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Abstract

The long-term success of dental implants relies on the formation of a protective soft tissue barrier
that limits pathogen infiltration into peri-implant tissues. However, our understanding of how
this barrier develops under different implant placement protocols (i.e., immediate vs. delayed
placement) and in response to varying implant surface characteristics remains limited.

This study systematically evaluates the formation and maturation of peri-implant soft tissues in
two contexts: (1) immediate versus delayed implant placement and (2) anodized versus
machined implant surfaces.

Part I: Miniaturized titanium implants were placed in either fresh extraction sockets or healed
maxillary first molar sites in mice. Peri-implant soft tissues were assessed at multiple time points
to investigate molecular attachment mechanisms and the barrier function of the soft tissue. A
healthy junctional epithelium served as a positive control. Notably, no significant differences
were observed in the rate of soft tissue integration between immediate and delayed implants.
However, mucosal integration took at least twice as long as osseointegration in this model.

Part Il: Scanning electron microscopy and surface chemistry characterization were performed on
miniaturized anodized and machined implants. Following placement in fresh extraction sockets,
peri-implant tissues were examined at four time points. The findings corroborated those from
Part | and led to several key conclusions:

1. Maturation of the peri-implant epithelium (PIE) is a prolonged process, aligning with
clinical observations.

2. Soft tissue integration occurs more slowly than bone integration.

3. Anodized implant surfaces offer a transient advantage in promoting soft tissue
maturation.

Together, these findings highlight the extended timeline required for PIE maturation,
underscoring the potential clinical benefits of strategies aimed at accelerating this process.
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INTRODUCTION
The barrier issue

The primary function of epithelium in the body is protection, serving as a barrier between internal
and external environments through a contiguous layer of cells. This epithelial barrier is the first
line of defense against pathogenic insult, and when compromised, infection can ensue. In the
oral cavity, teeth present a unique challenge to this protective system, as they transect the
internal and external environments percutaneously: anchored in bone via ligaments at one end
while exposed to the oral cavity for mastication at the other. The body addresses this unique
challenge through the junctional epithelium (JE), a specialized epithelial barrier that adapts to
adhere both to the tooth surface and to the adjacent oral epithelium and bone.

Like natural teeth, dental implants are also percutaneous and rely on a modified epithelial
barrier, known as the peri-implant epithelium (PIE). Understanding the physiological differences
between the JE and PIE, as well as the efficacy of the peri-implant soft tissue barrier, has become
an increasing focus of research. Historically, implant success was primarily assessed by
osseointegration, i.e., the direct structural and functional connection between bone and the
implant. However, it is now well recognized that optimizing the soft tissue barrier is equally
critical for the long-term success of dental implants. The literature strongly supports the
importance of a stable soft tissue—implant interface in maintaining the longevity of bone-
anchored prostheses (Abrahamsson et al., 1997; Berglundh et al., 1991, 2007; Ivanovski & Lee,
2018). However, our understanding of peri-implant soft tissue healing remains limited (Badillo-
Perona et al., 2011; Kawahara et al., 1998).

The maturation of the PIE is influenced by multiple factors, including the biocompatibility of
implant materials, the surgical technique, and the patient’s ability to mount a robust repair
response. A deeper understanding of how the peri-implant soft tissue interface forms and
matures will ultimately inform strategies for improved soft tissue management around dental
implants, enhancing their long-term stability and clinical outcomes.

Temporal characterization of the molecular events involved in mucointegration

Clinical studies suggest that the dimensions of the peri-implant soft tissues remain stable during
healing (Palombo et al., 2021). However, from a biological perspective, this region undergoes
significant changes over time. Initially, an inflammatory response occurs, which, upon resolution,
is followed by the deposition of an extracellular matrix that serves as a scaffold for fibroblast
attachment and proliferation (reviewed in Sculean et al., 2014). These fibroblasts subsequently
differentiate and produce a collagenous connective tissue that undergoes remodeling. The
precise molecular mechanisms governing this remodeling phase remain unclear, particularly why
this process is significantly slower than the initial healing phase.

Recent research has focused on the mechanisms by which soft tissues establish attachments to
hard tissues, with the ultimate goal of applying these insights to improve the attachment of soft
tissues to synthetic materials, including bone-anchored prostheses. For instance, it has been
recently identified that a Wnt-responsive stem cell niche within the JE, which generates daughter
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cells responsible for direct epithelial attachment to the enamel (Yuan et al., 2019). Wnt signaling
from the JE is crucial for stabilizing hemidesmosomal proteins, which mediate soft-tissue
attachment (Yuan et al., 2023). Furthermore, Wnt and other biological signals require mechanical
input in the form of distortional strain to maintain both the stem cell niche and the attachment
of JE to the tooth surface (Yuan et al., 2023).

Although histological similarities between the peri-implant epithelium (PIE) and JE are frequently
emphasized (Sculean et al., 2014), important differences between these interfaces have been
identified (reviewed in Ivanovski & Lee, 2018). For example, while the JE originates from the
reduced enamel epithelium (REE) (Shimono et al., 2003), the PIE is derived from the oral
epithelium (OE) (Yuan et al., 2021). Additionally, the cell proliferation rate within the PIE varies
considerably depending on the healing stage (Yuan et al., 2021), whereas a consistently high
mitotic index is a hallmark of an intact JE (Yuan et al., 2021, 2023; Yuan, Chen, Gauer, et al., 2020).
These findings led us to conclude that PIE attachment to implant surfaces is suboptimal
compared to the attachment of an intact JE to a tooth surface (Yuan et al., 2021).

Implant surface influence on mucointegration

Most strategies for improving implant integration have historically focused on surface
modifications aimed at enhancing osseointegration (Aljateeli & Wang, 2013; Artzi et al., 2011;
Javed et al.,, 2014). However, rather than osseointegration, the focus of this research is on
mucointegration, the integration of peri-implant soft tissues.

A commonly held belief is that epithelial and connective tissues respond differentially to implant
surface characteristics. However, in vitro studies have generally found negligible differences in
cell attachment based on surface roughness (Abrahamsson et al., 2002; Berglundh et al., 2007;
Bienz et al., 2021; Zitzmann et al., 2002). Meanwhile, in vivo data on the process of mucosal
integration remain scarce. While peri-implant soft tissue dimensions and histological features
have been described (Abrahamsson et al., 2002), and qualitative assessments of biopsied tissues
surrounding different restorative materials have been conducted (Baus-Dominguez et al., 2024),
to our knowledge, there are no quantitative in vivo studies that directly assess how the peri-
implant epithelium (PIE) and connective tissues respond to different implant surfaces.

Implant surfaces have been modified using biomaterial coatings such as silver, copper, zing,
hydroxyapatite, and calcium phosphate. However, justifications for these modifications are often
indirect. For instance, zinc deficiency is associated with impaired bone growth in rats, leading
some investigators to hypothesize that zinc might enhance osseointegration (Qiao et al., 2014),
though this remains debated (see Zhao et al., 2021). Hydroxyapatite (HA), the primary mineral
component of enamel to which the JE adheres, is known for its biocompatibility. However, when
applied as a coating on titanium implants, HA has been shown to delaminate (Arcos & Vallet-
Regi, 2020; Ferraris & Spriano, 2016). Whether mucosa attaches more effectively to HA than to
titanium remains unknown.

Another surface modification strategy involves using noble alloys, which appear to reduce biofilm
formation (Meier et al., 2023). While this suggests a potential clinical benefit, no preclinical or
clinical data currently exist to support or refute this claim.
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Anodization is an electrochemical process that creates a porous oxide layer on titanium
surfaces. Many studies have suggested that anodization improves both hard and soft tissue
integration, but these conclusions are predominantly based on in vitro studies (Albrektsson,
2019; Wennerberg et al., 2018). However, extrapolating in vitro findings to clinical performance
is inherently challenging (Sugawara et al., 2016). Recognizing this limitation, we sought to
develop an in vivo model capable of deeply interrogating the soft tissue—implant interface using
molecular markers.

This background motivated our investigation of two clinically relevant questions:

1. Does soft tissue barrier formation differ between immediate and delayed implants? We
focus on characterizing the molecular events underlying these different placement
protocols.

2. Do implant surface properties influence peri-implant soft tissue barrier formation? We
evaluate the role of abutment surface material in endosseous implant integration.

These questions are explored in Parts | and Il of this manuscript, respectively.
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Part I: Dynamic analyses of a soft tissue—implant interface: Biological responses to immediate
versus delayed dental implants

Introduction

A 2014 consensus report from the 10th European Workshop on Periodontology suggested that
the PIE may differ depending on whether an implant is placed in a fresh extraction socket
(immediate placement) or in a healed site (delayed placement) (Hammerle, Giannobile, &
Working Group 1 of the European Workshop on Periodontology, 2014). This statement motivated
our investigation into whether the formation of the soft tissue—implant interface varies between
these two placement protocols. In this study, we examined not only the formation of the PIE but
also how peri-implant connective tissues respond during the process of mucointegration.
Additionally, we significantly extended the timeframe over which PIE maturation was analyzed,
allowing us to capture a more comprehensive picture of the molecular mechanisms governing
soft tissue attachment. These analyses provided critical new insights into the biological processes
underlying the maturation of the soft tissue—implant interface.

Materials and Methods
Mice

All experimental protocols were approved by the Stanford Committee on Animal Research under
protocol #13146, and by Bannatyne Campus Animal Care Committee (BC ACC) at University of
Manitoba, and were conducted in accordance with ARRIVE guidelines. The study included three
experimental groups and one control group:

e Immediate implant group (N = 19): ~6-week-old mice underwent extraction of the first
maxillary molars (mxM1), followed by immediate implant placement.

e Delayed implant group (N = 4): ~6-week-old mice underwent mxM1 extraction, allowed
for site healing, and later received an implant.

e Extraction group (N = 8): ~6-week-old mice underwent mxM1 extraction without
subsequent implantation.

e Control group (N = 3): ~6-week-old mice underwent no procedures, serving as a
benchmark for an intact JE (see Table 1).

All mice were housed in a temperature-controlled environment with a 12-hour light/dark cycle
and provided with food (hard diet) and water ad libitum.

For all experimental groups, mice were anesthetized intraperitoneally with ketamine (100 mg/kg
body weight) and xylazine (10 mg/kg body weight). Analgesia was maintained using
subcutaneous Buprenorphine SR (slow release; 1.5 mg/kg body weight). Bilateral mxM1
extractions were performed using micro-forceps, and hemostasis was achieved by local
compression. All surgeries followed sterile surgical techniques.

Immediate implant placement

Immediately following extraction, 0.62-mm-diameter screw-shaped titanium alloy implants (Ti-
6Al-4V) with a machined surface (Retopins, NTI Kahla GmbH) (Blanc-Sylvestre et al., 2021) were
manually placed into the palatal root sockets of the extracted mxM1s. Implants were positioned
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~0.6 mm above the alveolar ridge and gingiva in a sub-occlusal position. Cutting pliers were used
to separate the implants from their handle.

Delayed implant placement

For the delayed implant group, mxM1 extractions were performed two weeks prior to implant
placement. At the time of implantation, flapless osteotomies were prepared in the healed mxM1
sites using: (1) A 0.38-mm drill (Drill Bit City, USA) at 1000 rpm to create a pilot hole. (2) A
handheld 0.48 mm drill to enlarge the osteotomy. The implants were then manually placed in a
sub-occlusal position, ~0.6mm above the alveorlar ridge.

Soft tissue healing was evaluated at post-implant days (PID) 1, 3, 7, 14, and 28. No evidence of
infection or prolonged inflammation was observed at the surgical sites or around the implants.
No antibiotics were administered to the operated animals. Additional details on materials and
methods are provided in the Appendix Part | Data.

Results
Soft tissue maturation around immediate and delayed implants appears equivalent.

A rodent model was employed to evaluate mucosal integration of titanium alloy implants.
Immediately after animplant is placed into a fresh extraction socket, the interface largely consists
of an injured JE and a blood clot (Fig. 1A). Within 3 days, the peri-implant wound appeared to
have healed; between 7 and 14 days, it is difficult to appreciate color differences between the
healing soft tissue-implant interface and adjacent OE (Fig. 1A). In a rodent model of delayed
implant placement, soft and hard tissue healing around the implant appeared clinically
indistinguishable from healing around an immediate implant (Fig. 1B). These features of soft
tissue healing around implants in rodents were similar to soft tissue healing around implants in
patients (Appendix Part I, Fig. 1A).

Histological maturation of the soft tissue interface around immediate and delayed implants
appears equivalent.

Histology helped clarify soft and hard tissue healing responses that had been observed clinically.
Around a delayed implant, the initial soft tissue-interface is formed during extraction socket
healing; therefore, our analyses focused first on this repair program. On post-extraction day
(PED) 1, a blood clot filled the extraction site (Fig. 1C); on PED3 the clot became organized and
re-epithelization began (Fig. 1D). By PED7, the edge of the healing epithelium covering the socket
was distinguished from the intact OE (arrow, Fig. 1E). By PED14 only OE remained (Fig. 1F). At
this timepoint, bone filled the extraction site and remodeling was underway; it was into this site
that a delayed implant was placed.

Next, we compared soft tissue healing around these delayed implants with healing around
immediate implants. Around immediate implants, remnants of the Periostin-positive periodontal
ligament (PDL) remained after tooth extraction (asterisks, Fig. 1G and Appendix, Part | Fig. 1B),
which would eventually contribute to the hard tissue-implant interface. Remnants of the JE
contributed to the soft tissue-implant interface, as shown by expression of the JE marker, epCAM
(Appendix Part I, Fig. 1C). Around delayed implants the PDL and JE no longer exist and thus made
no contribution to the muco- and osseo-integration process.
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Other aspects of soft tissue healing were indistinguishable i.e., re-epithelialization took place at
the same rate whether an implant was present or not (compare Fig. 1D,E,F with H,1,J). By PID14,
the soft tissue-interface around an immediate implant (Fig. 1J) was histologically
indistinguishable from that around a delayed implant (Fig. 1N). Both delayed and immediate
implants were osseointegrated by PID14 (Appendix, Part |, Fig. 1D,E).

Temporal formation and organization of healing peri-implant connective tissues.

Peri-implant connective tissues were assessed next. Vimentin expression, which identifies class-
Il intermediate filaments in the connective tissue, was evaluated. Compared to the lamellar
organization of Vimentin+ fibers in supracrestal tissues around teeth (Fig. 2A), Vimentin+ cells in
the peri-implant soft tissues were randomly distributed (Fig. 2B). Between PID3 and PID7, the
number of Vimentin+ cells appeared to increase but the cells were not aligned in a linear pattern
(Fig. 2C). Vimentin expression appeared to increase still further by PID14 but still no aligned
pattern of the immunopositive cells emerged (Fig 2D).

Collagen orientation and density in the peri-implant connective tissues was assessed using
picrosirius red staining. Compared to the dense, mature (red-fluorescing) collagen fibers in the
connective tissue around teeth (Fig. 2E), significantly less collagen formed in the connective
tissue around implants (Fig. 2F,G,H; quantified in I). Peri-implant collagen was also significantly
less organized, even at later timepoints e.g., PID14 (Fig. 21). In comparison, implants were fully
osseointegrated by PID14 (Appendix Part |, Fig. 1).

The distribution of Vimentin+ cells around delayed implants was similar to that seen around
immediate implants, with immunopositive cells being scattered throughout the connective
tissues (Fig. 2J,K). On PID14 Vimentin+ cells appeared to increase (Fig. 2L). Quantitative analyses
confirmed a significantly less mature, less dense collagen content in the connective tissue around
delayed implants (Fig. 2M-0; quantified in 1).

Hemidesmosomal attachment protein expression gradually increases with time in the PIE-
connective tissue interface, and in the PIE.

Quantitative IHC was used to compare hemidesmosomal protein expression in the PIE. During
early wound repair, hemidesmosomal laminins and integrins are involved in re-epithelialization
and specifically in the interactions between wound keratinocytes and the underlying connective
tissue matrix; accordingly, the first site of Laminin5 expression in the soft tissue-implant interface
was in the basement membrane between the connective tissue and OE (asterisk, Fig. 3A). At this
timepoint, the PIE itself was devoid of Laminin5 expression (Fig. 3A; quantified in D). By PID7,
Laminin5 persisted in the basement membrane but was largely absent from the PIE (Fig. 3B). By
PID14, Laminin5 was detected in the PIE (arrow, Fig. 3C; inset) and was no longer expressed in
the basement membrane (Fig. 3C).

The expression levels of Laminin5 was then quantified as a function of time and its location.
Although initially very strongly expressed in the basement membrane, Laminin5 in the actual PIE
was virtually non-existent at PID3 and PID7 (Fig. 3D). By PID14, Laminin5 expression levels had
increased significantly in the PIE (Fig. 3D). Laminin5 expression around a delayed implant was
qualitatively equivalent to that around immediate implants (Fig. 3E).
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Expression of a second hemidesmosomal protein, 84 integrin was assessed as an indicator of soft
tissue attachment to the implant. The distribution of R4 integrin+ cells followed a pattern similar
to Laminin5 (asterisk, Fig. 3F; quantified in ). For example, on both PID3 and PID7, R4 integrin
was expressed in the basement membrane but was deficient in the PIE (Fig. 3G). By PID14, weak
R4 integrin expression was detectable in the PIE (Fig. 3H). Quantification and R4 integrin+ cells
followed a trend of gradually increasing in the PIE, but the increases were not statistically
significant (Fig. 31). B4 integrin expression around a delayed implant was qualitatively equivalent
to that around an immediate implant (Fig. 3J). A third hemidesmosomal protein, Plectin, also
initially showed diffuse expression in the healing basement membrane and connective tissues
around the implants, and initially weak expression in the PIE (Fig. 3K). Unlike the other
hemidesmosomal proteins, quantification of Plectin expression levels increased significantly
between PID7 and PID14 (Fig. 3L,M,N). Plectin expression around immediate and delayed
implants was similar (Fig. 30).

The PIEs around immediate and delayed implants continue to mature long after osseointegration
is complete.

On PID14, delayed and immediate implants were fully osseointegrated (Appendix Part |, Fig. 1)
but molecular analyses of attachment proteins indicated weak expression in the PIE. To
determine if their expression levels increased at later timepoints, we continued analyses until
PID28. At this timepoint, some- but not all- samples exhibited a pronounced improvement in the
histologic appearance of the PIE (compare Fig. 4A with B,C). Quantitative analyses also indicated
that by this timepoint, supracrestal tissue thickness had stabilized around implants (Fig. 4D).
Quantitative PCNA IHC demonstrated that by PID28, cell proliferation in the PIE was on par with
that observed in an intact JE (compare Fig. 4E with F,G; quantified in H).

The distribution and level of attachment proteins were both re-assessed on PID28. Laminin5, 34
integrin and Plectin-positive cells were generally positioned facing the tooth/implant surfaces
(Fig. 41-S). Compared to expression levels in an intact JE, expression in the PIE remained
significantly lower (Fig. 4L,P,T).

One indicator of an effective barrier is the degree to which oral pathogens are prevented from
accessing the peri-implant connective tissues. We used the distribution and number of CD68-
positive macrophages in the connective tissues underlying the PIE as an indication of an effective
barrier. As anticipated, when the soft tissue-implant interface was immature e.g., PID3, CD68
expression was high in the connective tissue (Fig. 4U). As the soft tissue-implant interface
completed re-epithelialization e.g., on PID7, CD68 expression was reduced (Fig. 4V). By PID14,
CD68 expression in peri-implant connective tissues was significantly lower (Fig. 4W). By PID28,
the distribution of CD68+ macrophages in the peri-implant environment were on par with that
seen around an intact JE (Fig. 4X; quantified in Y).

Discussion

Bone-anchored percutaneous implants are amongst the most common medical devices in use
today. Despite decades of innovation to improve prosthetic functionality (Kulkarni et al., 2023;
Montero, 2021), infection at the soft tissue-implant interface has been, and continues to be, the
chief cause of implant failure (reviewed in (Atallah, Leijendekkers, Hoogeboom, & Frolke, 2018;



UNRAVELING THE PERIIMPLANT BARRIER Joseph Arthur Grauer

Li & Fellander-Tsai, 2021; Overmann et al., 2020)). Indeed, creating “a material for [the] interface
that would provide an absolute bacterial barrier, being tenacious in its attachment, and having
the strength and durability for long-term function” (Hall, 1974) still remains a critical- and largely
unmet- medical need. In this study we focused on understanding how the soft tissue-implant
interface forms and matures over time, with the ultimate goal to improve its barrier functions
and protect against peri-implant disease.

The PIE around immediate versus delayed implants: similar or different?

A consensus report published a decade ago tentatively suggested that “peri-implant junctional
epithelium may reach a greater final length [around] implants placed into fresh extraction
sockets versus conventional implant procedures in healed sites” (Hammerle et al., 2014). This
speculation prompted us to evaluate the extent to which the PIE around a delayed implant
differed from the PIE around an immediate implant (Fig. 2). Qualitatively, the rate of mucosal
integration between immediate and delayed implants was equivalent, despite the fact that the
former consisted of an entire extraction socket and the latter was a size-adjusted osteotomy (Fig.
1). The only notable difference was the contribution of PDL cells to osseointegration, and JE cells
to mucointegration, of an immediate implant, which was lacking in the delayed implants
(Appendix Part I, Fig. 1, and (Yuan et al., 2018)). It is tempting to speculate that given the
robustness with which the JE responds to injury (Yuan, Chen, Van Brunt, et al., 2020), an
immediate implant might develop a more mature PIE faster than a delayed implant but at
present, this remains a conjecture.

Potential role(s) for the connective tissues in PIE maturation

Around teeth, the connective tissue has an influence on the characteristics of the overlying
epithelium (Imber et al., 2023),(Lu, Hobbs, Dyer, Ghuman, & Hughes, 2020). Around implants,
connective tissues may also have an influence on the PIE (Ramanauskaite, Schwarz, & Sader,
2022). From our quantitative analyses, connective tissue maturation is a much slower process
than re-epithelization (Fig. 2) (Singh, Rai, & Agrawal, 2023). For example, even at a timepoint
when osseointegration is accomplished e.g., PID14, the amount of mature collagen in the peri-
implant environment is a fraction of that found in connective tissue around teeth (Fig. 2I).
Regardless of whether the implant is immediate or delayed, qualitative assessment of Vimentin
expression showed a pattern of disorganized cells in the peri-implant environment, unlike the
linear array seen in intact connective tissue around teeth (Fig. 2). During peri-implant wound
healing, Vimentin+ intermediate filaments provide the scaffold to support fibroblast migration
into the environment, but even on PID14, a linear pattern was not obvious (Fig. 2D,L). Vimentin+
cells also help maintain the structural integrity and resilience of peri-implant tissues to
mechanical forces but in the peri-implant environment, the lack of an organized Vimentin+
intermediate filament matrix suggested that the tissues were still fragile in comparison to intact
controls (Fig. 2B-D, J-L). It should be noted, however, that these implants were not functionally
loaded, which is known to influence connective tissue density and organization around teeth.
However, it remains somewhat controversial if this has an impact on collage fiber orientation in
the periimplant enrionment (Rocci et al., 2003)

Distinct stages of PIE formation and maturation are revealed by analyses of hemidesmosomal
proteins.
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Initially, hemidesmosomal proteins are expressed in the healing basement membrane around
implants (Fig. 3), a finding that comports with the literature on hemidesmosomal function during
wound healing (lorio, Troughton, & Hamill, 2015; Martins-Green, 2013). At the wound, epithelial
cells must both adhere to the underlying connective tissue while simultaneously migrating across
it to repair the injury. In this regard, hemidesmosomal proteins including laminins and integrins
seem essential for establishing a soft tissue barrier around implants. In keeping with this
hypothesis, the hemidesmosomal proteins Laminin5, 84 integrin, and Plectin were strongly
expressed in the peri-implant basement membrane on PID3 and PID7 (Fig. 3).

Over time, their expression domains gradually shifted from the basement membrane to the PIE
proper, where presumably their functions were to mediate an attachment to the implant surface,
much like they do to a tooth surface. At PIEs examined from PID3 to PID28, quantitative analyses
of hemidesmosomal protein levels remained significantly reduced compared to an intact JE (Fig.
3,4). From these data we conclude that a PIE has a significantly weaker hemidesmosomal-
mediated attachment compared to an intact JE. This does not eliminate the possibility that the
soft tissue attachment to an implant is mediated by different (currently unknown) proteins.

A model to explain the rate of PIE maturation.

Soft tissue repair after gingivectomy is estimated to take ~2 weeks (Novaes, Kon, Ruben, &
Goldman, 1969; Waerhaug, 1978) while maturation of the PIE-as assessed by histology- is
thought to take 6-8 weeks (Berglundh et al., 2007; Tomasi et al., 2014). Why is PIE maturation so
much slower that epithelial maturation around teeth? Some investigators have stated that soft
tissue healing around an implant is akin to a ‘foreign body reaction’ but this statement fails to
provide insights into what factors- biological and physical- are controlling the rate of PIE
maturation versus epithelial healing around teeth.

Although the clinical literature provides scant clues as to why PIE maturation is so much slower
that healing around teeth, our molecular analyses suggest a plausible explanation. Using a variety
of injury repair models, we demonstrated that oral epithelial repair is generally made possible by
tissue-resident stem cell niches (Yuan, Chen, Gauer, et al., 2020; Yuan, Chen, Van Brunt, et al.,
2020; Yuan et al., 2019),(Byrd et al., 2019). Under homeostatic conditions, these epithelial niches
produce daughter cells that contribute to the continual turnover of the epithelia (Yuan, Chen,
Gauer, et al., 2020; Yuan, Chen, Van Brunt, et al., 2020; Yuan et al., 2023; Yuan et al., 2019),(Byrd
et al., 2019),(Tanaka et al., 2021). In response to injury e.g., extraction of a tooth, gingivectomy,
and placement of an implant, these same epithelial niches dramatically increase production of
mitotically active daughter cells, which then migrate widely to occupy and heal the damaged
areas (Yuan, Chen, Gauer, et al., 2020; Yuan, Chen, Van Brunt, et al., 2020; Yuan et al., 2021b).
Unlike an injured JE, however, the PIE lacks an equivalent epithelial stem cell niche (Yuan et al.,
2021b). Instead, the initial generation of mitotically active daughter cells comes from the
adjacent OE, where cells must migrate over distances to occupy the peri-implant environment
(Yuan, Chen, Van Brunt, et al., 2020). This migratory requirement constitutes a plausible
explanation for the protracted maturation of soft tissues around an implant versus maturation
of soft tissues around teeth.

What remains unclear is why the PIE at PID28 still differs substantially from an intact JE. Is a
different cell population involved in late-stage PIE remodeling? And if so, from where does this



UNRAVELING THE PERIIMPLANT BARRIER Joseph Arthur Grauer

second cell population originate? We know something about the mechanisms, both physical
and/or biological, that contribute to establishment of a JE stem cell niche (Yuan et al., 2023);
could these same factors be re-activated to create a stem cell niche around implants? These
guestions form the basis of ongoing investigations by our group into methods to accelerate and
rejuvenate barrier functions to the PIE.

Limitations and Conclusions

There are three notable limitations to this study. The first is that the study was carried in rodents
and the extent to which rodent data reflect the human condition depends upon having access to
equivalent peri-implant tissues from patients. For ethical reasons, the collection of peri-implant
soft tissues during early stages of mucosal integration is contraindicated. Consequently, our
understanding of PIE maturation and its barrier functions are currently restricted to results from
animal studies.

A second limitation is that there was a significant amount of variability in the expression levels of
attachment proteins in the developing PIE (Figs. 3,4). The reason(s) for this variability are at
present unknown. Even though the number of samples was large, oftentimes statistical
significance was only reached when comparing samples from PID3 and PID28. As a consequence
of this variability, we were cautious about drawing strong conclusions about attachment
mechanisms from these data. Ongoing studies are focused on identifying the cause(s) of this
variability, which may be related to the fact that the implant had to be removed for tissue
processing. We are currently investigating methods to circumvent this difficulty.

Within the limitations of the current study, we conclude the following: first, histological, and
guantitative molecular assessments together suggest that PIE maturation is equivalent around
immediate and delayed implants. Second, quantitative analyses demonstrated that connective
tissue maturation never reached that observed around teeth. However, the implants placed in
this study were never functionally loaded, which may have influenced this finding. Third,
hemidesmosomal proteins that mediate the JE attachment to the tooth surface are expressed at
lower levels in the PIE, suggesting a weaker barrier. There is a caveat, however: the density of
macrophages was gradually decreased in the peri-implant environment, suggesting that the
barrier functions of the PIE continued to improve as a function of time. Therefore, we posit that
hemidesmosomal proteins may not be the sole molecules by which the PIE attaches to an implant
surface. We continue to explore the expression of other types of adhesion molecules for their
roles in mediating the soft tissue attachment to an implant surface.
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Figures and Figure Legends
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FIGURE 1

Figure 1. Mucosal integration process over time in patients compared with a preclinical
animal model

(A) Sequence of intraoral clinical photographs of immediate implants after placement, and on
post-implant day 3, 7, and 14. (B) Sequence of intraoral clinical photographs of delayed implant
placement, beginning after tooth extraction, followed by socket healing, then by implant
placement and post-implant day 14. (C) Masson’s trichrome-stained sagittal tissue sections
through an extraction socket, 24h after tooth removal. (D) On post-extraction day 3 (PED3),
epithelial cells cover the socket; (E) on PED7, a loose epithelia covers a clot-filled socket; (F) by
PED14, the initial stage of epithelia and connective tissue healing appears complete. (G) Masson’s
trichrome-stained transverse tissue section of the immediate implant bed, where remnants of
the PDL can be visualized in the sockets. (H) By PID3, epithelia are in contact with the immediate
implant surface and () by PID7, an initial PIE has formed. (J) At PID14, the PIE around an
immediate implant. (K) Masson’s trichrome-stained transverse tissue section of the delayed
implant bed, with minimal epithelium present at the implant surface. (L) By PID3, the epithelia is
in contact with the delayed implant surface and has several cell layers. (M) By PID7, a distinct PIE
has formed with the delayed implant surface which is histologically matured compared to (l). (N)
At PID 14, the delayed and immediate implant PIE are histologically similar. Scale bars: as
indicated. Abbreviations: im, implant; pie, peri-implant epithelium; oe, oral epithelium; ext,
extraction site; M2; second maxillary molar.
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Figure 2. Comparison of collagen fiber distribution and maturation in a healing PIE versus a JE

(A) Expression of Vimentin-positive intermediate filaments in the connective tissue around teeth,
and around immediate implants on (B) PID3, (C) PID7, and (D) PID14. When viewed under
polarized light, picrosirius red-stained tissue sections of the (E) tooth show mature supracrestal
collagen fibers whose birefringence appears orange-red. The birefringence of less mature (e.g.,
green) collagen fibers in the connective tissues around immediate implants on (F) PID3, (G) PID7,
and (H) PID14. (I) Quantification of orange-red (type I) and green (type Ill) fluorescing collagen in
the connective tissue around teeth, and in the connective tissue around immediate implants and
delayed implants. (J) Vimentin-positive intermediate filaments in the connective tissue around
delayed implants on PID3, (K) PID7, and (L) PID14. Picrosirius red-stained tissue sections of
collagen fibers in the connective tissues around immediate implants on (M) PID3, (N) PID7, and
(O) PID14. Scale bars: as indicated. Abbreviations: epi; epithelium, ct, connective tissue; im,

implant; pie, peri-implant epithelium.
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Figure 3. Hemidesmosomal proteins are weakly expressed in the maturing PIE.

Around a representative immediate implant, expression of the hemidesmosomal attachment
protein Laminin5 on (A) PID3 (B) PID7, and (C) PID14. (D) Quantification of Laminin5 expression
in the basement membrane (BM) and in the peri-implant epithelium (PIE) at timepoints indicated
in. (E) Expression of Laminin5 in the PIE around a delayed implant on PID14. Around a
representative immediate implant, expression of the hemidesmosomal attachment protein R4
integrin on (F) PID3 (G) PID7, and (H) PID14. (I) Quantification of R4 integrin expression in the BM
and PIE at timepoints indicated in. (J) Expression of R4 integrin in the PIE around a delayed
implant on PID14. Around a representative immediate implant, expression of the
hemidesmosomal attachment protein Plectin on (K) PID3 (L) PID7, and (M) PID14. (N)
Quantification of Plectin in the BM and PIE. (O) Expression of Plectin in the PIE around a delayed
implant on PID14. Scale bars: as indicated. Abbreviations: im, implant; pie, peri-implant
epithelium; ct, connective tissue.
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Figure 4. A mature PIE expresses higher levels of attachment proteins, a stable connective
tissue width, and an immune response similar to an intact JE.

Representative Movat’s pentachrome-stained section of (A) an intact JE compared to the PIE at
PID28 around an (B) immediate and (C) delayed implant. (D) Quantification of immediate implant.
PCNA expression illustrates the distribution of mitotically active cells in (E) an intact JE compared
to the PIE at PID28 around an (F) immediate and (G) delayed implant. (H) Quantification of PCNA+
cells in JE and connective tissue around a tooth and in the soft tissue-implant interface of an
immediate implant (PIE and connective tissue). Laminin5 expression illustrates the () attachment
of the JE to the tooth surface compared to the attachment of the PIE at PID28 to (J) an immediate
and (K) delayed implant. (L) Quantification of Laminin5+ cells in the JE, and BM and PIE around
an immediate implant on PID28. 34 integrin expression illustrates the (M) attachment of the JE
to the tooth surface compared to the attachment of the PIE at PID28 to (N) an immediate and
(O) delayed implant. (P) Quantification of 4 integrin+ cells in the JE, and BM and PIE around an
immediate implant on PID28. Plectin expression illustrates the (Q) attachment of the JE to the
tooth surface compared to the attachment of the PIE at PID28 to (R) an immediate and (S)
delayed implant. (T) Quantification of Plectin+ cells in the JE, and BM and PIE around an
immediate implant on PID28. Expression of CD68 in the connective tissue (U) PID3, (V) PID7, (W)
PID14, and (X) PID28. (Y) Quantification of CD68+ cells in the connective tissue around a tooth,
and in the connective tissue around immediate implants at the timepoints indicated.
Abbreviations: im, implant; pie, peri-implant epithelium; ct, connective tissue.
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Part Il: Dynamics of mucosal integration of machined vs. anodized titanium implants
Introduction

Implant anchorage depends on interfacial bonding between bone and the implant. What is often
overlooked- but no less important for long-term implant success- is the interfacial attachment
between the implant and soft tissues (Sculean et al. 2014). The nature of this soft tissue-implant
interface is only now being deciphered at a molecular level (Aellos et al. 2024). This work aims to
develop a quantitative understanding of the biological factors that influence soft tissue
integration of dental implants.

Large animal models including mini pigs and dogs allow a full-size implant with fully characterized
surfaces can be evaluated but because such studies only include a limited number of timepoints
for analysis, they can offer only a “snapshot in time” of mucosal integration. To better understand
the entire process of mucosal integration, from the time of implant placement to maturation of
the interface, we turned to a rodent model that is amenable to genetic, molecular, and cellular
manipulation and analyses. Aside from technical challenges, this model has been successfully
used to evaluate osteotomy site preparation tools (Coyac et al. 2019), the biology (Coyac et al.
2020) and biomechanics of implant osseointegration (Tian et al. 2022), and most recently, the
formation (Yuan et al. 2021) and maturation (Aellos et al. 2024) of the soft tissue-implant
interface.

Materials and Methods
Experimental design

A flowchart is shown in Appendix Part Il, Fig. 4, demonstrating the split-mouth design of the
study. An intact, healthy JE around the maxillary first molar (mxM1) was used for comparisons
between a soft tissue-implant vs. a soft tissue-tooth interface.

Mice and surgeries

All procedures conformed to ARRIVE guidelines. Implants were placed in fresh extraction sockets,
then analyzed at multiple timepoints to capture the dynamic process of mucosal integration.
Please see Appendix Part Il data for details of tooth extraction, miniatured implants, implant
placement, and the distribution of mice including their strains/genders in Table 1.

Patient information, tissue processing, analyses of surface characteristics, staining protocols,
statistics, and methods of quantification

Please see Appendix Part Il data.
Results
The abutment surface of a mouse-sized implant is modified by anodization

Miniaturized titanium alloy implants were either maintained with a machined surface , which has
been shown to accumulate less bacteria than a rough surface (Schmidlin et al. 2013), or were
coated with a titanium oxide layer via a mild anodization process, to align with some implants in
clinical practice today. The anodized surface extended from the apex of the implant to its top
e.g., the platform. Anodization can sometimes change the texture of an implant surface;
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therefore, SEM was performed to assess whether the electrochemical reaction created a nano-
texture. SEM analyses verified that machined surfaces were smoother than anodized surfaces
(Fig. 1A,A’, B,B’). Anodized surfaces were covered with nanometer-sized pores that were absent
from machined surfaces (Fig. 1C,D). Surface chemistry characterization revealed an
oxygen:titanium ratio that was ~six-fold higher in anodized implants; all other ratios e.g.,
aluminum:titanium and vanadium:titanium were similar (Fig. 1E,F; quantified in G). Thus,
anodization did not change the bulk material but only the abutment surface to which peri-
implant cells were exposed.

The temporal course of mucosal integration is established.

Most implants have an abutment component that is separate from the body of the implant (Fig.
2A). Typically, the abutment component has a surface that is distinct from the surface
characteristics of the body component. Due to their size, however, murine implants were
manufactured such that to the body and abutment components were combined into a single
integrated implant, and the surface characteristic e.g., machined or anodized, stretched from the
platform to the apex of the implant (Fig. 2A).

Corresponding to an immediate implant protocol in patients, murine implants were placed in
fresh extraction sockets (Fig. 2A). The first analyses were focused on assessing osseointegration.
On post-implant day 3 (PID3), the peri-implant environment around all implants was largely
comprised of a fibrin-rich blood clot (upper left panel, Fig. 2B). By PID7, a densely cellular tissue
surrounded the implant body (upper right panel, Fig. 2B). By PID14, the body portion of all
implants were surrounded by bone (lower left panel, Fig. 2B). By PID28, the appearance of the
peri-implant bone was unchanged (lower right panel, Fig. 2B).

The amount of peri-implant bone was quantified. Compared to PID3 and PID7, where the bone-
implant contact (BIC) was <40%, on PID14, the BIC was 72% (Fig. 2C). There was no significant
difference in the BIC between PID14 and PID28 (Fig. 2C). From these data we concluded that
osseointegration was achieved by PID14, and that implants remained osseointegrated for the
duration of the experiments.

Barrier functions of the PIE are comparable between machined and anodized implant/abutment
surfaces

PIE barrier functions were evaluated next, using two metrics. First, attachment of soft tissue to
the implant surface was evaluated using qlHC for the hemidesmosomal protein, Laminin5.
Laminin5 is part of the JE attachment apparatus (Fig. 3A). On PID3, Laminin5 expression was not
detected in the PIE around both implants; rather, its expression was restricted to the basement
membrane (Fig. 3B,C). This pattern aligns the role of Laminin5 in wound healing, where it
mediates adhesion between migrating epithelial cells and underlying connective tissue. Laminin5
continued to be weakly expressed on PID7 in the basement membrane around both implants
(Fig. 3D,E).

By PID14, the first signs of Laminin5 expression appeared in the PIE (Fig 3F,G). Expression levels
of Laminin5 were significantly lower in the PIEs than in a JE (Fig. 3H). One observation of note
was that on PID14, Laminin5 expression was significantly higher around anodized implant
surfaces (Fig. 3H).
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The macrophage marker CD68 was also used to assess PIE barrier functions. In the JE, CD68 was
detected in cells scattered throughout the connective tissue (Fig. 3I). Around implants on PID3,
CD68-positive cells were abundant throughout the connective tissues, with no significant
differences noted between implant surfaces (Fig. 3J,K; quantified in P). Expression levels of CD68
were unchanged on PID7, again with no significant differences between the surfaces noted (Fig.
3L,M; quantified in P). By PID14, the number of CD68-positive macrophages was significantly
decreased (Fig. 3N,0), equivalent to that found around a healthy JE (Fig. 3P). The number of
CD68-positive cells was not significantly different around machined implants vs. anodized
implants (Fig. 3P).

Peri-implant soft tissues respond similarly to machined and anodized abutment surfaces, but both
improve significantly with time.

In clinical practice, removal of an anodized abutment at post-implant week 10 often produces
some bleeding (Fig. 4A) and sometimes, remnants of the PIE remained adherent to the implant
(Fig. 4B). A subset of machined and anodized implants was removed from mice at PID28 and they
showed a similar feature, with soft tissue remnants adhering to the implant (Fig. 4C). In these
murine cases, histological examination revealed a disrupted PIE/connective tissue interface
(asterisks, Fig. 4D).

Further molecular analyses at PID28 demonstrated that PIE maturation continued long after
osseointegration was complete at PID14 (Fig. 2). Keratin14 expression at PID28 was equivalent
to that in the JE (Fig. 4E,F). Relative to the lamellar pattern of Vimentin immunostaining in
connective tissues around teeth, Vimentin was more disorganized around implants but was not
noticeably different between the two surfaces (Fig. 4G,H). Visualization of picrosirius red staining
under polarized light indicated that collagen around implants was less mature than collagen
around teeth (Fig. 4J-L). When comparing machined vs. anodized surfaces, no significant
differences in picrosirius red-stained collagen were detected (quantified in Fig. 4M). Finally, we
compared Laminin5 expression in the JE (Fig. 4N,O) to its expression in the PID28 interface. Here,
for the first time, Laminin5 was strongly expressed in the PIE (Fig. 4P,Q). Its expression in the PIE
adjacent to a machined surface was similar to its expression in the PIE adjacent to an anodized
surface (quantified in Fig. 4N).

Discussion
The JE serves as a biomimetic blueprint for the soft tissue-implant interface

In the past, comparisons have been made between the soft tissue-dental implant interface and
the soft tissue-tooth interface e.g., the junctional epithelium (JE) (Esposito et al. 2000; Fischer
and Aparicio 2022; Sculean et al. 2014; Vignoletti et al. 2009). The JE and the PIE share biological
functions, in that they are intended to serve as a barrier against microbial invasion (Dhir et al.
2013; Sculean et al. 2014). The JE and PIE also may have similar attachment mechanisms e.g., via
hemidesmosomes, although this is still largely unexplored in the implant space (Ayukawa et al.
2020; Shioya et al. 2009).

In this work, comparisons with the JE were used as a biomimetic blueprint of an idealized, self-
renewing barrier. A number of knowledge gaps, however, act as caveats to this comparison. An
intact, healthy JE was used for comparison, but the PIE is an evolving tissue that forms after an
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injury e.g., tooth extraction and implant placement, and functional loading. To render a fair
comparison, both tissues should be in a homeostatic state, but precisely when this is achieved in
the peri-implant environment is simply unknown. It is possible the biomechanical loading
influences maturation of the peri-implant soft tissues, much as it does for the JE (Yuan et al.
2023). In future experiments, we intend to compare a maturing PIE with a healing JE, say after a
crown lengthening procedure, as well as the peri-implant environment around a functionally
loaded implant.

Initial formation of the soft tissue-implant interface is equivalent around machined and anodized
implants.

We focused on dissecting the mechanisms behind formation and maturation of the soft tissue-
implant interface. An immediate implant model was employed, where implants were placed in
fresh extraction sockets. The reasoning behind this choice was that re-epithelialization would
take longer around these implants compared to implants placed in tight-fitting osteotomies and
thus would allow for a more detailed evaluation of the newly forming interface.

Integrated miniaturized murine implants were employed here, such that the abutment and body
of the implant were joined and the entire surface was either machined or anodized (Fig. 1).This
reliably resulted in implants with the treated surface in direct contact with soft tissues (Fig. 2).
Around these implants, it was readily apparent that epithelial closure took time. For example, at
PID3 the soft tissue-implant interface was a poor barrier. This conclusion was based on the lack
of hemidesmosomal proteins expressed in the PIE (Fig. 3), and the fact that macrophages were
abundant in the peri-implant connective tissues (Fig. 3). Nonetheless, this early timepoint
allowed us to compare the peri-implant environment for any differences in peri-implant
epithelial cell responses elicited by the surfaces in which they came into contact. Despite an in-
depth survey, however, we found no significant molecular or cellular differences in the early
interface between implants (Figs. 2,3).

An anodized implant surface transiently supports a better PIE attachment

With time, however, we noted one significant change in peri-implant cell response: when we
compared the relative adhesiveness of the PIE using the hemidesmosomal protein Laminin5 as a
readout, we found at PID14, Laminin5 was expressed at significantly higher levels around
anodized implant surfaces compared to machined surfaces (Fig. 3). At PID28, Laminin5 was
increased significantly in both PIEs and there was no longer any differences between the PIEs
around machined versus anodized surface (Fig. 4). Perhaps this could be attributed to lower
bacterial adhesion around anodized surface abutments, reported in some recent invitro studies
(Faveri et al., 2022). This transient molecular change is intriguing, but its clinical significance
remains to be determined.

The soft tissue-implant interface matures more slowly than the hard tissue-implant interface.

This study made clear that maturation and remodeling of a soft tissue-implant interface is a
prolonged process. Long after the time when all implants had successfully osseointegrated (Fig.
2), the PIE continued to mature (Fig. 3). For purposes of comparison, the PIE matured far more
slowly than the JE after a gingivectomy (Yuan et al., 2020). A similar conclusion has been reached
using a rat model (lkeda et al. 2002), and from evaluation of clinical data (Tomasi et al. 2014).
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Toindirectly assess barrier functions of the JE vs. PIE, the distribution of macrophages in the peri-
implant and periodontal tissues was monitored. CD68 expression was gradually, significantly
reduced in the peri-implant environment over time (quantified in Fig. 3P). We interpret this to
mean that the attachment of the PIE is gradually improving, and analyses of Laminin5 expression
support this conclusion (Fig. 4). Consequently, we urge a note of caution when assessing the
barrier functions of a PIE: despite its histologic and molecular similarity to a JE, the PIE interface
remodels for an extended period of time and thus its barrier functions also change over time.
Any rigorous comparison of the PIEs around different types of implants should take this time-
dependent maturation into account.

Limitations and Conclusions

Although implants were placed in the animal model in a manner analogous to immediate implant
placement in patients, a key difference is that the rodent model used extraction of healthy teeth
without inflammation, whereas most patients have periodontal disease (Chrcanovic et al. 2015).
This difference likely affects outcomes.

A second limitation was the variability in the expression levels of Laminin 5 and CD68 in the
developing PIE (Figs. 3 and 4). Although increasing the sample size reduced this, caution is needed
when interpreting attachment and inflammatory responses. Current research is addressing this
variability, potentially caused by the lack of masticatory loading.

Also, it should be emphasized that tissue processing necessitated the removal of implants prior
to sectioning. It is reasonable to question whether implant tissues were disturbed as a
consequence. We are currently investigating embedding methods that will circumvent this
technical issue while still permitting deep analyses of the molecular/cellular milieu of the soft
tissue-implant interface.

Finally, it is likely that species-specific differences in mucosal integration exist, and these
differences should be taken into account when considering the translational value of this work.
Clinical images served to bridge this translational gap. At present, there are no molecular analyses
of large animal or human peri-implant tissue responses but clearly, these are warranted to better
understand the process of mucosal integration.

The nature of the soft tissue-implant interface changes dramatically over time, from a porous,
single layer of epithelium to a gradually more mature epithelial barrier. Consequently,
comparisons among implant surfaces, and statements about its barrier function(s), should take
into account the temporal nature of its maturation. Relative to osseointegration, mucosal
integration is a slow process. The prolonged timeframe of maturation and remodeling may
explain why at earlier stages, the PIE is a sub-optimal barrier compared to a JE. Finally, with the
analytical tools available, we found subtle biological differences in the expression of an
attachment protein around machined vs. anodized abutment surfaces, the clinical significance of
which remains to be determined.

Concluding Remarks

Despite the limitations of the experiments, the culmination of the tests allow for the following
conclusions.  The barrier function of the PIE, as indicated by lower expression of
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hemidesmosomal proteins and slower tissue maturation, appears to improve gradually over
time. As corroborated by both sets of experiments, the maturation of the PIE barrier takes
substantially longer than osseointegration. Given the PIE’s prolonged maturation time course,
strategies aimed to improve and/or accelerate PIE maturation are likely to have significant clinical

benefit
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Figures and Figure legends

Machined surface

Anodized surface

FIGURE 1

Figure 1. Comparison analysis of machined vs. anodized implant surfaces

Scanning electron micrograph (SEM) imaging at (A) 150x and (A’) 13000x magnification of a
machined titanium abutment surface, and a spark-anodized titanium oxide abutment surface
shown at (B) 150x and (B’) 13000x. (C) A machined titanium abutment surface and a (D) spark-
anodized abutment surface, shown at 50000x to illustrate surface roughness. Energy-dispersive
X-ray spectroscopy (EDX) mapping of a representative (E) machined titanium abutment and (F)
spark-anodized titanium oxide abutment surface. (G) Bar graphs showing the ratio of oxygen,
aluminum, vanadium to titanium of abutment surface composition. Scale bars: as indicated.
Abbreviations: ns, no significance. Significance was attained at P < 0.05 (*), P < 0.01(**), and P <
0.001 (***).



UNRAVELING THE PERIIMPLANT BARRIER Joseph Arthur Grauer

ent

A Ppai

Rodent model Bl
i : e

-
&

Quantification

=
=
©
o
=
(]
—

FIGURE 2

Figure 2. Development and maturation of the soft tissue-implant interface

(A) Schematic representation of the implant placed on a patient and an and the miniaturized
version of dental implants used on our rodent model highlighting the tissues involved as well as
the material distribution. Intraoral photograph of an immediate implant in a fresh extraction
socket of a patient and a mouse. (B) Movat’s pentachrome-stained sagittal sections of the peri-
implant epithelium on multiple time points. (C) Quantification of bone implant contact (BIC) and
Movat’s pentachrome-stained sagittal sections on PID 14 comparing (D) an implant with
machined abutment surface and an implant with an anodized abutment surface. Scale bars: as
indicated. Abbreviations: mxM2, maxillary second molar; im, implant; ct, connective tissue; pie,
peri-implant epithelium; e, enamel.
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Figure 3. Expression patterns of attachment and inflammation markers evolve during tissue
maturation and are comparable between machined/anodized abutment surfaces

Sagittal sections stained with Laminin 5 identifying hemidesmosomal attachment in: (A) a JE of a
mxM1 serving as the control. In all relevant panels, the soft tissue-implant interface is delineated
with the dotted line. Comparison of Laminin 5 expression in the PIE surrounding implants with
machined surfaces and anodized abutment surfaces on (B,C) PID3, (D,E) PID7 and (F,G) on PID14.
Quantified on (H). Sagittal sections stained with CD68 identifying macrophage activity in: (l) a JE
of a mxM1 serving as the control. Comparison of CD68 expression in the PIE surrounding implants
with machined abutment surfaces and anodized abutment surfaces on (J,K) PID3, (L,M) PID7 and
(N,0) PID14, quantified in (P). Scale bars: as indicated. Abbreviations: as indicated in previous
figures; bm, basal membrane; pie, peri-implant epithelium; ns, no significance. Significance was
attained at P < 0.05 (*), P < 0.01(**), and P < 0.001 (***).
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FIGURE 4
Figure 4. Attachment proteins are upregulated in the mature PIE around both machined and
anodized titanium abutment surfaces

(A) Intraoral photograph of PIE in a patient after removal of the healing abutment, shown in (B),
10 weeks after implant placement. In all relevant panels, the soft tissue-implant interface is
delineated with the dotted line. Compared to (C), a murine implant removed on PID28 and (D)
Weigert’s stain of the murine PIE, the asterisks indicate disruption of the tissue. Keratin 14
immunohistochemistry on PID28 of (E) PIE and (F) JE around a mxM1. Comparison of the intact
JE surrounding a maxillary molar and PIE surrounding implants with machined surfaces and
anodized surfaces. (G,H,l) Samples stained with Vimentin and (J,K,L) Picrosirius Red. (M)
Quantification of Collagen Type | and Type Il in Picrosirius Red samples in intact JE and PID3,7,14,
and 28. (N) Quantification of Laminin5+ expression in intact JE and the PIE on PID28. (O,P,Q)
Quantification of Laminin5 expression in intact JE, machined and anodized abutment surfaces.
Scale bars: as indicated. Abbreviations: as indicated in previous figures. Significance was attained
at P <0.05 (*), P <0.01(**), and P < 0.001 (***).
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Table 1. Sample Distribution for Part I: Dynamic analyses of a soft tissue—implant interface:
Biological responses to immediate versus delayed dental implants
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Group 4 -

Control

Total

Intact JE

3

Axin2**
Axin2** M
Axin2*/* M

Joseph Arthur Grauer

Movat’s Pentachrome

Picrosirus Red
Laminin 5
Integrin B4

Plectin
CD68
PCNA

Vimentin

Table 2. Sample distribution for Part Il: Dynamics of mucosal integration of machined vs.

anodized titanium implants

. . Number of .
Group Timepoints | Strain Sex Analyses
implants
Axin2tacZ +/+ male
Axin2tacZ +/- female
PID3 5 Bactin®/* male
o Axin2tocz+/+ female
O
@O
€ Axin2tacz+/- male
= v Movat’s Pentachrome,
H LacZ +/- . ..
E Axin2"%¢ male Picrosirius Red,
g. Axin2LacZ +/- male Laminin5, Vimentin,
= PID 7 4 . Keratinl4
3 Axin2tacZ +/- male
C
5 Axin2tacZ+/- female
©
= Axin2tecZ +/- male
—
o PID 14 3 Bactin®FP/+ male
o)
5 Axin2tocz - female
Axin2tacZ +/- male Movat’s Pentachrome,
- Picrosirius Red,
PID 28 3 Axin2tacz +/- male - o
Laminin5, Weigert's,
Axin2tacZ+/- female Vimentin, Keratin14
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AxinzLacZ +/+

Joseph Arthur Grauer

male
Axin2tacZ +/- female
PID 3 5 Bactin®*/* male
Axin2tacz+/+ female
S Axin2LoZ+/- male
Y
= Axin2tacZ +/- male Movat’s Pentachrome,
1= - Picrosirius Red,
5 Axin2tacZ+/- male .
o PID7 4 Laminin5, CD68,
E Axin2LacZ +/- male Keratin14
©
% Axin2tacZ +/- female
(@] R
= Axin2LacZ +/- male
~ Bactin®FP/+ male
o PID 14 4
) Axin2LacZ +/- female
w -
Axin2tacZ +/- male
Axin2tacZ+/- male Movat’s Pentachrome,
PID 28 3 Axin 2Lz - male P|_cr'05|r|us Bed, '
Laminin5, Weigert's,
Axin2tacZ +/- female Vimentin, Keratin14
Control . ) Number of .
Timepoints . Strain Sex Analyses
Group Animals
§ Axin2tacz+/+ male Movat’s Pentachrome,
£ Picrosirius Red, Laminin5
p= Intact 3 Axin2tacz/+ male - - !
= Weigert's, CD68, Vimentin,
£ Axin2tacz+/+ female Keratin14
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Appendix
Part | Appendix Data
Tissue processing

Immediately upon harvest, murine tissues were washed in ice-cold phosphate buffered saline
(PBS) followed by fixation in 4% paraformaldehyde (PFA) for 24h at 4°C. All tissues were then
rinsed in PBS and decalcified in 10% EDTA in a microwave (Ted Pella, CA, USA) at 25°C for ~2
weeks. Thereafter tissues were dehydrated by a graded ethanol series, embedded in paraffin,
and sectioned into 8um thin slides using a Leica microtome (Leica Instruments, Hubloch,
Germany).

Histology
Pentachrome

Tissue sections were deparaffinized with Citrisolv for a total of 10 minutes, then rehydrated in a
graded ethanol series. Slides were stained with 1% Alcian blue (#A5268, Sigma) for 20 minutes
then submerged in running tap water to de-stain for 10 minutes. Thereafter, slides were stained
in Verhoeff’'s Hematoxylin for 5 min, and submerged in running tap water to de-stain for 5
minutes. A fresh solution containing 7.85% w/v Sodium Thiosulfate (14518, Alfa Aesar, MA) was
prepared and the slides treated therein for 1 minute, followed by running tap water to de-stain
for 5 minutes. Slides were treated with a fresh solution containing 0.08% w/v Crocein-Scarlet
(22914, Chem Impex International, IL) and 0.02% w/v 5Acid Fuchsin (22914, Chem Impex
International, IL; F8129, Sigma) solution, both dissolved in 1% glacial acetic acid and ddH20 for 8
minutes, followed by de-staining via 9 dips in ddH,0 followed by 10 additional dips in 0.5% acetic
acid. Slides were submerged in 5% phosphotungstic acid (P4006, Sigma) for 15 minutes then de-
stained in 0.5% acetic acid for 1 minute. Slides were subsequently washed in absolute ethanol
for 5 minutes with three changes. Last, slides were stained in a solution containing 3% w/v Saffron
(3801, Harlecon) dissolved in ethanol for 60 minutes. Thereafter, slides were dehydrated in an
ascending ethanol series, followed by Citrisolv. Finally, the slides were cover-slipped using a
mounting medium (Permount, SP15-100, Fisher Scientific).

Masson’s Trichrome

Masson’s trichrome staining of the slides followed the protocol provided by Electron Microscopy
Sciences (EMS Catalog #26386). Tissue sections were deparaffinized with Citrisolv for a total of
10 minutes, then rehydrated in a graded ethanol series. Slides were incubated with Bouin’s
fixative for 1 hour at 56°C then washed with running tap water for 5 minutes. Thereafter, slides
were stained with Weigert’s iron hematoxylin for 5 minutes then washed with running tap water
for 10 minutes. Slides were submerged in Biebrich scarlet-acid fuchsin for 12 minutes then rinsed
with ddH20. Slides were subsequently stained with phosphomolybdic acid-phosphotungstic acid
for 15 minutes then rinsed with ddH2O0. Slides were stained with Aniline Blue solution for 2
minutes then rinsed with ddH20. Last, slides were differentiated in 1% acetic acid for 4 minutes.
Tissue sections were then dehydrated using a graded ethanol series to Citrisolv and cover-slipped
using mounting medium (Permount, SP15-100, Fisher Scientific).
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Picrosirius Red

Tissue sections were deparaffinized with Citrisolv and a graded ethanol series, then stained in a
solution of Weigert’s iron hematoxylin for 8 min. Sections were washed then stained in Picrosirius
red solution for 1 hour and differentiated in a solution of 1% acetic acid (Lopez De Padilla et al.,
2021). Tissue sections were then dehydrated using a graded ethanol series to Citrisolv and cover-
slipped using mounting medium (Permount, SP15-100, Fisher Scientific).

Quantitative immunohistochemistry (qIHC)

Quantitative immunostaining followed our published protocols (Yuan et al., 2018). In brief, tissue
sections were de-paraffinized then permeabilized with 0.5% TritonX-100. All slides are subjected
to the identical procedure wherein antigen retrieval was performed using Antigen Unmasking
Solution (Vector Labs), following which slides were blocked with 5% goat serum (Vector S-1000)
for 1h at room temperature then incubated with primary antibodies overnight at 4°C. After
washing with PBS, slides destined for immunofluorescence using the following antibodies e.g.,
Laminin5 (1:200 dilution, ab14509, Abcam), anti-CD104 (1:200; 553745, BD bioscience), Plectin
(1:250, ab32528, Abcam), were incubated with Cyanine5 conjugated goat anti-rabbit secondary
antibody (1:400, Invitrogen, A-10523) for 30 min, then mounted with 4',6-diamidino-2-
phenylindole (DAPI) mounting medium (Vector Labs).

Primary antibodies developed with DAB peroxidase used in this study included Proliferating Cell
Nuclear Antigen (PCNA; 1:2000, ab18197, Abcam), Vimentin (1:250 dilution, 5741, Cell Signaling
Technology) and CD68 (1:150 dilution, MAB101141, R&D Systems). The secondary antibody used
to detect these primary antibodies was biotinylated goat anti-rabbit immunoglobulin G antibody
(1:200, BA-1000, Vector Laboratories). Staining was then visualized using the ABC peroxidase
standard staining kit (32020, Thermo Fisher Scientific) and the DAB peroxidase substrate kit
(SK4100, Vector Lab).

Quantification
Soft tissue thickness

It was conducted on pentachrome slides taken at 20x magnification on the Leica microscope,
using its DMi8 digital imaging system. Adobe Photoshop was employed to take the
measurements, where the “ruler tool” (corrected for real-life distances) was employed to
measure the thicknesses of connective tissue (CT), epithelium (epi) and combined thickness
(CT+epi) in pixels. Total thickness was defined as the distance from epithelial surface to alveolar
bone, approximately parallel to the trajectory of the long axis of the implant (perpendicular to
plane of alveolar bone). A series of 10 vertical measurements (spanning ~150-200um section of
tissue) on 3 images per time point (PID 3, 7, 14, and 28), in a section slightly away from the
implant-soft tissue interface were taken. The measurements were taken slightly away from the
soft tissue implant interface to get sections of tissues that had a clear epithelium/connective
tissue, as the tissue immediately adjacent to the implant is primarily epithelium or the transition
between the two became slightly distorted.

Cell proliferation and macrophage activity
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To quantify the expression of PCNA (cell proliferation marker) and CD68 (macrophage activity),
the positive control tissue was an intact mxM1; and then compared to samples from PID 3, 7, 14
and 28. All images were taken at the same magnification, and region of interest (ROI) was
selected. The ROIs for the control samples were the junctional epithelium (JE) and CT, and then
compared against the ROIs in the implant samples peri-implant epithelium (PIE) and CT
respectively, in the multiple timepoints. A minimum of three tissue sections were analyzed from
each sample. Within the specified ROI, the total pixel area was quantified, and the total number
of pixels representing positive signal e.g., PCNA+ cells, CD68+ cells was selected and quantified
using Adobe Photoshop’s, where selection of the ROl was performed using the “magnetic lasso”
tool. Selecting positive pixels was then facilitated by the “magic wand tool” and adjusting the
selected expression with the “grow” and “similar” functions, with tolerance for both these
parameters set between 1-10. The area of signal-positive cells was then divided by the total pixels
in the ROL.

Attachment proteins

To quantify the hemidesmosomal attachment proteins: Laminin5, R4 integrin, and Plectin, the
positive control tissue was an intact mxM1; and then compared to samples from PID 3, 7, 14 and
28. All images were taken at the same magnification, and region of interest (ROI) was selected,
the JE of an intact mxM1 was compared against the PIE (see Appendix Fig.4A,C) and the basement
membrane (BM (see Appendix Fig.4B,D)) of an intact mxM1 was compared against the BM from
the implant samples, in the multiple timepoints. A minimum of three tissue sections were
analyzed from each sample. Within the specified ROI, the total pixel area was quantified, and the
total number of pixels representing positive signal e.g., Laminin5+ expression, was selected and
guantified using Adobe Photoshop’s, where selection of the ROl was performed using the
“magnetic lasso” tool. Selecting positive pixels was then facilitated by the “magic wand tool” and
adjusting the selected expression with the “grow” and “similar” functions, with tolerance for both
these parameters set between 1-10. The area of signal-positive cells was then divided by the total
pixels in the ROI.

Collagen fiber maturation

To identify and quantify the amount of collagen type | and type Il using Picrosirus red stained
sections, the positive control tissue was an intact mxM1; and then compared to samples from
PID 3, 7, 14 and 28. All images were taken at the same magnification, and region of interest (ROI)
was selected, the CT of an intact mxM1 was compared against the CT in the implant samples. A
minimum of three tissue sections were analyzed from each sample. Within the specified ROI, the
total pixel area was quantified, and the total number of pixels representing collagen type |
(red/orange) and collagen type Il (green), was selected and quantified using Adobe Photoshop’s,
where selection of the ROl was performed using the “magnetic lasso” tool. Selecting positive
pixels was then facilitated by the “magic wand tool” and adjusting the selected expression with
the “grow” and “similar” functions, with tolerance for both these parameters set between 1-10.
The area of signal-positive cells was then divided by the total pixels in the ROl and a ratio of type
| collagen to type Il collagen was calculated.
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Statistical analyses

Bar charts were used to present the results as the mean + standard deviation of independent
replicates. Some sample means were measured to be very close to zero, which could lead to a
right-skewed distribution, as no measurement could be negative. Due to this and the small
sample sizes, it was decided that a normal distribution of the data could not be assumed. Thus,
parametric tests could not be used. The non-parametric Mann-Whitney U test was used to
determine whether or not sample means from two groups differed. Significance was attained at
P< 0.05(*) and P< 0.01(**).

Post-implant wk4 Post-implant wk8  Post-implant wk12

P

Patient

Delayed implant, Immediate implant,

Appendix Fig 1. Tissue contributions to the soft tissue-implant interface.

(A) Sequence of intraoral clinical photographs of an immediate implant after placement, and on
post-implant week 4, 8, and 12. In those cases from weeks 4, 8, and 12, photographs were made
after removal of the healing abutment. (B) Quantitative IHC of Periostin expression in the implant
bed around an immediate implant on PID14; boxed area in upper right corner illustrates
remnants of the PDL ligament left behind after tooth extraction. Quantitative IHC of EpCAM
expression in the epithelium around an immediate implant on PID3. (C) osseointegration of a
delayed implant on post-implant day 14; and osseointegration of a (D) delayed and (E) immediate
implant at the same time point.

PID14

Osseointegration
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Appendix Fig 2. Osseointegration over time in a dental implant rodent model.

Aniline blue-stained sagittal sections representing osseointegration in a rodent model over time.
Multiple time points are illustrated: (A) post-implant day (PID)3, (B) PID7, (C) PID14 and (D) PID28.

Intact tooth Soft tissue-implant interface

JE - ROI
PIE - ROI

BM - RO
BM - ROI

Appendix Fig 3. Definition of ROIs for quantification.

Slides depicting region of interests (ROIs). (A) ROI of epithelial-tooth interface of the junctional
epithelium (JE) used for the attachment proteins (e.g., Laminin 5). (B) Depicting the ROl used to
quantify the basement membrane (BM) around teeth for all attachment proteins. (C) Depicting
the ROl used to quantify the epithelial-implant interface of the peri-implant epithelium (PIE) used
for the attachment proteins (e.g., Laminin 5). (D) Depicting the ROl used to quantify the basement
membrane (BM) around implants for all attachment proteins.

Part Il: Appendix Data

Mice

Protocols were approved by the Stanford Committee on Animal Research under #13146. Sexteen
5-week-old BALB/c) male and female mice constituted the 2 test groups (machined and anodized
implant), and three 5-week-old BALB/c)J male and female mice constituted the control group,

intact maxillary first molars (JE). All mice were housed in a temperature-controlled environment
in a 12-hour light/dark cycle. Water and food were offered ad libitum.

Surgeries
Tooth extraction

All procedures conformed to ARRIVE guidelines. Rodents were anesthetized with ketamine (80-
100 mg/kg bodyweight) and xylazine (8 mg/kg bodyweight), administered intraperitoneally.
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Analgesia was ensured by subcutaneous Buprenorphine SR (1.5 mg/kg bodyweight) injection.
Bilateral maxillary first molar (mxM1) extractions were performed using micro-forceps; bleeding
was controlled by local compression. Information on the strains and gender of mice can be found
in Table 1.

Implants

One set of miniaturized implants had a machined surface (control group), manufactured of a
titanium (Titanium-6 Aluminum-4 Vanadium) alloy, with 0.5mm diameter and 2.1mm length
(Edenta, Switzerland). The second set of implants was coated with a titanium oxide layer via a
proprietary (Nobel Biocare AB, Goteborg, Sweden) mild-anodization process (test group),
resulting in an implant with a 0.62mm diameter and the same 2.1mm length. Implants used in
this murine study did not have a separate abutment. Consequently, the anodized abutment
surface extended along the whole structure (from the apex to the top of the implant and ensured
that either a machined surface or an anodized surface was adjacent to the connective tissue and
PIE at all timepoints (Fig. 2).

Implant placement and time points for analysis

Immediately after extraction, hemostasis was achieved, and implants were manually inserted
with an implant screwdriver into the mxM1 palatal root socket. This screwdriver is specific for
the miniaturized murine implants. The dimension of the palatal socket e.g., 0.274 mm3, was
determined by UCT analysis; this was sufficient in size to accommodate miniatured implants and
ensure primary stability. All implants were placed manually, using an implant-specific
screwdriver. To align with clinical data where the threaded portion of the implant was placed
2mm below the alveolar bone crest, in the animal model, the threaded portion of the implant
was also placed below the alveolar bone crest. In the patient, the abutment portion of the
implant was contained within the soft tissue. In the animal model, the non-threaded portion of
the implant, which had either a machined or an anodized surface, projected above the soft tissue
but was positioned below the occlusal plane. This projection above the soft tissue was necessary
to allow for removal of the implant after the animal had been sacrificed but before tissue
processing (Fig. 2). Soft tissue implant-interfaces were examined on post-implant days (PID) 3, 7,
14, and 28. There was no evidence of infection or prolonged inflammation at surgical sites, nor
around implants. No antibiotics were given to operated animals.

Patient sample

After informed consent, a female patient, aged 37 with no history of systemic or periodontal
diseases but a history of light (< 8cigarettes/day) smoking, underwent extraction of the maxillary
first premolar due to a vertical root fracture. The patient received an immediate implant in
combination with xenograft biomaterial on the buccal surface accompanied by a connective
tissue graft harvested from the palate that was positioned using a tunneling technique. The
position for the dental implant was obtained using a digital 3D prosthetic model (DTX Studio
Implant). The implant body (threaded portion) was placed 2 mm below the alveolar crest (see
Figure 2). To create an emergence profile, the implant had 4 mm distance from the implant
platform to the gingival margin (Fabbri and Sorrentino 2021). An N1 (Nobel Biocare) implant was
used utilizing a low-speed (50rpm) drilling protocol without irrigation (Bahat et al. 2022; Chen et
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al. 2019; Coyac et al. 2021; Fabbri et al. 2022). The implant achieved primary stability of at least
30 Ncm. The implant was not subjected to immediate loading due to a history of bruxism.

Tissues

Immediately upon harvest, tissues were washed in ice-cold phosphate buffered saline (PBS)
followed by fixation in 4% paraformaldehyde (PFA) for 24h at 4°C. All tissues were then rinsed in
PBS and decalcified in 10% EDTA in a microwave (Ted Pella, CA, USA) at 25°C for ~2 weeks.
Thereafter tissues were dehydrated by a graded ethanol series, and the implants were carefully
removed under visual control. The tissues where then embedded in paraffin and sectioned into
8um slides using a Leica microtome (Leica Instruments, Hubloch, Germany).

Surface analysis by SEM

Scanning electron microscopy (SEM) images were acquired both on a Gemini 450 (Zeiss) and on
a tabletop microscope TM3000 (Hitachi). At least three different areas were scanned at 80x,
13000x and 50000x magnification, on three different samples, and representative images were
chosen. Energy-dispersive X-ray spectroscopy (EDX), an analytical method for chemical
characterization of the implant surface, was performed by imaging at least three different areas
at 1000x magnification and 15 kV beam voltage acceleration. After acquisition, EDX maps were
analyzed with Quantax 70 software (Brucker).

Histology
Pentachrome

Tissue sections were deparaffinized with Citrisolv for a total of 10 minutes, then rehydrated in a
graded ethanol series. Slides were stained with 1% Alcian blue (#A5268, Sigma) for 20 minutes
then submerged in running tap water to de-stain for 10 minutes. Thereafter, slides were stained
in Verhoeff’'s Hematoxylin for 5 min, and submerged in running tap water to de-stain for 5
minutes. A fresh solution containing 7.85% w/v Sodium Thiosulfate (14518, Alfa Aesar, MA) was
prepared and the slides treated therein for 1 minute, followed by running tap water to de-stain
for 5 minutes. Slides were treated with a fresh solution containing 0.08% w/v Crocein-Scarlet
(22914, Chem Impex International, IL) and 0.02% w/v 5Acid Fuchsin (22914, Chem Impex
International, IL; F8129, Sigma) solution, both dissolved in 1% glacial acetic acid and ddH20 for 8
minutes, followed by de-staining via 9 dips in ddH20 followed by 10 additional dips in 0.5% acetic
acid. Slides were submerged in 5% phosphotungstic acid (P4006, Sigma) for 15 minutes then de-
stained in 0.5% acetic acid for 1 minute. Slides were subsequently washed in absolute ethanol
for 5 minutes, x3. Last, slides were stained in a solution containing 3% w/v Saffron (3801,
Harlecon) dissolved in ethanol for 60 minutes. Thereafter, slides were dehydrated in an ascending
ethanol series, followed by Citrisolv. Finally, the slides were cover-slipped using a mounting
medium (Permount, SP15-100, Fisher Scientific).

Weigert’s

Tissue sections were deparaffinized with Citrisolv and a graded ethanol series, then stained in a
solution of Weigert’s iron-hematoxylin for 10 min. Thereafter, slides were submerged in running
tap water to de-stain for 10 minutes. Slides were stained in Resorcin-Fuchsin (#2637-01, Electron
Microscopy Sciences) solution for 60 minutes, then submerged in running tap water to de-stain
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for 1 minute. Slides were then treated with Van Giseon’s (#26370-02, Electron Microscopy
Sciences) solution for 30 seconds. Tissue sections were then dehydrated using a graded ethanol
series to Citrisolv and cover-slipped using mounting medium (Permount, SP15-100, Fisher
Scientific).

Picrosirius Red

Tissue sections were deparaffinized with Citrisolv and a graded ethanol series, then stained in a
solution of Weigerts iron-hematoxylin for 8 min. Sections were washed then stained in Picrosirius
red solution for 1 hour and differentiated in a solution of 1% acetic acid (Lopez De Padilla et al.
2021). Tissue sections were then dehydrated using a graded ethanol series to Citrisolv and cover-
slipped using mounting medium (Permount, SP15-100, Fisher Scientific).

Quantitative immunohistochemistry (qIHC)

Immunostaining followed published protocols (Yuan et al. 2018). In brief, tissue sections were
de-paraffinized then permeabilized with 0.5% TritonX-100. Antigen retrieval was performed
using Antigen Unmasking Solution (Vector Labs), following which slides were blocked with 5%
goat serum (Vector S-1000) for 1h at room temperature then incubated with primary antibodies
overnight at 4°C. After washing with PBS, slides destined for immunofluorescence, Laminin-5
(1:200, ab14509, Abcam), were incubated with Cyanine5 conjugated goat anti-rabbit secondary
antibody (1:400, Invitrogen, A-10523) for 30 min, then mounted with 4',6-diamidino-2-
phenylindole (DAPI) mounting medium (Vector Labs). Primary antibodies developed with DAB
peroxidase used in this study include Keratin14 (1:200, Biolegend, 905304), Vimentin (5741,
1:250, Cell Signaling Technology) and CD68 (1:150, MAB101141, R&D Systems). The secondary
antibody used to detect these primary antibodies was biotinylated goat anti-rabbit
immunoglobulin G antibody (1:200, BA-1000, Vector Laboratories). Staining was then visualized
using the ABC peroxidase standard staining kit (32020, Thermo Fisher Scientific) and the DAB
peroxidase substrate kit (SK4100, Vector Lab).

Quantification
Laminin 5

To quantify the hemidesmosomal attachment protein Laminin5, a standard process was
employed where regions of interest (ROl) were photographed using a minimum of 1 image per
sample, and 3 separate samples per timepoint. Pictures were taken at 20x magnification on the
Leica microscope, using its DMi8 digital imaging system and quantified in a double-blinded
manner by two independent investigators (J.G and K.H).

The positive control tissue was the JE around an intact maxillary first molar (mxM1).
Quantification of this expression domain was then compared to expression of Laminin5 in soft
tissue-implant interface from samples at PID3, 7, 14 and 28 around both machined and anodized
implants.

The region of interest (ROI) was selected based on the morphology of the peri-implant
epithelium. The region of interest (ROI) (see Appendix Fig. 3) was defined as a thin band of tissue
in the region of the JE/PIE, using anatomic landmarks. Specifically, it encompassed the non-
keratinized tissue of the sulcular/peri-implant epithelium, from the coronal most-aspect to the



UNRAVELING THE PERIIMPLANT BARRIER Joseph Arthur Grauer

base of the sulcus. Within the specified ROI, the total pixel area was quantified, and the total
number of pixels representing positive signal e.g., Laminin5+ expression, was selected and
guantified using Adobe Photoshop’s, where selection of the ROl was performed using the
“magnetic lasso” tool. Selecting positive pixels was then facilitated by the “magic wand tool” and
adjusting the selected expression with the “grow” and “similar” functions, with tolerance for both
these parameters set between 1-10. The area of signal-positive cells was then divided by the total
pixels in the ROI. A minimum of three tissue sections were analyzed from each sample.

CD68

To quantify the expression of CD68 (macrophage activity), a standard process was employed
where regions of interest (ROI) were photographed using a minimum of 1 image per sample, and
3 separate samples per timepoint. Pictures were taken at 20x magnification on the Leica
microscope, using its DMI8 digital imaging system and quantified in a double-blinded manner by
two independent investigators (J.G and K.H).

The positive control tissue was an intact mxM1; and then compared to samples from PID 3, 7, 14
and 28 from both machined and anodized implant surfaces. The ROI for the control samples were
the connective tissue of an intact mxM1, and then compared against the ROI in the implant
samples (connective tissue of the soft tissue implant interface) at multiple timepoints (see
Appendix Fig. 3). Within the specified ROI, the total pixel area was quantified, and the total
number of pixels representing positive signal e.g., CD68+ cells was selected and quantified using
Adobe Photoshop’s, where selection of the ROI was performed using the “magnetic lasso”
tool. Selecting positive pixels was then facilitated by the “magic wand tool” and adjusting the
selected expression with the “grow” and “similar” functions, with tolerance for both these
parameters set between 1-10. The area of signal-positive cells was then divided by the total pixels
in the ROLI.

Picrosirius Red

To identify and quantify the amount of collagen type | and type Il using Picrosirius red stained
sections, a standard process was employed where regions of interest (ROI) were photographed
using a minimum of 1 image per sample, and 3 separate samples per timepoint. Pictures were
taken at 40x magnification on the Leica microscope, using its DMi8 digital imaging system and
guantified in a double-blinded manner by two independent investigators (J.G and K.H).

The positive control tissue was an intact mxM1; and then compared to samples from PID 3, 7, 14
and 28. The region of interest (ROI) was selected, the CT of an intact mxM1 was compared against
the CT in the implant samples (see Appendix Fig. 3). A minimum of three tissue sections were
analyzed from each sample. Within the specified ROI, the total pixel area was quantified, and the
total number of pixels representing collagen type | (red/orange) and collagen type Il (green), was
selected and quantified using Adobe Photoshop’s, where selection of the ROl was performed
using the “magnetic lasso” tool. Selecting positive pixels was then facilitated by the “magic wand
tool” and adjusting the selected expression with the “grow” and “similar” functions, with
tolerance for both these parameters set between 1-10. The area of signal-positive cells was then
divided by the total pixels in the ROl and a ratio of type | collagen to type lll collagen was
calculated.
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Bone Implant Contact

To quantify the bone implant contact (BIC), a standard process was employed where regions of
interest (ROI) were photographed using a minimum of 1 image per sample, and 3 separate
samples per timepoint. Pictures were taken at 10x magnification on the Leica microscope, using
its DMi8 digital imaging system and quantified.

Samples from PID 3, 7, 14 and 28 were used. The ROl was the peri-implant bone in direct contact
with the threads of the implant, at all the timepoints in addition to this, we have added
representative histological images (see Fig. 2). Within the specified ROI, the total pixel area was
guantified, and the total number of pixels representing the bone using Pentachrome histology
images was selected and quantified using Adobe Photoshop’s, where selection of the ROl was
performed using the “magnetic lasso” tool. Selecting positive pixels was then facilitated by the
“magic wand tool” and adjusting the selected expression with the “grow” and “similar” functions,
with tolerance for both these parameters set between 1-10. The area of peri-implant bone in
direct contact with the threads of the implant was then divided by the total pixels in the ROI.

Statistical analyses

A minimum statistical power of 0.8 was selected to ensure the detection of significant results.
Small intergroup differences were deemed insufficiently meaningful, leading to adoption a
relatively large effect size of 2.5 standard deviations to avoid the use of additional animals.
Consequently, a minimum of three mice per group was determined to be necessary to achieve
the desired power. Some groups e.g., PID3 and PID7, contained 1-2 additional mice, resulting in
an overall power range from 0.86 to 0.98. Results are presented as the mean * standard deviation
of independent replicates. Student’s t-test was used to quantify differences between groups at a
specific time point. An unpaired t-test was used for independent variables and paired t-test for
non-independent variables. Significance was attained at P < 0.05 (*), P < 0.01(**), and P < 0.001

Appendix Figure 1: Experimental design

Flowchart of split-mouth design of the study, sample distribution, timepoints and implants
surfaces analyzed.
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Appendix Figure 2: Cell density in peri-implant interface.

Cell density in the peri-implant interphase at the time were osseointegration is accomplished was
analyzed (white arrows indicate cell nuclei identify in blue by DAPI). Scale bars: as indicated.
Abbreviations: as indicated in previous figures.
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AppendixFigure 3: Definition of ROIs for quantification.

Slides depicting region of interests (ROIs). (A) ROI of epithelial-tooth interface of the junctional
epithelium (JE) used for the attachment proteins (e.g., Laminin 5). (B) Depicting the ROl used to
quantify the epithelial-implant interface of the peri-implant epithelium (PIE) used for the
attachment proteins (e.g., Laminin 5). (C) ROl of the connective tissue adjacent to the JE were
CD68 is expressed (D) Depicting the ROI used to quantify the expression of CD68 on the
connective tissue adjacent to the PIE. (E) ROI of the connective tissue adjacent to the JE and (F)
in the peri-implant interphase where collagen fibers are stained with Picrosirius red.
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