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Abstract 

Title: Abutment Material Affects the Attachment of Co-Cultured Fibroblasts and 

Keratinocytes 

Maria E. Tibbs, Master of Science, 2019 

Thesis Directed by: Hanae Saito, Assistant Professor, Department of Advanced Sciences 

& Therapeutics, Division of Periodontics 

Creating a stronger transmucosal seal around the implant abutment may help prevent 

epithelial downgrowth and resultant crestal bone loss.  Most studies focus on titanium 

and zirconium, but provisional restorations are gaining popularity and these materials 

require further study.  Previous in vitro models utilize a monoculture technique to 

understand cell behavior, which makes direct intercellular comparisons difficult.  Our 

first aim was to develop a co-culture of human gingival fibroblasts and human oral 

keratinocytes.  Then, cell attachment, proliferation, and migration across six 

commercially available abutment materials was ascertained and comparisons drawn.  

Discs made of smooth titanium, (control), rough titanium, CAD/CAM poly 

(methylmethacrylate), poly ether etherketone, smooth zirconium, and rough zirconium 

were chosen.  Preliminary results indicate that at various time points, significant 

differences in fibroblast and keratinocyte proliferation and attachment exist among 

abutment materials.   
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I. INTRODUCTION 

History of the Dental Implant 

Tooth loss in the adult dentition occurs due to dental caries, trauma, and periodontal 

disease.  When trauma or advanced tooth decay prevents restorability, extraction is 

indicated.  Likewise, advanced loss of periodontal support prohibits tooth retention.  

Recent epidemiological data indicates that 47.2% of American adults suffer from 

periodontitis, and this number is believed to be consistent worldwide (Eke et al. 2018).  

Up until the late 20
th

 century, tooth replacement with removable or fixed partial dentures 

was the standard of care.   Today, replacement of single, multiple, or full a dentition may 

be accomplished with dental implants.  Improvements in the method of tooth replacement 

have been made to meet increasing esthetic and functional demands.  Furthermore, high 

success rates have led to exponential growth and popularity of dental implants, with over 

500,000 being placed in the US each year 

(https://www.aaid.com/about/Press_Room/Dental_Implants_FAQ.html).     

The first dental implants were made of various metals and alloys including 

chrome cobalt and stainless steel.  The clinical use of modern dental implants was 

performed by orthopedic surgeon Per-Ingvar Branemark in 1965 in Sweden.  Made of 

pure titanium, these implants were screw-shaped and root-form, and used for patients 

with severe deformity of the jaws (Abraham, 2014). In the original Branemark protocol, 

the implant was placed subcrestally, and a flat cover screw was placed over the implant 

platform to allow complete wound closure (Lekholm, 1983).  After approximately four 

months of healing, the implant is exposed and the cover screw is replaced by a 
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transmucosal healing abutment.  This process is referred to as “two stage implant 

placement” and is commonly utilized based upon the surgeon’s preference. 

Healing after implant placement begins with the formation of a fibrin clot, 

eventual bone matrix or woven bone, and later with mature bone formation in direct 

apposition to the implant surface.  The implant therefore contacts cancellous bone, 

marrow, and sometimes fibrous tissue.  Branemark coined the term “osseointegration” 

based on the intimate contact between bone and implant.  The biocompatibility and long 

term success of titanium has since been studied extensively (Adell et al. 1990) and 

osteoblastic activity near the titanium implant surface has been explored (Osborn et al. 

1980).  

Early studies were largely concerned with osseointegration and the hard tissue 

component of dental implant therapy known as the fixture.  The classical definition of 

implant success includes having no mobility, radiolucency, pain, and less than 0.2mm of 

bone loss annually (Albrektsson 1986).   The desire for early osseointegration through 

contact osseogenesis and direct attachment of osteogenic cells to the implant surface, 

spurred an interest in implant surfaces.  It was found that roughed titanium provided a 

more favorable environment for bone apposition versus smooth titanium (Thomas and 

Cook 1985, Buser et al 1991, Bowers et al 1992).  Furthermore, microtextured implants 

were shown to encourage red blood cell agglomeration, platelet activation, and fibrin clot 

retention in comparison to smooth, machined implants (Davies 2003).  Research in the 

field of implant surfaces is ongoing, and micro and nanotextured implants continue to 

exhibit superior healing over machined ones.  There are currently a variety of implant 

surfaces with differing textures and chemistries which impact wound healing and 
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osteogenesis.   Similarly, supracrestal abutment textures and chemistries have been found 

to impact soft tissue healing.  With scientific and technological advances in the field of 

implant biomaterials;  along with the growing body of literature on implant 

complications, we must now consider soft tissue parameters in our definition of success.  

The changes in the success criteria will be discussed in the later section. 

 

Biologic width around the natural tooth and the dental implant  

The dentogingival junction was described in 1961 by Gargulio et al. and is comprised of 

junctional epithelium and connective tissue (Gargulio et al. 1961). The term biologic 

width refers to the dimensions of the soft tissue structures between the enamel or 

restorative margin and the crest of alveolar bone which is consistent with health; the 

biological margin of safety from an inflammatory response has been accepted to be 

approximately 3 mm (Ingber, Rose, & Coslet, 1977).  The necessary connective tissue 

width has been determined to be 1.01 mm on average, and these fibers insert onto the 

cementum in a parallel and perpendicular orientation.  The average width of junctional 

epithelium has been determined to be 0.97 mm and is more variable.   

Like the periodontium, the peri-implant mucosa consists of epithelium and 

connective tissue.  The principle of biologic width also pertains to implant therapy, and 

the peri-implant mucosa likewise provides a physical barrier to the outside environment 

(Berglundh et al. 1991). The soft tissues also contain inflammatory components, which 

respond to bacterial antigens and thus collectively maintains the stability of the 

osseointegrated implant.   Proper integrity of the junction between the external and 

internal oral environment is crucial for the maintenance of implant health.   
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The peri-implant mucosa is formed after placement of the transmucosal abutment 

or the one-piece implant.  This may consist of a healing abutment, a temporary abutment, 

or a prosthetic abutment which all serve the same transmucosal function.  After 

placement of the abutment, the peri-implant mucosal tissue is lined by an oral epithelium 

that is continuous with the junctional epithelium within one week (Vignoletti et. al 2009). 

The connective tissue heals via formation of a fibrin clot which is adhered to the 

abutment.   Extracellular matrix proteins followed by connective tissue cells then form in 

close proximity to the surface (Wennstrom et al. 1999; Meyle 1999). Finally, epithelial 

cells migrate onto the fibrin clot at a rate of 0.5 mm per day (Engler et al. 1966). 

Fibroblasts and secreted fibronectin comprise the clot, which is essential for wound 

epithelialization (Wikesjo et al. 1992).  The connective tissue, rich in collagen fibers, lies 

vertically between the barrier epithelium and the crestal bone, and horizontally in close 

proximity to the transmucosal abutment.  However, there is evidence that epithelial cells 

are imbedded amongst fibroblasts in the connective tissue (Vignoletti et al. 2009).   After 

the placement of the abutment, the formation of biologic width is thus introduced, and the 

soft tissue profile is allowed to develop.   

 

Histologic qualities of the peri-implant tissues  

Efforts to characterize peri-implant soft tissues began shortly after implant survival was 

clinically demonstrated.  In the 1970s and 1980s, in vitro studies examined the exact 

nature of epithelial attachment to titanium discs (Gould et al. 1981).  It was determined 

that similar to dentition, epithelium attaches to titanium via hemidesmosomes and the 

formation of a basal lamina occurs.   This was later confirmed in humans in vivo; 
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suggesting that this method of studying cell attachment can be translated to clinical 

reality (Gould et al. 1984).  Connective tissue was found apical to the junctional 

epithelium and in direct contact with the implant (Buser et al. 1992). The peri-implant 

mucosa, while similar to periodontal soft tissue in function, has structurally unique 

components related to connective tissue fiber orientation and attachment.   Histologic 

studies in dogs found that while the connective tissue directly contacts the titanium 

implant surface, there was no evidence of inserting fibers.  Unlike the perpendicular 

insertion seen in natural teeth, the connective tissue fibers around implants exhibit a 

parallel orientation only (Berglundh et al. 1991).     

The lateral peri-implant connective tissue component has less cellularity overall, 

exhibiting more collagen and less fibroblasts and inflammatory cells.  However, the 

connective tissue at the titanium abutment interface has a higher degree of cellularity, 

indicating cell turnover to maintain a functional seal.  Consistent with previous histologic 

studies, the connective tissue separates the epithelium from the crestal bone (Moon et al. 

1999).   This apical portion of the peri-implant mucosa has been termed “the designated 

zone of connective tissue adhesion” (Aroujo and Lindhe 2018).  On average, the 

junctional epithelium around implants is longer and the connective tissue fibers are 

shorter, yet there is a greater overall biologic width dimension around implants compared 

to natural teeth (Berglundh et al. 1991).    

 

 

 

 



 

6 

 

Transmucosal Abutments  

The prosthetic abutment attaches to the implant platform and serves as the connection 

point between the future superstructure, or prosthesis, and the fixture.  When a 

provisional prosthesis is placed, a temporary prosthetic abutment may be utilized.   The 

soft tissue attachment at the prosthetic abutment is critical in protecting the underlying 

bone from bacterial insult and in preventing resultant crestal bone loss (Derks et al. 

2016).   Additionally, epithelial downgrowth during soft tissue formation should be 

prevented, which will also result in crestal remodeling during the formation of biologic 

width (Nevins et al. 2010).  The goal of the transmucosal abutment is to allow for a 

functional and esthetic seal, creating a natural and healthy appearance.  There have been 

numerous variations of this arrangement (Branemark, 1983). 

As with osteoblasts, titanium has long been deemed compatible with the cells of 

the peri-implant soft tissues, which are mainly comprised of epithelial cells and 

fibroblasts (Brunette et al. 1983).  In addition, the functionality and biocompatability of 

titanium for implant abutment use has been established in vivo (Abrahamsson et al. 

1998).  Thus, titanium has become the standard material for both temporary, prosthetic, 

and healing abutment use .  However, titanium abutments have limitations.  As 

previously mentioned, esthetic concerns have led to exploration of other materials for 

abutment use.  Despite the biocompatibility of titanium, several limitations exist (Iglhaut 

et al. 2014).  For example, there is esthetic concern during the healing process when the 

metal abutment is visible.  Additionally, titanium is difficult, if not impossible, to alter 

chairside.    
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Similar to findings with implant surface textures, the abutment surface texture 

influences soft tissue cell behavior (Nevins et al. 2010).  In vitro studies from the 1990s 

determined that epithelial cells preferred machined and polished surfaces as opposed to 

sand blasted surfaces (Hormia et al. 1991). Their data also indicated that fibroblasts 

adhere more readily on roughened versus smooth titanium surfaces than epithelial cells, 

however, they also preferred smoother surfaces to sandblasted ones (Hornia and Konnen 

2014).  It is generally accepted that the formation of fibroblast-rich granulation tissue on 

textured surfaces will exclude epithelial cell attachment and downgrowth (Cheroudi et al. 

1992, Listgarten 1996).  Identifying the optimal surface texture for specific cell adhesion 

may prove to be foundational in our efforts to guide tissue formation.   By engineering 

transmucosal abutments to encourage fibroblast attachment over epithelial cell 

attachment, the phenomenon of epithelial downgrowth may be prevented.  Thus, we may 

ultimately prevent crestal bone loss by creating a better seal around the abutment.   

Healing and provisional abutments are important for the development of the peri-

implant mucosa, both in dimension and composition.  They shape the soft tissues in 

preparation for the final prosthetic abutment.  The stock healing abutment has 

traditionally been made of smooth titanium of various widths and heights.   

As implant dentistry advances, customization is a desirable trait of the material.  

When occlusion permits, immediate provisionalization has shown esthetic and functional 

success (Tarnow et al. 2009).  Materials which may meet these criteria include poly 

(methyl methacrylate) (PMMA), poly ethylmethacrylate (PEMA), SuperT, poly ether 

etherketone (PEEK), and polyetherketoneketone (PEKK).  On a cellular level, the ability 

to control the attachment and migration of gingival fibroblasts is advantageous and in 
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order to fully understand wound healing around the transmucosal abutment, host-cell 

interaction with these materials requires further elucidation. s.   

In vitro studies provide clinicians with useful information regarding the 

attachment and migration of fibroblasts and keratinocytes to various abutment materials.  

Historically, each cell is cultured separately due to differences in preparation.  Therefore, 

it is not possible to simultaneously evaluate or directly compare cellular behavior, i.e. 

attachment and proliferation.   Culturing both cells together not only simulates the 

situation in the oral cavity, it may allow us to determine which material encourages 

fibroblast attachment in comparison to keratinocyte attachment.  Further elucidation of 

cellular interaction within the peri-implant mucosa-abutment interface will enable us to 

identify ideal prosthetic abutment materials.  

 

 

II. SPECIFIC AIMS 

The most widely studied materials have been commercially pure titanium and 

zirconium.  However, these studies restricted their methods to a monoculture protocol, 

which may not accurately reflect wound healing and tissue remodeling in vivo (Hormia et 

al. 1994, Kononen et al. 1992). Thus, the first aim of this in vitro study was to develop a 

co-culture of human gingival fibroblasts (HGF) and human oral keratinocytes (HOK) 

thus creating a more realistic model for studying cell behavior when seeded on various 

abutment materials.  Once the co-culture system was established, our second aim was to 

identify and compare cell attachment, proliferation, and migration across six 

commercially available abutment materials.  The materials included in this study were: 
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smooth titanium (TiS) as a control, rough titanium (TiR), CAD/CAM poly 

(methylmethacrylate) (PMMA), poly ether etherketone (PEEK), smooth zirconium (ZrS), 

and rough zirconium (ZrR). 

The need for shortened healing time and esthetic outcomes has prompted inquiry 

into other abutment materials.  In the esthetic zone, metal abutments may be problematic 

due to the translucency of the peri-implant mucosa.  To identify superior materials, the 

chemical properties of various abutments have been studied in vitro.  These studies set 

out to further elucidate the behavior of epithelial cells and fibroblasts seeded on disks 

with various surface qualities.   

 

 

III. REVIEW OF THE LITERATURE 

In this literature review section, the materials are being reviewed by the texture and type.  

Surface Texture 

An interest in impeding epithelial downgrowth along implants can be traced back several 

decades.  Based on the previously established notion that cells are influenced by the 

surface they grow upon, i.e. contact guidance; researchers extended this principle to 

evaluate gingival fibroblasts and epithelial cells.  In vivo experiments using titanium 

coated wafers with microgrooves, explored the prospect of allowing attachment without 

enabling apical migration of epithelial cells (Brunette et al. 1983).  The authors found that 

contact guidance could in fact be applied to gingival cell types, and that cells generally 

migrated along the grooves of the surface they adhered to.  However, while grooves 

provided a barrier, they did not completely inhibit some cell types from traversing the 
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edges, and that the angle of the edge should be modified.  Moreover, cellular 

characteristics related to the cytoskeleton and the strength of adherence should be 

considered along with the effect of grooved surfaces on contact guidance (Brunette et al. 

1986).   

The wound healing behavior of peri-implant mucosa around titanium was observed 

clinically and microscopically in the 1990s (Listgarten 1992, Buser 1991).  These studies 

confirmed that the macro and microscopic surface roughness of commercially pure 

titanium influences cell behavior (Buser 1991, Brunette 1988).   In vitro results 

confirmed that gingival fibroblasts and human keratinocytes (epithelial cells) exhibited 

unique behavior when seeded upon different surface textures of commercially pure 

titanium.  In accordance with in vivo studies, it was shown that epithelial cells and 

fibroblasts adhered and proliferated best on smooth versus course-grit titanium surfaces.  

Fibroblasts, however, had more tolerance to fine-grit titanium (Cochran et al. 1994).  

Later, this concept was explored clinically.  In that study, connective tissue attachment to 

laser microtextured titanium implants was shown histologically (Nevins et al. 2008). It 

has been generalized that epithelial cells and fibroblasts attach well to smooth surfaces, 

but fibroblasts proliferate better on rougher surfaces in comparison to epithelial cells 

(Rompen et al. 2006, Baharloo et al. 2005). However, these guidelines require further 

characterization of roughness and material type, and also standardized time intervals to 

understand variation in cell proliferation rates.   In summary, multiple studies agree that a 

surface roughness (Ra = 0.2um) threshold is required for the formation of a connective 

tissue seal around abutments (Chehroudi et al. 1990, Bollen et al. 1996, Cochran 1999, 
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Mustafa et al. 2005, Kim et al. 2006), whereas smoother surfaces may encourage 

downgrowth of epithelial cells (Cochran 1999, Lauer et al. 2001, Baharloo et al. 2005).   

Surface texture modification is typically accomplished via machining/micromachining, 

polishing, plasma spraying, sandblasting with particles such as aluminum oxide, chemical 

etching with HF or HCL/H2SO4, electrochemical etching, or via laser (Rompen et al. 

2006, Nevins et al. 2008).  Laser microtexturing is a relatively new method of creating 

uniform 0.8 um microgrooves in the surface of titanium which has resulted in a direct 

connective tissue attachment in vivo (Nevins et al. 2008, Esfahanizadeh et al. 2016). In a 

recent in vitro study, Esfahanizadeh et al. compared gingival fibroblast morphology, 

proliferation and gene expression when grown on smooth titanium, zirconia, and Laser-

Lok titanium discs.  After three days of growth, the Laser-Lok cells had more elongated 

morphology suggesting a superior attachment.  The Laser-Lok cells also had statistically 

significant higher cell viability and proliferation counts versus the zirconia and titanium 

groups.   

There is no single standard unit of measurement for characterizing surface texture.  

Parameters for surface roughness description include: mean deviation (Ra), the average 

height deviation from a mean plane (Sa), the average space between the irregularities, 

measured from one downward crossing of mean plane to the next (Scx), developed 

surface area ratio, i.e. the ratio between the measured surface area and the complete flat 

area (Sdr).  Because these numbers are averages, they may all have similar Ra values but 

not appear very similar in their overall topography.  This is especially true for more 

complex surfaces.  Surfaces may be completely random or irregular (isotropic) which are 

fabricated by plasma spraying, etching, oxidizing, and particle blasting.  Anisotropic 
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surfaces have a uniform pattern with a distinct direction of surface characterization; these 

are accomplished via milling or turning (Rompen et al. 2006).  Texture differences of 

various materials will be included in the following review. 

 

Types of materials: 

1. Metals 

To compare the efficacy of various metals as transmucosal abutment materials, Simion et 

al 1991 examined fibroblast attachment on gold, gold porcelain, acid etched titanium, and 

titanium alloy in vitro.  The strongest attachment was found on etched titanium.  

Similarly, the adhesion of epithelial cells to titanium, Ti6Al4V, titanium alloy, dental 

gold alloy, dental porcelain and aluminum oxide was examined in vitro using SEM and 

immunofluorescence.  (Ra¨isa¨nen et al. 2000) They examined the presence of the a4b6 

hemidesmosomal integrin to quantify cell adhesion.  Their results indicate that epithelial 

cells did not adhere proficiently to porcelain or aluminum oxide.   They concluded that 

metallic structures were superior for cell adhesion.  An earlier study by Eisenbarth et al. 

1996, looked at fibroblast attachment to Ti6Al4V compared with commercially pure 

titanium.  They found that fibroblasts did not adhere effectively to the alloy, possibly due 

to cell toxicity.  A clinical correlation to in vitro findings resulted from an animal study 

performed using aluminum oxide, gold alloy, and titanium abutments. The results 

confirmed that cast to gold alloy abutments were inadequate to provide functional peri-

implant mucosa (Abrahamson 1998).  The high biocompatibility and good mechanical 

features of commercially pure titanium makes it the standard material in implant dentistry 
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(Gotfredsen et al. 1992) and this concept still holds today. Therefore, the use of titanium 

as a positive control is common in many implant materials studies. 

2. Ceramics 

Ceramics have long been employed in dentistry and their biocompatibility 

deemed acceptable.  One example is aluminum oxide.  In the dog study by Abrahamsson 

et al. 1998, aluminum oxide abutments behaved comparably to the titanium abutments 

and resulted in similar soft tissue healing.  In contrast to the findings presented by 

Raisanen et. al., the physical and biological properties of aluminum oxide abutments had 

previously been accepted as a good alternative to titanium (Prestipino V, Ingber A. 1993)  

Mustafa et al. examined the effect of gingival fibroblast attachment to aluminum oxide 

discs of various surface textures in vitro (2005).  Data from their study show that while 

fibroblasts initially preferred the polished discs, there was greater attachment on sintered 

and milled discs after three days, suggesting greater proliferation on the roughened 

surfaces.  Ultimately, the biomechanical properties of aluminum oxide were not 

compatible with the functional demands of mastication, and it is no longer used as an 

abutment material in clinical dentistry (Kohal et al. 2004).  The desire for an 

improvement in the quality of the peri-implant mucosa and addressing esthetic demands, 

has led to an interest in other ceramics.   

    Zirconium has been shown to have acceptable esthetic and physical properties, and has 

been proposed for use in implant therapy and abutment fabrication. One early animal 

study showed excellent osseointegration of zirconium coated implants when compared to 

titanium (Albrektsonn et al. 1985). A split mouth study in primates examined the hard 

and soft tissue response to zirconia compared to titanium implants (Kohal et al. 2004).  In 
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their study, all implants were loaded after nine months, and tissue harvesting was 

performed five months later.  Histologic analysis showed statistically equivalent bone to 

implant contact, and similar soft tissue characteristics.  The titanium transmucosal region 

resulted in more apical-coronal connective tissue (Kohal et al. 2004).  Another ceramic, 

zirconium oxide, ZrO2, has been studied as an abutment material (Welander et al. 2008).  

A preliminary dog study compared the use of zirconium oxide to a gold alloy and 

titanium abutment.  Again, the gold alloy failed to provide adequate peri-implant mucosa, 

while the zirconium oxide and titanium behaved similarly (Welander et al. 2008). An in 

vitro study examined the proliferation and gene expression of fibroblasts attached to 

rough and smooth titanium and zirconium discs (Yamano et al. 2011).  Utilizing QRT-

PCR techniques, they sought to quantify the presence of collagens and integrins which 

would indicate cell attachment and proliferation.  They found that fibroblasts attached to 

rough and smooth zirconia and titanium equally well, and that there was better 

proliferation on smooth zirconia after 48 and 72 hours, followed by smooth titanium.  

Cells attached to the smooth zirconia discs had the least amount of spreading, and while 

some integrins were upregulated in these cells, others were downregulated.  This study 

confirmed that gene expression of integrins and collagens is altered by the surface texture 

(Yamano et al. 2011).   

A similar study aimed to evaluate the behavior of epithelial cells and fibroblasts 

when seeded on zirconia and titanium alloy (TiAl6V4) discs of various textures 

(Nothdurft et al. 2015).  They employed monocultures of gingival fibroblasts and human 

nasal epithelial cells. They evaluated cell proliferation and growth via cell number and 

area per cell after one and three days.  The roughness of the titanium alloy was highest 
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for the sandblasted discs, followed by machined and then polished.  The sandblasted 

zirconium discs were not as rough as the titanium alloy discs, whereas the machined 

zirconium resulted in deeper surface cavitation versus the titanium alloy discs. These 

variations were determined to be within the limit of reasonable comparison and reflect 

the behavior of the surface material to processing methods.  The cells were quantified 

using confocal imaging and counts were compared on days one and three.  For 

fibroblasts, particle abraded zirconium resulted in higher counts than the polished or 

machined surfaces after 24 hours and 72 hours.  Fibroblasts also preferred polished 

titanium over abraded surface.  For epithelial cells, the particle abraded titanium 

supported the highest cell numbers amongst materials after 24 and 72 hours. The study 

quantified the presence of the protein vinculin, which is involved in cell adhesion.  The 

authors found that when compared to zirconia, polished titanium alloy had the best 

properties for epithelial adhesion, but not for fibroblasts.  In general, fibroblasts adhered 

better than epithelial cells to abraded surfaces versus polished ones when measuring 

vinculin.  These conflicting results demonstrate the complex nature of cell adhesion and 

the difficulty in identifying preferable materials.   

Another study examined the attachment and proliferation of fibroblasts on zirconium 

(Ra=0.39 um) compared to that on commercially pure titanium discs (Meza-Rodriguez et 

al. 2016).  Preparation of titanium discs resulted in a Ra value of 49 nm, similar to a 

machined surface value.  Preparation of zirconia discs resulted in an Ra value of 0.39 um.  

After three hours of incubation after initial seeding, it was shown that gingival fibroblast 

adherence to zirconium was similar to that on titanium, despite the difference in surface 

texture.   
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3. Polymers 

Faster replacement of teeth and improved esthetics has led to increased interest in 

immediate temporization of implants.  With improved biologic understanding and 

resultant clinical protocols,  immediate temporization is now performed in daily practice 

(Wöhrle 1998).   In appropriate clinical scenarios, provisionalization of immediate 

implants provides patient and restorative dentist satisfaction.  In addition to esthetics, 

provisional crowns may help to maintain ridge dimension during the healing process 

(Chu et al. 2015).  Polymers such as poly(methyl methacrylate), (PMMA), bis-acryl, and 

poly(ethyl methacrylate) (PEMA) and poly ether ether ketone, (PEEK) are highly 

modifiable and easily customized chairside.  An important quality for implanted 

materials, they also produce no scatter during radiography.   Epithelium has been shown 

to adhere to acrylic surfaces (Waerhaug 1953, Waerhaug and Zander 1957) and bleeding 

at the time of removal of the acrylic provisional indicates that there is cellular attachment 

at the abutment-tissue interface.  Moreover, a recent study identified the direct attachment 

of fibroblasts to removed acrylic provisional abutments (Saito et al. 2017).   There is 

improved preservation of the peri-implant tissues when epithelial attachment to the 

provisional is present (Saito et al. 2016).  Polymers have been used in dentistry for 

decades; however, their biocompatibility in implant dentistry is still being evaluated.    

PMMA is one of the oldest resin materials used in dentistry.  During the 

polymerization process, resins have the potential to irritate the gingival tissues due to 

byproducts released from the material (Ulker et al. 2009).  In a recent in vitro study, Shim 

et al. 2019 evaluated the biocompatibility and attachment, and cell viability of both 

chemical and CAD/CAM PMMA in comparison to other provisional materials (Shim et 
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al. 2019).  They concluded that PMMA and bis-acryl resulted in higher cell viability and 

attachment versus PEMA, and that CAD/CAM had the least risk of polymerization 

effects such as emitting harmful byproducts.  Another recent study compared 

conventional PMMA to CAD/CAM PMMA.  They evaluated surface roughness 

differences and used mouse fibroblasts to better understand the biocompatibility of 

PMMA.  Their results indicated that there was no statistical difference in 

biocompatibility between conventional and milled PMMA, however, the milled PMMA 

had a rougher surface as measured by Ra than the conventional PMMA.  This finding 

was opposite that of Shim and colleagues, and is likely related to the difficulty to 

standardize machines or methods.   

In the 1980s, researchers sought to find an alternative to metal implants in 

orthopedics; PEEK was surgically implanted into rabbit muscle and subcutaneous tissues 

with minimal reaction (Williams et al. 1987).  Several in-vitro studies examined the 

response of osteoblasts and fibroblasts to PEEK via cell culture with respect to 

cytotoxicity, genotoxicity, and immunogenicity (Kurtz and Devine, 2007). Biomedical 

research has determined the polymer, PEEK, to be hydrophobic, biocompatible, and bio-

inert with respect to osteoblasts.  Thus, its lack of osteoconductivity has led to variations 

including the addition of hydroxyl apatite and other materials (Green et al. 2004).  

Nevertheless, the success and limitations of the clinical application of PEEK in 

orthopedics such as hip and spine replacement and components, has since been 

established and research is ongoing (Pokorny et al. 2010).  Similar to with medical 

applications, PEEK may be altered via subtractive and additive techniques such that its 

mechanical properties are comparable to enamel, dentin, and even bone for dental use 
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(Sano et al. 1994). It has excellent physical and mechanical properties, milling capability, 

and chairside modifiability, and thus is gaining popularity in dentistry (Titleman and 

Babbush 2008).  Specific properties including elastomeric and tensile strength, variations 

in surface textures, and coating has been reviewed, and the high potential for its use in 

implant dentistry was confirmed (Najeeb et al. 2016).  A recent small randomized control 

trial in humans compared the soft and hard tissue reaction around PEEK abutment with 

that of titanium.  The authors found that plaque accumulation was statistically higher 

around the titanium healing abutments, yet inflammation and bone loss in both groups 

was absent (Koutouzis et al. 2011).  However, in vitro studies examining cellular 

response to PEEK is limited to biocompatibility, and largely focused on the safety of its 

application in medicine (Wenz et al. 1990).  More specific cell behavior such as 

attachment, migration and proliferation of human oral fibroblasts and epithelial cells 

remains to be determined.   Another polymer, polyether (etherketone), (PEKK) is being 

studied for clinical use in the same application; however, its commercial availability is 

yet limited.  Unlike the intraosseous portion of the dental implant, there are fewer studies 

which examine the biologic response to provisional prosthetic materials in implant 

dentistry (Najeeb et al. 2016).  
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VI. MATERIALS AND METHODS 

Cell Culture 

Human gingival fibroblasts (HGF, Innoprot, Bizkaia, Spain) were cultured in 5% FBS 

fibroblast medium (FM, Innoprot) supplied with antibiotics and fibroblast growth factor.  

Human oral keratinocytes (HOKs, Celprogen, CA, USA) were cultured in complete 

growth media (Celprogen, CA, USA) with serum and antibiotics.  Cells were maintained 

at 37°C with 5% CO2 and routinely passaged using 0.05% trypsin in phosphate-buffered 

saline (PBS) containing 0.02% EDTA (Gibco) at 90% confluence.  The medium was 

changed after 1 day and every 2–3 subsequent days until the cells reached 30-50% 

confluence.   Cells between the 3
rd

 and 6
th

 passages were used in this study.   

 

Establishment of Co-Culture System  

Initially, HGFs and HOKs were used to evaluate the initial attachment and cell growth of 

structural cells of peri-implant soft tissue.  HOKs were cultured in complete medium 

supplied with antibiotics and growth factors. Cells were passaged using 0.05% trypsin-

EDTA (Gibco).   

To determine the ideal growth conditions, a total of 1x10
4 
cells of various cell ratios and 

culture mediums were combined in a 96 well plate for three days (Table 1).   Co-cultured 

cells were monitored using brightfield microscopy. 
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 HOK 

medium 

HGF 

medium 

HOK medium + 

FGF + 2.5% FBS 

HOK medium + 

FGF + 5% FBS 

HOK (alone) 5000-8000 5000-8000 5000-8000 5000-8000 

HGF (alone) 2000-5000 2000-5000 2000-5000 2000-5000 

1(HOK):1(HGF) 5000:5000 5000:5000 5000:5000 5000:5000 

2(HOK):1(HGF) 6666:3333 6666:3333 6666:3333 6666:3333 

3(HOK):1(HGF) 7500:2500 7500:2500 7500:2500 7500:2500 

4(HOK):1(HGF) 8000:2000 8000:2000 8000:2000 8000:2000 

 

 

 

 

 

After this determination, a co-culture of HGF and HOK was performed on glass cover 

slips (Fig. 2).   

To show morphology and attachment, co-cultured cells (1 x 10
5
/ml) were seeded on a 

smooth Ti disk (Fig. 3).  Cells were fixed and E-cadherin was stained to detect the HOKs 

in the co-culture medium. Next, cells were stained with phalloidin to highlight actin.  

Finally, a counterstain of DAPI (2.0 102 ng/mL) was added to show nuclear staining.  

Immunofluorescent microscopy was conducted to highlight and distinguish the two cell 

types from each other against a negative control which consisted exclusively of BSA.  

HOE medium was used for the remainder of the study. 

 

Table 1.  The algorithm used to create the ideal co-culture environment.  Cells were 

cultured in each condition in triplicate and were counted (cell number shown). Based 

on resultant cell counts, it was determined that HOK media was sufficient to support 

cell growth in co-culture.   
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Application of the co-culture system to test different materials 

 

Disc Preparation 

Discs were fabricated from five different materials and surfaces: Titanium smooth 

(machined, control), Titanium medium rough (blasted and acid etched, Promote ®), 

Zirconia smooth (as fired), Zirconia medium rough, and Polyether ether ketone smooth 

(machined, PEEK) (Fig.1).  Discs were washed five times in DI water, then placed in 

75% ethanol and cleaned via ultrasound procedure five times for two minutes each time, 

and allowed to dry.  Once discs were completely dried, they were transferred to their 

respective plates.   

 

 

 

 

 

 

 

Surface evaluation using Scanning Electron Microscope 

The surface morphology of the titanium discs was examined using scanning electron 

microscopy (SEM).  After four days of growth, cells were fixed with 4% 

paraformaldehyde in 0.1M phosphate buffer.   For morphological analyses, discs were 

air-dried overnight, mounted on SEM pin mounts, and sputter coated with 10 nm to 20 

nm of platinum/palladium in a sputter coater (EMS 150T ES, Electron Microscopy 

Fig. 1. Prepared discs. Left to right: Ti (smooth), Ti (rough), Zr (smooth), Zr (rough), 

PEEK, PMMA. 
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Sciences, Hatfield, PA). SEM images were taken with a scanning electron microscope 

(Quanta 200, FEI, Waltham, MA) with a secondary electron detector at 500×, 1000x, and 

2000x magnification using a 10 kV accelerating voltage and an objective lens aperture of 

30 μm.    

 

Cell Viability 

To examine cell proliferation and cytotoxicity, a colorimetric assay was used, Cell 

Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc.).  Cells (6 x 10
4
/ml) were 

seeded on discs within a 24 well plate with 1 ml of media for one, four, and seven days.  

At each time point, discs were transferred into a new plate and then 500 ul of HOK media 

with 50 ul of reagent was added and incubated at 37C for one hour.  Two 100 ul alloquots 

from each well were transferred to a 96 well plate and were used for measurement.  The 

plate was measure with absorbance at 450 nm using a microplate reader (Gen5, Biotek, 

Winooski, VT).   

 

Cell Migration for Early Wound Healing Model 

To evaluate differences in the behavior of HGF and HOK related to wound healing , a 

migration assay was performed.   A two-well silicone insert with a defined cell-free gap 

(Ibidi, Madison, WI) was placed upon each disc type, and each well was seeded with 70ul 

of co-cultured cells (4 x 10
5
/ml) and placed in the incubator for 24 hours to ensure 

attachment.   Afterwards, the silicon insert was removed and cells from one disk of each 

material were fixed using 4% paraformaldehyde solution in PBS immediately after insert 
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removal (T0).  The remaining disks were incubated for another 24 hours and cells 

allowed to migrate across the cell-free gap before fixation.   

 

Immunofluorescence (IF) staining and image analysis 

IF was utilized to identify HGF and HOK.  Cells grown for 0 or 24 hours on disc surfaces 

were fixed for five minutes with 4% paraformalin and washed and stored in PBS at 4C.  

All cells were washed in PBS, permealized in 0.5% Triton X-100 for 3 minutes, and 

blocked with blocking buffer for 30 minutes.    For actin cytoskeleton visualization, cells 

were stained with rhodamine phalloidin–fluorescein isothiocyanate 2 ul/mL (Sigma, St. 

Louis, MO, USA) in blocking agent for 2 hours. For mesenchymal cell visualization, 

cells were stained with vimentin-fluorescein isothiocyanate 10ul/mL (Sigma, St. Louis, 

MO, USA) in blocking agent for 2 hours. Cells were washed with PBS. Finally, cells 

were counterstained for 30 minutes with Hoechst 33258 stain (DAPI, (2.0 ng/mL) 

Invitrogen) and washed. Three samples of each material were used to perform the 

experiment and two images of each sample were taken with the fluorescence microscope 

(Nikon Eclipse TE-2000S). ImageJ software (Scheider et al. 2012) was used to analyze 

images and obtain relative cell counts. 
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Statistical Analysis 

The statistical analysis of the cell proliferation and migration cell counts was performed 

in Prism (GraphPad, La Jolla, CA, USA). To compare conditions for significant 

differences for proliferation by material and migration, one-way ANOVA was used with 

Tukey post hoc. To test significance for cell proliferation by day, two-way ANOVA with 

Bonferroni post hoc was utilized.  (The following abbreviations are used to mark the 

significance level: ▲▲▲ P<0.001 compared with day 1 in the same material; ▼ P<0.05 

or ▼▼▼ P<0.001 compared with day 4 in the same material (Fig. 6) and *** P<0.001  

or ** P<0.01 compared with Ti smooth in the same day (Fig. 5)). 

 

 

V. RESULTS 

Establishment of Co-Culture System  

Several ratios of HOK to HGF, as well as several different types of media were used to 

establish the co-culture protocol.  It was determined that the most compatible ratio of 

HOK to HGF was 4:1 based on the viable cell counts after incubation and was verified 

via brightfield microscopy (Fig. 2).   
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Cell viability was confirmed and morphology was shown via immunofluorescent staining 

(Fig.3).   Furthermore, cells co-cutured in epithelial complete serum resulted in similar 

counts as with other media and thus was used for the remainder of the study. 

 

 

Fig. 2. Development of ideal co-culture media.  Keratinocyte monoculture (a,b,c). 

Fibroblast monoculture (d,e,f) and co-culture (g,h,i).  Fibroblast medium (a,d,g) 

resulted in poor epithelial cell response in co-culture (a,g).  Keratinocyte medium 

alone (b,e,h) resulted in good co-culture response (h). Keratinocyte medium with FGF 

(c, f, i) did not improve co-culture conditions. 
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Application of the co-culture system to test the different materials 

Cell morphology by SEM 

HOK and HGF cell morphology was compared in monoculture and co-culture using SEM 

at x500, x1000, and x2000 for each material.  Co-culutured cells adhered more readily to 

etched titanium when compared to smooth titanium (Fig. 4a, b).   Adherence to both 

zirconium surfaces mirrored that seen on smooth titanium (Fig. 4c, d).  Co-cultured cells 

seemed to adhere more vigorously to PEEK compared to other materials (Fig. 4e).  There 

were fewer HOK than HGF present on PMMA discs in co-culture (Fig. 4f). 

 

 

a 

g e 

d 

f 

b c 

h 

Fig. 3.  Distinguishing HGF from HOKs via immunofluorescence staining on glass 

cover slips (a-d) and Ti disk (e-h).  Cells were stained to highlight nuclear binding 

(a,e) cytoskeleton (b,f) and epithelial adhesion (c,g).  In toto (d,h). 
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Cell proliferation by CCK-8 

Co-cultured cells attached to all materials.  Cell counts for each material were not 

significantly different after 24 hours, however there was significant differences after 4 

x1000 Back Scattered x500 BackScattered 

No Cells x500 HGF only x500 HOK only x500 

a 

x500 

Fig. 4. SEM showing cell attachment to rough (a) vs. smooth (b) Ti. Less attachment 

was present on TiS compared to TiR.  For other SEM images, please see Appendix. 

No Cell x500 HGE only x500 HGF only x500 

x500 x500 Back Scattered x1000 Back Scattered 

b 
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and 7 days of growth (Fig.5).  At 7 days, all materials except TiR had statistically 

significant lower proliferation rates than control (p<0.001).  

 

 

 

 

 

 

 

 

 

 

Titanium discs and PEEK had the highest cell proliferation rates between day 1 to 4  

 

This trend continued to day 7.  PMMA and Zirconia proliferation did not reach statistical 

significance until 7 days after initial seeding.  Smooth zirconia did not demonstrate 

statistically significant cell proliferation at any time point (Fig. 6).  

 

Cell viability assay (CCK8)
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Fig 5. Difference in cell proliferation rate by day.  Note that while the increase 

from day 1 to day 4 was greatest, there is a decreased rate of proliferation in 

PEEK between day 4 and day 7.  *** P<0.001  or ** P<0.01 compared with Ti 

smooth in the same day 
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Cell Migration 

Cells were combined in the prescribed ratio and seeded into the silicon wells as 

described, after which they were given 24 hours to attach to the disc.  After 24 hours, the 

barrier was removed from all discs, and cells from one disc of each material were fixed 

and stained to demonstrate T0.  The remaining discs were placed into the incubator and 

Cell viability assay (CCK8)
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Fig. 6. Cell proliferation by day.  By the 4
th

 day, PEEK followed by titanium 

showed the highest increase in proliferation.  By day 7, proliferation on titanium 

was highest.  Note that smooth and rough titanium and smooth and rough 

zirconium were nearly identical in proliferation changes.  Bars signify SDM.  

▲▲▲ P<0.001 compared with day 1 in the same material; ▼ P<0.05 or 

▼▼▼ P<0.001 compared with day 4 in the same material 
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migration was allowed to occur for an additional 24 hours.  Afterwards, cells were 

imaged and quantification of cells in the migration zone was performed (Fig.7). 

 

 

 

 

 

 

 

 

 

 

 

Consistent with the visual appearance of cells, quantification of 24 hour migration via 

cell imaging software suggests that there were differences in cell migration between 

materials.  PEEK and PMMA showed slightly higher cell counts than the control.  

However, one way ANOVA failed to identify any significant differences among 

abutment materials, regardless of the material or surface topography (Fig.8).      

 

 

a d c b f e 

Fig. 7.  Migration assay results for PMMA (a), TiS (b), TiR (c), PEEK (d), 

ZrR (e), ZrS (f).  All cells were stained with DAPI to signify nuclear 

material.  The dotted red line signifies the “migration zone” which is void of 

cells at T0.  Note the similar appearance of TiS, ZrS, and ZrR. 
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Fig. 8. Cell migration counts after 24 hours of migration.  One way ANOVA 

resulted in no significant differences among materials (p>0.05). Plotted with mean 

and SDM. 
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VI. DISCUSSION 

In the present study, cells representing the peri-implant soft tissue interface, HGFs 

and HOKs were used to evaluate the initial attachment and early cell growth on materials 

with different surface textures and porosities.  In order to meet our goal, we developed a 

co-culture protocol consisting of these cells; thus creating a more realistic model for 

studying cell behavior when seeded on various abutment materials.  After establishing the 

co-culture model, we aimed to evaluate the cell attachment, proliferation, and migration 

across six commercially available abutment materials.   

Cell behavior in vivo is orchestrated by complex mechanisms involving signals 

from other cells, cytokines, and the extracellular matrix proteins and gradients.  While 

previous studies rely on a monoculture technique using fibroblasts or epithelial cells to 

examine biocompatibility, we created an in vitro model which allows us to study both 

cell types in a more clinically realistic environment.   One goal of the co-culture system 

was to determine whether or not the representative cell types of peri-implant soft tissue, 

namely HOKs and HGFs, would preferentially adhere and migrate across various 

materials.  Using this method, we may gain insight into the behavioral differences of the 

peri-implant mucosa during the post-abutment placement healing phase.   Our 

preliminary data on mono-cell culture system supported cell adhesion to the tested 

materials; this study was aimed to test if any material or surface may provide a better 

platform for either gingival epithelium or connective tissue adhesion. 

To date, the vast majority of dental implant research has centered on hard tissue 

biology and osseointegration of biomaterials within alveolar bone.  The primary cell type 

studied in early investigations is the osteoblast, which is responsible for bone formation.   
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Bone healing occurs via two distinct phenomena known as either distant or contact 

osteogenesis.  In contact osteogenesis, osteoblasts form directly on the implant surface, 

whereas in distant osteogenesis, new bone is formed upon old bone.  Linder et al. 1989 

found that new bone grew towards the titanium and was only in direct contact after the 

loss of intervening cells. Moreover, the surface chemical quality known as “wettability” 

plays a major role in the recruitment and adhesion of peri-implant cells.  It is the 

superficial titanium oxide layer of implants which creates a high free energy environment 

that encourages protein binding (Carmine et al. 2003). Like osteoblasts, epithelial cells 

readily adhere to titanium due to the surface free energy (Carmine et al. 2003).  On a 

molecular level, cell adhesion to substrates such as implant materials is mitigated by 

macromolecules which initially contact the surface.  More specifically, cells adhere to 

glycoproteins on the surface of titanium such as fibronectin, laminins, and vitronectin.  

Integrin molecules responsible for cell-substrate adhesion consist of 16 different α and 8 

different β subunits, and the ligands for each differ between osteoblasts and epithelial 

cells (Anselme 2000).  The quantification of the differences in cell proliferation on 

various materials in vitro using protein analysis or gene expression such as RT-PCR has 

been performed; however, their results were somewhat inconclusive (Yamano et al. 

2011).  Moreover, these techniques may prove challenging using the co-culture system 

owning to the fact that crossover exists between HOK and HGF integrin subunits 

(Anselme 2000). 

 Early in the development of the co-culture technique, it became apparent that the 

commercially available HGF used were much more vigorous and potent than the HOK.  

In contrast, commercially available HOK lines showed variable responses.  To account 
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for this, a 4:1 ratio of epithelial cells to fibroblasts was used and both cell types 

demonstrated attachment and proliferation on all materials tested.  To identify and 

visualize the morphology of each cell type and understand the adherence and migration 

behavior of cells in co-culture, immunostaining and imaging was performed.  We set out 

to differentiate HGF from HOK via staining specific for vimentin.  However, the inherent 

autofluorescent properties of PMMA and PEEK prevented us from clear visualization of 

these discs with the microscope.  As a result we were limited to identification of nuclear 

materials.  Based on cell morphology and identification via SEM and brightfield 

microscopy, however, we are confident that the cells were able to adhere and migrate.  

Immunostaining will enable further clarification as to the morphology of the cells in co-

culture once the autofluorescence can be overcome. In future applications of the co-

culture technique, cell-specific quantification methods such as Western blot analysis may 

be considered. 

The fibroblasts of the connective tissue are a major component of the peri-implant 

mucosa responsible for preventing epithelial downgrowth (Inglehaut et al. 2014).   Thus, 

research is being done to evaluate surface textures and cell migration, and trends have 

been posited in the literature (Rompen et al. 2006).  Like osteoblasts, fibroblasts prefer 

hydrophilic surfaces and are influenced by texture via contact guidance.  Thus, the 

direction of their migration may be deliberately directed via grooves in the surface 

(Brunette et al. 1988).  This form of tissue engineering is being utilized in dental implant 

design, however further examination may further validate clinical significance (Nevins et 

al. 2008).  There are conflicting results between studies regarding cell behavior and 

surface texture.  For example, one histologic study found evidence of connective tissue 
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attachment to a textured surface, and no attachment to a machined surface (Nevins et al. 

2010).  In contrast, Mehl et al. found that machined surfaces had optimal fibroblast cell-

detachment levels, which they equated to a stronger cell adhesion, versus polished and 

rough surfaces (Mehl et al. 2016).  When comparing the analysis of surface roughness 

across studies, it is important to consider the incredible variation in surface 

characterization.  There is currently no standard value which studies employ that lends 

itself to meaningful comparison.  In our study, we noted more drastic variation in 

proliferation based on material versus texture (Fig.6).  However, closer examination of 

surface roughness would aid in making accurate comparisons, e.g. between PEEK and 

PMMA. 

In very general terms, epithelial cells attach well to machined surfaces whereas a rougher 

surface supports the fibrin clot; and this is limited to Ti and Zr (Rompen et al. 2006). 

Histological data proves that the epithelium is in intimate contact with the abutment 

surface in the early phases of healing (Vignoletti et al. 2009). Cells will continue to 

spread until they come in contact with another cell due to contact inhibition of 

locomotion.  As clinicians, we aim to limit the apical migration of the junctional 

epithelium by establishing the adherence of a fibrin clot; wherein epithelial cells meet 

fibroblasts prior to reaching bone (Iglhaut et al. 2014). In our study, we did not detect 

significant differences in cell migration based on surface texture, however, TiS, PEEK, 

and PMMA trended toward higher numbers in migration.  We also found that surface 

roughness did not affect cell viability counts, as cells behaved similarly on smooth and 

rough Ti and Zr. Future studies should include a standardized measurement of surface 

roughness so that stronger conclusions may be drawn. 
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Based on numerous studies showing excellent cellular attachment and 

proliferation to titanium, we chose to use TiS as the control.  Smooth, or similarly, 

machined titanium, is most commonly utilized as healing abutments, and soft tissue 

attachment is evident clinically by way of bleeding upon removal of the abutment.  In our 

study, titanium showed the highest levels of cell viability after seven days regardless of 

the surface texture (Fig. 5).    Interestingly, SEM of TiR demonstrated superior cell 

adherence of both cells in co-culture when compared to TiS.  Cell migration patterns 

appear differently on smooth and rough surfaces, and the smooth titanium discs appear to 

support greater spreading of cells after 24 hours.  However, the quantification of cells 

within the migration zone yields no significant difference.   In the future, immunostaining 

techniques could help identify any locomotive differences between cell types across these 

materials.  Yet, despite the excellent characteristics of titanium, its limitations include the 

lack of ability to modify the material chairside, and poor esthetics.   

Zirconium was introduced and has become increasingly popular in implant 

dentistry with its potential to improve esthetics.  Along with titanium, research supports 

its use as a definitive prosthetic, abutment and fixture material.  An animal study 

evaluated the soft tissue response to zirconium implants when compared to titanium and 

found no difference (Kohal et al. 2004), and this has been confirmed in other studies 

using a different model (Welander et al. 2008).  When compared to Ti, Nothdurft and 

colleagues found that fibroblasts had superior proliferation on zirconium.  This was 

particularly evident with smooth zirconium (2015).  Conversely, our SEM images 

indicated inferior cell adherence to ZrS for both cells in co-culture when compared to 

ZrR.  One recent study indicates that Zr is superior to Ti in cell attachment and 
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proliferation (Mariana Brito da Cruz et al. 2018). Our results show that the migration of 

co-cultured epithelial cells and fibroblasts on zirconium has a similar appearance to TiS.  

Interestingly, the viable cell growth rate across 7 days remained lower than titanium.  

Furthermore, cell proliferation on ZrS did not significantly increase from day 1 to day 7, 

whereas all other materials showed significant increases at that time point (Fig.6).  

Whether this is related to the co-culture or another variable remains to be determined.  

Aside from the esthetic improvement, like titanium, zirconium is not readily modifiable 

chairside.  This quality makes it less favorable for immediate temporization and 

customization. 

In appropriate clinical scenarios, provisionalization of immediate implants 

provides patient and dentist satisfaction.  In implant dentistry, CAD/CAM technology is 

usually employed when designing PMMA provisional materials (Shim et al. 2019). Our 

study evaluated the cell viability and proliferation rate of CAD/CAM PMMA and found 

that there was a fairly linear increase from day one to day seven.  The initial proliferation 

rate from day one to day four was not statistically significant, and the overall percent 

growth was similar to that of zirconium.  While there was a trend toward faster migration, 

there was no statistical difference in total cell migration in comparison to other materials. 

Our SEM images showing cell morphology indicate that no identifiable HOKs were 

present on the co-cultured discs.  One explanation could be the roughness of the material, 

and perhaps the preferential adherence of HGF.   Further studies will be directed at 

identifying and quantifying each cell type.  

Polymer materials such as PEEK were first utilized in orthopedics due to its 

mechanical strength, non-corrosive nature, modifiability, radiographability, and 
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biocompatibility (Williams et al. 1987).  Since then, most of the research and oral clinical 

application of PEEK has centered around its biocompatibility with hard tissue and its 

mechanical properties as a prosthetic material (Najeeb et al. 2016).  One potential 

limitation to PEEK is its hydrophobic nature which interferes with cell adhesion.  

Nevertheless, there are countless ways that PEEK may be modified, including surface 

nano-texturization, coating with various materials such as hydroxyl apatite, and 

integration with carbon fiber.  Mariana Brito da Cruz and colleagues found no statistical 

difference between PEEK and Zr in terms of gingival fibroblast adherence, proliferation, 

and viability in vitro after 7 days.  This conflicts with our finding that overall cell 

viability of PEEK was greater than Zr after 7 days.  Additionally we found that viability 

significantly decreased between four and seven days on PEEK.  SEM analysis shows 

abundant HOK and HGF adherence to PEEK at 96 hours.  Again, our co-culture method 

makes comparison to previous studies difficult; however, our results suggest high overall 

cell viability on PEEK when compared to other materials. 

The provisional crown is not sterile, as is the dental implant.  Biocompatibility 

notwithstanding, surface treatment and texture must also be accounted for.  One study 

aimed to evaluate epithelial cell response to various surface treatments and textures of 

PEMA in vitro.  They used discs made of PEMA with the following treatments: none, 

pumiced, highly polished, varnished, chlorhexidine-treated, ethyl alcohol-treated, 

steamed.  After 30 minutes from seeding, the pumiced, highly polished, and steamed 

groups had the most cell adhesion.  The chlorhexidine and varnish groups had the least.  

They also assessed for proliferation and found that the pumiced, high polished, and 

alcohol groups had the highest rates of proliferation.  The varnish and chlorhexidine 
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groups had significantly decreased cell counts (Luchinskaya et al. 2017).  These findings 

should be considered when preparing a customized immediate provisional restoration. 

This preliminary study has several limitations.  We only utilized one ratio for part 

II of the study; however, it is possible that other ratios could lead to different results.   

Additionally, the cell counting software (ImageJ) is only an estimate and has some 

inherent shortcomings deciphering clusters of cells, which may inaccurately portray the 

number of cells present.  Furthermore, we did not complete the quantification of each cell 

type via Western Blot or gene expression, as previously described.  Additionally, there 

were no bacterial cells included in this study for comparison.  Bacterial adhesion to 

restorative materials is an important consideration, as we would ideally like to exclude 

the formation of plaque biofilm. When compared to titanium discs, zirconium has been 

shown to harbor fewer bacteria on its  surface (Rimondini 2002).  The interplay between 

peri-implant mucosal cells and bacteria can be further examined using the co-culture 

system.   

 

 

VII.CONCLUSION 

Due to the novelty of the co-culture system, the data presented in this study is 

inconclusive.  However, we believe that studying epithelial cells and fibroblasts in a co-

culture environment will help elucidate the levels of cell adhesion and proliferation to 

restorative materials in vitro.  This protocol may be utilized when evaluating new 

biomaterials in the future.   
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VIII. APPENDIX 
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S1. PEEK (a) and PMMA (b) SEM images. Magnification shown. PEEK supported 

abundant attachment of both cell types.  There were not many HOK present on the co-

cultured PMMA.   
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