Effects of Surface Topography on the Connective
Tissue Attachment to Subcutaneous Implants
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Purpose: A major concern for implants that penetrate stratified epithelia is aggressive epithelial prolif-
eration and migration. This epithelial downgrowth on the implant can be inhibited by a firm attachment
between the underlying connective tissue and the implant. This study evaluates the connective tissue
attachment to titanium implants with various well-defined surface topographies. Materials and Meth-
ods: Titanium-coated epoxy replicas of polished (PO; R, = 0.06 um), finely blasted (FB; R, = 1.36 um),
coarsely blasted (CB; R, = 5.09 um), acid-etched (AE; R, = 0.59 um), coarsely blasted and acid-etched
(SLA; R, = 4.39 um), titanium plasma-sprayed (TPS; R, = 5.85 um), machined-like (ML; R,=2.15 um),
and micromachined grooved (GR; V-shaped grooves 30 um deep) surfaces were implanted subcuta-
neously in 74 rats for 1 to 11 weeks. Animals were sacrificed weekly. Surfaces were processed for his-
tomorphometric evaluation of connective tissue attachment, capsule thickness, and where applicable,
the degree of separation between the tissue and implant. Results: A total of 153 test surfaces were
analyzed. Statistical analysis revealed that textured and rough substrata, namely the GR, TPS, AE, CB,
and SLA surfaces, exhibited significantly greater (P < .05) connective tissue attachment and thinner
fibrous encapsulation when compared to the PO surface. Tissue separation from the implant interface
was of significantly lower magnitude and frequency with the rough surfaces than with the PO surface.
Conclusions: The results indicate that rough implant surfaces are associated with stable connective
tissue attachment, which has implications for their use in percutaneous and permucosal applications.
In addition, data from the AE surface may indicate that the geometry of the surface irregularities can
also be a significant determinant of the connective tissue response. (Basic Science) (More than 50 ref-
erences) INT J ORAL MAXILLOFAC IMPLANTS 2006;21:354-365
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Research on the titanium implant-tissue interface
generally concentrates on the integration of the
alloplast with bone.’* The in vivo soft tissue
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response to titanium has received comparatively less
attention, despite the need for an endosseous
implant to pass through connective tissue and
epithelium when supporting a dental prosthesis.
Epithelium fulfills an important role in implant func-
tion by sealing percutaneous and dental implants
from contaminants in the external environment.
However, epithelium’s tendency to proliferate and
migrate along an implanted device can create sinus
tracts that may undermine the implant and lead to
its loss.>~? Aggressive epithelial downgrowth can be
impeded by a firm attachment between the soft con-
nective tissue and the implant, with cells and fibers
attached to the implant surface, as is the case with
Sharpey’s fibers around natural teeth.% In healthy tis-
sue, collagen bundles insert into the root cementum;
the connection deters downward migration of the
overlying epithelium.' Connective tissue does not
usually attach to titanium substrata in this man-
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ner.41> Instead, connective tissue typically becomes
organized into a fibrous capsule, with collagen fibers
oriented parallel to the implant surface.6811.121516
The presence of this fibrous capsule often denotes a
failure of the implant to integrate with the soft tis-
sues. In addition to compromising local blood supply,
thick fibrous capsules are associated with a persis-
tent fluid space between the tissue and the implant,
precluding stable implant fixation.'”

A promising approach to optimizing soft tissue-
implant integration involves modification of the
topography of the implant surface. The surface
topography of implanted biomaterials is known to
modulate host response at the cellular level. For
example, Keller and associates demonstrated that
titanium surfaces roughened by blasting and/or acid
etching are more conducive to osteoblast attach-
ment than smooth surfaces.'® Their in vitro data fur-
ther supports the use of roughened implant surfaces
to enhance bone integration in vivo.3*18 |t is also
conceivable that the ideal implant surface would
optimize connective tissue attachment with appro-
priate orientation while minimizing fibrous capsule
formation. The effects of surface topography on
fibroblast attachment have been documented both
in vitro'®=24 and in vivo.%'725-27 |t was thus hypothe-
sized that roughened implant surface topographies
designed to improve bone integration would be
effective for soft tissue integration as well.

The aim of the present in vivo study was to evalu-
ate the soft tissue response to various implant sur-
face topographies subcutaneously in a rat model
using the histomorphometric parameters of attach-
ment, capsule thickness, and degree of tissue-
implant separation. The subcutaneous model was
chosen for its simplicity, since it allowed the study of
connective tissue behavior without the complica-
tions of epithelial downgrowth or biofilm formation.

MATERIALS AND METHODS

Seven of the 8 surface topographies used in this
investigation were replicated using disks (15 mm
diameter, 1 mm width) of grade 2 commercially pure
titanium. The surface topographies were provided by
Institut Straumann (Basel, Switzerland) and were
defined and manufactured as follows:

1. Machined-like (ML): The term machining refers to
the lathing, milling, or cutting of metal objects. A
machined surface topography is characterized by
fine parallel grooves oriented in the direction of
cutting.?® In this study, the titanium disks were
treated with 60-grit silicon carbide (SiC) grinding

paper to produce a striated surface resembling a
machined surface.

2. Polished (PO): The titanium disks were treated
with 60-grit SiC grinding paper, then polished to a
mirror finish with a 10-uym diamond paste in oil
and a 0.06-um silicon dioxide (SiO,) suspension.

3. Finely blasted (FB): The titanium surface was blasted
with glass beads 150 to 230 pm in diameter.

4. Coarsely blasted (CB): The titanium surface was
blasted with alumina particles 200 to 500 pym in
diameter.

5. Acid-etched (AE): The titanium surface was treated
in a hot solution of hydrochloric acid (HCl) and
sulfuric acid (H,SO,).

6. Sandblasted, large-grit, acid-etched (SLA): This sur-
face was obtained by blasting the titanium sur-
face with 250-um-diameter alumina particles prior
to etching with HCI/H,SO,.

7. Titanium plasma-sprayed (TPS) surface: This sur-
face was obtained by blasting the titanium sur-
face with 250-pym-diameter alumina particles and
plasma-spraying the surface with titanium
hydride powder.

8. Micromachined silicon surface (GR): The eighth
surface was produced by etching parallel grooves
onto silicon substrata using a technique first
described by Camporese and colleagues.?® In brief,
following protection of the silicon substrata with a
layer of silicon dioxide and a photosensitive agent,
the surface is exposed to intense light through a
computer-generated photomask. The light dis-
solves the photosensitive coating at the planned
groove sites, selectively exposing the underlying
silicon dioxide-coated silicon substrata. Next, the
exposed portions of the SiO, coating are chemi-
cally dissolved, in turn selectively exposing the sili-
con according to the desired pattern. Finally, the
silicon surface is anisotropically etched to form V-
shaped grooves.3® The grooves on the disks used
in this study were 30 um deep and 35 ym wide,
with a pitch of either 40 or 45 ym (Fig 1).

The roughness of the surfaces was quantified by
noncontact laser profilometry. For each surface, 7
profiles were randomly obtained over a measure-
ment distance of 4.096 mm. The lateral resolution of
this technique was 1 um.3' This technique was used
to determine the R, value for each surface, which is
defined as the average height deviation, or ampli-
tude, of the surface irregularities (Table 1). Although
R, values were of the greatest interest, the surface
topographies were also characterized by other
numerical parameters, including Rq, Re R,omr Smv Sk
and L,. These additional parameters have been
defined and outlined by Wieland and coworkers.3132
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Fig 1 Schematic representation of the micromachined grooved sur-
face. The V-shaped grooves were 30 um deep and 35 um wide, with a
pitch of either 40 um or 45 ym.

Fig 2 Schematic representation of the implant.
There were 4 test surfaces per implant. The test
surfaces were located on the sides of the vertical
components (posts).

Table 1 Effect of Surface Type on Suitability for Morphometric Analysis and Incidence of

Complete Attachment/Detachment

No. of 5u_rfaces
suitable*
Surface surfaces
type R, value processed n %
PO 0.06 38 16 42
FB 1.36 19 6 &2
ML 2.15 55 26 47
AE 0.59 55 28 51
GR N/A 71 38 54
SLA 4.39 19 16 84
CB 5.09 19 10 53
TPS 5.85 19 iLE 68

Surfaces with Surfaces Surfaces with
complete with partial complete
attachment’ (%) attachment’ (%) detachment' (%)

0 69 31
0 17 83
8 73 19
21 54 25
10 77 13
18 82 0
50 50 0]
38 62 0

*Number/percentage of processed surfaces that were suitable for morphometric analysis.
TComplete attachment refers to surfaces with tissue attachment along the entire implant length; partial attachment refers
to surfaces with tissue attachment along part of the implant length; complete detachment refers to surfaces devoid of any

tissue attachment.

All topographies were replicated onto epoxy resin
to form exact duplicates of the original surfaces. This
method of replication has been shown to accurately
reproduce the original surface textures.3! In brief,
impressions were made of the titanium and silicon
surfaces using Pro-Vilnovo polyvinyl siloxane impres-
sion material (Heraeus Kulzer, Hanau, Germany).
Epoxy resin (EPO-TEK 302-3; Epoxy Technology, Bel-
lerica, MA) was then poured into the impressions to
obtain the replicas. Replicas were cleaned with 7X
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detergent (ICN Biomedicals, Aurora, OH) and washed
with distilled water 20 times. After 30 minutes of
ultrasonication, replicas were sputter-coated with 50
nm of titanium using the Randex 3140 Sputtering
System (Palo Alto, CA). The surfaces were subse-
quently sterilized by glow-discharging for 3 minutes
in an argon gas chamber, fabricated according to the
design of Aebi and Pollard.3® From the epoxy repli-
cas, U-shaped devices were fabricated for subcuta-
neous implantation. Each implant consisted of 2 ver-
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Fig 3 Schematic representation of the
morphometric parameters. (a) The attached
tissue was assessed as a percentage of the
total implant length. Note the 90-degree
angle between the test surface and the
implant pedestal (P). The implant was
divided into 3 zones for study at higher
maghnification. (b) View of a single implant
zone. The thickness of the fibrous capsule
was measured 5 times per zone (15 times
per implant), as was the distance between
tissue and implant in areas of separation
(toludine blue; original magnification X32
[left] and X100 [right]).

Attached tissue
Total implant length

tical posts connected at their base by a pedestal.®3
Each post had 2 opposing titanium-coated implant
surfaces. Therefore, a single implant exhibited 4 test
surfaces (Fig 2).

X-ray photoelectron spectroscopy was used to
analyze the surface chemical composition of the tita-
nium-coated replicas. This assay determined the pro-
portions of elemental titanium, oxygen, carbon, and
nitrogen (atom %). The data indicated that the chem-
ical composition was the same for all surfaces
regardless of topography.3

The surgical procedure used in this study has
been described previously.3> A total of 74 implants
were placed subcutaneously in the parietal area in
male Sprague-Dawley rats. The test surfaces of the
implant were in the soft tissue, while the pedestal of
the implant was secured to the underlying bone with
a miniature titanium screw (Fig 2). Animals were sac-
rificed at weekly intervals up until 11 weeks postim-
plantation. Between weeks 1 and 10, 7 animals were
sacrificed per week (28 surfaces processed weekly).
During week 11, 4 animals were sacrificed (16 sur-
faces processed). After the tissue was perfused with
2.5% glutaraldehyde, the implants were removed
together with the parietal bone and placed in
Karnowsky's fixative for 24 hours at 4°C, followed by
2% buffered osmium tetroxide for 4 hours. The speci-
mens were dehydrated in a graded water-miscible
resin (Aquembed; Ladd Research Industries, Burling-
ton, VT), infiltrated with graded Aquembed/ Epon,
and finally embedded in Epon (JB EM, Dorval,
Québec, Canada).

Using a Sorvall MT2 microtome (Thermo Elec-
tron/Sorvall, Waltham, MA), 2-pm-thick sections were
cut parallel to the long axis of the implant, stained

with 1% toluidine blue, and examined under a light
microscope. Photomicrographs were taken using a
Canon EOS D60 digital camera (Canon, Tokyo, Japan).
Measurements were made using National Institutes
of Health Image 1.63 software (NIH, Bethesda, MD).

Low-magnification photographs (32X) were
made of the entire implant length. The length of the
implant surface and the area of the attached tissue
were measured. The attachment was expressed as a
percentage of the total implant length (Fig 3a) using
the following formula: % attachment = (length of
attached tissue + total implant length) X 100.

To measure capsule thickness and tissue-implant
separation, the entire length of the implant was
divided into 3 zones, each representing one third of
the implant length: (1) the base (pedestal) of the
implant, (2) the middle third of the implant, and (3)
the apex (area closest to the skin). For each zone, a
photomicrograph was obtained at a higher magnifi-
cation (100X) in order to measure capsule thickness
and tissue-implant separation (Fig 3a). In each zone,
the thickness of the fibrous capsule was measured at
5 points along the implant length, 200 ym apart.
Capsule thickness was therefore measured in 15
places per section. In areas of tissue detachment
from the implant surface, measurements of the dis-
tance between tissue and implant were performed
and repeated in the same manner as for capsule
thickness (Fig 3b).

A multivariate analysis of variance (MANOVA) and
Bonferroni post-hoc multiple comparison tests were
used to assess the parameters of percent tissue
attachment, capsule thickness, and degree of tissue-
implant separation as functions of surface type and
time. The data were grouped into 2 time periods: (1)
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the early healing stage (weeks 1 through 5) and (2)
the late healing stage (weeks 6 through 11). These
time periods were chosen based on past studies com-
paring the early and late stages of implant healing. It
has been demonstrated that the sixth week repre-
sents the time at which the peri-implant fluid space
disappears and the cells contact the implant surface
directly.’>3637 Data were obtained throughout each
period to cover a wide range of events within each
period. The null hypothesis was rejected at P < .05.

RESULTS

A wide range of surface roughnesses and configura-
tions was selected for this study to represent the
common commercially available implant surfaces.
The use of epoxy replicas allowed histologic section-
ing of the tissue-implant interface in toto. The repli-
cation process faithfully reproduced the topogra-
phies and details of the original surfaces. Details
regarding technique and surface specifications are
explained in 2 previous publications.3132

A number of uncontrollable factors affected the
outcome of the in vivo implantation procedures. For
example, infection and hematoma formation were
noted with a number of the implants, which ren-
dered the processed tissue unsuitable for histologic
analysis. This complication resulted in reduced sam-
ple sizes of certain test surfaces. Table 1 shows the
number of samples of each test surface found suit-
able for analysis.

Another major challenge involved obtaining his-
tologic sections from the implant-tissue interface.
The different hardness values of the embedding
resin, epoxy implant, and titanium coating resulted in
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Fig4 Photomicrographs of the (a) GR and
(b) ML implant surfaces. Note the oblique
orientation of the fibroblasts onto the
grooved surface (arrow 1). Fibroblasts were
organized into a fibrous capsule parallel to
the machined surface (arrow 2). Ti = tita-
nium coating (toluidine blue).

wrinkles, tissue separation, and scratch marks on
many sections, making them unusable for histomor-
phometric analysis. These problems were addressed
by adjusting the speed of the sectioning and the
angle of the glass knife. Nevertheless, numerous his-
tologic samples had to be discarded on account of
such artifacts. Another difficulty that arose was the
presence of thick capsules, which were often associ-
ated with large, thick tissue samples and which fre-
quently prevented adequate resin infiltration. Exces-
sive volumes of tissue were meticulously trimmed
under a dissecting microscope prior to embedding.
Some samples were also re-embedded.

A great number of the samples showed connec-
tive tissue in contact with the surface along part of
the implant length. The healing pattern appeared to
be similar for all surfaces. Early healing was charac-
terized by the accumulation of fibrin-rich tissue
seeded with undifferentiated mesenchymal cells,
neutrophils, lymphocytes, and monocytes. By the first
week of healing, elongated fibroblasts appeared near
the implant surface, along with numerous blood ves-
sels. On the GR surface, fibroblasts were often
observed in the grooves (Fig 4a). On all the other
substrata, fibroblasts were typically elongated paral-
lel to the implant surface and organized into a multi-
layered fibrous capsule (Fig 4b). The thickness of the
capsule appeared to decrease with time on most sur-
faces.The AE, GR, SLA, CB, and TPS surfaces had thin-
ner capsules whose dimensions did not change
appreciably during the study period.

Areas of tissue separation from the implant sur-
face were consistently observed, often where the
implant body connected to the base at a 90-degree
angle (Fig 3a). It could not be determined whether
the detachment occurred in situ or during histologic

COPYRIGHT © 2005 BY QUINTESSENCE PUBLISHING CO, INC.
PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART OF THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM
WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Kim et al

Fig 5 Area of tissue detachment (S) from
a coarsely blasted implant. Note the resid-
ual tissue (R) on the implant surface. Ti =
titanium coating, C = capsule (toludine
blue).

Implant

processing. In either case, detachment of tissue from
the implant surface indicated weak tissue attach-
ment. For the SLA, TPS, GR, and CB surfaces, some
remaining cells could be seen on the implant sur-
faces even in areas of tissue detachment (Fig 5).
Residual tissue was not observed for any of the other
4 test surfaces.

The histomorphometric analysis was based on a
total of 6,120 measurements collected from 153 sam-
ples representing the 8 test surfaces. Data from the
FB surface were excluded from consideration, since
only 1 suitable sample was obtained during the early
healing period, although 5 samples were obtained
during the late healing period. MANOVA revealed
that both surface type and time had a statistically
significant effect on each of the 3 dependent vari-
ables: (1) attachment, (2) capsule thickness, and (3)
the lateral distance separating tissue and implant in
areas of separation.

Attachment was determined as the percentage of
the implant length in contact with the contiguous
soft tissue. The substrata with the higher R, values,
namely the TPS, CB, SLA, and GR surfaces, demon-
strated the highest levels of attachment during both
time periods, representing a statistically significant
difference (P < .05) when compared to the smoother
ML and PO surfaces (Table 2). By the later stage of
healing (weeks 6 to 11), the mean attachment on the
3 roughest test surfaces (CB, SLA, TPS) was approxi-
mately 4 times that of the PO surface. Comparisons
between time periods show that attachment
remained constant on the PO, CB, and GR surfaces,
while increasing on the ML, AE, SLA, and TPS surfaces.
The ML surface showed a 3-fold increase in mean
attachment levels between the 2 time periods.
Although not included in the statistical analysis, the

FB surface exhibited the least attachment among all
test surfaces during both time periods.

Complete tissue attachment was deemed to have
occurred when tissue contacted the implant along
its entire length, with no areas of separation (Figures
6a to 6¢). The CB and TPS surfaces showed the high-
est incidence of complete attachment (50% and 38%
of samples, respectively; Table 1). Complete attach-
ment was not observed on any of the PO or FB sam-
ples and was seen on only 8% of the ML samples.
Conversely, complete detachment refers to an
implant surface that was completely devoid of tissue
contact (Fig 6d). Complete detachment was
observed on 83% of the FB surfaces and on 31% of
the PO surfaces. Complete detachment was not
observed on any of the SLA,TPS, or CB samples.

The fibrous capsule was delineated from the sur-
rounding tissue based on differences in cell orienta-
tion. In addition, the toluidine blue stained the
fibrous capsule more intensely than the peripheral
tissue. For both time periods, the thickest capsules
were found around the PO, FB, and ML surfaces.
There was a statistically significant difference (P <
.05) when the mean capsule thickness of the PO sur-
face was compared to that of the other test surfaces
(Table 2). For example, during the early healing stage
(weeks 1 to 5), the PO and FB surfaces harbored cap-
sules that were approximately twice as thick (122 to
144 um) as those around the AE, GR, SLA, TPS, and CB
surfaces (50 to 64 ym), while the ML surface pre-
sented an intermediate capsule thickness (76 um).
The effect of time on capsule width varied between
surface types. The capsule thickness of the PO sur-
face during the second healing period (75 pm) was
significantly less (P < .05) than its thickness during
the first healing period (123 pm), approximately half
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- . Fig 6 Photomicrographs of (a) TPS, (b)
4 SLA, and (c) CB implants showing complete
L Rl tissue attachment along the implant
Ti lengths. Note the complete absence of tis-
Y sue attachment adjacent to (d) the PO
implant. S = separation, Ti = titanium coat-
ing, C = capsule.

Implant

% Implant .

Implant

Implant

Table 2 Effect of Surface Type and Healing Stage on Attachment, Capsule Thickness, and Tissue-Iimplant

Separation

Surface Surfaces (n) Mean tissue attachment?® Mean capsule thickness (um) Mean tissue separation (um)
type Early Late Early Late Early Late Early Late

PO 9 7 22.46 +10.35 22.28 +6.94 12255+ 19.1 75 +22.04 213.94 + 70.03 57.25 + 18.15
FBT 1 5 0* 8.88+8.88 144% 114.65 + 11.92 252.76* 104.29 + 28.82
ML 13 13 18.71+767 60.88+9.57 76.03+£8.38 90.46+11.22 71.12+19.16 50.46 +20.5
AE 14 14 43.66+13.04 65.24 +10.19 50.81+7.83 50.94+4.31 44.62 +15.7 41.26 + 12.89
GR 16 22 62.55+7.96 58.02+7.93 62.04+6.99 62.96+5.6 50.14 + 13.6 66.45 +20.48
SLA 8 8 70.49+6.84 90.44+7.93 64.19 + 8.69 54.7 + 7.97 43.2+£1457 20.52+11.17
CcB 4 6 100+ 0 98.51 + 1.49 64.12 +26.05 52.58 +4.8 29.26 +21.7 0.89 +£0.88
TPS 6 7 75.48 + 15.35 94.80+ 2.67 59.37+11.1 64.39+9.23 27.31+11.34 18.88 +9.36

*Only 1 sample was available for the FB surface at this time period.
fSurface was excluded from statistical analysis.
fAttachment was determined as the percentage of the implant length in contact with the contiguous soft tissue.
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the size. Decreases in capsule thickness for the SLA
and CB surfaces were not statistically significant (P >
.05). No other surface type exhibited a time-related
decrease in capsule thickness.

The PO surface demonstrated tissue separation
from the implant surface that was 5 to 10 times
greater when compared to the TPS, SLA, CB, and AE
surfaces (Table 2).This difference was statistically sig-
nificant (P < .05). The data showed a general trend
toward decreasing separation from 1 time period to
the next, implying that the tissue approached the
implant surface over time.The most striking observa-
tion in this regard was with the PO surface, where the
tissue-implant distance underwent a decrease
between the 2 time periods from 214 ym to 57 ym.

The PO and FB surfaces ranked among the
smoothest test surfaces and demonstrated the
greatest capsule thickness, the least amount of
attachment, and the greatest degree of tissue-
implant separation. In contrast, the rougher SLA, TPS,
and CB surfaces displayed significantly (P < .05) thin-
ner capsules, greater attachment, and less tissue-
implant separation.

DISCUSSION

The topographical features of an implant surface are
known to affect soft tissue response in vivo.%17:2> A
number of in vivo studies have employed polymeric
implants,?7:3839 whereas fewer studies have exam-
ined the soft tissue reaction to roughened titanium
substrata.’ Most studies of rough titanium surfaces
have investigated their effects on bone integra-
tion.>*40-43 The aim of the present investigation was
to examine, in a subcutaneous rat model, the in vivo
soft tissue attachment to surface topographies of
varying roughness, including titanium-coated repli-
cas of commercially available dental implant sur-
faces. The implant-soft tissue interface was assessed
histologically and quantitatively using the morpho-
metric parameters of attachment, fibrous capsule
thickness, and where applicable, the degree of tissue
separation from the implant surface.

The smoothest substrata used in this investigation
demonstrated the thickest fibrous capsule forma-
tion, the least amount of attachment, and the great-
est degree of tissue-implant separation. In contrast,
the roughest surfaces displayed significantly thinner
fibrous capsules, greater connective tissue attach-
ment, and the least tissue-implant separation.The ML
surface, representing an intermediate degree of
roughness, presented capsule thickness, attachment,
and separation values that were approximately mid-
way between the smoothest and roughest surfaces.

An exception to this general rule was the AE surface.
It had the second-lowest R, value among the test
surfaces, yet its capsule thickness and separation
data were comparable to those of the SLA, TPS, and
CB surfaces. Acid etching is a widely-used method for
implant surface treatment that has been used alone
or in conjunction with other methods such as blast-
ing.** The current study indicated that the etched
surface, despite its low roughness value, promoted
connective tissue integration comparable to that of
much rougher surfaces. It is possible that the unique
geometry created by the etching procedure can play
a dominant role in promoting connective tissue inte-
gration.

Fibroblasts and the extracellular matrix tend to
interdigitate into the rough surfaces and secure the
implant in position.*>#® Such an implant would be
expected to be mechanically stable and resistant to
dislodgment forces. In contrast, smoother surfaces
tend to promote a thick, nonintegrated fibrous cap-
sule, which is less likely to support and secure the
implant in its location.*” A more secure implant will
reduce the micromotion at the interface, which could
indirectly promote healing with a thinner capsule.
These findings are in agreement with those of
Ungersbéck and associates,'” who cited mechanical
stability and intimate tissue adhesion as the causes
for thinner fibrous capsules around blasted (R, = 1.50)
as compared to polished (R, = 0.19) titanium implants
after a 3-month implantation period in rabbits.

Schroeder and colleagues® reported on collagen
fibers inserted perpendicularly into rough titanium-
sprayed implant surfaces placed in primates. In the
study by Schroeder and colleagues, the application
of tensile stress at the implant interface tore out par-
ticles of the rough surface, suggesting firm tissue
anchorage. In the present study, evidence of firm
attachment was often present on the SLA, CB, and
TPS surfaces where either no tissue detachment was
noted or detachment occurred within the tissue and
not at the implant surface. The lack of detachment
indicates a strong connective tissue adhesion with
the rough surfaces. Chou and colleagues*® reported
that cell shape, in particular cell height or thickness,
is affected by the surface topography of the substra-
tum and promotes the expression of the adhesion
protein fibronectin. Similarly, Wieland and
coworkers3' found that fibroblasts cultured on the
CB, TPS, and SLA surfaces had a greater thickness
than cells cultured on smoother surfaces. The prefer-
ential expression and adsorption of fibronectin to
the rough surfaces along with mechanical interlock-
ing could provide a partial explanation for the
greater attachment found with the SLA, TPS, and CB
implants.
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The ML, AE, SLA, and TPS surfaces showed a statisti-
cally significant increase in the attachment between
the early and late stages of healing. The time-related
increase in attachment was not observed for the PO
surface, implying that connective tissue attachment to
the rough surfaces continues to improve during the
late stage of healing. It is possible that following early
tissue detachment, the rough implant surfaces
became repopulated, with new tissues originating
from cells remaining on the implant surface.

The residual tissue found on rough surfaces in
areas of separation may represent detachment that
occurred during histologic processing rather than in
situ. The absence of residual tissue on smooth
implants suggests that the implants never fostered
attachment. In any event, data from the present study
indicate that the greatest degree of tissue separation
from the implant surface occurred at the PO, FB, and
ML implants. One explanation for this observation
could relate to the tendency of the fibrous capsule to
contract, leading to tissue separation away from the
implant surface. Capsular contracture around
implants is a major complication in reconstructive
and esthetic breast surgery. There is abundant litera-
ture focused on the effect of breast implant texturing
on capsule formation and contraction. Several studies
indicate that textured breast implants are associated
with less capsule contraction than implants with
smooth, polished surfaces.***°->3 Histologic observa-
tions around smooth breast implants have shown
that fibroblasts and collagen fibers align parallel with
the implant surface, whereas textured implants foster
a multidirectional collagen fiber orientation.>? These
histologic findings are supported by the current
observations of oblique fibroblast orientation on sur-
faces with 30-um grooves and the parallel arrange-
ment seen on the PO surface. A multidirectional colla-
gen organization directs contractile forces in different
paths, resulting in the neutralization or reduction of
the magnitude of forces that cause tissue separa-
tion.*® Rubino and colleagues®? also reported that the
capsule tissue immediately adjacent to textured
breast implants had a random collagen fiber orienta-
tion and was noncontractile. In contrast, the outer
capsule layers not affected by the surface texture
were composed of fibers with a parallel orientation.
Rubino and colleagues speculated that this is the only
layer where contractile forces could be generated by
the capsule. The increased capsular contraction
observed around smooth silicone implants is consis-
tent with the observations of smooth titanium-coated
implants in the current study. It can thus be inferred
that the thicker capsules of parallel collagen fibers
formed around PO and FB implants create a greater
contractile force than that generated by the capsules
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around the rougher surfaces. The contractile force is
likely generated by myofibroblasts within the parallel-
oriented fibers.>*=¢ In the current study, the capsule
was typically attached at 2 locations: on the test sur-
face and on the pedestal. The alignment and contrac-
tion of the collagen fibers between these 2 points
would retract the tissue away from the implant sur-
face, analogous to the straightening of a bow upon
release of the arrow. The greater tissue-implant sepa-
ration observed with the smoother surfaces is also
suggestive of a weak attachment, although detailed
guantitative assessments of tissue attachment
strength would be required to directly substantiate
this hypothesis.

The CB, TPS, and SLA surfaces promoted the great-
est connective tissue attachment. This attachment
improved significantly with time, an observation that
bodes well for their clinical performance in permu-
cosal or percutaneous applications. For example,
while great emphasis has been placed on the inte-
gration of dental implants into bone, the integration
of the overlying soft tissue around transmucosal
components has been studied less extensively in
vivo." The dental implant is anchored in bone and
connected to the prosthetic tooth via an abutment
that projects through the mucosa. The transmucosal
abutment links the bone-integrated fixture to the
prosthetic tooth. The abutment surface should thus
be conducive to a firm soft tissue seal between the
implant and the harsh oral environment. The most
commonly used implant abutments have either a
machined or polished surface.””>® The mucosal
response around implant abutments with differing
surface topographies in dogs'®*® and in humans®
has been examined in recent studies. Machined,
blasted, and acid-etched surface topographies were
compared; no significant differences were found in
the length of the connective tissue attachment to
the abutments. However, the surfaces used in these
studies did not possess average height deviations
greater than 1.87 pym, which is in contrast to the
height deviations of the rougher surfaces used in the
present study (4.39 to 5.85 pm). Since the roughness
characterization techniques used in the current
study were similar to those used by Wennerberg and
associates,® it can be inferred that considerably
rougher surfaces were used in the current study. It is
possible that the greater surface roughness allowed
for superior tissue interlocking and a more substan-
tive connective tissue attachment. In spite of this, it
appears that the geometry of the surface irregulari-
ties can be as important as their size, since the AE
surface in the present study presented capsule thick-
ness and separation data comparable to those of
much rougher surfaces.
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The present study suggests that roughened sur-
faces can improve the connective tissue attachment
to the transmucosal portions of dental implants.
However, it should be noted that epithelial cell
attachment and proliferation are markedly reduced
on rough titanium.®"62 It should also be noted that
rough surfaces exposed to the oral cavity have a
propensity to accumulate dental plaque.®® Although
canine biopsies of implants obtained by Zitzmann
and associates®® showed no difference in the size or
composition of the plaque-induced inflammatory
lesion, the potential for plague accumulation can
nonetheless be addressed by a differential texturing
of the abutment. Specifically, the abutment could
have a TPS or SLA-like surface in its lower portion to
maximize fibroblast adhesion and promote a stable
connective tissue seal, whereas its upper portion, the
portion closest to the oral cavity, could feature a
smoother surface to favor epithelial adhesion while
minimizing plaque retention.

The implant design used in this study had a 90-
degree angle between the test surface and the
pedestal (base). The abrupt boundary between the
test surface and the pedestal had the potential to hin-
der a stable contact between tissue and implant, creat-
ing a dead space at the base. Sanders and Rochefort®
placed polymer fiber implants subcutaneously at vary-
ing angles to the skin. Their study concluded that the
likelihood of fibrous capsule formation was dependent
on the degree to which the implant was placed paral-
lel to the skin surface. According to Sanders and
Rochefort, fibrous encapsulation was avoided when
implants were placed parallel to the skin surface.When
the implant was placed at an angle relative to the skin
surface, a dead space was created, attracting inflam-
matory cells and leading to the formation of a fibrous
capsule. The observations of Sanders and Rochefort
are consistent with the lack of attachment and thicker
fibrous capsules frequently observed at the base of
implants in the present study, especially with the
smoother surfaces. However, despite the potential
dead space at the implant pedestal and obvious diffi-
culty in promoting soft tissue adhesion in this zone,
complete attachment in this area was nonetheless
observed with the SLA, TPS, and CB sampiles. Clinical
situations may arise where anatomic limitations pre-
clude placement of the endosseous portion of the
dental implant in line with the crown. The transmu-
cosal abutment, therefore, must be angulated to rec-
oncile the directional difference between the implant
and prosthetic tooth. Such a compromise creates a
dead space between the transmucosal abutment and
the endosseous implant surface, similar to that
encountered in the present experimental design. The
roughened surface texture could facilitate soft tissue

adhesion to an angled abutment despite its atypical
and unfavorable geometric configuration.

Although statistically significant results were
obtained, a limitation of the present study is the rela-
tively small number of PO and FB samples. Many of
the retrieved PO surfaces contained extremely supple
tissue that did not provide optimal histologic sections.
It is possible that extensive fibrous encapsulation
around these implants prevented proper resin infiltra-
tion during processing. Another problem was that the
tissue around many FB and PO samples became
detached from the implant surface immediately upon
sectioning, rendering them unsuitable for morphome-
tric analysis. These problems limited the numbers of
the PO and FB surfaces, but they also provided further
evidence that such smooth surfaces are less amenable
to a stable connective tissue attachment.

This study was carried out in a subcutaneous rat
model. A real challenge exists when rough surfaces
penetrate the epithelium and are exposed to the con-
taminated outside environment, a situation encoun-
tered by dental implants and percutaneous devices.
The validity of the current findings should be tested in
the presence of compounding factors such as oral
and skin bacterial flora in the region of the epithelial
seal. It would be of interest to conduct subsequent
quantitative and qualitative research on connective
tissue attachment to permucosal or percutaneous
implants so that the role of rough surface topography
on epithelial seal formation could be evaluated.

CONCLUSIONS

The results indicate that rough implant surfaces are
associated with stable connective tissue attachment.
In addition, the data from the AE surface may indi-
cate that the geometry of the surface irregularities
can also be a significant determinant of the connec-
tive tissue response.
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