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We coated transcutaneous implants made of titanium alloy Ti6Al4V with copolymer dimethyl (2-
methacryloyloxy-ethyl) phosphonate and 4-vinylpyridine and investigated the tissue reaction with respect
to its biocompatible and antimicrobial properties in vivo. We distinguished between clinically observable
superficial inflammations and histologically detectable deep infections. The vinylpyridine moieties were
transferred into cationic pyridinium groups by reaction with hexyl bromide. Thus polymers with both an-
timicrobial capacity and good biocompatibility were obtained. In a short-term study, we implanted special-
ly designed bare or coated implants in hairless but immunocompetent mice and analyzed the tissue
reaction histologically. No difference was found between bare and coated implants in the initial healing
phase of up to 14 days; however, after 21 days the scar tissue formation was higher in the bare implant
group. The degree of epithelial downgrowth was comparable in both groups at any time point. In a long-
term study of up to 168 days, we analyzed resistance to infection. In the bare implant group, 7 of the 12 im-
plantation sites became infected deep whereas in the coated implant group only two deep infections were
observed. The other implantation sites showed only superficial signs of inflammation. These results gener-
ally accord with previous in-vitro studies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In modern medicine, transcutaneous implant devices are used in
several applications, e.g. as catheters, dental implants, external hearing
aid devices, ventricular assist devices or even orthopedic implants to
replace lost limbs [1]. Some of these implants are used in sterile sites,
but most of them penetrate the skin barrier. The latter ones come un-
avoidably in contact with environmental microorganisms thus making
the implant and the implant tract a gateway for possible infections. In
orthopedics, the concept of osseointegrated and transcutaneous im-
plants began with Brånemark and co-workers, who introduced a direct
anchorage of extremity prostheses to the residual bone of the amputa-
tion socket [2]. This approach was intended to serve as an alternative
to the conventional socket attachment, mainly for patients who had
s and Biomaterials, Department
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insurmountable problems with the socket attachment and therefore
had severely limited mobility [3]. First experiences with this new
technique indicated that the direct anchorage of the prosthesis to the
skeleton improved the quality of life and mobility of the amputees
significantly. Today, different experienced groups [4–11], implant
these prostheses worldwidewith remarkable success and a high degree
of patient satisfaction. However, for all used implant systems [12],
routine clinical implementation is still limited owing to the occurrence
of infections next to the transcutaneous passage [13–15]. In earlier stud-
ies, infections or revision rates of about 50% were still reported [16];
however, using modified implant designs and improved rehabilitation
protocols, infections were significantly reduced [17].

Nowadays, much is known about tissue–material interactions at the
bone–implant interface [18,19], but comparatively little is known about
the skin–implant interface [20,21]. The transcutaneous passage is vul-
nerable to the function of the skin barrier and this interface is a possible
gateway for infections, which can lead to severe complications up to im-
plant failure or sepsis. The prosthetic designs, which are yet to be intro-
duced, incorporate polished blank titanium next to the transcutaneous

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2015.12.095&domain=pdf
mailto:willbold.elmar@mhannover.de
http://dx.doi.org/10.1016/j.msec.2015.12.095
www.elsevier.com/locate/msec


713T. Calliess et al. / Materials Science and Engineering C 61 (2016) 712–719
passage. None of the research groups have yet succeeded in attaching
the skin and soft tissue to the implants. The use of a porous surface for
the transdermal coupler did not lead to soft-tissue integration or re-
duced infections, nor did the use of solely antimicrobial surface coatings
such as silver [6,22,23]. Other research approaches for the realization of
transcutaneous implants cite the implementation of a stable dermal at-
tachment to the device as being critical to the long-term success of a
permanent aseptic transcutaneous passage [24–28]. To overcome the
problem of microbial infections of the transcutaneous passage, different
implant surfacemodifications or coatings were proposed and evaluated
[29–32]. Amongst these approaches, antimicrobial polymeric materials
gained more and more attention during the last decades [33,34].
These polymers can be attached to surfaces without losing their biolog-
ical activity [35,36] and therefore they are promising candidates for re-
ducing local infections.

The study presented here is part of a research project designed to
overcome existing limitations of osseointegrated limb prostheses
[37–39]. Within the framework of this project, we focused on the pro-
duction of multifunctional copolymer coatings that combined antibac-
terial activity and good biocompatibility with the aim of preventing
deep implant infections and superficial inflammations as well as im-
proving the integrity of the skin–implant interface. Here we used a
copolymer in which the ability of phosphonate groups to immobilize
the copolymer on titanium/titanium oxide [40] is combined with
the antimicrobial effect of quaternized poly(4-vinylpyridinium) [41].
The copolymer is prepared by free-radical copolymerization of
4-vinylpyridine and dimethyl (2-methacryloyloxy-ethyl) phosphonate
(DMMEP; Fig. 1) in a ratio of 30:70 and subsequent polymer-analogous
reaction then creates N-hexylpyridinium groups (VP) along the polymer
chain ([41]; further on called VP-co-DMMEP).

In an in-vitro study, the functionality and the bioactivity of VP-co-
DMMEP had already been successfully proven [42]: Compared with
bare implants, VP-co-DMMEP-coated implants reduced the number
of adherent bacteria by up to 95% and showed a clear antimicrobial
effect with respect to Staphylococcus aureus and Staphylococcus
epidermidis, which represent the most common pathogenic bacterial
species in clinical settings. Additionally, after 24 h of cultivation,
human dermal fibroblasts showed normal morphology as well
Fig. 1.Molecular structure of VP-co-DMMP.
as normal adhesion and proliferation patterns, indicating good
biocompatibility.

The purpose of the present study was to further investigate these
promising observations by an in-vivo study using VP-co-DMMEP-
coated implants versus bare implants in hairless but immunocompetent
mice.We focused especially on the structure of the transcutaneous pas-
sage and morphological features [43] such as epithelial downgrowth 7,
14 and 21 days after implantation. Possible infection patterns of the
contact tissue in a long-term experimentwere also studied.Wehypoth-
esized that the antimicrobial and biocompatible surface coating:
(1) would lead to a reduction in the clinical apparent infections at the
skin–implant interface, and (2) would improve the attachment of the
soft tissue to the device.

2. Materials and methods

2.1. Preparation and production of transcutaneous implants

For the in-vivo simulation of a transcutaneous device, implants
made of titanium alloy Ti6Al4V were designed and manufactured
(Otto Bock HealthCare, Duderstadt, Germany; Fig. 2 (a)). A perforated
round disc (10mmdiameter, and 1mm thickness)with eight peripher-
al holes was designed as a subcutaneous soft-tissue anchor, where the
central pin (3mmdiameter, 5mmheight) is serving as the transcutane-
ous part of the implant (Fig. 2(b)). The total weight of the implant was
0.5 g. These implants were then manually polished. Half of these
polished implants were used as controls (further on called bare im-
plants), the other half were coated with the polymers by dip coating in
VP-co-DMMEP at a ratio of 30:70 (further on called coated implants).
Synthesis of copolymer was carried out according to previously de-
scribed methods [41,42,44]. The implants were then heated at 120 °C
for 24 h and sonicated three times in methanol to remove any excess
of non-bound polymer from the surface. This procedure results in poly-
mer films with a thickness of approximately 5 to 7 nm. These thick-
nesses have been investigated via ellipsometry (Multiscope, Optrel,
Sinzing, Germany) on polished Ti6Al4V references of the same size
and geometry as the implants, but without the peripheral holes. These
references have been preparedwithin the same passage as the implants.
Using in contrast the spin coating procedure for the coating of titanium
discs, a thickness of about 11 nm can reproducible be obtained [41,42].
Further characterization of the immobilized films was done by water
contact angle measurements using the tilting plate method [45] (tilt
angle of 45°) to determine the wetting behavior. The composition of
surfaces coated with VP-co-DMMEP was determined exemplarily by
X-ray photoelectron spectroscopy (XPS) measurements on titanium
discs [41]. Prior to implantation, the implants were gamma-sterilized
with 25–29 kGy of cobalt-60 radiation (BBF Sterilisationsservice,
Kernen, Germany). No differences of the layer thicknesses could be
observed.
Fig. 2. The transcutaneous implant consists of a perforated disc for subcutaneous
anchoring and a pin serving as the transcutaneous part (a). A longitudinal incision, a
subcutaneous pocket and a round opening were created; the implant was then placed in
the pocket (b).



Fig. 3. Example of a transcutaneous bare implant after 64 days (a, longitudinal view;
b, upside view). The implants were removed electrochemically (c), re-embedded,
sectioned and stained with hemalaun/eosin (d).
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2.2. Animal model with transcutaneous implants

The animal experiments were conducted under an ethics committee
approved protocol in accordance with German federal animal welfare
legislation (Approval No. 33.9–42502-04-08/1498) and in accordance
with the National Institute of Health guidelines for the use of laboratory
animals. Eighty-two testing animals were used and experiments were
performed in hairless but immunocompetent Crl:SKH1-Hrhr mice
(Charles River Laboratories, Sulzfeld, Germany) aged 8–12 weeks with
an average bodyweight of approximately 25 g. Eachmousewas housed
individually, received a standard diet of Altromin 1324 (Altromin
Spezialfutter, Lage, Germany) ad libitum and had free access to drinking
water. The animals were kept at a temperature of 22 ± 2 °C and a rela-
tive humidity of 60 ± 5%, and were illuminated by artificial light for
12 h/day, starting at 07:00. Throughout the study period, the testing an-
imals were monitored daily by experienced veterinarians according to
the scoring system devised by van Griensven et al. [46].

2.3. Implantation procedure and follow-up

The animals were anesthetized by intraperitoneal injection of
xylazine (10 mg/kg body weight; Rompun, Bayer HealthCare, Leverku-
sen, Germany) and ketamine (100 mg/kg body weight; KetaminGräub,
Albrecht, Aulendorf, Germany) and placed in an abdominal position on
a heatingmat at 36.5 °C. The dorsal skin was cleaned according to surgi-
cal guidelines. A longitudinal incision of about 20 mm was made in the
midline through the full thickness of the skin. Laterally to the incision, a
subcutaneous pocket was created by blunt dissectionwith forceps. Sub-
sequently, a piece of skin was stamped out on the lateral back, without
creating any tension, using a 3 mm diameter biopsy punch (Stiefel, Of-
fenbach, Germany). The implant was then placed that way in the pock-
et, so that the pin was threaded inside out through the hole, while the
anchor remained subcutaneously (Fig. 2(b)). Incision was closed with
three to four sutures of a resorbable surgical suture material (Vicryl,
Ethicon, Johnson & Johnson, Neuss, Germany). The implantation site
was protected from dirt and mechanical manipulation by the mouse it-
self using a sterile dressing, consisting of foam and foil. This protection
was removed three days after surgery and the passage was left as it
was. Hence, the extracorporeal implant as well as the stoma was
without any protection or any kind of wound care throughout the rest
of the study period. Apparently, the weight of the implant was not
detrimental to the testing animals.

2.4. Experimental set-up

In a first experiment, themorphology of the soft-tissue interface and
the epithelialization behavior of the skin at the skin–implant interface
was investigated. Sixty testing animalswere randomized into six groups
(n = 10). Three groups received the bare implants and three groups
received the VP-co-DMMEP-coated implants. After 7, 14 and 21 days
post-surgery, the animals were anesthetized and further processed for
histological examination of the soft tissue around the implants.

In a second experiment, the infection resistance of the transcutane-
ous passage was investigated. Twenty-two testing animals were ran-
domized into two groups. One control group received polished bare
implants (n = 12), while the treatment group received the VP-co-
DMMEP-coated implants (n = 10). The animals were monitored regu-
larly for any signs of local inflammation, and the morphology of the
skin–implant interface was documented in a clinical follow-up daily
for up to 168 days postoperatively. In the event of a visible inflammation
– defined as the presence of exudation, redness and swelling around the
implant or macroscopic visible retraction of the skin – the animals were
euthanized and the implantation sites histologically processed. To iden-
tify accumulations of inflammatory cells in deeper tissue regions, we
used hemalaun and eosin stained sections of small skin biopsies. To as-
sure the inflammatory nature of these cells, immunohistochemical
macrophage-specific F4/80 staining and enzyme-based granulocyte-
specific chloroacetate esterase staining were used. The infection-free
survivorship was analyzed by the Kaplan–Meier method.

2.5. Embedding in Technovit 9100 New and electrochemical dissolution of
the implants

The skin areas around the pins (including the implant) were care-
fully excised and fixed in 3.7% buffered commercial formalin (Otto
Fischar, Saarbrücken, Germany) for two days at 4 °C. Then, the implan-
tation sites were embedded and polymerized in methyl-methacrylate
(Technovit 9100 New, Heraeus-Kulzer, Hanau, Germany) according to
the manufacturer's instructions and established protocols [47].

The tissue present at the pin-skin interface was of special interest;
however, the metal rendered sectioning impossible (Fig. 3(a)). Since
mechanical separation of the pin from the surrounding tissue poses
many challenges and risks severe damage of the tissue, we established
a modified electrochemical dissolution method originally introduced
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by Bjursten et al. [48]. This technique removes carefully metals embed-
ded in plastic bymeans of electrochemical dissolutionwithoutmechan-
ical forces. The metal–tissue interface remains apparently intact
although minor changes, at least at the sub-microscopic level, cannot
be excluded. Using a special diamond band saw (Exakt 310, Exakt,
Norderstedt, Germany), the tissue blocks were initially cut, in themedi-
an of the pin, into two parts (Fig. 3(b)). Then, the pins were electro-
chemically dissolved (Fig. 3(c)) as described by Willbold et al. [49]
and the tissues re-embedded in Technovit 9100 New. Finally, the tissue
blocks were cut into 5-μm-thick sections using an RM 2155 microtome
(Leica, Bensheim, Germany), placed onto poly-L-lysine-coated glass
slides and stretched with 90% ethanol to remove wrinkles. The slides
were pressed in a clamp box and dried for seven days at 37 °C. Prior to
staining (Fig. 3(d)), the tissues were deacrylated in xylene
(2 × 10 min) and 2-methoxyethylacetate (1 × 10 min) and rehydrated
with a decreasing alcohol series.

2.6. Embedding in paraffin

According to standard procedures, small biopsies of the deeper parts
of the skin (without implant) were fixed, dehydrated and embedded in
paraffin using an automated embedding system (Pathcentre Tissue
Processor, Shandon, Dreieich, Germany). Using a Leica RM 2155 micro-
tome, 5 μm thin sections were cut, mounted on poly-L-lysine coated
glass slides and dried for at least 24 h at 37 °C. prior to staining, the tis-
sues were deparaffinized in xylene (3 × 10min) and rehydrated with a
decreasing alcohol series.

2.7. Hemalaun and eosin staining

The rehydrated slides were placed in Mayer's hematoxylin (Merck,
Darmstadt, Germany) for 5–8 min and washed in running tap water
for 10 min. They were then counterstained with 1% eosin (Merck) for
3 min. Finally, the slides were washed quickly in distilled water,
dehydrated using an increasing ethanol series and mounted in Eukitt
(Labonord, Mönchengladbach, Germany).

2.8. Chloroacetate esterase staining

Deacrylated and rehydrated Technovit 9100 New sections were first
washed in distilled water and then incubated with naphthol AS-D
chloroacetate (Sigma, Taufkirchen, Germany) in 4% pararosaniline
(Chroma, Olching, Germany) and 4% sodium nitrate in 0.1 M acetate
buffer for 120 min. Sections were washed in distilled water and
mounted with Aquatex (Merck). Cells containing red-brownish gran-
uleswere regarded as positive. Control sectionswere incubatedwithout
the substrate. No staining developed in these controls.

2.9. F4/80 and fibronectin immunohistochemistry

Deparaffinized and rehydrated paraffin sections (for F4/80 staining)
and deacrylated and rehydrated Technovit 9100 New sections (for fi-
bronectin staining) were first mildly digested for antigen retrieval
with 2% proteinase K (Dako, Hamburg, Germany) in Tris buffered saline
(TBS) for 20 min at 37 °C. Then the sections were preincubated with a
solution of 3% H2O2 in TBS for 30 min to block endogenous peroxidase
activity. After washing in TBS, the sections were incubated for 30 min
with a solution of 10% normal goat serum (Vector/Linaris, Wertheim-
Bettingen,Germany) in TBS to block unspecific binding. The primary an-
tibodies were applied for 60 min at room temperature (rat-anti-F4/80
[clone CL:A3-1], dilution: 1/50; rabbit anti-fibronectin, dilution: 1/400;
both from abcam, Cambridge, UK). The sections were washed three
times in TBS (5 min each), followed by a 30 min incubation with
horseradish peroxidase labeled secondary antibodies (goat-anti-rat
[for F4/80], Dianova, Hamburg, Germany; goat anti-rabbit EnVision
[for fibronectin], Dako) for 30 min at room temperature. Peroxidase
activity was visualized using the liquid diaminobenzidine substrate
chromogen system (Dako). Sections were washed twice with TBS and
distilled water and finally mounted with Aquatex (Merck). Control
sections were incubated without the primary antibody. No staining de-
veloped in these controls.

2.10. Microscopy and tissue analysis

Photomicrographs were taken using a Zeiss Axioskop 40 combined
with a Zeiss AxioCamMRc digital camera and Zeiss AxioVision software
for tissue analysis (Zeiss, Oberkochen, Germany). Using hemalaun/
eosin- and fibronectin-staining, scar formation and epithelialization
were measured as described here. We used the end of the muscle
layer and defined this virtual line as the original punched border. Then
we drew a line at right angle to the original punched border to the out-
ermost part of the surface of the skin and used this distance (in μm) to
measure the degree of the scar formation. The point at which this line
touched the scar surface was the starting point for the measurement
of the epithelialization, i.e. from which the length of the visible epider-
mal downgrowth (in μm) was determined (see Fig. 5(a)).

2.11. Statistical analysis

Normal distribution of all variables could not be assumed due to the
low sample size. Non-parametric Wilcoxon tests with Bonferroni
correction for the different time-points were used to test for significant
differences between experimental groups in terms of epithelialization
and scar formation. An alpha level of 0.05 was used as initial threshold
for significance.

3. Results

3.1. Scar formation and epithelialization of the skin

To evaluate scar formation and the degree of skin epithelialization,
we used hemalaun/eosin (Fig. 4(a)) as well as fibronectin-stained sec-
tions (Fig. 4(b)).We used a self-defined scoring systemwith themuscle
layer of the skin and the punched border as reference landmarks, as
described in “Materials and methods”. With respect to scar formation
(Fig. 5(a)), we could find no differences between bare and VP-co-
DMMEP-coated implants after 7 and 14 days. After 21 days, the bare im-
plants showed a thicker scar tissue around the pin than the VP-co-
DMMEP-coated implants.

Also, no obvious differences between the bare and VP-co-DMMEP-
coated implants were observedwith respect to the degree of epithelial-
ization. After 7 days, both groups showed an average downgrowth of
about 400 μm,which increased to about twofold at 14 days. Interesting-
ly, after 21 days the values decreased in both groups to values lying be-
tween the 7-day and 14-day groups (Fig. 5(b)).

3.2. Infection of the contact tissue

Both the VP-co-DMMEP-coated and the bare implant group showed
no significant differences regarding the frequency of clinically observ-
able inflammations at the skin-implant interface, with Kaplan–Meier
analysis showing a largely parallel course of the survival rates of the an-
imals for both the treatment and control group (Fig. 6). During the first
three weeks, no deep implant infections occurred in any of the test
groups. Most of the infections occurred between days 50 and 75
(Fig. 7(a)). In the bare implant group, 6 of the 12 testing animals –
and 5 of the 10 testing animals in the VP-co-DMMEP group – reached
the endpoint of the experiment after 168 days. However, differences
in the infection pattern could be detected. Histologically, 5 animals of
the bare implant group showed no significant numbers of immune
cells, whereas 7 animals showed infection all around the implants and
thus even in deeper tissue regions (Figs. 4(a), 7(b,c)). In the VP-co-



Fig. 4. Hemalaun/eosin-stained (a) and fibronectin-stained (b) sections of the skin passage after 40 days (a) and 35 days (b). The original punched border ismarked by a dashed line, and
the thickness of the scar by a thin dotted line. The length of the epithelialization is marked by a thick dotted line. In (a), some inflammatory cells and additional skin tissue, which had
grown into one of the holes of the anchoring disc are also visible. The skin of the testing animals was inconspicuous, including the typical prominent dermal cysts [73–75]. Bar =
500 μm (a), 200 μm (b).
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DMMEP group, 4 testing animals showed no significant numbers of im-
mune cells and only 2 of the 10 animals showed infection also in deeper
tissue regions, whereas the other animals showed only superficial signs
of infection.

4. Discussion

In our long-term experiment with implantation of the implants for
up to 168 days, 5 testing animals in the bare implant group (n = 12)
and 4 in the VP-co-DMMEP group (n = 10) apparently showed no in-
flammation or infection of the implantation site. Although professional
animal husbandry was applied, the implants and the skin around the
pins were not specifically cleaned, washed or treated antiseptically,
which differed from treatment in a clinical setting. Patients using
transfemoral prostheses are admonished to clean twice a day with
water and soap to prevent infection, but we were interested in the
difference in resistance to infection even in a worst-case scenario [7].
Although the presence of clinical signs of infection was similar in both
Fig. 5. Scar formation (a) and epithelial downgrowth (b) of transcutaneous bare implants (
implantation. Asterisk indicate significant difference between results. Significance level alpha
referred to the web version of this article.)
groups, histological examination revealed that in the VP-co-DMMEP
group the inflammation was mostly superficial, whereas the bare im-
plants showed signs of deeper infections around the implantation site.
This could potentially be attributed to the antimicrobial properties of
the copolymer coatings. Possibly, the antimicrobial effect of the coating
decreases over time, especially if the coating is exposed to a complex bi-
ological environment. The coating could also be insulated by progres-
sively accumulating bacteria, but the deeper portions of the pin may
have maintained their antimicrobial properties for a longer duration.
This would explain why a superficial inflammation of a polished bare
implant led to deep infections. To maintain the long-term antimicrobial
activity of the polymer coating will be a future challenge.

It could be already shown that proliferation, attachment and mor-
phology of keratinocytes is affected by the surface topography [27,50].
Nanotextured implant surfaces created through electron beamevapora-
tion and anodization [51–53], as well as fibronectin-functionalized hy-
droxyapatite coatings improved dermal fibroblast attachment strength
[54,55]. Also, implant surfaces treated by micro-arc oxidazation [56],
blue bars) and VP-co-DMMEP-coated implants (red bars) after 7, 14 and 21 days post
= 0.05. (For interpretation of the references to color in this figure legend, the reader is



Fig. 6. Infection resistance of the transcutaneous passage. A Kaplan–Meier chart
showing the infection-free survival of the transcutaneous implants in a long-term
experiment comparing bare implants (dotted line) with VP-co-DMMEP-coated
implants (continuous line).

Fig. 7. Example of a visible inflammation (marked by arrows) at the skin-bare implant
interface after 74 days (a). Examples of inflammatory cells in deeper regions of the skin.
Macrophages were shown using F4/80 staining ([76], b) and granulocytes were detected
using chloroacetate esterase staining ([77,78], c). Bar = 3000 μm (a); 50 μm (b);
100 μm (c).
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coated with silanized fibronectin [57] and laminin [58], or seeded with
autologous fibroblasts [59] supported skin growth. The adsorption of
E-cadherin onto titanium alloys improved significantly the attachment
of murine keratinocytes via adherens junctions in vitro [60]. Generally,
implant surface structure and porosity seem to have important influ-
ence on the foreign body reaction and fibrovascular integration [61].
All these studies indicate, that the cellular and physiological microenvi-
ronment is crucial for an appropriate reaction of the respective skin
layers with the implant surface. This also means that an optimal reac-
tion of the surrounding skin tissues is critical for the long-term success
of transcutaneous implants. This is also supported by the observation,
that dental implants located in the bacteria richmilieu of the oral cavity,
show much fewer failure rates than transcutaneous bone fixation im-
plants [62]. It was hypothesized, that both the oral immune system
shows more tolerance [62] and that gingival cells adhere earlier and
stronger to the implant surface [63] thus supporting a more rapid
healing process in the oral cavity than in the extremities.

Although the interface attachment strengths [64] were not deter-
mined in our study, it would be possible that a slightly more enhanced
attachment and ingrowth of soft tissue – especially into the holes of
the VP-co-DMMEP-coated anchor plates – may form a type of a func-
tional subdermal barrier [65], preventing the downmigration of bacteria
into deeper layers. Not only the geometry of the implant but also the
surface topography and its properties to interact with a biological envi-
ronment seem to have an impact on the performance of the implant.

The behavior of bacteria and other cells facing a surface is influenced
by surface roughness andwettability. Different studies give evidence for
an increase of bacterial adhesion with an increase of surface roughness
[66,67]. On the other hand there are reports that certain nanostructures
can indeed kill bacteria based on surface structure alone [68]. Thus the
effect of the surface roughness depends on the size and geometry of
the surface features [34]. Adhesion between objects of the same dimen-
sion seems to be favored [69]. The roughness of our coated implant sur-
faces has not been determined. But it can be assumed that they do not
show a roughness very much different from uncoated implants. Since
we were here mainly interested in the general antimicrobial properties
of the VP-co-DMMEP coating under in vivo conditions, we did not iden-
tify the bacteria species in detail. For this reasonwe cannot exclude, that
the coatingmay not be effective against all types of bacteria. At the time
of euthanasia we additionally took swapmaterial for microbial analysis
from the outer part of every implant and found bacterial colonization in
every case.

Generally, the antimicrobial effects of VP-co-DMMEP coatings were
more marked in vitro. However, in vitro the environmental conditions
are more sterile and controllable than in an animal husbandry setting
and, compared with established clinical settings, the implantation
sites were not regularly cleaned. Also, we cannot exclude potentially
negative effects on the biological activities of the VP-co-DMMEP coat-
ings caused by the required sterilization process before implantation.
Comparable to the inflammation patterns, slight differences were also
found between the two groups regarding the skin–implant interface.
Whereas the initial healing period showed no differences in the tissue
configuration, at later stages the bare implants showed significantly
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more scar tissue around the implants than the VP-co-DMMEP-coated
implants. Potentially, this may again be attributed to a higher rate of
bacterial colonization of the bare implants [55,70,71]. However, both
groups experienced an epithelial downgrowth of the soft tissue over
time [72], but a significantly improved attachment of the soft tissues
to the implant was not observed with the VP-co-DMMEP coating. It
seems that the epithelial downgrowth is the natural healingmechanism
and reaction of the skin to the presence of a transcutaneous structure
and that the factors influencing this mechanism are stronger than the
effects of the coating. These oberservations underline the importance
of the skin-implant interface and especially the support of a rapid grow-
ing skin seal around the transcutaneous part of the implant seems to be
a crucial issue.

Hence, our hypothesis was partly realized and correlates with our
in-vitro findings.

Applying these findings to the clinical application of patients who
use transfemoral prostheses daily, a better resistance to infection deep
in the implantation site may already offer an advantage in that the
outer and superficial parts can be cleaned according to the existing pro-
tocols.Within a clinical setting, non-approval of an enhanced soft-tissue
adherence with the introduced copolymer coatings appears appropri-
ate. Some authors consider that a flexible soft skin–implant interface
may be acceptable and is probably better than a permanent connection,
because this can rupture accidentally in case of falling scenarios or sud-
den non-physiological forces.

5. Conclusions

Compared with polished bare titanium implants, we were able to
show positive in-vivo effects of VP-co-DMMEP coating in the applica-
tion for transcutaneous implants with regard to the occurrence of
deep infections of the implantation site. However, the histological struc-
ture of the transcutaneous passage seemed not to be influenced posi-
tively and the antimicrobial effect appeared to be temporary. In the
future, the impact of environmental influences on the effect of the co-
polymer coatings has to be investigated in more depth to understand
the observed findings further. Additionally, other implantation models
should be developed so that the coatings are more suited to clinical
applications.
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