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a  b  s  t  r  a  c  t

Bone  conduction  hearing  implants  can  rehabilitate  some  types  of  hearing  loss.  A  hydroxyapatite  (HA)-
coated  skin-penetrating  abutment  was developed  to allow  for  soft tissue  preservation  and  increased
skin-abutment  adherence.  Inflammation  is thought  to relate  to  bacterial  infection  of  pockets  around  the
abutment.  Upon  integration,  the  host’s  ability  to  cover  the  abutment  surface  (“race  for  the  surface”),
and  thus  control  and  prevent  competitive  bacteria  from  colonizing  it, is  improved.  However,  the  attach-
ment  mechanisms  behind  it are  not  clear.  In  this  study,  we  applied  two-photon  microscopy  to  visualize
ydroxyapatite
wo-photon microscopy
kin integration
butment

tissue  attachment  on  abutments  retrieved  from  patients.  Skin  integration  markers  were  validated  and
applied  to four HA-coated  abutments.  Evidence  of skin  integration  was  found,  including  the  presence  of
hemidesmosomes,  a  basement  membrane,  dermal  collagen  and  vascularization.  Cases  with  clinical  signs
of  severe  inflammation  and  evident  biofilm  formation  showed  limited  skin  integration  based  on  these
indicators,  confirming  the  applicability  of  the  “race  for  the  surface”  model.

ublis
©  2017  The  Authors.  P

. Introduction

Percutaneous implants are associated with frequent inflamma-
ion throughout all branches of medicine [1,2]. Any implant that
reaches the barrier of the skin, subjects its host to increased influ-
nce of the external environment [3]. A point of entry for pathogens
s created, challenging the host’s immune defense [4,5] and wound
ealing response [6]. In this respect, the semi-implantable bone
onduction hearing implant (BCHI) is no exception [7]. The implant
ystem consists of a screw-shaped intraosseous implant that inte-
rates with the skull bone (osseointegration [8]) and an abutment
hat permanently penetrates the skin and attaches to an external
ound processor. This system rehabilitates patients with a spe-

ific type of hearing impairment [9]. However, inflammation of the
issue surrounding the skin-penetrating abutment affects approx-
mately 30% of patients within two years [10].

∗ Corresponding author.
E-mail address: marc.hoofvan@mumc.nl (M.  van Hoof).

1 *These authors have contributed equally to this investigation.

ttp://dx.doi.org/10.1016/j.colsurfb.2017.07.072
927-7765/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

Conventionally, percutaneous BCHIs were placed using exten-
sive soft tissue reduction around the all-titanium abutment to
minimize the amount of inflammation by stabilizing the skin [7]
and preventing deep peri-abutment skin pockets to form. How-
ever, the removal of subcutaneous tissues is associated with other
complications, such as numbness and cosmetic issues [11]. A
hydroxyapatite(HA)-coated titanium abutment was  developed to
mitigate the need for soft tissue reduction [12]. Previous investi-
gations have shown that, in contrast to the traditional titanium
abutments, HA allows attachment of tissue from the host [13]. A
tight dermal adherence has been demonstrated in animal models
[12,14]. A tight seal between the abutment surface and adjacent
soft tissues [15,16] prevents bacteria from accumulating at the
skin-abutment interface (‘pocket formation’).  As a result, bacteria
are inhibited from colonizing the abutment surface before the host
integrates with it (a model referred to as the ‘race for the surface’
[17]). If the host is successful in forming a structural connection
with the abutment, this mechanical barrier in association with its

immune response may  protect the abutment surface from contin-
uous attempts of invasion by bacteria [13].

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The competition between nutrient driven bacteria and the host’s
ells to populate a surface is complex and dynamic [18]. Both mod-
fy their behavior in response to the actual situation (e.g. available
utrients vs. breach of integrity of the host) and each other (e.g.

nfection, evasion [19,20], bacterial tolerance of the host [20,21],
olerance to antibiotic treatment [22] or eradication). Both also
hange their behavior over time (e.g. biofilm formation vs. different
hases of the immune response, wound closure and a foreign body
eaction [23]). The host response includes many different solitary
nd collaborating cell types which are either blood-borne (e.g. neu-
rophils, macrophages, fibrocytes [24]) or locally present in the skin
4] (e.g. keratinocytes, corneocytes, fibroblasts and dendritic cells).
he balance is further complicated by bacterial colonies that can be
omposed of multiple species with different degrees of virulence
nd different modes of action (e.g. intracellular infection) [2].

The dynamics between bacteria and the host cells, which influ-
nces the “race for the surface”, is often investigated in a simplified
anner using a combination of cell line(s) and selected bacterial

pecies in vitro [25]. As long as the complexity of the process is not
ufficiently reflected in these experiments, the ability to translate
n vitro research to clinical practice is restricted. To date, no arti-
cial implant has achieved an incidence of inflammation as low
s physiological, soft tissue penetrating systems. Importantly, the
hallenge of a successful abutment-skin interface does not only lie
n creating a mechanical seal or achieving integration, but also in
eestablishing such an interface over a lifetime (e.g. in response
o infections, skin tearing, abutment changes etc.). Percutaneous
butments retrieved from patients, in contrast to common animal
odels, represent the actual, prevalent states in which they can

e found in daily clinical practice. The multitude of known and
nknown variables [6] that influence the skin-abutment interface
onverge to and determine these clinical states (e.g. skin integra-
ion, fibrotic encapsulation, bacterial colonization, etc.). Therefore,
ne of the objectives of this ex vivo clinical investigation was  to
ssess the feasibility to study the skin-abutment interface in high
etail in devices that have been in situ.

In a previous scanning electron microscopy (SEM) study [13],
t was shown that HA-coating of an abutment results in almost
ull tissue coverage with an arrangement that suggests direct
ttachment. However, SEM did not allow to specifically analyze
he cellular attachment components in the abutment-tissue inter-
ace, and therefore elucidating the mechanisms of attachment was
ot possible. Conventional histopathologic sample preparation and
xamination is complicated because of the hardness of titanium,
hich commonly complicates producing thin enough sections for
roper subcellular resolution. While methods exist to produce thin
ections, the required use of embedding materials restricts the
hoice of stains. By using such an approach in an animal study
arsson et al. [12] reported dermal adherence to the HA-coated
butments, limited pocket formation and epidermal downgrowth
s compared to all-titanium abutments, showing a proof of concept
f skin integration of HA-coated abutments.

The method proposed here combines two-photon laser scan-
ing microscopy (TPM) with a specific set of markers to represent
kin integration and 3D imaging methodology to analyze the full-
ength of the abutment-tissue interface. TPM has been applied
uccessfully in imaging human skin ex vivo [26] and in vivo [27–30].
t features the advantage of cross-sectional deep tissue penetration

ithout destructive sectioning. Cellular and connective tissue mor-
hology can be locally visualized with high contrast, even without

abeling [31]. Using TPM we aimed at visualizing the structures that
an adhere to the HA surface. We  hypothesize that hemidesmo-

ome complexes relevant for cell-substratum adhesion [32] and
he creation of a basement membrane are the mechanisms that
re used by basal keratinocytes, possibly in conjunction with other
ells, to attach to the surface of an HA-coated abutment. To visu-
s B: Biointerfaces 159 (2017) 97–107

alize epidermal attachment, integrin-�6 was  labelled, a protein
complex used by basal cells to form hemidesmosomes which con-
nect the epidermis to the basement membranes [33]. Collagen IV
is expressed in the basement membranes of the skin that inter-
connects the epidermis to the dermis. Collagen IV is also found
in basement membrane of vasculature [34] and skin appendages
[35]. Visualization of dermal collagen was  pursued using CNA35
(collagen adhesion protein 35), which is known to bind strongly to
various collagen types, among which collagen I, III and IV [36,37].
Cell nuclei were stained using DAPI fluorescent stain, and the mor-
phology of the nucleus was  used as an indication of the cell type.
Bacterial DNA can also be stained by DAPI, thus allowing the iden-
tification of biofilm on the abutment surface.

The objective of this investigation was to develop and validate
the proposed methodology and investigate molecular aspects of
skin integration in relation to ‘the race for the surface model’ in
abutments retrieved in clinical practice.

2. Materials and methods

2.1. Ethics

The procedures in this investigation were in accordance with
the legislation and ethical standards on human experimentation
in the Netherlands. The Dutch national competent authority, Cen-
trale Commissie Mensgebonden Onderzoek (CCMO), was consulted
about the obligation of formal competent authority and ethical
approval. No formal approval was  required as the study proce-
dures were considered to be within the law (Wet op Mensgebonden
Onderzoek). The anonymized materials studied were derived from
patients and classified as surgical by-products. No patient identify-
ing information was  retained and samples were coded for handling.
Verbal informed consent was obtained prior to removal of the sam-
ple for the specific aim. All samples were collected and analyzed at
the Maastricht University Medical Center.

2.2. Sample collection

For the purpose of validating the method, reference skin biopsies
using a 1 mm biopsy punch (Miltex inc., York, USA) were collected
from retro-auricular skin removed during implant surgery in a
patient receiving a BCHI. The surgical procedure involves punch-
ing a 5 mm  hole through the full-thickness skin at the implant site,
approximately 5 cm above and behind the ear, hence leaving the
punch content as a waist product from which control biopsy sam-
ples were collected. The biopsy thickness (1 mm)  is comparable to
the thickness of the tissue that can remain on the abutment after
extraction. Biopsies were immediately placed in fixation medium.

One all-titanium (Fig. 1A) CochlearTM Baha
®

Abutment
(Cochlear Bone Anchored Solutions AB, Mölnlycke, Sweden) and
four HA-coated Cochlear Baha BA400 Abutments (top diameter
7.3 mm,  bottom diameter 4.0 mm,  Fig. 1B) were collected from
patients scheduled for abutment change or removal. The abutments
were removed by unscrewing them from the osseointegrated
implant and pulling the abutment out of the skin. Demograph-
ics and clinical history were collected and all information relating
to the patient was anonymized. The abutments were immediately
immersed in fixation solution.

All clinical samples (abutments and biopsies) were fixed in 3.7%
formaldehyde in phosphate buffered saline pH 7.4 (PBS) for 15 min,

and stored in PBS with 15 mM  sodium azide at 4 ◦C. One unused
Cochlear Baha BA400 Abutment, taken directly from the sterile
packaging, served as a reference sample for the HA autofluores-
cence signal.
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Fig. 1. Overview of abutments and the abutment rotation mount.(For interpretation of the references to colour in this figure legend, the reader is referred to the web  version
of  this article.)
A) Conventional medical grade titanium (Ti) abutment with a smooth surface as shown in the scanning electron micrograph. B) Hydroxyapatite (HA, in white) coated
abutment. The scanning electron micrograph shows the rough surface. C) HA coated abutment dimensions. Zones 1–4 are depicted using black rectangles. Red rectangle
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ndicates the longitudinal stripe imaged in Figs. 4G and 7G. On top left, the coordina
ount  used in the two-photon microscope was  made using common components (

f  the entire abutment surface.

In order to standardize the imaging procedure (see below) and
o enable inter-abutment comparison, the abutments were divided
nto zones of interest as seen in Fig. 1B. The HA coating covers most
f the abutment length starting from the base. The upper titanium
art of this abutment, which is intended to protrude above skin

evel, is not coated. Zone 1 is the region where the HA coating
nds and the titanium surface starts. When in situ, this zone corre-
ponds approximately with the level of the stratum corneum of the
atient’s skin. Zone 2 includes the cylindrical HA-coated region of
he top part of the abutment. Zone 3 includes the converging part
f the abutment and Zone 4 the concave part at the bottom of the
butment that meets the osseointegrated implant.

.3. Fluorescent labeling

Samples (abutments and biopsies) were washed thrice for
0 min  with PBS on an oscillating platform and were permeabilized
ith 0.1% Triton-X 100 for 15 min  at room temperature (RT). After
ashing with PBS, samples were incubated with the primary anti-

odies. These included mouse anti-integrin-�6 (ab20142, Abcam,
ambridge, UK) using a 1:100 dilution and rabbit anti-human col-

agen IV [38] using a 1:1000 dilution in PBS containing 1% bovine
erum albumin (BSA) for 1 h at RT. After washing thrice with PBS for
0 min, secondary antibodies AF568 conjugated goat anti-mouse
ab1754731, Abcam, Cambridge, UK) and AF488 conjugated goat
nti-rabbit (ab150077, Abcam, Cambridge, UK), each in a 1:500
ilution in PBS containing 1% BSA, were applied to the samples
or 1 h at RT, followed by a washing step. For staining of dermal
ollagen, collagen-binding adhesion protein 35 (CNA35) [37], con-
ugated with OG488 or AF568 was used for 1 h incubation (0.5 �M)
t RT. Afterwards, samples were washed thrice for 10 min  with PBS
n an orbital shaker. All samples were stained for DNA with 4′,6-
iamidino-2-Phenylindole (DAPI, Roche Diagnostics B.V., Almere,
etherlands) using a dilution of 0.5 �g/ml in PBS. Samples were

tored in PBS with 15 mM sodium azide at 4 ◦C until the imaging
ession. Table 1 shows the fluorescent stains used for each sample.

.4. Two-photon microscopy and image analysis
For imaging, a Leica TCS SP5 (Leica Microsystems GmbH, Wet-
lar, Germany) two-photon laser scanning microscope was used
ith a Ti-Sapphire Chameleon Ultra II (Coherent Inc, Santa Clara,
A,USA) laser. Excitation was at 820 nm,  except for Case 4 were
em is indicated. Imaging direction is from top to bottom. D) The abutment rotation
earTM abutment inserter and LEGO® parts) and allows for non-destructive scanning

excitation was  at 780 nm. A Leica objective, HCX APO L 20x/1.00
was used. Fluorescence detection was  performed using three detec-
tors set according to the emission spectra of the dyes used in
each sample (Table 1). Image acquisition was performed simulta-
neously for all channels. DAPI was detected at 430–490 nm,  AF488
at 510–550 nm,  AF568 at 595–640 nm,  CNA/OG488 at 510–550 nm
and CNA/AF568 at 595–640 nm.  Second harmonic generated signal
(SHG) from dermal collagen, was  detected with a forward detector
with a bandpass filter (380–420 nm).

The biopsy samples were mounted for imaging inside a 50 mm
Petri dish filled with PBS and immobilized with agarose gel. Abut-
ment samples were attached to an Abutment inserter (Cochlear
Bone Anchored Solutions AB, Mölnlycke, Sweden) and mounted on
a custom made rotation mount inside a 50 mm Petri dish filled with
PBS (Fig. 1D). This allowed 360◦ rotation around the medial axis,
enabling visualization of the total abutment surface.

Noise was  removed from all images using a non-linear filter
(Guidedfilter) in Mathematica (Wolfram Research, Inc., Mathemat-
ica, Version 10.4, Champaign, IL, USA). For the 3D reconstruction of
the extended field of view (full-length abutment) of the HA-coated
abutments, a series of consecutive z-stacks, covering the entire sur-
face from top to the bottom, were acquired. These z-stacks were
subsequently stitched using the Pairwise stitching [40] plugin of
ImageJ. The stitched z-stack was  used to make the 3D reconstruc-
tion. Each z-stack was  acquired with a 2.5 �m step size, except for
one case where a 5 �m step size was  used. In order to visualize the
full view of the abutments in one image, a maximum projection
image was  created from the stitched z-stacks. This produced the
longitudinal stripes presented in Figs. 4G, 7G, and 9. All abutment
images and image projections are in the XY plane as indicated in
Fig. 1C. Imaging direction is always from the top to the bottom of the
abutment. Images were processed and analyzed using Fiji ImageJ
[41].

3. Results

3.1. Sample inclusion and patient demographics

Patient demographics and their clinical history are presented

in Table 1. Biopsy samples were collected from one patient during
BHCI placement (Control 1). Abutments were retrieved from five
patients (four patients with a HA-coated abutment and one patient
with an all-titanium abutment). At the time of removal, all abut-
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ments had been in situ for longer than one year. Three patients had
a medical indication for the removal (Case 1, Case 2 and Case 4)
and two patients were indicated for a change to a longer abutment
(Case 3, Control 2). One unused HA-coated abutment (Control 3),
taken directly from the sterile packaging, served as reference for
HA autofluorescence.

3.2. Method validation using skin biopsies

Optimization and selection of staining protocols was achieved
with skin biopsies (Control 1), as presented in Fig. 2. The cell
nuclei (DAPI, blue) in the epidermal and dermal layer were clearly
visualized (Fig. 2A–C). Nuclei of the keratinocytes appeared as a
densely arranged cuboidal basal cell layer. The cells showed a
flatter profile as they migrated towards the surface. Collagen IV
of the basement membranes (green) and integrin-�6 staining of
hemidesmosomes (red) are seen as mutually exclusive staining
patterns at the dermal-epidermal junction (DEJ, Fig. 2A). Fig. 2B
shows a skin appendage, where cells expressing a hemidesmo-
somal layer (integrin-�6,  red) are enclosed by a thin basement
membrane (collagen IV, green), again illustrating the mutual exclu-
siveness of the staining patterns. The second harmonic generated
signal (SHG, cyan) of papillary dermal collagen shows a partial over-
lap with the collagen IV immunostaining pattern (Fig. 2A–B) as a
result of their close proximity. The SHG signal was not as homoge-
neous and intense as that of the collagen staining by CNA35/AF568
(Fig. 2B–C). Therefore, the CNA35/AF568 was used as a collagen
stain in the abutments.

3.3. All titanium abutment and unused reference HA-coated
abutment

The surface of the titanium abutment (Control 2) did not show
a significant amount of cell or tissue attachment as screened by
using autofluorescence. No staining was  performed. In Fig. 3A a
characteristic image of a region with some amorphous material on
the titanium surface is shown. The variance of the autofluorescent
signal suggests that these patches of amorphous material consist
of a combination of keratin, sebum, skin cells and bacteria, possibly
in a biofilm.

The autofluorescence signal of the HA-coating of the unused ref-
erence abutment (Control 3) is presented in Fig. 3B. An overall signal
was detected in a broad wavelength range, with the strongest signal
appearing in the green channel (Fig. 3B). While the titanium sur-
face was  relatively smooth, as seen in Fig. 1A, the roughness of the
HA-coating, as seen in Fig. 1B, was  also observed with TPM (Fig. 3B).

3.4. Clinical cases

The demographics data and (immunofluorescent) staining
methods of the four abutments that had been in situ for 1.5–2.5
years are summarized in Table 1.

Case 1. This abutment had been in situ for 2 years and was
removed because of recurrent minor inflammation. It was stained
for DNA (DAPI, blue), hemidesmosomes (integrin-�6,  red) and col-
lagen IV (green). Characteristic images are presented in Figs. 4 and 5.
The reconstruction of all the stitched stacks produced the full-
length abutment image in Fig. 4G, which shows the morphology
of the tissue attached to the abutment. A clear gradient of increas-
ing cellular density towards the bottom of the abutment is seen. The
Ti-HA transition in Zone 1 showed presence of some clusters of cells
in the cavities of the HA (Fig. 4A). Presence of structures indicative

of neutrophil extracellular traps (NETs) could be identified by the
presence of extracellular fibers of DNA [42] (Fig. 4B). Since the back-
bone of NETs is formed by DNA, common DNA stains can be used
for their visualization [43,44]. However, no specific labeling for his-
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Fig. 2. Skin biopsies stained with the optimized protocol for validation purposes (Control 1).(For interpretation of the references to colour in this figure legend, the reader is
referred  to the web  version of this article.)
A)  Biopsy of full thickness retro-auricular skin stained for nuclei (DAPI, blue), collagen IV (green), and hemidesmosomes (integrin-�6, red). In the dermis, the second harmonic
generated (SHG) signal (cyan) below the dermo-epidermal junction (DEJ) indicates the presence of collagen (Col). The DEJ is visible by the thin layer of hemidesmosomes
(red,  integrin-�6) above the layer of collagen IV (green), which is part of the basal lamina. The epidermis contains stratifying basal keratinocytes (K). B) Skin biopsy, stained
for  nuclei (blue), collagen IV (green), and integrin-�6 (red) showing staining of skin appendages. SHG signal from dermal collagen (Col) appears in cyan. C) Skin biopsy
stained  for nuclei with DAPI (blue) and dermal collagen (CNA35/AF568, red). The CNA35 and SHG signals overlap, but the CNA35 is more intense and more homogenous.
Keratinocytes (K) densely and orderly arranged above the DEJ are visible.

Fig. 3. Autofluorescence of a retrieved titanium abutment (Control 2) and unused HA-coated abutment (Control 3).
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)  Titanium abutment (Ti) removed from a patient. A layer of amorphous materials
urface.  There was no indication of structured tissue on top of the abutment. B) H
attern with variability in structural composition of the granules.

ones or proteases has been used and therefore, although unlikely
ue to the mesh-like structure of the DNA, another source of this
NA (apoptotic cells, damaged nuclei etc.) cannot be excluded. In
one 3, a layer of epithelial cells which seems to be attached to the
A is seen (Fig. 4C). The assumption that these are keratinocytes

s based on the round morphology and typical dense packing [31].
he HA surface further down shows a faint immunostaining for
ntegrin (red) in comparison to the region shown in Fig. 4c, which
uggests hemidesmosomal attachment to the HA surface (Fig. 4D).

e assume that these cells are basal keratinocytes (blue) as they
xpress integrin-�6 (red) and are attached to the basement mem-
rane, visualized by the presence of collagen IV (green). Zone 4,
hich corresponds to the concave part of the abutment, is cov-

red with epithelial cells (Fig. 4E), where basal cells expressing
ntegrin-�6 are attached to the HA coating. Near the lower end
f the abutment (Fig. 4F), basal cells expressing integrin-�6 (red)
nd basement membrane containing collagen IV (green) are seen.

 magnified region of Fig. 4F, showing the individual channels to

ighlight the presence and partial colocalization of collagen and

ntegrins, is presented in Fig. 5. These results indicate that necessary
omponents needed for integration of the skin with the abutment
urface are present in each other’s vicinity.
 with different autofluorescence signals was seen to a variable degree on top of the
yapatite (HA) coating of an unused abutment showing a distinct autofluorescence

Case 2. This sample remained in situ for 2.5 years prior to
removal due to ongoing severe inflammation. It was stained for
nuclei (DAPI, blue) and fibrillar collagen (CNA35/OG488, green).
Fig. 6A and B are taken from Zones 1 and 2, which both contained
biofilm, and DNA structures strongly indicative for the presence of
NETs. Cells were scarcely identified and exposed regions of HA were
visible in this region. In Zones 3 and 4, numerous cells were visible
and large surface areas were covered with biofilm (see Fig. 9), char-
acterized by an intense autofluorescence [45] in combination with
the DAPI signal (Fig. 6C). Cells (DAPI, blue) and biofilm in active
dispersion (cyan) are visible in the center of the image, while no
zones with dermal collagen were identified. In general, only a lim-
ited surface was covered by tissue from the host (see Fig. 9). Based
on these results, the clinical diagnosis of infection was confirmed
by the microscopic detection of biofilm. Furthermore, the presence
of an extensive biofilm in this case is associated with the absence
of indicators of integration.

Case 3. This sample was  collected from a patient undergo-

ing abutment replacement. The retrieved sample had remained
in situ for 2 years and was  removed due to skin overgrowth, which
required a change to a longer abutment. No  primary infection pro-
cess was suspected for this sample. Upon removal, more force had
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Fig. 4. Case 1–High resolution TPM images from Zones 1–4 and full-length abutment reconstruction.(For interpretation of the references to colour in this figure legend, the
reader  is referred to the web version of this article.)
The sample was stained for nuclei (DAPI, cyan), collagen IV (green) and hemidesmosomes (integrin-�6, red). A) Zone 1 of the abutment shows no cellular attachment to
the  titanium (Ti) and limited cellular attachment on the hydroxyapatite (HA, visualized by autofluorescence), usually in clusters of cells (CC). B) Extracellular DNA in the
neighborhood of cells can be discerned (cyan) which could be interpreted as presence of neutrophil extracellular traps (NETs). C) Zone 3 with a layer of epithelial cells seeded
onto  the HA surface. D) Zone 3 with cells (cyan) near the surface expressing hemidesmosomes (red) and covered by collagen IV (green). E) Zone 4, cells (cyan) near the
HA-surface expressing hemidesmosomes (red, integrin-�6). F) Cells (cyan) in Zone 4 expressing both Collagen IV (intense green) and hemidesmosomes (red). G) Maximum
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ntensity projection along the full-length of the abutment surface. All images are 

egions depicted in the longitudinal stripe of Fig. 4G or adjacent regions. Arrows ind

o be applied to pull the abutment free from the bottom regions of
he skin as compared to the other cases. The sample was  stained
or DNA (DAPI, blue), hemidesmosomes (integrin-�6, red) and col-
agen IV (green, and characteristic images are presented in Fig. 7.
o epithelial cells are seen on the smooth titanium surface located
bove the Ti-HA transition (Zone 1, Fig. 7A), but instead amorphous
aterial is attached. While the HA-coated part of the abutment in

one 2 was abundantly covered by tissue, some regions showed
xposed HA with clusters of cells within the cavities of the HA
Fig. 7B). Some of these cells express integrin-�6, typical of basal
eratinocytes. The upper part of Zone 3 is characterized by clus-

ers of cells expressing high levels of integrin-�6 (Fig. 7C), while
ell clustering and expansion increases towards the lower part of
one 3, completely covering the cavities of the HA coating. Zone 4 is
 XY plane (see Fig. 1C). Fig. 4A–F are single high resolution images acquired from
 the approximate level of Fig. 7A–F on the abutment.

densely occupied by epithelial cells, while several capillaries with
a diameter ranging from 8 to 12 �m are visible between these cells
(Fig. 7D). Fig. 7E shows a magnification of capillaries, where elon-
gated endothelial cells, aligned with the vessel orientation, express
integrin-�6 and are covered by a basement membrane containing
collagen IV [46]. On this lower part of the abutment, connective tis-
sue with sparsely arranged cells with an elongated nucleus, most
likely fibroblasts, are seen (Fig. 7F). The faint green autofluores-
cence indicates the presence of dermal collagen in this region. These
results indicate that in this case a high level of integration has been
achieved. No signs of an extensive biofilm are observed.
Case 4. This sample remained in situ for 1.5 years, and was
removed due to severe ongoing infection. Nuclei (DAPI, cyan), col-
lagen IV (green) and dermal collagen (CNA35/AF568, red) were
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Fig. 5. Case 1 Magnification and split channel images of Fig. 4F. A) Blue channel showing cell nuclei (N) stained with DAPI. B) Green channel showing collagen IV. C) Red
channel  showing integrin-�6. D) Merged channels. Arrowheads indicate collagen IV. Stars indicate integrin-�6. Arrows indicate integrin-�6 and collagen IV colocalization.
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Case 2 Sample stained with DAPI (blue) showing extensive biofilm formation in all Zones. A) The transition from titanium to hydroxyapatite (HA) showing a plaque
o tures 

t terpr
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f  biofilm (B) in Zone 1. B) Zone 2 showing bacteria in small colonies and DNA struc
op  of the HA together with intensely fluorescent dispersing biofilm (B, cyan). (For in
eb  version of this article.)

tained. On the titanium part of the abutment, in Zone 1, cells
nd NETs are visible together with depositions resembling stratum
orneum (green) (Fig. 8A). Significant amounts of dermal collagen
red) were identified in Zone 2, together with cells (cyan) on top of
A (green), (Fig. 8B). Zone 3 was characterized by biofilm forma-
ion extending down to Zone 4 (see Fig. 9). The lower part of zone
 (Fig. 8C) is occupied by a dense cellular layer. In this case a mixed
tate, featuring integration, inflammation and biofilm formation,
an be discerned.
indicative of neutrophil extracellular traps (NETs) presence. C) Zone 3 with cells on
etation of the references to colour in this figure legend, the reader is referred to the

3.5. Full-length abutment surface reconstruction and case
comparisons

Fig. 9 displays the full-length abutment surface reconstructions
of the four HA-coated abutments (Cases 1–4), while Fig. 10 displays

the side view reconstructions of these cases. The images retain the
high resolution of TPM while still allowing the full-length of the
abutment to be visualized. Even though different stains were used
in each case resulting in different color settings, cross comparison
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Fig. 7. Case 3–High resolution images from Zones 1–4 and full-length abutment reconstruction.(For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
Sample stained for nuclei (DAPI), collagen IV, and hemidesmosomes (integrin-�6). A) Zone 1 of the abutment shows no cellular attachment to the titanium (Ti) but a
green  autofluorescent layer of amorphous material (Am) can be seen in this Ti region. On the hydroxyapatite (HA) region, however, cells (blue) are mostly present on the
horizontal ridge (indicated with a bracket) of the Ti-HA transition. B) Cells (blue) in HA cavities (green) of Zone 2 showing absence or low expression of hemidesmosomal
integrin-�6  (red). C) Cells (blue) on top of the HA (green) in Zone 3 with high expression levels of hemidesmosomal integrin-�6 (red). D) Capillaries as detected by collagen
IV  staining (green) and surrounded by cells (blue) are visible in Zone 4. E) A close up of the capillaries as shown in Fig. 7D. The endothelial cells surrounding the lumen (L) are
recognized by the flattened nuclei (blue) and connect through hemidesmosomes (red) to the basement membrane (green) of the capillary. F) Zone 4 with sparsely arranged
and  elongated nuclei within a diffuse green autofluorescent background, which indicates the presence of dermal collagen (Col) with fibroblasts (Fib). G) Full-length abutment
s re indi
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urface  reconstruction. Discontinuities in the stitching and reconstruction process a
re  maximum intensity projections of a volume stack. Images 7A–7F are extracted 

f  Fig. 7A–F on the abutment.

s possible. Inspection of these four clinical cases revealed some
ommon features. For Zone 1 around the Ti-HA transition, clusters
f cells were mostly found on the HA side, continuing into Zone 2,
hile amorphous material was found on the titanium side. These

morphous materials were considered to be depositions of debris
rom stratum corneum and/or biofilm. In all cases, Zone 4 is densely
opulated by cells.

There is a clear distinction, however, between cases with and
ithout severe inflammation. In the cases in which extensive

iofilm is identified (cases 2 and 4), an immunological response

s present (e.g. NETs). In both cases, only limited integration of the
ost tissue and the abutment surface could be observed. On the
ther hand, in cases 1 and 3, in which a limited amount or no biofilm
s identified, a high level of skin integration is detected by expres-
cated with an asterisk. All images are in the XY plane (see Fig. 1C) and except Fig. 7B
the longitudinal stripe presented in Fig. 7G. Arrows indicate the approximate level

sion of integrin-�6 and collagen IV. In addition, capillaries indica-
tive of structural tissue organization, were identified in Case 3.

4. Discussion

The objective of this investigation was  two-fold: first to develop
and validate methods for imaging skin integration with abutments
in clinical practice, and second to explore the modes of attachment
of skin tissues to HA-coated abutments.
4.1. Imaging of skin integration

With respect to the first objective, the use of immunofluores-
cent markers in combination with TPM was shown to be effective
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ig. 8. Case 4 Images showing staining of DNA (DAPI, cyan) and dermal collagen (C
DAPI, cyan) are present together with biofilm and keratin depositions (Ker). B) Zon
red). C) Zone 4 contains tightly clustered cells. (For interpretation of the references

n studying the tissues covering the HA-coated BCHI abutment sur-
ace. Immunofluorescence staining protocols using markers for skin
ntegration, i.e. integrin-�6 and collagen IV, showing the known
rganization of hemidesmosomes and basement membranes on
kin biopsies, gave valid results when applied to the tissues attach-
ng to the retrieved abutments. Despite the thickness of the tissue
ttached to the abutment, staining was sufficiently homogeneous
nd the HA-coating could be visualized in most of the zones. Thus,
he chosen method meets the requirements for ex vivo investiga-
ion of skin-abutment integration. The combination of TPM with
he rotation mount allows imaging of any region of the abut-

ent surface. In general, TPM is confined to a relatively small
eld of view (FOV). Imaging larger FOVs, i.e. in this investigation
he entire length of the abutment, was made possible by stitching
f adjacent images, replacing a need for conventional histological
rocedures [47]. In comparison to sample sectioning, this versa-
ile three-dimensional imaging methodology provides a novel and

ore appropriate perspective of the tissue interacting with the
butment surface.

A qualitative assessment of the tissues attached to the abut-
ents was performed. On the all-titanium control abutment no

tructural attachment of tissue was found, in line with previous
nvestigations [48]. On all HA-coated abutments, however, tissue

as found to be attached, but the amount of surface coverage var-
ed. A gradual increase of tissue attachment was  seen towards the
oncave zone, especially in the two cases with limited inflamma-
ion. This coincides with the finding of Larsson et al. that the shape
f the abutment may  influence tissue attachment [12]. Parts of the
issue that attached to the HA-coated surface showed evidence of
emidesmosomal adherence, indicative for the presence of basal
eratinocytes. Collagen IV was present around cells on the surface
f the HA-coating, which indicates the formation of a basement
embrane. In one of the cases a high degree of tissue organization
as achieved, with vascularization and dermal collagen extending

ver the surface of the abutment.

.2. Modes of attachment

Previous animal studies [12,14], using conventional histological
echniques on abutments left in situ for a short term (1 month),
ave suggested a mainly dermal type of adherence. The findings
escribed above, however, support the hypothesis of a role for
emidesmosomes and basal lamina in skin integration with the
A-coating of abutments [13]. Therefore, an epidermal origin of

he cells in the tissue attaching to the abutment is suggested.

lso with respect to epidermal downgrowth differences were seen
etween these animal studies and our clinical observations. Epider-
al  downgrowth has been shown to be inhibited for the HA-coated

butment in comparison to the titanium control abutment in the
 red). A) In Zone 1, on top of the titanium (Ti), neutrophil extracellular traps (NETs)
ntains cells (DAPI, cyan) scattered over the HA surface (green) and dermal collagen
lour in this figure legend, the reader is referred to the web version of this article.)

short-term animal study [12,14]. In contrast, we observed epider-
mal  downgrowth up to Zone 3. The specific phenotype and level
of differentiation of the epithelial tissue of the epidermal down-
growth is different from the normal skin epidermis because it lacks
cornification. Previously it was  suggested that this tissue resembles
junctional epithelium similar to that around teeth [13]. Since corni-
fication, i.e. the presence of non-viable cells, is thought to inhibit
integration, its absence may  be beneficial. The skin-abutment inter-
face shares many similarities with the enamel of the tooth-gingiva
and maybe this system provides a model for a successful mode
of attachment. In teeth, epithelial tissue in the junctional epithe-
lium can attach through the internal basal lamina to the enamel
of the tooth. Epithelial basal cells attach to the membrane through
hemidesmosomes. Interestingly the enamel is constituted mainly
of HA. However, in contrast to the internal basal lamina which is
present in the skin, the internal basal lamina around teeth has no
collagen IV. In the abutments extracted, we  have observed a similar
attachment mode, cells expressing hemidesmosomes are found on
the interface of HA, but collagen IV has not always been identified
in between this interface. This observation deserves further inves-
tigation by identifying molecules specific to internal basal lamina
such as laminin 332 [49] to be labelled and verifying the presence
or not of this internal basal lamina on this samples.

Additional to our findings of an epidermal attachment we
also obtained indications for dermal attachment through collagen,
which was observed either by means of autofluorescence or by
direct collagen labeling with CNA35. Also, the presence of capil-
laries is suggestive for a dermal mode of attachment.

Since regions are observed where cells attaching to the abut-
ment do not express collagen IV or integrin-�6, and where dermal
collagen is absent, we  hypothesize that a direct focal attachment
might anchor these cells to the HA. These different modes of attach-
ment may  be simultaneously present around a single abutment.

4.3. Clinical associations

Several of the clinical observations can be supported by the
microscopic findings. For example, the considerable pulling force
required in Case 3 for the removal of the abutment from the skin is
in line with the microscopically observed high level of integration.

Furthermore, the microscopic identification of biofilm, accom-
panied by NETs, could be associated with clinical signs of
inflammation and infection. Most biofilm was present in areas
where no structural attachment of tissue was seen. This mutual
exclusiveness confirms the applicability of the “race for the surface”

model.

Relevant factors for clinical outcomes in future investigations
of skin integration include the degree of abutment surface tissue
coverage, as well as prevention and healing of infections. The abil-
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Fig. 9. Case comparisons of full-length abutment surface reconstruction.(For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web  version of this article.)
The four cases have different abutment lengths (Table 1). In general, tissue attach-
ment increased gradually from top to bottom. Tissue on the lower parts of the
abutment in Case 3 showed vascularization in Zone 4. For the cases with peri-
abutment dermatitis (Cases 2 and 4), extensive biofilm (B) was  identified in several
Zones. In these cases, cell attachment was less pronounced or even absent. For each
case the microscopy settings had to be optimized for the individual fluorescence
staining procedures, which did not allow for the direct color comparison. Discon-
t
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Fig. 10. Full-length abutment side view reconstructions.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article.)
Using a maximum intensity projection of the side view of the abutment surface, the
inuities in the stitching and reconstruction process are indicated with an asterisk.
he  abutment zones are indicated with different colors seen on the legend on the
op  left.

ty of the skin-abutment interface to be repaired and maintained
s important for the long term clinical stability and resilience. Our
vidence of vascularization close to the abutment surface is an indi-
ation that the immune system has access to the abutment-skin
nterface, allowing prevention or clearing of infections.

We realize that by removing the abutment from the skin, the
urrounding tissue is ruptured, which might result in an under-
stimation of the degree of skin integration. The relative strength
f the connection between different tissue layers and between the
issue and the abutment surface will determine the location of the
issue rupture and, hence, the amount and nature of the tissue

hat remains on the abutment upon removal. Therefore, we have
he opportunity to investigate the innermost tissue layers, which
emained attached to the abutment surface when simply being
nscrewed from the osseointegrating implant. Finally, it should be
thickness of the tissue attachment can be discerned. Discontinuities in the stitching
and reconstruction process are indicated with an asterisk. The abutment zones are
indicated with different colors seen on the legend on the top left.

kept in mind that the samples used in this study had a medical indi-
cation for removal. Therefore, the inflamed or infected samples are
over-represented as compared to the clinical situation.

5. Conclusion

Investigating the attachment of tissue on abutment surfaces is
possible and valid using two-photon microscopy. The methodol-
ogy presented here allows for a high resolution and a large field of
view, showing the entire length of the abutment, enabling ex vivo
investigations into skin integration. Tissue attached to clinically
retrieved HA-abutments expressed hemidesmosomes and collagen
IV indicating skin integration. Findings in abutment samples with
and without clinical signs of infection, showing the mutual exclu-
siveness of biofilm versus skin integration, support the race for the
surface model.
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