements (see FIG. 2). The
so-called D and G peaks in the spectra were fitted by Lorentzians and the intensity ratio of both modes, 1(D)/1(G), was calculated.
This ratio as well as the shift of the G-Peak were compared with literature values published by Robertson et al. 28 to determine the
sp® fraction of the carbon atoms. All Raman spectra resulted in sp® fractions of approximately 35% in the material, which is a
typical value for a-C:H networks. Also, nano-hardness testing was done to prove the success of the DLC-transformation. Hardness
measurements resulted in typical DLC hardness values of about 14 GPa for the samples produced. Due to the low thickness of the
DLC layer compared to the indentation depth, however, some influence from the substrate might inflict the measurements.
However, in presently ongoing studies, we also measured the hardness of nominally identical but thicker coatings (multi-layer
DLC, produced by repeated dip-coating and ion implantation process, to be published elsewhere) with thicknesses d > 500 nm.
For those samples, the indentation depth was below 10% of the film thickness. The hardness of such multi-layer DLC samples is
expected to be lower than a single layer DLC coating as the range in the repeated ion bombardment process is greater than the
layer thickness. This leads to partial graphitization of the lower layer, which in turn leads to an overall hardness decrease.
Nevertheless, hardness values of 12 GPa, typical for a-C:H networks, were measured. As the focus of this work, however, lies on

the tailored metal ion release from DLC layers, we did not intensively study wear resistance. Nevertheless, preliminary studies



using a standardized tribological setup, where a DLC coated sphere was moved with a defined load on a flat DLC surface in calf
serum solution, showed no significant debris according to ISO 17853 after two million cycles. Using a steel tip, it is not possible

to scratch the coating by hand. Thus, we feel safe to claim typical DLC properties for the samples used here.
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FIG. 2. Raman spectrum of the DLC layer. The green and red lines show the Lorentzian of D and G peaks, respectively. The cumulative fit is represented by

the blue line. The I(D)/I(G) ratio is a measure for the sp? fraction of the carbon atoms.

3.2. Nanoparticle characterization

Morphology and size of the synthesized nanoparticles were characterized using transmission electron microscopy. The Cu NPs
formed large agglomerates (FIG. 3 (a)) consisting of nearly spherical nanoparticles as depicted in FIG. 3 (b). The ZnO NPs are
less spherical and tend to form small aggregates (FIG. 3 (d)) whereas the spherical Ag NPs were more dispersed (FIG. 3 (c-d)) but

show a wider size distribution than the Cu and ZnO NPs.



FIG. 3. Microscopical investigation of NPs. TEM (Transmission Electron Microscopy) micrographs of (a-b) Cu NPs, (c) Ag NPs and (d) ZnO NPs dispersed
in polymer solution. Cu NPs formed large agglomerates (a) consisting of nano-sized nearly spherical particles as depicted in micrograph (b). Ag NPs and ZnO

NPs (c-d) show a greater dispersion while ZnO NPs forms smaller aggregates (d) and have a less spherical shape than Ag NPs and Cu NPs.



3.3. Metal ion release

As depicted in figure 4, all samples tested kept releasing metal ions into the calf serum solution for several days. The absolute

amount of ions released from the DLC layer differed strongly for different metals, with highest ion release for Zn, followed by Cu

and Ag.
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FIG. 4. Metal ion release. (a) Cumulative ion release from DLC films into calf serum as a function of immersion time. The red lines are model fits (eg. 3). In
most cases, error bars were smaller than respective data points and (b) linear relationship between Ag concentration in the DLC sample and cumulative Ag ion

release.

Moreover, the ion release was found to be a time-dependent two-stage process, with fast increase during the first days followed
by a decrease within the next few days. We attribute this behavior to a purely geometrical effect: NPs at or partially sticking out
of the surface and NPs completely “buried” in the DLC contribute differently to the ion release. Whereas NPs in contact to the
aqueous solution immediately release free ions, metal ions from those in the bulk need to diffuse to the surface before entering the
fluid. Hence, the ion release during the first decay time t; predominantly depends on the fast oxidation by oxygen (of Ag and Cu)
and the hydration of the ions, as depicted in FIG. 5.

The kinetics of nanoparticle dissolution was considered before 2-3! by looking at the oxidation reaction stoichiometry of Ag NPs

being (partially) exposed to the aqueous environment (scenario 1 in FIG. 5):

2 Agis) + %2 Oz(ag) + 2H'eg) <> 2A0" @aq) + H20 1)
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Using an Arrhenius ansatz, the Ag* release rate yag: was derived as 2°:

—Eq
kpT

Yag+ ~ r2 T1/2 exp ( ) [Ag NPS][OZ]O'S[H+]2 )

Here, ris the radius of Ag NPs, kg is the Boltzmann constant, E, is the activation energy, and [Ag NPs], [O2] and [H*] are respective
molar concentrations. Further adaptations of Eq. (1) lead to the total amount of released ions which was used before to describe

the experimental data with a and [Ag]o as fitting parameters.
[Ag Treleased = [Ag]o [1 —exp( - at)] 2

However, the microscopic origin and mechanism leading to the second time constant in the release measurements is not yet
clear, to date. Theoretically, this mechanism could be diffusion of either bare or hydrated metal ions through the DLC. In the latter
case, water could either diffuse into the DLC or be formed by hydrogen from the DLC and oxygen diffusing into the DLC. To the
knowledge of the authors, however, there are no reports on these mechanisms for amorphous DLC, yet. In any case, the fact that
ions are released and detected at two different time scales indicates that there must be one escape mechanism available which
seems not to be present for dry samples, which remain stable for weeks after preparation. Figure 5 illustrates the assumed ion
release process described above. Independent of the actual transport mechanism, a diffusive behavior and hence a kinetic of the
same type as eq. 2 is obvious. Consequently, the total amount A of released metal ions was modeled as a combination of ion release

contributing from the surface (*, scenario 1 in FIG. 5) and from the bulk (**, scenario 2 in FIG. 5)

A(t) = A4 [1 — exp (—é)] + A4, [1 — exp (—é)] 3
H/_/ ~——

™) )
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FIG. 5. Assumed ion release process. Schematic representation of the proposed ion release process with ion release from NPs at the surface during the initial

decay time t; and diffusion of ions towards the DLC surface occurring during the second decay time t,.

Eqg. (3) was used to fit the experimental results with A;, A, t1 and t; being fitting parameters using the non-linear Levenberg
Marquardt algorithm (see FIG. 4). The release in the first few days is dominated by the amount A; released from or near the surface.
A summary of all fitting parameters is shown in Table 1. The fitted values of A4, t; and t, for Cu and Zn are quite similar, whereas
the values of A, were slightly different, but still comparable in the order of magnitude. This finding suggests that the release and
subsequent transport mechanism of Cu and Zn ions through the DLC is rather similar. This might be due to the similar ion radii of
Cu and Zn and charge of the released ions (Cu?* and Zn?* vs. Ag*). The differences in total ion release Aw= Ai+A; of Zn?* and
Cu?*ions can be explained by deviations of the precursor film thickness and used NP concentration. The mass ratio of embedded

Zn0 and Cu determined by RBS measurements (data not shown) displays qualitatively the ratio of Acwtzn:Atot.cu.

TABLE I. Calculated fitting parameters. Parameters A;, A, t; and t;, of Ag NPs, Cu NPs or ZnO NPs containing DLC samples calculated from the developed

model fit.
‘Ag 1’ ‘cw Zn’
A1 [ug/cm?] 4.21 6.82 8.04
Az [ug/cm?] 10.24 14.59 20.67
t, [h] 3.85 7.70 7.72
t2 [h] 196.02 162.76 1665.35

Figure 4 (b) depicts a nearly linear ion release as a function of Ag concentration for three initial concentrations in the colloidal
solution (‘Ag 1’>’Ag 1/5°>’Ag 1/10”), Hence, we deduce from our data that a tailorable Ag ion release seems to be adjustable

through the proper choice of initial AGNO3 concentration.
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4. Conclusion

The presented study was undertaken to synthesize novel implant materials fulfilling the basic desired requirements for artificial
joint applications including appropriate wear resistance and time-dependent antibacterial activity. As a matter of fact, all fabricated
samples show DLC characteristics in terms of hardness as well as sp® content and all samples in fact released the desired Ag, Cu
and Zn ions from the DLC surface layer thus providing antibacterial functionality. From our findings, we deduct a model to further

fine tune various ion release kinetic aspects by a variation of the ratio of near-surface and ‘buried’” NPs.

To give a rough estimate for the relevance of an antimicrobial effect, we here exemplarily consider the Ag ion release within 24 h
for an ‘Ag 1’ sample: If we assume the knee joint’s surface area to be 50 cm?, our model reveals an amount of 0.3 mg Ag ions
released into the knee joint. For an average volume of a male adult‘s knee joint of V=103.6 ml *2, a global Ag concentration of 2.9
mg/L in the knee is obtained. This value is higher than the minimum inhibitory concentration against S. aureus (2.5 mg/L) but
lower than ICso (3.23 mg/L) for the inhibition of fibroblasts’ cell metabolism . This ensures the potential of the material for an
effective antibacterial treatment, especially as we may assume that locally the Ag concentration might be even higher.

In summary, we have demonstrated a method for tailored ion release from Ag NPs containing DLC surfaces exhibiting a linear
relationship between the initial AGNOs concentration in the sample and the amount of released Ag ions. This relationship in fact
allows for the precise adaption of the desired antibacterial activity of wear and corrosion resistant DLC coatings on medical
implants. Our experimental findings and results have the evident potential to provide a platform for the design and development

of various novel wear resist and antibacterial implant materials, being highly relevant for future clinical applications.
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