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The discipline of dental implantology is one of the scientific medical/dental fields that 
are moving dynamically very fast. Not to mention the multiple specialties involved 

in managing the service as well as the research production. As much as it is necessary 
to have books to review the basics of bone healing, cellular biology, and implant 

rehabilitation planning, it is very critical to have more focused books to link the dots 
and elevate the benchmark of success even higher, especially when facing the reality 
of more advanced case challenges nowadays. ‘’Dental Implantology and Biomaterial’’ 
presents four main sections covering topics of clinically applied ‘’tips and tricks’’, the 

reality of transmucosal implant surface, the future of ceramic implants, the revolution 
of implant surface treatment, and finally the application of nonautogenous graft in the 
treatment process. The aim is updating the practitioners, researchers, and postgraduate 

trainees in the field with up-to-date clinically applied topics focused on reducing the 
gap between research and clinical application. Doing so will not only optimize the 
practice but also advance it with evidence-based maneuvers and technical details.
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Preface

Dental implantology is a dynamic science that is evolving very fast. The current era of tech‐
nology and social media has added more pressure to reach a superior quality in health care
and cosmetics. As every aspect in life, a lot of challenges stood up to the mission. As a sur‐
geon dealing with dental implants and facial reconstruction, almost on a daily basis, the
challenging vibes are always there especially after a long consultation visit of a severely
compromised case requiring multistep rehabilitation, ended up by receiving a shy patient’s
wish stating, “I can’t wait for 6 months or so to complete the whole process”. I honestly to‐
tally agree with the patient’s wish, and I do feel that the science of dental implant has a lot
to provide to our clients. And that is raising the question of “how can we make it better and
faster” to meet every patient’s expectation and social obligations at the current era of the
twenty-first century.

Occasionally, practitioners in the field will try to be as idealistic as possible in all aspects of
care, and usually that means more preparation, more surgical reconstruction, and hence
more time on patients cost, however, such is considered totally unrealistic. Hence, the art of
customizing a specific rehabilitation plan can be the secret to solve the predicament depend‐
ing on science, tools, manpower, and the technology that can provide that plan.

To be able to do so, it is of prime importance to understand how wide is this specialty. It
requires a lot of knowledge about the basics of healing biology, including bone, graft, soft
tissue, and adding an external metallic or ceramic material into them and hoping for the
complex to be in a stable well-being for lifetime. It can be as simple as placing a single im‐
plant in a well-prepared site and can get much more complicated once dealing with compro‐
mised sites or compromised health, such as trying to treat sick elderlies with significant
tissue deficiency. A lot of texts have discussed the basics and beyond; however, still more
are needed to keep up to the best expectations and outcomes in this comprehensive dental
implant science.

When the clinical expertise is put together with evolving research and technology to im‐
prove the service, that is when updates in the field can be applicable. Hence, the book “Den‐
tal Implantology and Biomaterial” has gathered a special group of unique scientists from more
than 10 countries, including Germany, Greece, Italy, Iran, Malaysia, Saudi Arabia, Serbia,
Spain, Sweden, and Turkey, who discussed “hot” clinically applied correlated research top‐
ics in a single book to enrich the idea of a “focused updates” toward dental implantology,
linking the involved specialties with scientific tips and tricks in the field. Clinicians, post‐
graduate residents, researchers, and students can find this book stimulating to improve their
practice and initiate more research ideas in the subject. The beauty is about reducing the gap



between the laboratory science and the clinical application, and that is what forms the main
value of the book.

“Dental Implantology and Biomaterial” started with an introductory chapter discussing the
clinically applied dental implant practice through a direct link to the main factors of success
and failure. The chapter will discuss exciting challenging cases, technical maneuvers, and
showing some complications. This chapter will be the door to discuss some solutions
through current research topics that are modifying implant surfaces and improving the im‐
plant biological seal in relation with the soft tissue envelop, improving the implant surface,
narrowing the diameter, or using a white implant surface material that can present valid
solutions in demanding locations in the oral cavity such as the cosmetically challenging an‐
terior maxilla.

Every implantologist will be dealing with the shortcomings of alveolar bone deficiency in
different shapes and forms, in horizontal or/and vertical dimension. Although it is well
known that autogenous grafting is usually the best, it might not be applicable based on the
clinical scenario or patient’s preference and hence, discussing an alternative such as nonau‐
togenous calcium phosphate biodegradable products is useful. All the former can be com‐
promised if the “bacterial load” factor is not considered in managing such cases and hence
the relation and the application of antibiotics are thoroughly discussed as well.

As timing is always a prime topic of discussion with almost every patient seeking implant
rehabilitation, the feasibility to put implants in full function is a point of continuous re‐
search. Although a lot of studies are using the primary stability path as an indicator for re‐
habilitation, it should be carefully approached. Improving the implant surface characters
and using an objective method to check secondary stability such as the resonance frequency
analysis is presented. However, the long-term relation with the soft tissue envelope is anoth‐
er challenge that should be linked with the success of the treatment provided.

It makes all the contributing authors and myself as an editor and contributor, proud to share
an experience that I prefer calling “focused and diverse” in the wide field of “dental implan‐
tology”. I hope that it can be a uniquely excellent reference to clinicians, trainees, and re‐
searchers in the field.

As life goes, missions will evolve surrounded by challenges that might help pursuing them
or letting them go. Although, I am a big believer in positive and negative energy impacts; as
an oral maxillofacial surgeon, I do believe as well in the power of utilizing those energies to
the best paths ever. It does imitate a surgical challenge in the theatre that would urge cutting
through, camouflaging, or just excising. Therefore, a positive surrounding will definitely
boost up the energy, whereas a negative one should be forced with a spirit of refocusing and
that is what a real training in oral maxillofacial surgery is all about and that is what we
should be training our younger trainees to pursue for the future of education and health
care. Hence, I am pleased to acknowledge all my friends, teachers, peers and colleagues
whom I was lucky to have around in my life. Their presence has been always pleasant and
supportive to me on the personal as well as the professional level; “You’ve been always an
‘energy boost’, God bless you all.” My family members: “thank you dear Father Ahmad Jawad,
mother Fatma, wife Najiah, and lovely children, for keeping up with my busy schedule and
me.”

PrefaceVIII
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Section 1

Implant Clinical Managemet - Expectations and
Reality





Chapter 1

Introductory Chapter : Dental Implantology, The
Challenging Scenarios between Training, Resources, and
Patients’ Demands

Mazen Almasri

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63834

1. Introduction

Dental implant is a dynamic science that practitioners are relying on for oral rehabilitation.
Due to the higher success rate, dental care is turning more and more toward using implant-
based oral prosthetics. However, the drawbacks are still of concern in this field due to errors
occasionally encountered among practitioners with improper training, weak knowledge, or
underestimating the case difficulty. Those errors can accumulate at each phase during the
process  of  planning,  taking  records,  interpreting  data,  surgical  intervention,  prosthetic
rehabilitation, and finally the maintenance program. Furthermore, the misleading market‐
ing messages that can introduce novel tools or ideas if not handled carefully especially by
junior or nonspecialist practitioners. What adds more to the complexity of this aspect is what
I like calling the “case requirement,” (CR) which is not a secret neither a mysterious side in
the field, it is just being forgotten occasionally. “Case requirement” is indicating another
dimension to the field of rehabilitation based on the applicability factor, patient’s prefer‐
ence, and demands that are becoming sophisticated more and more in the 21st century [1]. As
the rhythm of life is  moving faster,  communication is  following and hence the patients’
outcome demands, to be faster and precise.

In this chapter, we are aiming to introduce the textbook to readers in the field of oral maxillo‐
facial rehabilitation through cases of special challenges that might face practitioners in the field.
The consideration of the CR aspect and the anticipation of future research will enlighten possible
solutions and pitfall tactics. Yes, we are trying to be as idealistic as we can; nonetheless, we will
always be facing factors that might modify our intervention. The trick is to find this perfect
customized management plan [2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Hence, the dynamic advancement in the field is taking place on different levels that are
important for any implantologist to comprehend, at the clinical, micro, and nano levels. The
implant surface characteristics, the implant soft tissue interface, alveolar bone reconstruction,
the involvement of micro-organisms, the indications of antibiotics in implant surgery,
osseointegration, cellular attachments, and the advancement of implant designs are all areas
of important research topics nowadays that are going to be explored in the book hoping to
present more options for future care.

It is well known that training in the dental implant field usually starts with the basics of
planning, starting from case interview, examination, investigational images, analyzing the
data, considering case requirement, finalizing the rehabilitation plan, dental extraction,
alveolar reconstruction, implant surgical installment, prosthetic rehabilitation options, patient
cooperation, and establishing a recall schedule. It is unfortunate that a lot of training programs
are focusing mainly on the technicalities including implant placement and prosthetic restora‐
tion while forgetting the importance of the scientific background in applying the clinical
practice. And it causes a dilemma via producing graduates who are not able to connect the
basic science, research, clinical application, and the future potential to improve the field.
Therefore, it is not uncommon that during residents teaching, rounds, and board exams,
candidates might show technicality excellence without knowing the justification, and hence,
reaching into a block when facing a challenge in a case, a complication, or an examination
question.

The technical advancement in dental and medical care is continuously improving and
producing ideas; however, still a lot of doubts that one day technology might replace a human
surgeon to operate on another human solely. The reason behind that doubt is the simple
existence of human race that will always show variable clinical conditions that can never be
the same and might differ on three major categories, patient’s, operator’s, and material’s
pertinent factors.

2. Patient-related factors

These are defined as factors mainly pertinent to the patient him/herself that include and not
limited to the medical background, anxiety, allergy, smoke history, anatomical variations,
implant site local challenges, local bone type, local topography, and the personal preference.
The patient preferences can be limitless, which include a demand in implant type, surgical
intervention, grafting technicality, prosthetic end result, and the mostly challenging the time
frame demand. The reason that time frame is very challenging, as it is mainly affected by the
body’s healing power, which some time can never add much except of waiting few more weeks
[3]. However, research shows promising results by modifying the implant surface itself, as will
be discussed in the forthcoming chapters. On the patient’s level, the use of stem cells, growth
factors, and systemic drugs to improve osseointegration is being experimented to improve the
healing power [3,4].

Dental Implantology and Biomaterial4
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2.1. Surgical site alveolar deficiency

Surgical site evaluation to identify vertical or horizontal deficiency has been an area of
continuous challenge to implantologist [5]. The techniques of management are beyond the
scope of this chapter, but the importance of mastering more techniques to manage such
challenges is an area that should be considered while training. Not to mention that not all cases
would accept manipulating their jaws in a way to reconstruct it back to its original. And hence,
the necessity to formulate boundaries in the practice according to what can be done for a patient
or what has to be compromised (Figures 1–5).

Figure 1. Intraoral clinical images showing bone deficiency at the vertical and horizontal levels leading to minimal gin‐
gival recession pertinent to the lower canine teeth.

Figure 2. A periapical radiograph showing remaining roots of a previously attempted dental extraction performed in
another practice few months ago. The patient was upset and demanding dental implant treatment on site without de‐
lay. Therefore, after thorough discussion on the operative procedure, risks, benefits, alternatives and modification
plan, careful manipulation of the surgical site was exercised to remove the buried roots aiming to preserve the sur‐
rounding bone structure otherwise placing an implant immediately can be aborted and switching the procedure to al‐
veolar bone grafting only will take place. However, the extraction was performed successfully with preservation of the
buccal plate and confirming the socket dimension area with the periapical radiograph on the right side.

Figure 3. The surgical site was carefully prepared and the implant osteotomy was performed aiming at bone conserva‐
tion and immediate implant placement that was accomplished successfully with good primary stability achieved at the
apical portion at the sinus cortical boundary.

Introductory Chapter : Dental Implantology, The Challenging Scenarios between Training, Resources, and Patients’
Demands

http://dx.doi.org/10.5772/63834
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Figure 4. A radiograph of a 50-year-old patient showing limited vertical bone height to place dental implant. The pa‐
tient was offered a sinus lift procedure and was not a choice of preference to the patient. The option of short implant
insertion was discussed including risks, benefits and alternatives, and it was more appealing to the patient. The figure
on the right shows the pin guide indicating the length and parallelism.

Figure 5. A periapical radiograph showing the short implant in situ and the crown placed in favorable status. The re‐
storation and functional result were satisfying to the patient and achieved the “case requirement” demands.

2.2. Local blood supply deficiency

The era of osseointegration is based on the viable existence of an implant and bone interface.
The former is anatomically defined via a viable osseous region containing adequate blood
perforates to facilitate the implant-bone relation. Sometimes, missing to identify cortical areas
of poor blood perforates, especially in older patients, can be the reason behind the success or
failure. The following cases show examples of local compromise (Figures 6–9).

Figure 6. A 75-year-old female patient who was known to be diabetic that is controlled and followed by an endocrinol‐
ogist. The clinical image shows alveolar bone local limited blood supply at the crestal level when compared to the buc‐
cal plate perforates. It has to be carefully considered when planning osteotomies for implant placement.

Dental Implantology and Biomaterial6
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failure. The following cases show examples of local compromise (Figures 6–9).

Figure 6. A 75-year-old female patient who was known to be diabetic that is controlled and followed by an endocrinol‐
ogist. The clinical image shows alveolar bone local limited blood supply at the crestal level when compared to the buc‐
cal plate perforates. It has to be carefully considered when planning osteotomies for implant placement.
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Figure 7. A 19-year-old male patient went through road traffic accident leading to avulsion of the anterior central inci‐
sors, dentoalveolar fracture, and a minimally displaced left lateral incisor. The primary care was undergone at the
emergency department as localized dentoalveolar reduction and lateral incisor reduction with wire splinting. The pa‐
tients presented to the clinic 3 days after the accident are concerned about the rehabilitation of the anterior maxilla.
This scenario might lead to significant post-trauma alveolar bone loss and gingival deformity if not planned carefully
for dental implant-based rehabilitation.

Figure 8. Periapical radiographs showing the central incisors intact socket status, and the implants were placed 10
weeks after the accident to minimize the bone resorption trauma effect especially at the buccal plate aspect. The dental
implants were placed carefully aiming at keeping sufficient hard and soft tissue for future cosmetic rehabilitation in
addition to buccal plate augmentation. The radiograph on the right shows the preservation of the vertical height of the
interimplant site to help supporting the interdental papilla later on.

Figure 9. The radiograph shows a favorable crown coping and favorable interimplant bone level as being counted for
the future support to interdental papilla, avoiding black triangles in the anterior maxilla, a dangerous cosmetic region.
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3. Operator-related factors

The operator’s factors include the expertise, training background, operator’s capabilities,
personal interest to introduce new techniques, knowledge of data interpretation, the presence
of a supporting team, and the talent to adjust with the challenging case requirement. As much
as it is fair to all patients, as much being part of the code of ethics at any area of practice around
the world, the capabilities of practice must be clearly disclosed. An example of the surgical
specialties is oral and maxillofacial surgery (OMS or OMFS) that is a practice of intensive
training in the oral, facial, head, and neck regions that would share continuous interventional
skills at the maxillomandibular complex. It can include major interventions or millimeter
cosmetic part of care. OMFS intensive training around the area usually produces practitioners
of crucial sense when it comes to estimating details of blind maneuvers, osteotomy direction,
depth gauging, tactile dexterity to length and width, tactile sense to osteotomy structure of
nature, and confidence in managing perisinus structures and jaw components [5]. As more
specialties are sharing the implant part of health care practice, it is important to consider such
reality in managing cases of special challenges, systemically as well as locally. Especially those
implant survival studies show variable success outcomes depending on the specialty of
practice [6–8]. Nonetheless, the interspecialty consultation to manage a case is what matters
to clients seeking dental implants. The multispecialty consultations and teamwork practice
will always provide the best care possible.

3.1. Narrow dental implant

In locations of limited mesiodistal width, the ability to place an implant can be jeopardized by
a lot of factors, such as the flap design, root angulation, coronal tilting, alveolar bone dimen‐
sion, and operator’s clinical skills to place an implant usually via one or two drilling sequences
only, which can leave no room for corrections neither over preparation of osteotomy sites
(Figures 10–12).

Figure 10. A clinical image showing a challenging narrow location of missing left lateral incisor. The patient is 70 years
old and asking for implant-based rehabilitation. The plan was to place a narrow implant in the area with minor odon‐
toplasty to plan for cosmetically pleasant maxillary lateral incisor. This area constitutes part of the cosmetically chal‐
lenging region, the anterior maxilla.
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Figure 11. A flap was raised to carefully prepare the narrow implant site as a single osteotomy attempt is usually valid
for such cases with limited opportunity to redirect. Hence, a flapless procedure is discouraged in such cases. The clini‐
cal picture on the right shows favorable position for future rehabilitation based on the case requirement.

Figure 12. An intraoperative pin direction X-ray indicating the limited space and favorable inclination for drilling in
correlation with the intraoperative clinical setting. The aforementioned counts are necessary to adjust location and di‐
rection on the first attempt. The postoperative radiograph on the right shows the implant position in accordance with
the plan in the three dimensions, apicocoronal and mesiodistal. The clinical correlation is of prime importance to ad‐
just all the dimensions including the buccolingual dimension as presented in Figure 11.

3.2. The challenge of onlay bone grafting

The science of onlay bone grafting is evolving rapidly to match up the challenges that are facing
the surgeons in the field or oral implantology and reconstruction. It is well known that inlay
defect bone fill is much more predictable than onlay defects [9–11]. The technique of
application and the materials used are variable, including allogenic, alloplastic, bone
morphogenetic proteins, and xenograft graft materials. Not to mention the time factor of
managing extraction sockets in either immediate or late phase to prepare implant placement
[12–14]. The operators have to have the ability to properly select the best reconstructing
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technique in each case separately and to avoid limited techniques to do so. The cases will
always be different as introduced in the following cases (Figures 13–15).

Figure 13. A 33-year-old male patient presented with missing left central incisor for more than 6 years secondary to
trauma. The clinical examination and investigatory cone beam CT scan images were suggesting the possibility of hav‐
ing an alveolar bone space for implant placement with simultaneous grafting.

Figure 14. A clinical intraoperative image of the previous case showing the flap raised and indicating an extremely
poor alveolar bone horizontal width that prohibits the implant placement and switch the procedure to a local grafting
using particulate allogenic graft with calcium sulfate carrier to improve the consistency and bulk.

Figure 15. A clinical picture showing a putty-like bone graft that can be molded and sustain acceptable consistency
and bulk for alveolar bone reconstruction. The picture on the right shows the location postgrafting that did not require
any membranes to be placed due to the consistency of the material and the carrier barrier [11,12]. The option of either
using bone mophogenic protein delivered via carriers or using a graft contained in an alloplastic membrane cover is
amenable for onlay or inlay alveolar defects reconstruction [13,14].
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4. Material-related factors

When it comes to the material’s factors, it includes the implant surface type, length, diameter,
internal design, external design, laboratory capabilities, managing challenges, images capa‐
bilities, surgical stents, radiographic imaging, cone beam CT scanning (CBCT), and finally, the
proficiency to manage the time factor.

It is not uncommon these days to observe cases being treated while omitting the role of case
planning in the laboratory and mocking future results. The former is much critical when
planning a case going through comprehensive care including orthodontics management. The
controversy of completing the dental alignment before implant insertion is advocated in order
to avoid any misplacement of the dental implant [15]. Proponents claim the loss of alveolar
bone by the time of completing the orthodontic care couple of years later that warrants more
challenging reconstruction, grafting, implant insertion, and delaying the rehabilitation care,
not to mention the cumulative cost. Proper planning and inter specialty consultations can
provide better results and can always manage such cases either way (Figures 16–18).

Figure 16. The planning of implant insertion while performing orthodontic treatment is an issue of discussion. It has
the advantage of utilizing the bone while in favorable width and height better than waiting for the prolonged time of
orthodontic treatment that will lead to significant alveolar bone resorption and hence a future challenge of implant
placement, root exposure, not to mention the further delay in oral rehabilitation [15]. This can only be applied in select‐
ed cases based on careful planning.

Figure 17. This case was planned for multiple dental implants in the upper right maxillary region using surgical stent
that was reviewed in the lab by the prosthetic team. The stent was used in the presence of the right wisdom tooth help‐
ing in precise stability of the stent in localizing the future implant sites, AKA, tooth-supported surgical guide, that is
considered more precise compared to the other two types of surgical guides, the mucosa-supported and the bone-sup‐
ported surgical guides. However, the wisdom tooth will be extracted once the objective is achieved intraoperatively
[16].
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Figure 18. The implant locations were precisely identified using pin guides with clinical relevance to carefully place
the implants in this limited site from buccopalatal dimension. The right maxillary wisdom tooth (third molar) was ex‐
tracted at that point. The buccal plate deficiency reconstruction was considered at earlier stage in addition to the ex‐
pected inlay defect post third molar removal [17].

4.1. Dental wax-up and surgical stent fabrication

The dental wax-up is a necessary tool used to plan dental implant treatment. It is not only used
for estimating the exact location and size of an implant, it is used as well to plan orthodontic
movement and future grafting sites [16,17]. The application of the conventional laboratory
surgical stent or CBCT-based stent might lead to the same result. The comprehension of the
best utilization and avoiding possible errors are the factors that matter. Hence, interspecialty
consultation at the primary visits would save time and interventions from the surgical point
of view. As more time elapsed, the more bone loss, and the more challenging alveolar
reconstruction and implant care.

4.2. Cone beam scan application in dental implant therapy

Part of the advancement in dental implantology care is represented by the use of cone beam
CT scan (CBCT). Although not all cases might require CBCT image-based planning, the
significance does exist among specific cases where the three-dimensional orientation is the key
to success [16,18]. Hence, it requires knowledge and skills for analyzing the images and
supporting the clinical correlation (Figures 19–21).

Figure 19. A 42-year-old female patient presented with a missing left second premolar that is challenged horizontally
by crown tilting and pneumatized maxillary sinus. The radiographic image shows the shadow of maxillary sinus
pneumatization leaving limited alveolar height, radiographically. Therefore, CBCT scan was carried out and showed
an overimposed sinus floor distopalatally with an extraction socket space barely limited for an implant placement
without sinus lifting. The case review, risks, benefits, and alternatives were discussed and consented to proceed.
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Figure 20. The surgical site was exposed and the previous socket space was identified and carefully followed to place
the implant in situ. The evaluation of the osteotomy site confirmed intact edges without sinus violation, and hence, the
implant was inserted. The postoperative periapical radiograph can be deceiving to the position of the implant as it
shows a superimposition on the sinus floor and close proximity to neighboring teeth which was double confirmed clin‐
ically and using a postoperative CBCT scan (see Figure 21).

Figure 21. A postoperative CBCT scan shows the previous case of proper implant location that is not violating the si‐
nus or dental structures as confirmed by parasagittal and axial views.

It can be noticed that all the former categories, such as the patient’s, operator’s, and material’s,
are linked to all the implant cases, in this chapter, forthcoming chapters, and possibly all over
the world. Improving the service, survival, time factor, esthetics, and final results are the factors
that result in success. And that is the involvement of current research to improve the implant
therapy. Hence, cases are not going to be the same, and the difficulty levels will always dictate
the methodology of intervention.

5. Challenges of implant training vs. iatrogenic issues

Just like anything in life, improper training will lead to disasters. The current observation of
awkward complications is presented due to the jeopardized weekend diplomas, nonaccredited
training programs, downgrading the training duration, and mixing the specialties of care. The
phenomena of picturing dental implantology as a practice of placing a pin in the bone and
then sticking a crown on top is putting this field in a lot of danger, not to mention the marketing
twists in using medical terminologies such as flapless, sutureless, graftless, painless, harmless,
and so on. The former will send false massages to the community, the students, and general
practitioners. It is imperative to communicate evidence-based clinical application when it
comes to health care science. The importance of basic science, the comprehension of variable
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methods of practice, and the advent of current technology will add up to the training products
and will never facilitate shortcuts.

The last section of this chapter will be showing few examples of cases that could have been
carried out in a better way. I had the chance to view these cases as consultations showing up
as early as a month postimplant placement and up to two years postinsertion. All practitioners
in the field would have cases that are not proud of, facing difficult cases, or probably incorrect
choice at one time or another. The purpose of sharing some of these cases is for educating the
target readers, to prophylactically avoid some of these pitfalls, and to introduce the current
era of implant care discussed in the next chapters.

Managing challenges are areas of special concerns in the field of dental implants. It can be
found secondary to any shortcomings of what were mentioned earlier, such as patient’s,
operator’s, and material’s. A deficiency in one aspect might lead to transferring a challenge
into an actual complication [19]. Novel practitioners might be surprised with the power of
handedness tendency even if all aspects of care were taken, still the vision of placing that
implant in three dimensions can be deceiving and requires a plateau of proper training to gain
accuracy (Figures 22 and 23).

Figure 22. A radiograph showing dental implant with unfavorable positioning, tilting, and improper apicocoronal
seating. It will lead to a challenging restoration with diverged emergence profile angle, AKA, “a tomato on a stick.”

Figure 23. A periapical radiograph showing an implant not seated deep enough apicocoronally, leading to extremely
diverged emergence profile, AKA, “a tomato on a stick.” The 42-year-old patient presented as an emergency visit com‐
plaining of tenderness at the implant of mandibular left molar site attempted in a different practice about a year ago.
The patient stated that the pain is repeatedly eliciting providing the fact of changing the crown few times. The di‐
verged emergence profile formed a “housing” curve to collect food debris leading to subgingival abscess infection as
seen on the right clinical picture. The patient underwent an emergency intervention of conservative incision and drain‐
age of the purulent discharge, copious irrigation, antibiotic prescription, and analgesics until deciding for a definitive
care.

In other situations, underestimating the necessity of proper planning to calculate the implant
space available for future prosthetic rehabilitation can lead to bizarre outcomes (Figures 24
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and 25). Hence, even if the care is going to take place through the conventional laboratory wax-
up and surgical stent fabrication or through the soft-wear simulation programs, the result will
be the same, and the surgeon is still in charge when deciding to place those implants in place
or not [16]. The practitioner should comprehend that any data gathered will only be an additive
item aiming to assist in placing the implant onsite, whereas the surgeon is the only person in
charge at the intraoperative stage to place those implants, review the data again, modify the
plan, or abort the procedure [18,19] (Figure 26).

Figure 24. A panoramic radiograph showing three implants placed at the right mandible region. The implants are
placed at improper locations pertinent to each other, surrounding structure, future rehabilitation, and opposing occlu‐
sion. Not using proper surgical stent to guide the future rehabilitation plan might lead to such devastating results.

Figure 25. A panoramic radiograph showing three implants placed at the right mandible posterior region. The three
implants were placed at a location where a single posterior implant might suffice. Poor planning, careless intervention,
or untrained practitioner will lead to such horrifying outcomes and unnecessary expenses. The improper relation and
the close proximity to the neighboring right premolar will jeopardize the implant itself. As the premolar sounds to be
poorly treated, and hence it will be a source of infection or extraction. Either will be placing the extremely close im‐
plant in jeopardy. The most distal implant is placed at a negative functional zone; hence, it has no role in the rehabilita‐
tion plan not to mention the unnecessary surgery and cost. Therefore, the general rehabilitation plan of the
maxillomandibular complex does require careful revision especially considering the existence of poor prognostic teeth
in both arches [18,19].
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Figure 26. A periapical radiograph showing three implants next to each other with improper relation pertinent to fu‐
ture rehabilitation and as a relation to the neighboring tooth structure. The result showed leaving the implant in the
middle in a sleeping status with questionable outcomes, indicating an unnecessary surgical intervention and cost [19].

6. Conclusion

As the dental implantology science is growing very fast, the demand to perfectionism is
becoming more challenging. The obstacles of grafting techniques, faster osseointegration,
completing cases faster than what used to be, and perfectionism in cosmetic results all play
partial role in the current era of implant therapy. Obstacles are still configured in the form of
questionable training, nonevidence-based applications, and limitless case requirement
demands. Hence, there is the need to consider reviewing the actual capabilities of training
programs, stabilizing the basics among trainees, probing the application of new tactics as per
the evidence-based recommendations, potentiating research projects in the field of oral
maxillofacial surgery, rehabilitation, and dental implantology. Last but not the least, advocat‐
ing the transparency of more outcome-related studies in different programs and practices is
necessary in order to identify what more can be carried out to improve the dental implantology
health care.
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Abstract

Antibiotics have been recommended either as an extended treatment for several days
or as a single antibiotic prophylaxis dose since the development of dental implant
osseointegration technique in the 1970s. It is also performed as part of surgical protocol
during the peri-operative phase in the treatment of peri-implantitis. To date, there is a
lack of scientific evidence regarding the additive effect of antibiotics in the treatment of
dental implant. This has thus left the clinician with inconclusive recommendations,
leading to  increase  antibiotic  prescription.  With  this  increase,  the  development  of
antibiotic resistance is becoming a threat to modern healthcare that requires revisiting
of current indications and implementation of rational treatment strategies. Therefore,
more studies are needed to assess the benefit of antibiotic prescription and whether it
is safe to refrain from its use.

Keywords: Dental implant failure, dental implant surgery, antibiotic prophylaxis,
treatment of peri-implantitis, selection of antibiotic resistance

1. Introduction

Since the introduction of dental implants as treatment for missing teeth, systemically admin‐
istered antibiotics have been used to prevent and treat implant failure. In conjunction with
implant placement, antibiotics have been recommended either as extended treatment or short-
term prophylaxis during the peri-operative period. In the treatment of peri-implantitis, the
majority of surgical flap protocols described in the literature also include administration of
systemic antibiotics in the peri-operative phase.

Today, antibiotic resistance is the largest threat to modern healthcare where many treatment
options, including advanced surgical interventions, require access to effective antibiotics [1].
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Therefore, original or consensus-based recommendations, such as the use of antibiotics in
implant dentistry, are being reevaluated. Previous policies of prescribing antibiotics, until it
is proven safe to refrain from their use, are today considered an outdated option in otherwise
healthy patients. Currently, the potential risk of using antibiotics must be weighed against
possible benefits for individual patients when undergoing dental implant treatment.

A dental implant is a titanium device anchored and integrated into the jawbone. Osseointe‐
grated dental implants have been an established treatment modality for replacing missing
teeth since the beginning of the 1970s [2]. A substantial number of studies using long-term
follow-ups have shown successful results for patients with partially and completely edentu‐
lous jaws [3–8]. Survival rates of 90–100% of inserted implants have been reported in several
longitudinal studies during follow-ups of up to 20 years later [4, 9–14]. Despite the high success
rate of dental implants, failures do occur.

Biological implant failures may be categorized into early failures, that is, failure to achieve
osseointegration due to surgical trauma, infection, lack of primary stability [15], or late failures,
that is, failure to maintain the achieved osseointegration, due to occlusal overload, peri-
implantitis, or both [15]. Implant failure is an outcome that may require implant removal [15].

2. Prophylactic use of antibiotics during surgery

2.1. Peri-operative antibiotic treatment and extended prophylaxis

The empirically based tradition of using a peri-operative systemically administered prescrip‐
tion of antibiotics originates from the introduction of the treatment method by PI Brånemark
and collaborators [2] during the 1970s. The original implant placement protocol recommended
the use of antibiotic treatment during the initial phase of healing, for up to 10 days, to prevent
postoperative infection and early implant failure [16, 17]. A two-staged surgical protocol for
implant placement was initially introduced to further prevent infection [18]. The rationale for
prescribing the extended antibiotic prophylaxis was, at the time of introduction, based on
empiric medical/orthopedic considerations. Today, one has to remember that one of the key
factors in making the method successful was the addition of a tissue preserving surgical
technique. This technique minimized the risk of bacterial contamination during surgery, which
at the time included the extended use of systemic antibiotic treatment.

It has been shown that bacterial contamination during implant insertion may be one of the
major reasons for early implant failure [19]. Oral implant surgical procedures are often graded
as class II surgical procedures (clean-contaminated surgery) [20, 21]. Clean-contaminated
surgery has a local infection rate of 10–15% (Figure 1). However, the incidence of infection can
be reduced to 1% or less with proper surgical technique and the use of prophylactic antibiotics
[20, 21]. Conversely, prophylactic antibiotics can never make up for poor surgical technique
and hygienic measures. However, during the past decade, due to the emergence of bacterial
antibiotic resistance, the recommendation of extended prophylactic antibiotic treatment has
been challenged. Scientific evidence from various surgical fields including placement of dental
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implants shows no benefit of antibiotic prophylaxis beyond the day of surgery in uncompli‐
cated routine cases [22–25]. Therefore, this extended antibiotic treatment is now increasingly
being replaced by a single-dose antibiotic prophylaxis.

Figure 1. Surgical wound infection classification and the estimated percentage risk for postoperative infections [20, 21].

2.2. Short-term, single-dose antibiotic prophylaxis

There are several clinical studies [26–36] summarized in systematic reviews showing that the
use of prophylactic antibiotics during dental implant insertion reduces the risk of implant
failure [22, 37]. However, this finding has recently been questioned [38, 39]. For example, none
of the randomized controlled studies included in a recent meta-analysis [38] showed a
statistically significant beneficial effect of antibiotic prophylaxis on their own [27, 30, 31, 40,
41], although the beneficial effect could not be excluded in complex or compromised patients
[38, 42]. Therefore, this issue remains a controversial subject under constant revision, and
recommendations based on sound scientific evidence are still lacking. Despite this, the routine
use of antibiotics during implant placement continues to be common among the majority of
dentists in most countries [43–45]. These results today have thus left the clinician with
inconclusive recommendations. However, it should also be kept in mind that there are several
factors in addition to the use of prophylactic antibiotics during implant placement that can
affect implant success rates, such as implant systems, duration of surgery, the number of
implants placed, as well as surgical skills [29].
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3. The use of antibiotics for the treatment of peri-implant infection

When a dental implant is inserted into the oral cavity, it provides a new and physically different
surface for the colonization of microorganisms. The development of this new biofilm is a
process strongly resembling biofilm formation on natural teeth [46–51]. The colonization of
microorganisms on this new surface has been shown to start within hours after insertion, with
a microflora already resident in the oral cavity [52, 53].

Peri-implantitis was initially defined as “a site-specific infection with many features in
common with chronic adult periodontitis” [54] and/or as “an inflammatory, bacterial-driven
destruction of the implant supporting tissues” [55]. Both definitions imply that bacteria may
play a crucial role in the initiation and progression of peri-implantitis. With time varying from
months to years, the implant microflora has shown to become more complex if soft tissue
inflammation and pocket formation develop around a dental implant (i.e., clinical signs of peri-
implantitis) [56].

Studies have shown that when comparing clinically healthy peri-implant sites to sites with
peri-implantitis, a transition in microflora composition can be seen [57, 58]. A shift from
predominantly nonmotile, aerobic, and facultative anaerobic bacteria to a biofilm with a high
proportion of gram-negative, motile, anaerobic bacteria has occurred [59, 60]. Moreover,
residual teeth (not edentulous or partially edentulous) and clinical condition (periodontally
healthy teeth or persisting ongoing periodontitis with residual probing) have been shown to
influence the development of the subgingival microflora around dental implants [61, 62]. In
partially edentulous patients, the adjacent teeth play a role in the periodontal pathogen
colonization [63–65]. Accumulation of a microbial biofilm on the implant surface promotes an
inflammatory response in the peri-implant mucosa, resulting in peri-implant mucositis. This
is characterized as a reversible inflammation of the soft tissues, with reddening, swelling, and
bleeding on probing [66–68]. Persistence of inflammation may result in the loss of peri-implant
supporting tissues which is defined as peri-implantitis [42, 54, 55, 68]. Peri-implantitis appears
to be associated with a similar microflora as that found in chronic periodontitis such as
Porphyromonas gingivalis, Tannerella forsythia, and Aggregatibacter actinomycetemcomitans [69–
73]. However, compared with periodontitis, some bacteria, which are not part of the typical
periodontopathic microbiota, have been found in peri-implantitis lesions such as staphylo‐
cocci, enteric rods, and Candida [74, 75].

Peri-implantitis has become a prevalent, notable disease, affecting a substantial number of
patients [76]. However, a recent review indicates a wide variation in the incidence and
prevalence of peri-implantitis [76]. This variation is most likely due to patient/case selection,
diagnostic criteria used, and varying time of follow-up. Tomasi and Derks [76] in a recent
review stated that the prevalence of peri-implantitis varies between 8.9 and 47% of implants.
In 2012, the EAO Consensus Conference stated that peri-implantitis occurred in one of five
patients within 5 years following implant placement [77].

Treatment of peri-implantitis is directed towards removing the biofilm, resolving the inflam‐
mation, and arresting the progression of bone loss. Various protocols have been suggested as
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a method for achieving this [78]. The primary objective was to alter the microbiota and induce
the host immune system to eliminate putative pathogens [79]. Mechanical debridement and
disinfection of implant surfaces are directed to remove the oral biofilm and perio-pathogenic
microbes to a certain extent [80]. Indeed, the surface characteristics and the screw-shaped
configuration of most current implants may influence the resolution of the inflammation in
the surrounding tissues [79]. Conventional mechanical therapies currently used in the
treatment of periodontitis may therefore be difficult to apply around dental implants [79].

It is therefore difficult to treat peri-implantitis, and the outcome may not be predictable [68].
To date, there is no standard protocol for the treatment of peri-implantitis. A nonsurgical
treatment alone appears to be insufficient in resolving peri-implantitis lesions and is less
successful in arresting disease recurrence in long-term follow-up [68, 81].

Surgical treatment of peri-implantitis allows better access for the removal of granulation tissue
and decontamination of exposed implant surfaces [68]. Since the etiology of peri-implantitis
is similar to periodontitis, the anti-infective protocol used with periodontitis has been adopted
in the treatment of peri-implantitis. In the treatment of aggressive periodontitis, the use of
adjunctive systematic antibiotics (amoxicillin and metronidazole) has shown an additional
effect. The combination of amoxicillin and metronidazole has the potential to decrease a wide
range of oral bacteria usually associated with peri-implantitis [82]. Studies including surgical
treatment of peri-implantitis in combination with the use of amoxicillin (500 mg) and metro‐
nidazole (400 mg) for 7 days have shown a 58% success rate for implants with machined
surfaces [83, 84]. However, in a majority of prospective clinical studies, the parallel effect of
several procedures has been evaluated simultaneously [83–86]. These procedures include
access flap procedures as well as reconstructive/regenerative procedures. Regardless of
surgical technique, adjunctive treatment of systemically administered antibiotics has been
used. Therefore, the knowledge of a single specific intervention, such as the adjunctive use of
systematic antibiotic, is still limited [87, 88].

In a recent RCT including 100 patients, surgical treatment of peri-implantitis was performed
with or without adjunctive systemic antibiotics [89]. The results of this study showed that the
use of adjunctive systematic antibiotics combined with surgical treatment of peri-implantitis
had a limited significant effect on implant success. However, there is an increase in the
probability of treatment success of implants with a modified surface, but not at implants with
a nonmodified/smooth surface [89]. The overall implant treatment success after a 1-year
follow-up was 45% [89]. As presented in the scientific literature to date and concluded in a
consensus from 2012 at the 8th European Workshop in Periodontology [88], the adjunctive use
of systemic antibiotics on treatment outcome is still limited in the treatment of peri-implantitis.

4. Antibiotic delivery route with dental implants

The use of oral antibiotics is one of the most common approaches in treating bacterial infec‐
tions. Antibiotics can be delivered either systemically or by direct placement into the pocket
around the dental implant. Each method of delivery has specific advantages and disadvan‐
tages. However, based on clinical and microbiological evidence, the type of microorganisms
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responsible for the infection is treated on a presumptive basis, founded on probabilistic
reasoning [90]. A wide range of antibiotic compounds and dose regiments is presented in the
literature. Ideally, antibiotic treatment duration should include the shortest efficient cycle for
preventing both clinical and microbiological relapse [91]. However, this short cycle should
ideally have certain characteristics such as rapid onset of action; bactericidal activity; lack of
propensity to promote resistant mutants; ease of invasion into tissues; activity against
nondividing bacteria; unaffected by adverse infection conditions (low pH, presence of pus,
etc.); administration at an optimal dose; and an optimal and convenient dosing regimen [92].

4.1. Local use of antibiotics

Local delivery facilitates the application of antimicrobial agents at levels that cannot be reached
by the systemic route. However, these levels need to be maintained at a high local concentration
for a long period of time, and the agents should reach the entire affected area, that is, the base
of the pocket, in order to be efficient. This type of delivery varies from simple pocket irrigation
and specifically placed drug-containing ointments and gels, to sophisticated tools for sustained
release of antibacterial agents. However, it is unlikely that mouth rinse or supragingival
irrigation could predictably deliver an agent to the deeper parts of the defect because the
crevicular fluid rapidly washes out agents from the pockets [93, 94]. Nevertheless, there is a
low incidence of side effects with locally applied antibiotics. The use of local antibiotics as an
adjunctive in the treatment of peri-implantitis has shown no or limited effect on the reduction
of periodontal pocket depth and gain in clinical attachment level [95, 96]. This lack of significant
clinical additive effects of local antibiotic supplement is may be due to inadequate exposure
of the subgingival bacteria to the compound.

4.2. Systematic use of antibiotics

Systemic use of antibiotics is commonly recommended when the targeted bacteria are more
widely spread, which is beyond the site of initial infection. The periodontal bacteria may be
found throughout the whole oral cavity including on non-dental sites such as the dorsum of
the tongue or tonsillary crypts [97–103]. However, this colonization of perio-pathogens at
various oral ecological niches is not to be regarded as a systemic infection and does not call
for systemic antimicrobial treatment. The drawback of systematic administration is the high
rate of drug dissemination throughout the body, where only a small portion reaching the
subgingival microflora in the periodontal pocket [104]. Moreover, adverse drug reactions are
of greater concern. Systemic antibiotics should never be applied as compensation for inade‐
quate oral hygiene.

5. Antibiotic compounds commonly used in implant dentistry

Antibiotic compounds can be classified in a number of different ways: (a) by their origin
(natural, semisynthetic or synthetic drugs); (b) by their mode of antibacterial activity as
bacteriostatic (growth inhibiting), or bacteriocidal (drugs kill the bacteria); (c) by antibacterial
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spectrum (broad-spectrum or narrow-spectrum), or (d) by their cellular mechanism of action,
for example:

i. Cell wall inhibitors, such as the beta-lactam antibiotics penicillin and carbapenem

ii. Inhibitors of nucleic acid synthesis, such as quinolones and metronidazole, which
inhibit DNA synthesis, and rifampincin which inhibits RNA synthesis

iii. Protein synthesis inhibitors, such as tetracycline and clindamycin

iv. Anti-metabolites, such as the sulfa drugs

v. Antibiotics that can damage the cell membrane, such as polymyxin B and daptomycin

Amoxicillin Clindamycin Metronidazole Penicillin-V

Spectrum Streptococcus
Peptostreptococcus
Actinomyces
Fusobacterium
Capnocytophaga

Streptococcus
Staphylococcus
Bacteroids
Fusobacterium
Prevotella
Anaerobic cocci

Peptostreptococcus
Clostridium
Bacteroids
Prophyromonas
Prevotella
Fusobacterium
Capnocytophaga

Streptococcus
Peptostreptococcus
Actinomyces
Fusobacterium
Capnocytophaga

Effect Time dependent Concentration
dependent

Concentration
dependent

Time dependent

Pharmacokinetic

Absorption (p.o.)
T½
Solubility
Excretion

90%
~1 h
Water
Urine

90%
~2, 5 h
Fat
Gall bladder, feces, urine

>95%
~8 h
Fat
Urine and
gall bladder

50%
~30 min
Water
Urine

Common side
effect

Vomiting, diarrhea,
nausea, exanthema
(5%)

Vomiting, diarrhea,
nausea
(8%)

Gastrointestinal
upset, metallic
taste
(5–10%)

Diarrhea, nausea
(5%)

Ecological effect

Oral
Gastrointestinal

++
++

+++
+++

++
+

++
+

P.O. peroral; T½ half time; + mild/no effect; ++ moderate effect; +++ severe effect.

Table 1. Summary of characteristics of the most common antibiotic compounds used in implant dentistry.

Although there are numerous antimicrobial agents available, only a limited number of
systemic antibiotics such as amoxicillin; phenoxymethylpenicillin (PcV); clindamycin;
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metronidazole; and the combination of amoxicillin and metronidazole have been widely used
in the implant dentistry field (Table 1).

5.1. Amoxicillin

Amoxicillin is derived from one of the oldest antibiotics, penicillin, which was discovered in
1928 by Alexander Fleming. It is a broad-spectrum antibiotic compound commonly used
during invasive dental procedures as it shows a good and predictable absorption and bioa‐
vailability [106]. It has a bactericidal activity against gram-positive and gram-negative
microorganisms. In addition, it is active against several members of the oral commensal
microflora, such as viridans streptococci, and is thus expected to reduce the risk of local and
systemic infection after dental procedures. The molecular structure of amoxicillin includes a
β-lactam ring that may be cleaved by bacterial enzymes.

The combination of amoxicillin and clavulanic acid, the beta-lactamase inhibitors, is used to
treat infections with β-lactamase producing bacteria. This combination results in an antibiotic
with a broader spectrum of action and restored efficacy against amoxicillin-resistant bacteria,
which produce β-lactamase.

5.2. Penicillin-V

Penicillin-V is a widely used antibiotic in dentistry and possesses several beneficial charac‐
teristics. It achieves peak serum levels within 30 min, and persistent, detectable levels for up
to 4 h after administration [106]. It has a bactericidal action with a narrow microbial spectrum,
and it is highly effective against most Streptococcus species and oral anaerobes [106]. Penicillin-
V is recommended as the drug of choice for the treatment of dental infections in Scandinavian
countries. However, it is seldom used outside Scandinavia mainly because it is not available
for purchase in many countries. The wide use of penicillin-V instead of broad-spectrum
compounds is considered to be an important factor contributing to the low rates of antibiotic
resistance seen in Scandinavian countries.

5.3. Metronidazole

Metronidazole has a unique bactericidal effect against anaerobic bacteria. It is a narrow-
spectrum antibiotic, which minimizes the risk of opportunistic pathogens among commensal
microbiota and reduces the risk of developing a resistant species. There is no known allergic
or hypersensitivity reactions to metronidazole, and it has limited side effects which are
generally tolerable, transient, or reversible [107].

5.4. Clindamycin

Clindamycin is a broad-spectrum compound active against oral anaerobic and aerobic
bacteria, such as streptococci and staphylococci, although its use in dentistry is recommended
mainly in patients with a penicillin allergy [106]. It is bacteriostatic in normal concentrations
and has good bone penetration [91]. Because of its broad-spectrum effect, it gives significant
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for purchase in many countries. The wide use of penicillin-V instead of broad-spectrum
compounds is considered to be an important factor contributing to the low rates of antibiotic
resistance seen in Scandinavian countries.

5.3. Metronidazole

Metronidazole has a unique bactericidal effect against anaerobic bacteria. It is a narrow-
spectrum antibiotic, which minimizes the risk of opportunistic pathogens among commensal
microbiota and reduces the risk of developing a resistant species. There is no known allergic
or hypersensitivity reactions to metronidazole, and it has limited side effects which are
generally tolerable, transient, or reversible [107].

5.4. Clindamycin

Clindamycin is a broad-spectrum compound active against oral anaerobic and aerobic
bacteria, such as streptococci and staphylococci, although its use in dentistry is recommended
mainly in patients with a penicillin allergy [106]. It is bacteriostatic in normal concentrations
and has good bone penetration [91]. Because of its broad-spectrum effect, it gives significant
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and long-term effects on the protective resident microflora and is associated with the devel‐
opment of Clostridium difficile gastroenteritis [108, 109].

5.5. Antibiotic combination therapy

Peri-implant subgingival microbiota contains several putative periodontopathic species with
different antimicrobial susceptibility. Therefore, antibiotic combination may be useful because
of its wider spectrum of activity compared with a single agent. Combination drug therapy may
reduce the possibility of developing bacterial resistance due to antimicrobial spectrum overlap,
or it may be combined in a synergetic way when targeting organisms, allowing the dose of a
single agent to be lowered [110]. However, such combinations may lead to increased adverse
reactions. Recently, the combination of metronidazole and amoxicillin has become a popular
treatment modality for many dentists and researchers.

6. Consequences of antibiotic treatment

No antibacterial drug is completely nontoxic, and its use carries accompanying risks, which
has to balance the benefits and risks of its use before prescribing. The most common side-effects
are gastrointestinal, ranging in severity from frequent self-limiting gastrointestinal upset to
rare life-threatening pseudomembranous colitis. Other relatively common adverse effects are
hypersensitivity reactions ranging from mild to life-threatening anaphylactic reactions [110].
However, the majority of these reactions are mild and limited to a rash or skin lesions in the
head or neck region. Another negative impact of the over prescription of antibiotics is the cost
to the healthcare system. A survey performed in USA suggested that while the cost of antibiotic
prophylaxis is low to the individual, the potential cost to the healthcare system may be well
over $150 million annually [111].

Figure 2. The effect of antibiotic treatment on the ecology of the normal microflora [112–114].
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It is well known that the administration of antimicrobial agents causes a disturbance in the
oropharyngeal and intestinal microflora, which is considered to be important for health
maintenance. This disturbance is not only due to the spectrum of agents, but also to their degree
of absorption, route of elimination, possible enzymatic inactivation and/or binding to human
fluids and intestinal material [112]. Individual variations in normal microflora further
determines the ecological outcome of antimicrobial therapy [112]. Selective pressure by the
administration of antibiotics will decrease the number of microorganisms in the oral cavity.
Consequently, this leads to a disturbance in human microbial ecology as shown in Figure 2
[112–114].

Antibiotic resistance has become a global growing health problem. The golden age of antibiotic
therapy is now coming to an end as stated in 2014 by WHO [115]. However, some researcher
believes that we are already in the pre-antibiotic era. The Global Economic Forum reported
that the development of antibiotic resistance has major societal risks and increases both
morbidity and mortality of affected individuals [115, 116]. Each year there are thousands of
deaths, and millions of dollars spent on healthcare costs due to resistant infections [117].
Therefore, a restrictive approach towards using antibiotics is mandatory in order to limit the
development of microbial antibiotic resistance and avoid the risk of unwanted systemic effects
of antibiotics for the treated individual.

7. Future prospective and knowledge gap

The prescription of antibiotics in medical practice needs to be addressed globally, particularly
in the dental field, including dental implant procedures [29]. In fact, there is a decrease in
surgical infection rate incidence even without the use of antibiotics, yet there is still an increase
in antibiotic prescriptions [118]. There are a lot of factors influencing the prescription of
antibiotics by healthcare practitioners including patients request, gap in knowledge and
practitioner’s education. Indeed, considering the serious situation regarding emerging and
quickly disseminating antibiotic resistance there is no justification for prescription antibiotics
without medical indication [29].

Within the literature, there is a lack of scientific evidence showing the additive effect of
antibiotics, either prophylactic or therapeutic, in the treatment of dental implant. However,
with the demands on restrictive antibiotic policy more studies are needed to assess the benefit
of antibiotic prescription and the safety to refrain from its use. In order to restrict antibiotic
use to fields where it has unquestioned medical value, it is important to investigate the need
for antibiotics. Therefore, additional RCTs with larger sample sizes and longer follow-up
period are needed to determine the role of antibiotic prophylaxis during implant insertion to
prevent early implant failure in both uncomplicated/straight forward and complicated cases.
Furthermore, different type of complicated cases such as immediate insertion into extraction
site, bone augmentation procedures, full jaw surgery and implant surgery in the medically
compromised patient, may pose a variable risk of postoperative infection and should therefore
be studied separately. In the treatment of peri-implantitis, there is a critical need for double-
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blinded placebo-controlled randomized clinical trials to demonstrate the efficacy of adjunctive
use of systemically delivered antibiotics [80]. Furthermore, more studies are needed to evaluate
antibiotic prescriptions from the societal and cost-effective perspectives, not just from the
healthcare perspective.

Figure 3. Tips for the clinician regarding antibiotic prescription in implant dentistry.

Finally, there is a need for recommendations to limit and optimize the utilization of antibiotics
in the dental implant field. This recommendation may result in a more sustainable antibiotic
usage, preventing the risk of infection, which in turn can improve the results of a surgical
intervention, reduce the risk of resistant bacterial strains developing, reduce the total use of
antibiotics, and possibly reduce the cost of care [119]. Based on available evidence some
summarized suggested advices to the clinician are presented in Figure 3.
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Abstract

Over the years, improved understanding of the nature of bone-implant interface is
among the important contributors to the success of osseointegration in modern dental
implantology. The focus has since shifted to the assessment of the soft tissue-implant
interface to better understand the mechanism of biological seal in the transmucosal
region. The importance of peri-implant mucosal region lies in the need to establish a
tight seal that isolates implant and the bone from the oral environment via epithelial
and connective tissue attachment, thus preventing ingrowth of bacterial plaque. Many
factors may influence the soft tissue attachment at this peri-implant interface. In this
chapter, the dimension of peri-implant tissues and the factors affecting the biological
seal, namely surface topography and physicochemical properties, are discussed. The
review also looks into the impact of the type of materials and surface modifications of
dental implant, all of which may influence the formation of biological seal of soft tissue
around the dental implant.

Keywords: implant-soft tissue interface, biological seal, peri-implant tissues, surface
topography, three-dimensional oral mucosal model

1. Introduction

The success of dental implant in the oral cavity depends on direct bone-implant surface contact
as well  as the soft  tissue attachment surrounding the implant abutment (and dental im‐
plant), which the latter acts as biological seal against external oral environment. Much of the
attentions in the early dental implant studies were given to the bone-to-titanium interface.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



These studies range from clinical [1, 2] to molecular levels [3], and from animal model [4, 5]
to human biopsies [6, 7]. In all studies, the bone appears to be in direct contact with implant
without the presence of any connective tissue or fibrous tissue encapsulating the implant.

The extensive and well-established researches on bone-implant interface have led to the wide
acceptance of the concept of osseointegration. Presently, more focuses are placed on under‐
standing and improving the implant-soft tissue interface. The biological seal of the soft tissue-
implant interface is created by epithelium and connective tissue. The presence of keratinized
mucosa surrounding an implant is thought to be one of the important factors in maintaining
peri-implant soft tissue health. Moreover, materials and surface topography of implant
abutment materials may also influence the biological seal formed at the implant-soft tissue
interface. The available data from animal studies and emerging information from human
investigations suggest that different material with different surface energy and enhanced
surface topography is associated with increased soft tissue-to-implant contact [8, 9]. The nature
of soft tissue-implant against normal periodontium is compared in the subsequent paragraph.
By understanding the tissue around transmucosal region, the factors influencing this biological
seal will be better appreciated.

2. Peri-implant tissue

The periodontium is known as a tooth-supporting structure while the peri-implant mucosa is
the structure and function of the mucosa that surrounds the abutment of a dental implant.
Clinically, both tooth and prosthesis of the dental implant will emerge from the gingival tissue
with tight gingival cuff. Figure 1 features the clinical pictures of healing abutment in situ and
the appearance of peri-implant mucosa following removal of the healing abutment. The
mucosa surrounding the dental implant formed tight gingival cuff consists of epithelium and
connective tissues established during healing after the surgery. Many studies provide
information on similarities and differences between peri-implant soft tissue and tissue at the
dento-gingival junction. The similarities and differences of both periodontium and peri-
implant mucosa are depicted in Table 1.

Figure 1. The clinical pictures of healing abutment in situ and mucosa at the implant neck. (Courtesy of Dr. Masfueh
Razali).
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Features Periodontium Peri-implant tissue

Gingival sulcus
depth

Shallow Dependent upon abutment length and restoration
margin

Junctional
epithelium

Hemidesmosome attachment to enamel Hemidesmosome attachment on titanium [10, 11]

Gingival fibres Complex array of fibres, some inserted
into cementum above crestal bone,
and onto periosteum

- Lack of fibres insertion on implant surface
‐Fibres orientated longitudinally, parallel or
circumferential to the long axis of the implant [12]

Connective tissue
attachment

Well-organised collagen fibre
bundles, running perpendicular
to root cementum

- A scar-like structure that is rich in collagen but
deficient in fibroblasts and vascular systems [13, 14]

Blood supply Numerous vasculatures from periodontal
ligament space and gingival connective
tissue which formed anastomoses

Fewer capillaries compared to tissue surrounding tooth.
[14–16]

Biologic width JE = 0.97 mm, CT = 1.07 mm JE = 1.88 mm (average), CT = 1.05 mm [12]

Table 1. Comparison of periodontium and peri-implant tissue.

Figure 2. A schematic drawing of similarities and differences between dentogingival tissue and peri‐implant mucosa
(Prepared by Dr. Masfueh Razali).

Macroscopically, a tooth-supporting structure comprises the gingiva, connective tissues and
periodontal ligament, which connects tooth to bone via cementum. There are three types of
gingival epithelium covering the underlying connective tissue of a tooth. These are junctional
epithelium, which provides the contact between the gingiva and the tooth; sulcular epithelium,
which faces the tooth surfaces without any contact being made with the tooth surface; and
lastly, oral epithelium, which faces the oral cavity. The oral epithelium is a keratinized,
stratified squamous epithelium. The junctional epithelium, which is structurally different, is
formed from the reduced enamel epithelium during tooth eruption and from dividing basal
cells of the oral epithelium. The junctional epithelium forms a collar around the tooth and is
about 2 mm high and 100 μm thick. It is composed of only two cell layers, namely a basal layer
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and a supra basal layer. The inner cells of the junctional epithelium form and maintain a tight
seal against the tooth surface. The connective tissue is composed of gingival fibres, which runs
in many directions, from tooth and/or bone to gingival tissues. Similarly, the supporting
structures of dental implant also consist of gingival epithelium and connective tissue attach‐
ment but without periodontal ligament. The epithelial part resembles the junctional epithelium
around natural teeth [10, 12, 18, 19]. The features of both normal periodontium surrounding
teeth and peri-implant tissue are illustrated in Figure 2.

Generally, the macroscopic and microscopic features of peri-implant mucosa are almost
similar to the tooth-supporting tissue (at the dento-gingival junction) with few exceptions.

1. The junctional epithelium: the junctional epithelium faces the implant smooth surfaces or
abutment of an implant is less thick, and consists of only a few cell layers especially at the
apical region.

2. Biologic width: both consist of junctional epithelium and connective tissue attachment,
but the junctional epithelium of an implant is longer [10, 14, 17] than that around teeth.
Variation in height of these two attachments is noted between human and animal studies.

3. The gingival fibres connecting the periosteum to bone run parallel to the long axis of the
implant, as compared with those around a tooth, where the gingival fibres consists of
complexes arrays running from many direction including from tooth to gingival tissues,
some of which perpendicular to the tooth. There were also fibres running circumferen‐
tially as shown by [15]. The arrangement of the fibres is schematically illustrated in Figure
2. The histological sections of transmucosal region of peri-implant soft tissue are shown
in Figure 3. Note that there was a cell-free area adjacent to implant, and fibres appear
running parallel to long axis of implant.

4. No periodontal ligament—bone is present.

Figure 3. Transmucosal region of peri-implant mucosa demonstrating fibres of gingival connective tissue, no attach‐
ment of fibres on implant surface. (Reproduced with permission from [15])

Dental Implantology and Biomaterial42



and a supra basal layer. The inner cells of the junctional epithelium form and maintain a tight
seal against the tooth surface. The connective tissue is composed of gingival fibres, which runs
in many directions, from tooth and/or bone to gingival tissues. Similarly, the supporting
structures of dental implant also consist of gingival epithelium and connective tissue attach‐
ment but without periodontal ligament. The epithelial part resembles the junctional epithelium
around natural teeth [10, 12, 18, 19]. The features of both normal periodontium surrounding
teeth and peri-implant tissue are illustrated in Figure 2.

Generally, the macroscopic and microscopic features of peri-implant mucosa are almost
similar to the tooth-supporting tissue (at the dento-gingival junction) with few exceptions.

1. The junctional epithelium: the junctional epithelium faces the implant smooth surfaces or
abutment of an implant is less thick, and consists of only a few cell layers especially at the
apical region.

2. Biologic width: both consist of junctional epithelium and connective tissue attachment,
but the junctional epithelium of an implant is longer [10, 14, 17] than that around teeth.
Variation in height of these two attachments is noted between human and animal studies.

3. The gingival fibres connecting the periosteum to bone run parallel to the long axis of the
implant, as compared with those around a tooth, where the gingival fibres consists of
complexes arrays running from many direction including from tooth to gingival tissues,
some of which perpendicular to the tooth. There were also fibres running circumferen‐
tially as shown by [15]. The arrangement of the fibres is schematically illustrated in Figure
2. The histological sections of transmucosal region of peri-implant soft tissue are shown
in Figure 3. Note that there was a cell-free area adjacent to implant, and fibres appear
running parallel to long axis of implant.

4. No periodontal ligament—bone is present.

Figure 3. Transmucosal region of peri-implant mucosa demonstrating fibres of gingival connective tissue, no attach‐
ment of fibres on implant surface. (Reproduced with permission from [15])

Dental Implantology and Biomaterial42

So far, the structure, dimensions and the composition of gingival and implant transmucosal
regions have been investigated by many researchers. These include early animal models
studies in dogs [10, 11, 14] and in human [20, 21]. From those studies, a few conclusions have
been made which included:

1. On average, the attachment between mucosa and a titanium implant comprises junctional
epithelium about 1.4–2.9 mm high, and a connective tissue zone approximately 0.7–2.6
mm high [10, 12]

2. The periodontium and peri-implant mucosa have common characteristics, but they differ
in terms of composition of the connective tissue, the alignment of the collagen fibre
bundles and the distribution of vascular structures apical to the junctional epithelium.
The connective tissue-implant interface commonly consists of a non-infiltrated, densely
structured, collagen-rich connective tissue. It can be divided into two zones: outer zone
(located beneath the junctional epithelium) and inner zone (positioned above the bone
crestal and in direct contact with implant surface) [14]

A qualitative analysis of the subepithelial connective tissue showed a cell-rich, well-
vascularized outer zone with fibres running in many different directions and a poorly
vascularized inner zone consisting of numerous dense collagen fibres running close to the
implant surface, predominantly in a parallel direction [14, 15, 22]. The inner zone is in
direct contact with the implant/abutment surface and is 50–100 mm thick. It is rich in fibres,
with few scattered fibroblasts that appear to be in close contact with the transmucosal
component. The peri-implant mucosa generally resembles and is recognized as a scar
tissue, exhibiting an impaired resistance towards bacterial colonization [13, 16]. As a
consequence, the connective tissue adhesion at implant has a poor mechanical resistance
as compared to that of natural teeth.

As suggested by some studies mentioned earlier, the biological seal of the peri-implant tissue
formed by both epithelial and connective tissue attachments is weak and poor in mechanical
resistance [13, 16]. Hence, this area is subjected to increased risk of peri-implant diseases, as
the bacterial assault begins in this area. It is important to understand the nature of both
attachments as it may lead to an enhancement this biological seal. Various models been used
to evaluate the implant-soft tissue interface. These models are reviewed in the next section.

3. Evaluation of implant-soft tissue response

The soft tissue interface especially the structure of collagen fibre bundles received more
attention over the past 10 years with studies that include animal models such as dogs [10–12,
14] and monkeys [23, 24] and human [25, 26] used to explore the structure and dimension of
soft tissue-implant interface. Recently, Chai and co-workers [18] have ventured upon the use
of three-dimensional oral mucosal models by using the tissue engineering technology to
investigate the nature of the peri-implant biological seal.
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3.1. Implant-soft tissue interface models

The advantages and disadvantages of each implant-soft tissue interface study models are
described in the next section. These models were developed in order to enhance our under‐
standing of the soft tissue response on various materials with different surface topography
and to establish best methods to evaluate the biological seal of peri-implant tissue. Generally,
an in vitro study using monolayer cell culture model is conducted to assess the cytotoxicity of
the cells and quickly observe cell activities and behaviour towards new dental implant
materials. Histomorphometric analysis of en bloc tissue consisting of both soft tissue and
implant body is the best method to demonstrate the presence of epithelial and connective tissue
attachment at the soft tissue-implant interface. Yet, due to limited opportunity to obtain
histological section from human, animal models were developed.

3.1.1. In vitro studies

Presently, in vitro testing is performed as a prerequisite to in vivo evaluation. However, the
in vitro techniques do not reflect the clinical situation and the progress in our understanding
of extra- and intracellular processes that occur in connective tissue attachment. Thus, the data
cannot be extrapolated into clinical applications. Nevertheless, the study involving monolayer
cells is by far the most popular and easy-to-conduct study although more sensitive in vitro
evaluations are now available. The cell shape, activities and response can be evaluated
morphometrically via immunocytochemical staining [27], or by analysis using scanning
electron [28, 29] or fluorescent [30, 31] miscroscopies. Additionally, the gene and protein
expressions for cell adhesion and attachment can also be carried out [27, 32, 33]. Most studies
used primary human gingival [29, 32, 34] and periodontal [35] fibroblasts as a cell model, which
are cultured directly onto the dental implant materials surface. Keratinocytes are also
frequently used [27, 36, 37]. Compared to fibroblasts, keratinocytes by far is most difficult to
culture. Cochran et al. [35] compared the behaviour of periodontal and gingival fibroblast as
well as keratinocytes towards the titanium with different surface textures. They found that
human fibroblast and epithelial cell attachment and proliferation are significantly affected by
surface characteristics of titanium. Of three cell types, gingival fibroblasts appeared to attach
best, followed by periodontal ligament fibroblasts and epithelial cells. Both types of fibroblasts
grow and proliferate well on both rough and smooth titanium surfaces compared to epithelial
cells once they are attached to the surface [35]. Other study found a significant decrease in the
number of gingival fibroblasts on rough titanium (Ti) surfaces compared with smooth polished
Ti surfaces [30, 34]. On the other hand, Oates et al. [32] found that the fibroblasts adhesion and
attachment are enhanced in rougher surface than smooth surface, in contrast to other findings
[33] where focal adhesion kinases were immunogold labelled. In a different study using
ceramic, fibroblasts attached more on the milled ceramic and appeared to follow the direction
of the fine irregularities on the surface [38]. Nevertheless, most common finding of those
studies is that cells were oriented in a parallel order along the grooves of the machined surface
but arranged randomly when in contact with a rough surface. Hence, the in vitro models
appear to be able to provide an insight and could be used to guide specific cell attachment or
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specific material with surface characteristics for in vivo models. Animal models are the most
common in vivo models carried out compared to human studies.

3.1.2. Animal models

Studies using animals as in vivo models for evaluation of soft tissue response around dental
implant have been extensively conducted and are well documented. In animal models, the
histological section of peri-implant tissue was made possible, which becomes the gold
standard for the implant-soft tissue interface analysis. While dogs models such as the beagle
[8, 14] being the most common animal of choice, monkeys [23, 39] and minipigs [40] were also
used to demonstrate the presence of epithelial and connective tissue attachment around
transmucosal region of dental implants histologically.

The experiments in animals demonstrated that the dimension of the mucosal attachment to
implants was similar to the gingival attachment at teeth and was composed of an epithelial
portion about 1.5–2 mm long and a cell-rich connective tissue portion close to the implant that
was about 1–1.5 mm high [10]. Animal models were also used to evaluate the soft tissue
response towards different abutment materials. Abrahamsson et al. [11] investigated the
influence of abutment material on the location and the quality of the attachment that occurred
between the peri-implant mucosa and the implant. They found no proper attachment formed
at the abutment level made of gold alloy and porcelain when compared to those made of
titanium and ceramic. In addition, similar finding was noted by Welander et al. [41] when
titanium, zirconia and Au/Pt alloy were used. The tissue around abutment made from titanium
and zirconia was stable; meanwhile, an apical migration of epithelium was noted on Au/Pt
alloy. In another study, Abrahamsson et al. [42] demonstrated that the soft tissue attachment
that formed at implants made of commercially pure titanium (c.p. titanium) was not influenced
by the roughness of the titanium surface.

Among many, dogs have been the most common animal of choice. This is possibly due to easy
access with regard to clinical examinations and oral hygiene procedures of the dogs. It must
be noted that non-human primates bear more resemblence to human anatomy and histology
than any other animal, thus may offer a higher degree of relevance to human. Nevertheless,
the results from animal experiments should always be carefully interpreted since the healing
response and immuno-reaction in animals might not be similar to human, so the data might
not be comparable. A given sequence of soft tissue integration to implants in a dog may not
correspond exactly to an expected outcome in humans. The differences in tissue response
during healing between human-human subjects may sometimes become more pronounced
between different human to human subjects than between animals and humans. Moreover,
the healing response in animals is also less predictable compared to human. In the light of
evidence-based dentistry, the result from animal studies should be interpreted cautiously.
Additionally, animal studies are also bound to ethical considerations, where study design and
calculation of sample size of animals in experiments are to be carried out with caution.
Essentially, to have more clinical validity, human randomized control trials should be carried
out to obtain more information on the peri-implant tissues.
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3.1.3. Human studies

The composition of the connective tissue interface towards implants was studied in both
animal experiments and human biopsy materials. While human studies are very limited due
to ethical issues, the evidence of epithelial and connective tissue attachment around peri-
implant regions are obtained mostly from failed implant [43], autopsy[44, 45] or clinical studies
[1, 46], where the presence of connective tissue attachment on these studies is still difficult to
demonstrate. Most of the human studies that have been carried out were clinical studies in
which the traditional periodontal parameters were used for monitoring the soft tissue
responses around dental implants intra-orally. According to clinical studies that involve the
marginal bone levels, we can conclude that bone level is stable as it implies that the soft tissue
integration has not migrated apically [1, 46, 47]. Liljenberg et al. [48] in their study of soft tissue
biopsies of edentulous ridge mucosa and peri-implant mucosa revealed that the composition
of both tissues were nearly identical in terms of collagen, cells and vascular structures. The
peri-implant mucosa harboured a junctional epithelium that contained significantly enhanced
numbers of different inflammatory cells infiltration. On the other hand, Piatelli et al. [44] found
that there was no inflammatory infiltrate in epithelium or connective tissue in human autopsy
biopsies of titanium dental implants. It is also interesting to note that the collagen fibres in the
coronal part were parallel to implant surface while in the apical region the fibres were in a
perpendicular fashion was found. Additionally, Glauser et al. [49] used both hard and soft
tissue biopsies of mini titanium implants with different surface characteristics to demonstrate
the establishment of junctional epithelium attachment to the implant surfaces. They noted that
collagen fibres and the fibroblasts were oriented parallel to the implant surface. The oxidized
and acid-etched implants revealed less epithelial downgrowth and longer connective tissue
than machined implants [49]. As for different types of materials, Vigolo et al. [46] assessed the
peri-implant mucosa around abutments made of gold alloy and titanium and found no
difference between the two types of abutments with regard to peri-implant marginal bone level
and soft tissue parameters. Meanwhile, Nevins et al. [26] using en bloc biopsy demonstrated
intimate contact of junctional epithelium cells to implant surface and connective tissue with
functionally oriented collagen fibres running towards the implant surface designed with Laser-
Lok microchannels. Nonetheless, it is unethical to remove implant in order to attain en bloc
tissue for histological analyses in human, and data from autopsy did not necessarily represent
the ultrastructural nature of the peri-implant interface. In addition, not all animal experiments
can be replicated in human samples due to cost and ethical considerations. For this reason, the
investigation of peri-implant interface for improvement of connective tissue attachment is
rather difficult to conduct in human. Thus, the need of development of different models for
histological analyses may be essential.

3.1.4. Three-dimensional oral tissue engineering

As the opportunity to undertake human studies is limited, many studies that evaluated the
peri-implant interface were carried out using animal models. With advances in knowledge on
tissue regeneration, tissue-engineered oral mucosal equivalents (three-dimensional oral
mucosal model, 3D OMM) have been developed for clinical applications and also for con‐
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ducting in vitro studies on biocompatibility, mucosal irritation, disease and other basic oral
biological phenomena such as for grafting of oral mucosal defects [50, 51]. The 3D OMM
consists of both epithelium and connective tissue layers, grown in the laboratory using collagen
membrane as the scaffold. Therefore, evaluation of cell-cell interaction between epithelium,
connective tissue and implant surface using 3D OMM is possible and could become an
alternative method to study the nature of peri-implant interface. The use of 3D OMM will
permit histological preparation and histomorphometric analysis of the interface. With the
modification of culture technique, Chai et al. [18] have constructed 3D OMM and have
demonstrated the presence of peri-implant tissue with features that mimicked those seen in
vivo when tested with titanium. Chai and co-workers [19] further developed the 3D OMM and
succeeded in obtaining formed peri-implant-like-epithelium (PILE) on the polished, ma‐
chined, sand-blasted and TiUnite titanium surfaces. Using the 3D OMM, ultrastructural
investigation of the soft tissue-implant interface with transmission electron microscopy (TEM)
is also possible. It is also interesting to note that the presence of hemidesmosome-like structure
as an epithelial attachment to the material surface is shown using this model (Figure 4).
Moreover, the biological seal of peri-implant tissue can also be demonstrated quantitatively
with 3D OMM [52, 53]. This can be carried out via assessment of penetrative behaviour of
radioisotope material through the 3D OMM model [52]. Alternatively, the biological seal of
peri-implant can also be assessed through the measurement of degree formed by pocket or
non-pocket epithelial attachment at the oral mucosal model-material interface [18, 53].
Although only limited study is available on the use of 3D OMM for evaluating the peri-implant
interface, this model appears to have a more promising prospect than the monolayer cell
culture model. This model is a useful method to evaluate the soft tissue response prior to
investigation with an animal model.

Figure 4. Hemidesmosome-like structures (black arrows) formed from 3D OMM and specimens (Ti). P = polished and
M = machined surfaces. (Reproduced with permission from [19]).
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3.2. Analyses of the soft tissue-implant interface

The soft-tissue implant interface can be investigated through histomorphometric and histo‐
logic analyses. Of both, the preparation for latter analysis is very difficult to carry out especially
if the implant is attached to the tissue. The histological studies also allow identification of
specific protein markers expressed by any of the tissue or cells in response to dental implants.
The histological sections can then be analysed under different types of microscopies. Among
the known microscopic analyses for assessing the peri-implant interface are light microscopy
(LM), scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), focus
ion beam (FIB) and transmission electron microscopy (TEM). Similar to SEM, CLSM allows
assessment of peri-implant interface and cell-cell interaction without the need of histological
processing as for light microscopy. With these two, direct visualization of implant-soft tissue
interface is possible with appropriate preparation for each microscopy. The tissue or specimens
can also be fluorescently labelled for the identification of adhesion molecules or cells and
examined under CLSM [43]. While the use of 3D oral mucosal model with implant material
intact may allow direct examination of the connective tissue attachment, the method to prepare
the specimen still remains challenging and technically demanding. More studies in term of
optimization of certain promising technique such as FIB for TEM analysis must be explored
in order to obtain the ultrastructural nature of the implant-soft tissue interface.

4. Factors influencing biological seal of implant-soft tissue interface

The existence and function of biologic width around dental implant are well documented in
animal and human histological studies. Any factors affecting soft tissue reaction around dental
implant might also affect the biologic width, thus the biologic seal of the peri-implant region.
As mentioned earlier in the text, the nature and health of soft tissue surrounding an implant
may be influenced by many factors. The presence of keratinized mucosa surrounding an
implant is thought to influence the dimension of biological seal [54]. Moreover, the attachment
of epithelial and connective tissues may also be influenced by material properties and surface
modifications of implant abutment materials. Within the context of this chapter, how soft tissue
responds to material and surface modification of implant/implant abutment is only discussed
briefly.

4.1. Bulk of materials

Material properties appear to affect the attachment formed by epithelial tissue. Most often,
titanium is the material used for dental implants and abutments, and is therefore the most
extensive and widely studied material. Commercially pure titanium (Grade 2 and Grade 4) is
commonly used in the fabrication of dental implants and implants abutments. Recently,
zirconia is gaining more popular and seems to be a suitable implant material because of its
excellence aesthetics, mechanical properties and biocompatibility. The presence of zirconia in
dentistry is now being embraced, with the manufacturers promoting the esthetic, biomechan‐
ical and biological qualities of the material. Despite the extensive literature in the field of
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osseointegration of zirconia [39, 55], the response of soft tissue towards zirconia is starting to
gain attention from many researchers [9, 11, 40, 41]. In animal experiments, Abrahamsson et
al. [11] showed that an epithelial downgrowth occurred and migrated towards the implant
neck and associated bone loss which was noted around the abutments of gold and gold alloys
fused with dental ceramics, as compared to abutments made of pure titanium and aluminium
oxide (Al2O11) ceramics where peri-implant cuff of about 3.5 mm width was noted to be present.
Kohal et al. [39] also reported a satisfactory soft-tissue formation on both titanium and
zirconium oxide (ZrO2) surfaces, without evidence of perpendicular fibres on the monkey
model. Likewise, another study showed that the soft-tissue dimension at Ti and ZrO2 abut‐
ments remained stable after 5 months of healing, meanwhile at gold/platinum alloys abutment
sites, an apical shift of the barrier epithelium and marginal bone loss occurred [41]. In contrast,
a human clinical study conducted by Vigolo et al. [46] revealed no significant differences
regarding peri-implant bone loss and soft-tissue level when abutments of titanium and gold
alloy were used with cemented single implant crown. Similarly, Linkevicius and Apse [56] in
their systematic review concluded that available data failed to give evidence that titanium
abutments are better at maintaining stable peri-implant tissues as compared to gold, alumi‐
nium oxide and zirconium oxide abutments. The performance of zirconia vs titanium abut‐
ments over long term is yet to be available. Recently, Zembic et al. [57] has published a 5-year
comparison of the clinical performance of both titanium and zirconia abutments, and they
found no statistically and clinically relevant difference between the survival rates, and
technical and biological complication of these two abutment types.

4.2. Surface modifications

Surface modifications of titanium dental implants or implant abutment are performed to
improve the biological, chemical and mechanical properties of implants. Over the years,
specific surface properties such as topography, structure, chemistry, surface charge and
wettability have been investigated to help enhance the soft tissue attachment. Commonly, the
surface modification can be broadly classified into modification of physical properties of the
surface or chemical properties of the surface. In the subsequent paragraphs, the surface
modifications of titanium dental implant/abutment are divided into surface topography and
surface/chemical composition of the material. The surface topography of the implant can be
altered in many ways. However, the methods of surface modifications of dental implant are
not discussed since they are not within the scope of this chapter.

4.2.1. Surface topography

Different materials exhibit different surface energy. The differences in surface free energy may
reflect their wettability characteristics. The higher the hydrophilicity of the material, the better
adhesion of the cells thus enhancing the attachment formed by these cells [58]. Improving the
surface texture with various techniques, thus altering the surface chemistry also enhances the
wettability of certain material. Modification of surface texture will create different surface
topography of dental implant material including abutment materials. Analysis of surface
topography can be obtained from scanning profilometer (Figure 5) or SEM (Figure 6) in which
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the surface details can be visualized three dimensionally. The definition of surface roughness
of dental implant has been proposed by Albrektsson and Wennerberg [59, 60]. This definition
can be used for study of osseointegration or implant-soft tissue interface. Accordingly, the
characterization of surface topography is shown in Table 2. The values of Sa were determined
by optical interferometry using Gaussian filters. There is a need to emphasize that Table 2
shows a summary of several studies cited in this chapter.

Figure 5. A light interferometry micrograph showing the surface topography of the four types of Ti surfaces. (a) Pol‐
ished, (b) machined, (c) sandblasted, and (d) TiUnite. Scale bar: (a) 21.06–0.95 mm, (b) 21.65–2.15 mm, (c) 211.39–6.70
mm, (d) 23.28–4.82 mm. (Reproduced with permission from [52]).

Figure 6. Scanning electron micrographs of the four types of Ti surface topographies.(Reproduced with permission
from [52]).
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the surface details can be visualized three dimensionally. The definition of surface roughness
of dental implant has been proposed by Albrektsson and Wennerberg [59, 60]. This definition
can be used for study of osseointegration or implant-soft tissue interface. Accordingly, the
characterization of surface topography is shown in Table 2. The values of Sa were determined
by optical interferometry using Gaussian filters. There is a need to emphasize that Table 2
shows a summary of several studies cited in this chapter.

Figure 5. A light interferometry micrograph showing the surface topography of the four types of Ti surfaces. (a) Pol‐
ished, (b) machined, (c) sandblasted, and (d) TiUnite. Scale bar: (a) 21.06–0.95 mm, (b) 21.65–2.15 mm, (c) 211.39–6.70
mm, (d) 23.28–4.82 mm. (Reproduced with permission from [52]).

Figure 6. Scanning electron micrographs of the four types of Ti surface topographies.(Reproduced with permission
from [52]).
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Characteristics Roughness
value
(Sa)

Clinical Use Findings (cell behavior or soft tissue response)

Monolayer studiesAnimal studiesHuman studies 3D OMM

Smooth 0.0–0.4 μm Machined
surface,
abutments

Generally, two
types of cell used
(epithelial and
gingival
fibroblast
cells)
No value of
surface roughness
stated
Most studies
compared
polished,
sandblasted and
plasma-sprayed
titanium surfaces
Noted higher
adhesion and
proliferation of
both cells on
polished titanium
surface [34, 35]

Surface
topography
has
no influence
on
soft tissue
attachment
(epithelial and
connective
tissue).
Connective
tissue
fibres were
found
parallel
both at
smooth
(turned)
and at rough
(acid-etched)
abutments
[42].
Conflicting
evidence
found
that
perpendicular
fibres are in
favour of more
porous implant
surface [13]

Surface
compared:
turned,
oxidized and
acid etched
Soft tissue seal
was almost the
same for all
surfaces compared
The length of the
junctional
epithelium
appeared
higher/longer on
smooth titanium
(2.9 mm) than
for rough surfaces
(1.4–1.6 mm),
and in reverse
for the length
of the connective
tissue [49]

Surface
compared:
polished,
machined,
sandblasted
and anodized
No different
found
in term of
contour
of soft tissue
attachment [52,
53].

Minimally
rough 

0.5–1.0 μm Turned implant,
Osseotite™
(dual acid
etched)

Moderately
rough

1.0–2.0 μm Tioblast™ and
Osseospeed™,
sandblasted and
acid etched
(SLA)
, TiUnite™
(anodized)
(most common
implant
topography)

Rough >2.0 μm Plasma-sprayed,
hydroxyapatite-
coated

Table 2. Implant surface roughness.

Surface texture is known to influence epithelial cells and fibroblast attachment, although there
is no complete agreement in the literature on the exact effect. One report found no significant
differences concerning soft tissue reactions between roughed or smoothed surface implant
[13], whereas Cochran et al. [35] found that smooth surfaces were more favourable for
epithelial cell proliferation, as the fibroblasts appear to attach and proliferate better on rough
surfaces. Simion et al. [61] reported that epithelial cells adhered and spread better on metallic
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surfaces than on ceramic surfaces with well-organized focal contacts and pre-hemidesmo‐
somes found on metallic surfaces, but not on porcelain and aluminium oxide.

Brunete and Chehroudi [62] in their review have suggested that the micro-fabricated grooved
surfaces are able to inhibit epithelial downgrowth on implants depending on the dimension
of the grooves in vitro. Similarly, fibroblasts also exhibit contact guidance on grooved surfaces,
although its shape in vitro differs from that found in vivo. Delgado-Ruiz and co-workers [63]
noted that micro-grooved surfaces were able to induce transverse collagen fibre formation,
thus supporting two studies [26, 64]. It is also important to include a study by Nevins et al. [26]
who demonstrated that soft tissue in humans is attached mechanically by perpendicular
collagen fibre bundles on a micro-grooved pulsed laser surface.

4.2.2. Surface composition

Over the years, many strategies have been explored to improve the biological seal of peri-
implant tissue by changing the surface chemistry of dental implants and implant abutments.
The surface chemistry of the materials may be altered by biological modification, or by
changing the chemical composition of the materials. As for biological modifications, methods
of surface modification available include adding or coating with biomimetic/bioactive
substances such as fibronection or intergrin onto the surface with the aim of promoting cellular
adhesion and controlling cell behaviour. Fibronectin is a glycoprotein present on cell surfaces,
found in connective tissues, basement membranes, and extracellular fluids, and is known to
play a role in cell-to-cell and cell-to-substrate adhesion and enhances gingival fibroblast
attachment. It is interesting to note that epithelial cells and fibroblasts have different affinities
for adhesive proteins of the extracellular matrix. Dean et al [65] noted that higher number of
fibroblasts bound to fibronection coated implant surface than epithelial cells, while gingival
epithelial cell binding on implant surface coated with laminin was higher in number than
fibroblasts [66, 67]. Collagen Type 1 was also used to modify surface chemistry as it was found
to improve initial fibroblasts attachment [68].

The chemistry of material surfaces can also be altered by using element such as calcium or
magnesium coating. Hydrothermal treatment of titanium with CaCl2 or MgCl2 was found to
enhance initial attachment of epithelial and fibroblasts cells, and may increase the quality of
the soft tissue seal around dental implant [69]. In addition, surface chemistry of materials may
also inadvertently altered by the presence of impurities, surface contamination and saliva. A
clean surface has a high surface free energy, while a contaminated one has a lower surface
energy.

5. Conclusion

There is some controversy on the possible attachment of connective tissue fibres to implant,
but current studies indicate the presence of a parallel orientation with no insertion of peri-
implant connective tissue fibres. This difference in connective tissue attachment may affect the
peri-implant tissue’s susceptibility to disease. The gold standard for evaluating the connective
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tissue and epithelial attachment is assessing the histological section using various modes of
processing, staining and analyses. The 3D OMM mimicking the oral tissue is a promising
technique to be considered for evaluating the connective tissue attachment, yet the processing
of the tissue/implant block is still similar to the tissue block obtained from animal/human. The
reaction of cells on biomaterials is affected by the surface topography and surface physico-
chemistry of the materials. Various studies have shown that materials and surface modification
of dental implants influence cell behaviour and interaction. Some of documented data were
limited to cell response on the monolayer cell culture model and animal histological studies.
Therefore, it is recommended that randomised controlled clinical trials are to be performed to
determine the effects of dental implant materials and surface modifications on the peri-implant
tissues.
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Abstract

Although titanium implants have the longest traceable record of predictable clinical
performance and by far the widest diffusion in the market, some drawbacks have been
recently pointed out. Titanium is not a completely bioinert material, since it may elicit
allergenic reactions and is capable to diffuse not only within the adjacent tissues, which
is proven by the elevated concentrations found in peri-implant bone and regional lymph
nodes, but also systemically. Ceramic materials for oral application have been used for
40 years. Presently, the material of choice is yttria-stabilized tetragonal zirconia, which
presents excellent mechanical and tribological properties together with biocompatibili‐
ty. Concerns remain about the long-term durability of the material, owing to the report
of in vivo failures that were caused by the low-temperature degradation of zirconia. To
address this issue, research has developed improved oxide-based materials such as
alumina–zirconia composites along with non-oxidic ceramics such as silicon nitride.

The proposed book chapter deals with the above-mentioned improved ceramic materials,
based on both scientific literature and the authors’ direct experience. Particular emphasis
is given to the major achievements attained so far in terms of the biological response
supported by the interface. Original in vitro data regarding alumina-toughened zirconia
(ATZ), zirconia-toughened alumina (ZTA), and silicon nitride (Si3N4) samples with
different surface modifications are shown. Accurate surface characterization was achieved
recurring to scanning electron microscopy, non-contact optical profilometry. Protein
adsorption on the surface was determined. A mouse pre-osteoblastic cell line, that is
MC3T3-E1,  was used to examine cellular adhesion and morphology.  Viability and
proliferation rate of MC3T3-E1 cells were assessed with proper chemiluminescent kits.
Cell differentiation was obtained in terms of calcium deposition within the extracellu‐
lar matrix and quantification of keynote osteogenic markers. Data were analyzed by
GraphPad Prism6. For the first time, the behavior of osteoblasts cultured on ATZ and
ZTA that underwent a patented hydrothermal treatment was reported. Also, two different
surfaces of Si3N4 were compared. MC3T3-E1 cells could properly spread in all  the
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experimental conditions tested. The proliferation rate was consistent with that expect‐
ed for biocompatible materials. Hydrothermally treated ATZ samples and Si3N4 rough
surfaces were capable to enhance the osteogenesis in vitro. The biological responses
induced in MC3T3 cells were correlated with the surface features. Immediately after
seeded, osteoblasts are known to interact with their substrate via integrins that bind to
the proteins adsorbed on the biomaterial surface. The interface effect was discussed in
light  of  the  literature.  The  most  recent  publications  suggest  that  research  aims at
investigating the effects of surface modifications dictating the chemical characteristics
and the  nano-/micro-topography that  are  paramount  modulators  of  the  biological
response.

Keywords: surface roughness, dental implants, ceramic materials, surface modifica‐
tions, interface

1. Introduction

Modern oral implantology has been based on titanium since the research line originated by
Brånemark’s first discovery and subsequent experiments [1]. Titanium implants have the
longest traceable record of predictable clinical performance with a cumulative success rate of
98.8% for 15 years [2]. High biocompatibility, favorable tissue response and adequate strength
and corrosion resistance rendered titanium implants widely diffused in the market. The
number of dental implant brands grew from 45 systems in 1988 [3] to 600 systems produced
by 146 manufacturers in 2008 [4]. Currently, worldwide, there are more than 350 dental implant
manufacturers producing an estimate of 1600 different systems, 98% of which are titanium
implants. Titanium, however, is no longer considered a completely bioinert material, instead
it might be an allergen as reported by several studies [5–8]. Elevated titanium concentrations
have been found in the vicinity of oral implants [8], in regional lymph nodes [9], serum and
urine [10], which is potentially hazardous to human body. Besides these issues, some dental
patients are metal-phobic and demand to be treated solely with metal-free dental implants [11].

Only recently, truly viable alternative materials were proposed to titanium, although the first
ceramics for oral applications dated back to the 1970s. Historically, indeed, high-density, high-
purity aluminum oxide (alumina) was chosen for dental implant manufacturing, as it com‐
bined excellent corrosion resistance, good bio-compatibility, high wear resistance, and high
strength. Despite these promising features, the material was brittle and prone to fracture under
unfavorable load. Thus, the positive preclinical and clinical outcomes of the first studies could
not prevent alumina implant systems to be withdrawn from the market [12]. Research and
manufacturing technology have greatly improved the offer of bio-ceramics, thanks to the
introduction of yttria-partially stabilized tetragonal zirconia polycrystals (Y-TZP), whilst a
possible future use of alumina zirconia composites and silicon nitride–titanium nitride
composites may further expand the offer of reliable devices on the market. Three distinct
sections of the present chapter are dedicated to each of these materials. Specifically, the
literature regarding zirconia was thoroughly revised in Section 2, whilst some novel data of
our group are exposed and discussed in light of and along with previous work as for alumina
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zirconia composites (Section 3) and silicon nitride–titanium nitride non-oxidic ceramics
(Section 4).

2. Yttria-partially stabilized tetragonal zirconia polycrystals (Y-TZP)

2.1. Material features

Zirconia (ZrO2) is a crystalline dioxide of zirconium: as thoroughly reviewed elsewhere [12],
unalloyed zirconia can assume three crystallographic forms depending on the temperature, at
ambient pressure. At room temperature and upon heating up to 1170°C, the symmetry is
monoclinic (P21/c). The structure becomes tetragonal (P42/nmc) between 1170 and 2370°C and
cubic (Fm3m) above 2370°C and up to the melting point [13]. Upon cooling at ~950°C, during
the transformation from the tetragonal (t) phase to the monoclinic (m) phase, a substantial
increase in volume (~4.5%) occurs, which is sufficient to lead to catastrophic failure. By alloying
pure zirconia with stabilizers such as calcium oxide (CaO), magnesium oxide (MgO), yttrium
oxide (Y2O3), or cerium oxide (CeO2), the tetragonal structure is maintained, even at room
temperature, and the stress-induced t → m transformation is controlled, efficiently arresting
crack propagation [14, 15]. Indeed, when a crack develops, tetragonal grains convert imme‐
diately to monoclinic form. The propagation of the crack develops sufficient stress within the
tetragonal structure to transform also the grains around the crack to stable monoclinic form.
Thus, the expansion volume of zirconium dioxide crystals produces compressive stress around
the crack and prevents further propagation of crack [16–18]. This mechanism is known as
transformation toughening and is influenced by temperature, vapor, particle size, micro- and
macrostructure, and concentration of stabilizing oxides [19].

Yttria-stabilized zirconia (Y-TZP) [20] is endowed with excellent mechanical, and tribological
properties together with biocompatibility and rightly represent a good choice for preparing
dental implants. As yttria decreases the driving force of the t-m transformation [21, 22],
biomedical grade zirconia are usually stabilized with 3 mol% yttria (Y2O3) (hence 3Y-TZP) [16].
The salient mechanical properties of Y-TZP are reported in Table 1, but it is noteworthy that
the Weibull modulus is strongly dependent on the type of surface finish and the processing
conditions [23].

Notwithstanding the excellent mechanical properties of Y-TZP [19, 24], recent reports of in
vivo failures [25–27] have questioned the long-term stability of the material. The low-temper‐
ature degradation (LTD) of zirconia [22, 28–31], also known as aging process, plays here a
fundamental role. Involving the t→m transformation, LTD can be favored, even at room
temperature, by the penetration of water radicals into zirconia lattice, thus leading to the
formation of tensile stresses in zirconia surfaces. The activation barrier for the transformation
is lowered, and the phase transition is promoted. The main consequences of this aging process
include surface degradation with grain pullout, microcracking, and strength degradation. As
reported by Cattani-Lorente et al. [32] also, Young’s modulus and hardness of Y-TZP bars were
reduced by 30%, when they were subjected to hydrothermal cycling. The increase of mono‐
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clinic–tetragonal phase ratio was associated with microcracking and resulted responsible for
the decline in mechanical parameters [32].

To control the aging phenomenon, several factors can be taken into account: from the obvious
use of stabilizers to the modulation of residual stress [33]. Likewise, adjusting crystal size and
removing impurities during manufacturing was proposed with the same anti-aging scope [34].
Interestingly, surface finishing could affect the aging kinetics of 3Y-TZP, according to Deville
et al. [35]. More precisely, rough polishing produced a compressive surface stress layer
beneficial for the aging resistance, whilst smooth polishing lead preferential transformation
nucleation around scratches, due to elastic/plastic damage tensile residual stresses.

In an extensive review of his, Jerome Chevalier concluded that “although in the 1990s, 3Y-TZP
ceramics were considered very promising materials for biomedical applications, long-term
follow-up is needed to address the critical problem of aging in vivo. Moreover, most zirconia
implants were processed at a time when aging was not yet fully understood. Methods to assess
a priori the aging sensitivity of a given zirconia ceramic have been developed and should lead
to safer implants. In the meantime, new zirconia or zirconia-based materials that overcome the
major drawback of the standard 3Y-TZP are now available” [22].

2.2. Manufacturing methods

Hot isostatic press (HIP) is the most common method used for preparing zirconia dental
implant. By subjecting encapsulated powder, or sintered yet porous parts, to inert gas at
isostatic pressure at a high temperature, HIPing is deemed an excellent method to obtain high-
density homogenous products [36]. HIPing enables the application of an equally distributed
pressure in all directions resulting in greater material uniformity and higher strength [2].
HIPing of Y-TZP enhances the strength, eliminates fracture sources such as pores, and reduces
the aging phenomenon [37]. The preparation entails many steps as summarized in Figure 1.
Briefly, Y-TZP blocks are presintered at temperatures below 1500°C to reach a density of at
least 95% of the theoretical density. Hot isostatic pressing (HIP) is applied to the blocks at
temperatures between 1400 and 1500°C under high pressure. A HIP cycle after sintering is
recommended to achieve a full density close to the theoretical values (d = 6.1 g/cm3 = 100%
dense). Since HIPing changes the color of Y-TZP into dark-grey, a heat treatment in air is
usually performed to restore the material whiteness by oxidation, prior to be machined using
a specially designed milling system. Because of the high hardness of fully sintered Y-TZP, the
milling system is to be particularly robust [38–40].

Figure 1. Manufacturing process for Y-ZPT.

The relatively recent and yet pervasive introduction of computer-aided design/computer-
aided manufacturing (CAD/CAM) technology has provided dentistry with an alternative to
HIPing [42]. Usually, dental CAD/CAM systems recur to partly sintered yttria-stabilized
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tetragonal zirconia polycrystal (Y-TZP) blanks. The use of this partly sintered state of the Y-
TZP ceramic renders the milling process faster and reduces the tools wear, compared to
systems employing densely sintered blanks (HIP process). Of course, the final sintering
shrinkage must be taken into account during the CAD phase by enlarging the shapes before
milling, whilst this compensation is not necessary with the HIPed Y-TZP blanks that are
directly ground to the desired dimensions [5]. The salient mechanical properties of Y-TZP
subjected to the two manufacturing work-flow described above are compared in the following
[43] table (Table 1), along with pressed and sintered polycrystalline α-alumina.

HIPed Y-TZP Pressure-less
sintered Y-TZP

Pressed and sintered
polycrystalline α-alumina

Density (g/cm3) 6.1 6 4

Microhardness (Vickers) 1000–1300 1000–1200 2300

Young’s modulus (GPa) 200 200 420

Bending strength (MPa) 1200 800 500

Toughness KIC (MPa m1/2) 9–10 9–10 4

Table 1. Values refer to Duraccio et al. [12].

2.3. Biological properties

In vitro experiments on different cell lines, in vivo studies on animals and clinical studies on
humans supported the safety and the high level of biocompatibility of zirconia. In a prelimi‐
nary in vitro investigation [44], one-piece zirconia implants were proven to possibly fulfill the
biomechanical requirements for anterior teeth restoration. In addition, the mean fracture
strength of zirconia implants was investigated after chewing simulation and it was found to
be within the limits of clinical acceptance. However, the preparation of a one-piece zirconia
implant prior to prosthetic finalization may significantly compromise fracture strength.
Therefore, long-term clinical data were deemed necessary before one-piece zirconia implants
could be recommended for clinical practice [45]. For the same reason, two-piece zirconia
implants were considered clinically inadequate due to the increased risk of fracture at the
implant head level [46].

Evidence from in vitro studies on osteoblasts supported the possible favorable response of
zirconia ceramics in vivo [47, 48]. When implanted in bone or soft tissues, these materials could
elicit no inflammatory reactions, nor fibrous encapsulation, according to Hisbergues et al. [41].
Interestingly, Scarano et al. [49] reported the osseointegration of unloaded zirconia implants
inserted in rabbit bones without any signs of inflammation or mobility. The possible role of
surface roughness was investigated by comparing the removal torque of machined zirconia
implants to roughened ones [50]. Notably, the roughened implants performed better than the
smooth ones and behaved similarly to the oxidized titanium implants used as control. Loaded
zirconia implants were studied and compared to titanium implants by Kohal and co-workers
[51], who could find no significant difference in the osseointegration level between the two
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groups. Akagwa et al. [52] reported a similar bone to implant interlock in loaded and unloaded
zirconia implants, but a crestal bone loss higher around the former group. In favor of the clinical
use of Zirconia, it must be cited its maintenance of bending strength of over 700 MPa after
immersion in 95°C saline solution for over 3 years [53]. Furthermore, zirconia blanks did not
show any significant mechanical detriment even after being embedded in the medullary cavity
of the tibia of rabbits for 30 months.

Scarce are the clinical studies dedicated to the long-term performance of zirconia implants.
The short follow-up period and the often small sample size hinder their quality of evidence,
so that Andreiotelli and coauthors [29] could only include three retrospective cohort studies
on one-piece zirconia dental implants in their systematic review, reaching in total 231 patients
and 416 implants. The studies by Mellinghoff et al. [54] and Oliva et al. [55] investigated,
respectively, 189 and 100 zirconia implants and estimated 1-year survival rates of 93 and 98%.
Almost all of the failures occurred during the healing phase, as only one implant failed after
prosthetic reconstruction due to fracture. Lambrich and Iglhaut [56] observed 127 zirconia and
234 titanium implants for a mean period of 21.4 months. Notably, in this study, the survival
rate of zirconia implants was similar to that of titanium in the mandible (Y-TZP = 98.4% vs. Ti
= 97.2%), whilst differed considerably in the maxilla (Ti = 98.4% vs. Y-TZP = 84.4%). Again, all
failures occurred during the healing phase owing to increased implant mobility. These findings
are consistent with the paper by Depprich et al. [57], where the survival rate of zirconia
implants obtained from 17 clinical studies was between 74 and 98% after 12–56 months. Payer
et al. [58] followed up for 2 years 19 immediately loaded zirconia implants, reporting a 95%
survival rate, as determined clinically and radiographically. These results are in accordance
with Oliva et al. [59] who determined the same survival rate at 5 years in 371 patients who
received 831 one-piece zirconia implants. Kohal et al. [60] found that immediately restored
one-piece zirconia implants have 1-year cumulative survival rate comparable to titanium
counterparts. In conclusion, the clinical data currently available for Y-TZP implants may not
be sufficient to recommend their routine clinical use. Zirconia, however, may have the potential
to be a successful implant material, although this is as yet not fully supported by present
investigations and further good-quality research is needed.

3. Zirconia-toughened alumina (ZTA) and alumina-toughened zirconia
(AZT)

3.1. Background

The demand of structural ceramics has led to an increased interest in Alumina–Zirconia
composites for biomedical [21, 61] and dental implant application [62, 63]. Two composite
materials can be prepared: ZrO2 reinforced with alumina particles, which is denominated
alumina toughened zirconia (ATZ), and Al2O3 reinforced with zirconia particles, which is
known as zirconia-toughened alumina (ZTA). Thus, higher fracture values can be reached if
compared with the monophase ceramics [64] (Table 2).
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composites for biomedical [21, 61] and dental implant application [62, 63]. Two composite
materials can be prepared: ZrO2 reinforced with alumina particles, which is denominated
alumina toughened zirconia (ATZ), and Al2O3 reinforced with zirconia particles, which is
known as zirconia-toughened alumina (ZTA). Thus, higher fracture values can be reached if
compared with the monophase ceramics [64] (Table 2).
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ATZ ZTA

Hardness (GPa) 15.3 ± 0.9 21.3 ± 1.5

Young’s modulus (GPa) 245 ± 9 363 ± 5

Bending strength (MPa) 633 ± 127 441 ± 24

Toughness KIC (MPa m1/2) 7.1 ± 0.1 3.9 ± 0.05

Table 2. Physical and mechanical properties of ATZ and ZTA data are extracted from Faga et al. [85].

These composites benefit from combining the characteristics of Alumina, namely the high
hardness and stiffness, with the superior strength and toughness of Zirconia, which improves
remarkably the resistance to crack growth [65]. In addition, alumina increases the hydrother‐
mal stability of tetragonal Zirconia phase [65, 66], owing mainly to the formation of a stiff
matrix capable to keep the Zirconia particles in a metastable tetragonal state [67], thus acting
as mechanical stabilizer. The only commercially used ATZ oral implant was tested both
statically and dynamically for its fracture resistance in different simulated oral conditions with
satisfying results [68].

The main features of the aforementioned implant are reported in the following table (Table 3).

ATZ

Density (g/cm3) 5.5

Average grain size (μm) <0.5

Microhardness (Vickers) 1000–1200

Young’s modulus (GPa) 220

Bending strength (MPa) 2000

Toughness KIC (MPa m1/2) 8

Table 3. Physical and mechanical properties of ATZ values refer to Spies et al. (2015) – [68]

Very recently, a complete powder injection molding process was developed to fabricate
cylindrical ZTA parts recurring to a binder system made of high-density polyethylene, paraffin
wax, and stearic acid. The effects of sintering temperature on shrinkage, relative density, and
hardness of the sintered part were taken into account and proved the technology suitable for
the production of ZTA parts with sufficient mechanical properties [69]. However, ATZ and
ZTA are usually produced through the classic workflows described above for Y-TZP (see
Section 2.2).

The favorable mechanical features and the biological safety of different ZTA and ATZ
composites have been the object of several studies in the last years [64, 70–78]. Whilst ATZ
materials show increased mechanical stability [79] and improved aging resistance versus Y-
TZP, still they exhibit a certain degree of aging [79]. ZTA materials display much better aging
resistance than both monolithic Y-TZP and ATZ [21, 79, 80]. In a recent work by our research
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group, both ATZ and ZTA were functionalized with two laminins as a preliminary investiga‐
tion for improving soft tissue healing around implants. The simple adsorption of these two
different isoforms was sufficient to induce some of the most important cell kinases in the
epithelial cells grown on the surface of the two Alumina–Zirconia composites, supporting the
possible advantages of these materials in dental implantology [81]. On this basis, we further
studied the behavior of ATZ dental implants treated with a patented hydrothermal process,
comparing them to a clinical use titanium surface in a minipig model. Bone healing was
assessed through histology and mRNA expression at different time points (8, 14, 28, and 56
days). The most interesting outcome was a statistically significant higher percentage of newly
formed bone along ATZ implants, at 56 days, suggesting that the tested material proved to be
a promising candidate among the possible ceramic dental implants [82]. Interestingly, by
comparing the bone-to-implant contact of moderately roughened ATZ implants (Sa = 1.51 μm)
to an anodized titanium standard (Sa = 1.31 μm) in Sprague–Dawley rats, Kohal et al. [83]
found that titanium greatly (58%/75%) outperformed the ceramic implant (24%/41%) after a
healing period of 14 and 28 days. In addition, at the same time points, the mechanical interlock
measured as push-in values increased from 20 to 39 N for titanium and from 10 to 25 N for
ATZ. Although the moderately roughened ATZ implants were well accepted in rat bone, their
osseointegration process seemed to proceed more slowly than that of anodized titanium.

However, the concerns raised in light of the in vivo data reported by Kohal et al. [51] seemed
not to be completely consistent with the promising outcomes of the clinical study conducted
by the same research group. Indeed, the cumulative survival rate (94.2%) of one-piece ATZ
implants immediately restored with partial fixed prostheses was comparable to that of the
loaded titanium implants, in a human clinical trial involving 40 patients after 3 years of
observation. In addition to the marginal bone loss (0.79 mm), several soft tissue parameters
and patient-reported outcome measures were evaluated suggesting the potential of ATZ for
clinical utilization [84]. Notwithstanding the clinical use, little information is still available
about the ideal surface treatment that a ceramic dental implant should receive. To better
understand whether roughness or hydroxyapatite precipitation capability were more likely to
be efficient in terms of surface modifications, we designed a simple in vitro pilot study.

3.2. Material and methods

3.2.1. Sample preparation

Two high purity, ready-to-press powders were used to produce the ATZ (ZrO2-20 wt% Al2O3,
TZ-3Y20AB, Tosoh, Japan) and ZTA (Al2O3-16 wt% ZrO2, Taimicron, Taimei, Japan) samples.
As reported elsewhere [85], specimens were prepared through linear pressuring at 80 MPa
followed by cold isostatic pressing at 200 MPa. The process parameters for sintering were as
follows: heating up to 700°C at a rate of 50°C/h, followed by a 2-h dwell; heating up to 1500°C
at a rate of 100°C/h, followed by a 2-h dwell. The resulting fully dense materials were 12-mm
disks with thickness ranging between 4 and 5 mm.

As reported in the diagram below, both ATZ and ZTA discs were either mirror polished with
diamond suspension in ethanol with decreasing granulometry to the final surface roughness
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of <1 micron. Also as-fired samples were used to evaluate the influence of the surface rough‐
ness on the biological response. Subsequently, the samples were either bioactivated with
phosphoric acid under hydrothermal conditions (patent numbers: TO2012A000029 and PCT/
IB2013/050425) or left untreated (Figure 2).

Figure 2. Schematic representation of samples treatments.

3.2.2. Surface characterization

Microstructure was studied by means of a scanning electron microscope Zeiss EVO 50 with
energy dispersion spectroscopy analyzer for elemental composition detection. Surface
roughness was measured with a non-contact profilometer, Talysurf CCI 3000A. The tests were
performed in an air-conditioned laboratory, where temperature is kept at 20°C, on a repre‐
sentative surface of 90 μm2. To quantify the amount of protein adsorbed, fetal bovine serum
(FBS) was diluted in phosphate-buffered saline (PBS) at a concentration of 2% and was used
to incubate the samples at 37°C for 30 min. After two wash in PBS, the adsorbed protein was
eluted from the disks using Tris Triton buffer (10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 10% Glycerol, and 0.1% SDS) for 10 min. Finally, the total protein
amount was quantified using Pierce™ BCA Protein Assay Kit (Life Technologies, Milan, Italy)
following the manufacturer’s instructions.

3.2.3. Biological response

Pre-osteoblastic murine cells MC3T3-E1 (ECACC, Salisbury, UK) were used to characterize
the biological response in vitro. Cells were maintained in alpha MEM supplemented with 10%
FBS (Life Technologies, Milan, Italy), 100 U/ml penicillin, 100 mg/ml streptomycin, under a
humidified atmosphere of 5% CO2 in air, at 37°C. To prevent contact inhibition, cells were
always passaged at subconfluency. When required, to differentiate MC3T3 cells, the culture
medium was supplemented with 10 mM ß-glycerophosphate and 50 ug/ml ascorbic acid.

To examine cell morphology, MC3T3 cells were seeded at a concentration of 5000 cells/well in
a 24-well plate. After 1 day, cells were fixed in 4% paraphormaldheyde in PBS. Rodamine–
Phalloidin and Dapi (Life Technologies, Milan, Italy) were, respectively, used to stain cytos‐
keleton and cell nuclei, thus evaluating cell adhesion and morphology.
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Alkaline phosphatase activity was quantified using the Alkaline Phosphatase Assay Kit
(Abcam, Cambridge, UK). Following the manufacturer’s instruction, the OD was measured at
a wavelength of 405 nm. The calcium deposed within the extracellular matrix was quantified
colorimetrically through the Calcium Assay Kit (Cayman Chemical, Michigan, USA). Absorb‐
ance of the lysates was measured at 570 nm.

Data were analyzed recurring to GraphPad Prism6 (GraphPad Software, Inc., La Jolla, CA,
USA). Each experiment was repeated at least three times. Statistical analysis was performed
using the Student t-test. A p value of <0.05 was considered significant.

3.3. Results and discussion

The success of dental implants is directly related to the bone implant interlock, which can be
experimentally evaluated in animal living bone, by histomorphometry and/or biomechanical
testing [50]. A moderately rough surface topography is known to positively affect the interfa‐
cial tissue reaction [86]. Surface modification of zirconia and its composites is, however,
challenging. Among the roughening techniques used to attain proper bone–implant interfaces,
it is convenient to remember the apposition of sintering particles, nano-technology, sandblast‐
ing and acid etching, and laser technology [50, 87–90]. In recent animal studies, in vivo evidence
was found that alumina-toughened-zirconia is a suitable candidate for dental implantology
[82], which was further supported by very recent clinical data at the University of Freiburg [84,
91]. Following Dohan Ehrenfest’s classification [92], surface roughness was moderate (Sa = 1.51
μm) in case of Ziraldent implants or very high (Sa = 5.4 μm) for our research group. Here, the
microstructure of ATZ and ZTA was determined by SEM (Figure 3).

The materials show an almost defect-free surface, with a homogeneous distribution of both
zirconia and alumina. Submicrometric grains are present in both composites, the darkest
representing alumina phase. It is noteworthy that similar dimensions can be observed for
alumina and zirconia grains only in ATZ material, whilst ZrO2 growth is inhibited by the
predominant alumina content in ZTA composite.

Figure 3. Scanning electron micrographs of ATZ (A) and ZTA (B).

Surface roughness was measured via profilometry (Table 4). As it can clearly be seen, polished
and as-fired samples were, respectively, endowed with a very smooth and a highly rough
surface, according to the expected values.

Dental Implantology and Biomaterial72



Alkaline phosphatase activity was quantified using the Alkaline Phosphatase Assay Kit
(Abcam, Cambridge, UK). Following the manufacturer’s instruction, the OD was measured at
a wavelength of 405 nm. The calcium deposed within the extracellular matrix was quantified
colorimetrically through the Calcium Assay Kit (Cayman Chemical, Michigan, USA). Absorb‐
ance of the lysates was measured at 570 nm.

Data were analyzed recurring to GraphPad Prism6 (GraphPad Software, Inc., La Jolla, CA,
USA). Each experiment was repeated at least three times. Statistical analysis was performed
using the Student t-test. A p value of <0.05 was considered significant.

3.3. Results and discussion

The success of dental implants is directly related to the bone implant interlock, which can be
experimentally evaluated in animal living bone, by histomorphometry and/or biomechanical
testing [50]. A moderately rough surface topography is known to positively affect the interfa‐
cial tissue reaction [86]. Surface modification of zirconia and its composites is, however,
challenging. Among the roughening techniques used to attain proper bone–implant interfaces,
it is convenient to remember the apposition of sintering particles, nano-technology, sandblast‐
ing and acid etching, and laser technology [50, 87–90]. In recent animal studies, in vivo evidence
was found that alumina-toughened-zirconia is a suitable candidate for dental implantology
[82], which was further supported by very recent clinical data at the University of Freiburg [84,
91]. Following Dohan Ehrenfest’s classification [92], surface roughness was moderate (Sa = 1.51
μm) in case of Ziraldent implants or very high (Sa = 5.4 μm) for our research group. Here, the
microstructure of ATZ and ZTA was determined by SEM (Figure 3).

The materials show an almost defect-free surface, with a homogeneous distribution of both
zirconia and alumina. Submicrometric grains are present in both composites, the darkest
representing alumina phase. It is noteworthy that similar dimensions can be observed for
alumina and zirconia grains only in ATZ material, whilst ZrO2 growth is inhibited by the
predominant alumina content in ZTA composite.

Figure 3. Scanning electron micrographs of ATZ (A) and ZTA (B).

Surface roughness was measured via profilometry (Table 4). As it can clearly be seen, polished
and as-fired samples were, respectively, endowed with a very smooth and a highly rough
surface, according to the expected values.

Dental Implantology and Biomaterial72

ATZ ZTA

Mirror polished As fired Mirror polished As fired

Sa (μm) 0.043990 0.376492 0.051174 0.485283

SD 0.003604 0.018970 0.005554 0.079454

Table 4. Surface roughness measured via profilometry.

Interestingly, from Figure 4, it can be inferred that the only condition capable to affect
significantly the protein adsorption was surface roughness. No statistically significant
difference was found among materials (ATZ vs. ZTA) or chemical treatment (hydrothermal
cycle present + vs. absent -), although a trend in facilitating protein adsorption could be noted
in roughened-treated surfaces.

Figure 4. Quantification of adsorbed bovine serum albumin (BSA) by samples, as measured trough BCA assay (see
Methods). The rough surfaces significantly increase the amount of adsorbed proteins.

The same trend described for protein adsorption was observed in the other cell-based assays
whether they were focusing on the early cell response as in the focal adhesion density
(Figure 5), or they were dealing with intermediate and late stages of osteogenic differentiation
in vitro such as alkaline phosphatase activity (Figure 6A) and calcium deposition within the
extracellular matrix (Figure 6B).
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Figure 5. Morphology of MC3T3 cells seeded on different surfaces and stained with phalloidin–rhodamine and DAPI
to visualize, respectively, the cytoskeleton and nucleus (see Methods). (A) Quantification of focal adhesion density
measured by normalizing the number of focal adhesions on cell area (see Methods). (B) The rough surfaces significant‐
ly increase the density of focal adhesion.

Figure 6. Colorimetric quantification of ALP activity (A) and calcium deposition (B) (see Methods). The rough surfaces
significantly increase the level of either ALP activity (A) and calcium deposition (B).

Although surface chemistry is known to play a role in cueing the biological systems [81], the
present experimental data showed that roughened surfaces were more efficient in inducing
an osteogenic response in vitro independently of the application of the chemical treatment. In
other terms, roughness per se seemed to overpower the effect of the chemical treatment which
was deemed bioactive on the ground of the Kokubo tests previously performed (i.e., the
capacity to induce hydroxyapatite precipitation) [85]. Within the obvious limits of this
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experimental setting, our results support the importance of roughening modifications over the
chemical treatment.

4. Silicon nitride–titanium nitride

4.1. Background

Silicon nitride (Si3N4) is a high-strength and tough ceramic used as a viable implant material
[93–95]. Since the first clinical trial in 1986 [96], over two decades have passed before the
introduction of Si3N4 to the biomedical market of the US and EU. Since 2008, it has been used
as a fusion cage for arthrodesis of the cervical and thoracolumbar spine [97], with few adverse
reported events [98]. Silicon nitride has been shown to possess favorable cell interaction
characteristics [94, 95, 99–104], along with bacteriostatic properties [105, 106]. Also, porous or
unpolished Si3N4 osseointegrates with adjacent bone [104, 105, 107–109].

Silicon nitride derives its strength and toughness through its microstructure, which is com‐
posed of asymmetric needle-like interlocking grains surrounded by a thin (<2 nm) refractory
grain-boundary glass [110]. Unlike other ceramics, no phase transformation is involved. Thus,
similar to alumina, Si3N4 exists as an irreversibly stable phase at room temperature, but an
advancing crack must navigate a high energy path through the ceramic, and bridging grains
within the crack wake restrict its continued propagation [111–113].

Industrial standards have been adopted for Si3N4 composition, processing, and properties
[114, 115]. However, sintered Si3N4 is usually machined by hard grinding with diamond tools
and the high hardness of Si3N4 makes the production of complex shapes through conventional
mechanical machining difficult and expensive. To address this issue, electrically conductive
reinforcements, such as TiN, TiC, TiB2, ZrB2, were added to the Si3N4 matrix, generating
composites suitable to be wrought by electrical discharge machining (EDM) [116]. The EDM
has been introduced with encouraging results, achieving complex shapes from dense electro‐
conductive bulks with high densification [94]. Accurate semi-finished Si3N4–TiN surfaces may
be either used as they are, or further finished through diamond polishing [116]. Some pre‐
liminary data comparing in vitro the osteogenic behavior of two different surface modifica‐
tions of a silicon nitride–titanium nitride (Si3N4–TiN) composite are here presented. The two
surfaces were, respectively, the very product of the EDM process (henceforth Si3N4–TiN_A)
and the result of partial polishing with diamond suspensions (henceforth called Si3N4–TiN_B).
For material and methods please refer to Sections 3.2.2 and 3.2.3.

4.2. Results and discussion

A detail of the two silicon nitride–titanium nitride surfaces is reported in Figure 7.
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Figure 7. Surface electron micrographs of Si3N4–TiN_A (A) and Si3N4–TiN_B (B) at 10.000 magnifications.

Si3N4–TiN_A showed an interesting coalesced structure derived from the melting generated
during the manufacturing process, whilst, in Si3N4–TiN_B the microstructure of silicon nitride–
titanium nitride is clearly appreciable along with the remnants of the peaks after polishing.
The tridimensional analysis of Si3N4–TiN_A and Si3N4–TiN_B is graphically depicted in
Figure 8, whilst Sa values were, respectively, 2.92 ± 0.07 and 0.88 ± 0.06 μm. Thus, Si3N4–TiN_A
resulted rougher than Si3N4–TiN_B.

Figure 8. Tridimensional graphical representation of Si3N4–TiN_A (A) and Si3N4–TiN_B (B).

MC3T3 cells grew well on both samples. Notably, fluorescent images of adherent cells at 24 h
(Figure 9A) clearly show that Si3N4–TiN_A induced a more complex morphology with more
tapered shape cells than Si3N4–TiN S, as expected for rougher surfaces. Consistently, a higher
density of focal adhesions was quantified on the Si3N4–TiN R surface [117] (Figure 9B).
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Figure 9. Morphology of MC3T3 cells seeded on Si3N4–TiN_A and Si3N4–TiN_B and stained with phalloidin–rhoda‐
mine and DAPI to visualize, respectively, the cytoskeleton and nucleus (see Methods). MC3T3 cells seeded on Si3N4–
TiN_B display a more complex shape with a lower spreading level than Si3N4–TiN_A (A). Quantification of focal adhe‐
sion density measured by normalizing the number of focal adhesions on cell area (see Methods) (B). Si3N4–TiN_B sig‐
nificantly increase the density of focal adhesion.

The osteogenic differentiation was evaluated based on the alkaline phosphatase activity as
well as the deposition of bone matrix on the specimens. A statistically significant difference
between Si3N4–TiN_A and Si3N4–TiN_B was determined in favor the former, when ALP
activity was determined (Figure 10A).

Figure 10. Colorimetric quantification of ALP activity (A) and calcium deposition (B) (see Methods). Si3N4–TiN_B sur‐
face significantly increase the level of either ALP activity (A) and calcium deposition (B).
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The rougher surface promoted a greater osteogenic response than the smooth surface in terms
of calcium deposition (Figure 10B).

The biological responses induced in MC3T3 cells, a widely diffused osteoblast model, were
correlated with the surface roughness, even in this case. The effect of roughness on osteoblast
adhesion has been mainly attributed to an increased surface-to-volume ratio that may provide
more sites for cell attachment [118]. Consistently, the rougher surface tested (Si3N4–TiN_A)
could promote better cell viability, higher density of focal adhesions and more pronounced
calcium deposition than the smoother one (Si3N4–TiN_B). Taken together, these data confirmed
the biocompatibility of silicon nitride–titanium nitride composites in accordance with the
literature, which has indeed so far explored preferably the pristine Si3N4 material [93, 94, 99,
119]. The possible application of surfaces directly obtained by EDM to Si3N4–TiN is therefore
noteworthy. Further research should be oriented at investigating the in vivo effects of such
surface finishing, as well as the importance of the texture in the pattern recognition operated
by cells.

5. Concluding remarks

As stated in previous sections, even though titanium and titanium alloys are the material of
choice for dental implants, they are not without drawbacks. Among the possible issues, for
instance, the hypersensitivity in allergic patients and some aesthetic concerns deserve atten‐
tion. To address these problems, ceramics have been introduced to the market in the last
decades. Y-TZP was first proposed owing to its biocompatibility, white root-like color and low
plaque affinity. More recently, oxidic composites containing variable amounts of zirconium
oxide such as zirconia-toughened alumina (ZTA) and especially alumina-toughened zirconia
(AZT) were recently considered an improved alternative to Y-TZP. These implants seem very
suitable to replace the anterior teeth to avoid the formation of dark shimmer in the presence
of thin gingival biotype. However, one-piece ceramic implants may be more difficult to place
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Abstract

Titanium is the gold standard material to produce dental implants from more than 30
years, showing high success rate in different clinical scenarios. Zirconia implants were
recently introduced to overwhelm some aesthetic and biological problems that can arise
from titanium. Preclinical studies show that, from a mechanical point of view, zirconia
may be a suitable substitute for titanium in implant fabrication. Three-dimensional finite
element analysis (FEA) models found no difference between titanium and titanium-
zirconium  alloy  implants,  neither  for  early  nor  conventional  functional  loading.
Nevertheless, zirconia presents the same osseoconductive properties of the titanium,
even if the few clinical studies show survival and success rates slightly inferior for
zirconia implants comparing to titanium ones, and long-term follow-ups are missing.
For these reasons, the majority of authors agree to be cautious for proposing zirconia
implants as widespread substitute of titanium implants.

Keywords: dental implants, one-piece implant, zirconia, zirconia implant

1. Introduction

Commercially pure (CP) titanium is the gold standard material used to produce dental implants
over more than 30 years [1], showing a high success rate in different clinical scenarios [2–4].

Nevertheless, titanium implants may present some esthetic issues: the gray color of titanium
implant may be visible in the presence of thin peri-implant tissue, leading to esthetic concern,
especially in the anterior area [5]. This aspect can get dramatically worse In case of peri-implant
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mucosa recedes over time. The availability of a “white” implant may be crucial in those clinical
cases in which esthetic result is mandatory.

Furthermore, titanium particles due to wear and corrosion products may be released in tissues
close to implants, and they were found in regional lymph nodes [6]. In some cases, this may
lead to host reaction or sensitization [7]. Some cases of allergic reaction to titanium are
documented, even if rare [8, 9]. So, using some nonmetallic material as an alternative to the
titanium implant may be useful and, in some cases, critical. Last but not least, always more
patients request completely metal-free prosthetic reconstructions.

Ceramic implants were introduced to overwhelm some esthetic and biological problems that
can arise from titanium. The first ceramic dental implant was made from alumina (i.e.,
aluminum oxide, Al2O3) between 1960s and 1970s, and that was the only ceramic material used
until recently. However, alumina presented some biomechanical problems (like low fracture
toughness), and it was then completely abandoned and replaced with zirconia that is nowa‐
days the only alternative ceramic material to titanium for dental implants (Figure 1) [5].

The aim of this chapter is to review the existing literature regarding zirconia dental implants,
highlighting the strong points and stressing the so far unclear aspects.

Figure 1. A one-piece zirconia implant (courtesy of Prof. Andrea Enrico Borgonovo, University of Milan).

2. Zirconia

2.1. Mechanical aspects

Zirconia (zirconium dioxide, ZrO2) is a white crystalline oxide of zirconium. It is polymorphic
in nature, transforming its crystalline reticule from monoclinic (at room temperature) to

Dental Implantology and Biomaterial92



mucosa recedes over time. The availability of a “white” implant may be crucial in those clinical
cases in which esthetic result is mandatory.

Furthermore, titanium particles due to wear and corrosion products may be released in tissues
close to implants, and they were found in regional lymph nodes [6]. In some cases, this may
lead to host reaction or sensitization [7]. Some cases of allergic reaction to titanium are
documented, even if rare [8, 9]. So, using some nonmetallic material as an alternative to the
titanium implant may be useful and, in some cases, critical. Last but not least, always more
patients request completely metal-free prosthetic reconstructions.

Ceramic implants were introduced to overwhelm some esthetic and biological problems that
can arise from titanium. The first ceramic dental implant was made from alumina (i.e.,
aluminum oxide, Al2O3) between 1960s and 1970s, and that was the only ceramic material used
until recently. However, alumina presented some biomechanical problems (like low fracture
toughness), and it was then completely abandoned and replaced with zirconia that is nowa‐
days the only alternative ceramic material to titanium for dental implants (Figure 1) [5].

The aim of this chapter is to review the existing literature regarding zirconia dental implants,
highlighting the strong points and stressing the so far unclear aspects.

Figure 1. A one-piece zirconia implant (courtesy of Prof. Andrea Enrico Borgonovo, University of Milan).

2. Zirconia

2.1. Mechanical aspects

Zirconia (zirconium dioxide, ZrO2) is a white crystalline oxide of zirconium. It is polymorphic
in nature, transforming its crystalline reticule from monoclinic (at room temperature) to

Dental Implantology and Biomaterial92

tetragonal to cubic at increasing temperatures. By adding some oxides to zirconia, it is possible
to stabilize the tetragonal and/or cubic phases. The so-called partially stabilized zirconia
(PSZ) consists mainly of a cubic phase, with monoclinic and tetragonal zirconia as minor
phases. By adding 2–3% of yttria (yttrium oxide, Y2O3), it is possible to obtain a completely
tetragonal zirconia, the so-called yttria-stabilized tetragonal zirconia polycrystal (Y-TZP). The Y-
TZP is the most performing zirconia from a mechanical point of view and the most used in
dentistry to produce implants, implant abutments and frameworks for crowns and bridges.

Its interesting and in some cases unique mechanical properties are the reasons why zirconia
is often called “ceramic steel”: a high corrosion and wear resistance, high Young’s modulus
(200 GPa), a very high flexural strength (up to 1200 MPa), a high fracture toughness and a
polymorphic behavior [10]. The latter is probably the most interesting aspect: zirconia may
adapt the three-dimensional disposition of the structure when some energy is provided, that
is what happens in a crack initiation. In proximity of the crack, the energy changes the phase
locally, turning the reticule from tetragonal to monoclinic. This phase transformation happens
with an increase in volume (3–4%): the expansion of the crystals opposes to crack propagation
and prevents macroscopic failure, enhancing fracture toughness. This mechanism is known as
transformation toughening [11, 12].

Such a phenomenal mechanism of action against crack propagation has been questioned
because of the so-called low-temperature degradation process, a sort of aging of zirconia. It seems
that in the presence of water, the yttrium ions can be leached, and their stabilizing effect can
be lost [13]. In that case, a spontaneous irreversible transformation from the metastable
tetragonal phase to the stable monoclinic phase can occur on the surface of zirconia. Such a
stabilized monoclinic phase does not have the capacity anymore to rearrange the crystalline
reticule and so to oppose to an incoming fracture. However, the impact of this issue on the
long-term clinical behavior of zirconia prosthetic components and implants is still unclear [5].

2.2. Biological aspects

The biocompatibility of zirconia is well established from both in vitro and in vivo studies [14].
In-vitro tests were conducted on various cellular lines, such as osteoblasts, fibroblasts,
lymphocytes, monocytes, and macrophages, showing no cytotoxic effects. In vivo tests also
showed no cytotoxicity in soft (connective) or hard (bone) tissues [12]. For this reason, its use
as a biomedical implant (e.g., in orthopedic surgery) is widespread [15].

3. Mechanical properties of zirconia implants from experimental and
clinical data

Considering the difficulty of analyzing the mechanical outcome of implants in clinical
scenarios, preclinical studies are fundamental to accomplish this issue. Different in vitro
studies evaluated the biomechanical behavior of zirconia implants with prosthetic reconstruc‐
tions. The fracture strength of zirconia crowns on zirconia implants was compared to that of
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metal-ceramic crowns on titanium implants, in an upper central incisor model. No difference
was found between implants, with and without cyclic loading before fracture test [16]. The
same authors also showed that preparation of zirconia implants to receive prosthetic crown
may negatively affect the fracture strength, even if it was still in an acceptable clinical range
[17]. Another in vitro study evaluated the fracture strength of zirconia implants in comparison
with that of titanium implants under a 130° angled load, simulating that of an upper central
incisor. Despite the high dispersion of fracture loads (typical of ceramic materials), the mean
fracture strength ranged within the limits of clinical acceptance [18].

With caution, it is possible to affirm that from experimental preclinical studies, the biome‐
chanical behavior of zirconia implants does not differ from that of titanium implants. So, no
biomechanical contraindications are present for clinical use of zirconia implants [12].

The majority of clinical studies focused on achieving and maintaining osseointegration in time.
In these studies, the main cause of failure is represented by marginal bone loss and/or the loss
of osseointegration (see below). However, one clinical study considered just implant fracture
as cause of failure: the survival rate was 92.5% after about 5 years, the loss of osseointegration
has not been taken into account [19].

4. Osseointegration

The capacity to achieve osseointegration is the most investigated aspect regarding zirconia
implants. To evaluate implant osseointegration, the following parameters are widely used:

• bone-to-implant contact (BIC) value;

• torque removal force;

• crestal bone loss (CBL).

The BIC value is usually studied using histomorphometry on histological sections. The torque
removal force is considered a biomechanical measure of osseointegration: the greater the force
is required to remove implants, the greater the strength of osseointegration. CBL is a clinical
parameter related to the maintenance of osseointegration in time, and so it is related to survival
and success rate of implant therapy (see Section 5).

One of the first animal studies investigating the osseointegration of zirconia implants was
conducted in a rabbit model [20]. After 1 month from the insertion, the histological analysis
showed newly formed bone close to the implant surface, affirming the osteoconductive
property of zirconia. Titanium and zirconia implants were inserted in monkeys and after 3
months were functionally loaded for 5 months. The histological analysis performed later
revealed no difference in osseointegration [21]. Titanium, machined zirconia, and surface-
modified zirconia implants were inserted into rabbit. No difference in the removal torque was
found between titanium and surface-modified zirconia, but machined surface zirconia
implants performed badly. Such results seem to suggest that a modification of the zirconia
surface is recommended to increase the bone tissue response [22]. Titanium, machined
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zirconia, and sandblasted (rough) zirconia were inserted into the maxillae of miniature pigs,
and then removed. The removal torque test revealed that rough zirconia implants can achieve
a higher stability than machined implants [23]. A detailed analysis performed using scanning
electron microscopy (SEM) [24] and histomorphometry [25] revealed no difference of osseoin‐
tegration between titanium and zirconia implants inserted into minipigs. A study compared
the osseointegration of zirconia and titanium implants in dogs, indicating no difference in BIC
values between the two types of implants [26]. Another study performed a similar analysis in
pigs. After 4 weeks from the insertion, no difference in terms of BIC was found between
zirconia and titanium implants (Figure 2) [27]. Another histomorphometric study conducted
on dogs found no difference in osseointegration and tissue response between titanium, and
coated and noncoated zirconia implants [28]. Different implants (titanium and zirconia) used
in pigs showed no significance difference in BIC values [29]. Calvo-Guirado et al. [30] found
no difference in BIC values between zirconia and titanium implants in an animal model, and
they concluded that both implant types produce good osseointegration.

Figure 2. Histological section of zirconia implants inserted into a minipig. 1: neo-osteogenesis; 2: osteoblasts on the im‐
plant surface (courtesy of Dr. Mai, University of Dresden).

From the totality of animal studies, it is possible to conclude that zirconia is an osseoconductive
material [14], and therefore it can be utilized as a material for dental implants [31].

5. Crestal bone loss around zirconia implants and survival and success rate

As zirconia implants have been used over relatively few years, a few clinical studies with
limited follow-up are available. Furthermore, the results are not easy to compare. It is impor‐
tant to keep this statement in mind analyzing the following studies and the consistent
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conclusions. The largest prospective clinical study (831 implants in 378 patients) reported a
success rate of 95% after 5 years [32]. The success rate of the acid-etched implants was slightly
higher than that of coated and noncoated implants. A 1-year follow-up case series analyzed
56 implants (12 in upper jaws and 44 in mandibles) inserted into 28 patients. A survival rate
of 98.2% was found, with an average marginal bone loss of almost 2 mm, which appears quite
high, lowering the success rate to 60% [33]. A prospective study with a very small number of
cases found a success rate of 100%, with a minimal bone loss after 4 years (0.6 mm) [34]. An in
vivo study found a greater bone loss around zirconia implants in respect to titanium implants
after 12 months of function. However, no difference in the survival rate was recorded [35]. A
recent systematic review of 13 studies (maximum follow-up of 4 years) concluded that the
survival rate of zirconia implants ranges from 67.6 to 100% [36].

Figure 3. The radiographic control of prosthetic crown cemented on a zirconia implant (courtesy of Prof. Andrea Enri‐
co Borgonovo, University of Milan).

In conclusion, from the available data the osseointegration of zirconia implants seems not to
be a problem (Figure 3) [37]. Nevertheless, survival and success rates of zirconia implants are
inferior to those of titanium ones [13]. For this reason, the majority of authors [12] remain
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cautious and agree that further follow-ups are needed to evaluate the long-term success rates,
before a routine use of zirconia implants can be recommend widely.

6. Zirconia and surrounding bone

As the stiffness of zirconia is twice that of titanium, an excessive stress on the trabecular bone
around the implant may be expected. Various mathematical studies were performed to analyze
the biomechanical behavior of the surrounding bone. One of the first studies in this field
compared the response of surrounding bone around titanium and zirconia root-shape
implants. No difference emerged from finite element analysis (FEA) [38]. A three-dimensional
FEA found no difference in the stress distribution of bone between two versions of the same
implant: one made of titanium and the other one made of zirconia [39]. A numeric stress
analysis was performed to reproduce the mechanical behavior of the bone around zirconia
and titanium implants [40]. The numeric model was also validated from the experimental point

Figure 4. The experimental validation of numeric model of a zirconia implant (from Mobilio 2013).
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of view (Figure 4). The results showed that stress states generated in the bone by the two
implant types were very similar; therefore, from a mechanical point of view, zirconia is found
to be a feasible substitute for titanium. But more interestingly, results showed that the two
implants moved differently: titanium implants generate higher stress on the cortical bone,
whereas zirconia implants produce stress mainly in the trabecular bone. This different
behavior is directly related to different Young’s modulus values of the two materials: while
titanium leans against the cortical bone and its exterior part is more prone to bending under
load, zirconia is too stiff to bend and transmits stresses along its axis down to the trabecular
bone, thus moving more as a rigid body (Figure 5). This difference in motion between the two
implants is important considering crestal bone loss. Bone resorption around implants is a
common phenomenon that begins at the cervical level and can progress in the apical direction.
No conclusive data are available on contributing factors involved in such a bone loss, but
concentration of stresses around the neck of the implant due to functional and nonfunctional
loads may be one such factor. In this view, it can be speculated that decreasing the stress
concentration at the cervical level may reduce the effect of mechanical factors on crestal bone
loss.

Other FEA studies found similar results. The model of a maxillary overdenture on four
implants with ball attachments revealed no difference in the stress and strain values in peri-
implant bone, using titanium or zirconia [41]. A three-dimensional FEA model found no
difference between titanium and titanium-zirconium alloy implants, neither for early nor
conventional functional loading [42]. A study found difference in bone behavior depending
on the macrogeometry of the zirconia fixture [43].

Figure 5. Deformed shape of the titanium (on right) and zirconia implants (30× magnification): the titanium implant
shows a higher head displacement in the x-direction (from Mobilio 2013).
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7. Peri-implant soft tissue response

Zirconia is advocated to have high biocompatibility and to have no adverse effect on the
surrounding tissues (Figures 6 and 7) [44]. Many studies evaluated tissue response to zirconia,
concluding that zirconia has the ability to interact with peri-implant soft tissues (Figure 8) [14].
The low bacterial colonization typical of the zirconia surface maybe plays a role in this high
biocompatibility [12]. In a randomized-controlled trial (RCT), both titanium and zirconia one-
piece implants supporting overdentures were evaluated [35]. Even if the crestal bone level
changed greatly, no difference in clinical parameters (probing depth, bleeding index, plaque
index, etc.) was found around the two types of implants after 12 months of function.

Figure 6. Clinical aspect of the abutment part of zirconia implant before cementation of crown (courtesy of Prof. An‐
drea Enrico Borgonovo, University of Milan).

Figure 7. Clinical aspect after finalization (courtesy of Prof. Andrea Enrico Borgonovo, University of Milan).
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Figure 8. Histological section of zirconia implant inserted into a minipig. The tight connection of the soft tissue to the
implant surface is shown (courtesy of Dr. Mai, University of Dresden).

8. Available products

Product Manufactory Web site

WhiteSky Bredent Medical & Co http://www.bredent-medical.com/en/medical/product-informations/
2002/14/

Ceraroot Oral Iceberg L.L.C. http://www.ceraroot.com/professionals/products/implants

Axis Axis Biodental http://www.axis-biodental.ch/biodentalnew.php?
id_structure=7&portail=2&langue=en

Y-TZP BIO-HIP
Sigma®

Incermed http://www.incermed.ch

Z-Look3 Zirkolith http://zsystems.com/en/doctors/products-z5-zirkolithr-ceramic-
implants/z5m-lblc-zirkolithr-implant.html

Zit-Z Ziterion http://www.ziterion.com

Many zirconia implants are commercially available. The most famous products are listed in
Table 1. Even if all available implants are constituted by Y-TZP, the surface characterization
(regarding in particular some parameters such as carbon contamination and phase transfor‐
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mation) is far to be the same for all products [45], and few independent data are available on
this issue. Contrary to CP titanium, the name “Y-TZP” is often insufficient to characterize the
material, and the clinician must pay attention to the details of the selected product.

9. Conclusions

Ceramic implants were introduced to solve some esthetic and biologic problems related to
traditional titanium implants. Y-TZP has the biomechanical properties suitable to produce
dental implants. To date, in vitro and in vivo studies have shown good results from a me‐
chanical point of view. Furthermore, zirconia is an osteoconductive material, so achieving
osseointegration is not a problem, and the simulation of stress distribution into the bone did
not find essential difference from titanium. Unfortunately, long-term follow-ups are missing,
so no solid clinical evidence is currently available to recommend routine use of zirconia
implants or to replace titanium implants, which is still found to be the gold standard for dental
implantology. So, even if zirconia implants are a good option from theoretical and experi‐
mental point of view, the clinical long-term response is not yet available. Almost all the authors
agree to be cautious for proposing zirconia implants as substitutes of titanium implants for
replacing teeth. Long-term, well-designed perspective clinical studies are needed to address
the missing aspects of this undoubtful promising alternative.
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Abstract

Osseointegration is a biological process in which histological, surgical, infectious factors,
biomechanical load, and the choice of biomaterials all play important roles. In the case of
dental implants, the success of this process is also influenced by the design, composi‐
tion, and properties of the implant surface, which may stimulate cell bioactivity and
promote osteoblast adhesion. Currently, the raw materials most frequently used in the
manufacture of dental implants are titanium, its alloys, and certain ceramic materials such
as zirconia. Multiple macroscopic designs incorporating various diameters, lengths,
shapes, and types of screw offer different options for specific clinical situations. The
characteristics of implant surfaces have aroused great interest, due to their importance in
osseointegration. The different methods used to modify surface properties are classi‐
fied as additive (i.e., impregnation and coating) or subtractive (i.e., physical, mechani‐
cal and chemical methods). The surface characteristics of dental implants also have a
significant influence on peri-implant microbiota.

Keywords: Dental implant, Titanium, Osseointegration, Surface roughness, Coating,
Peri-implantitis

1. Introduction

Over many years, dental implants have been developed and modified in order to achieve an
optimal  interaction  between the  body and the  implanted material  and thus  to  improve
osseointegration and reduce the complications due to colonization of bacterial plaque [1].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Proper integration of the surface of a dental implant with the surrounding bone is essential to
ensure the longevity and function of the prosthesis supported by the implant [2]. The cell
adhesion between the bone interface and the implant surface is considered the most biologi‐
cally important stage in the process. This structural and functional integration is influenced
by the activity of adjacent cells and by the properties of the implant surface itself.

Some implant surfaces may influence the differentiation and proliferation of osteoblasts and
may affect the regulation of the transcription factors responsible for the expression of the genes
associated with the formation of the bone matrix. Their use may even shorten the implant
integration period [3].

The treatment of a surface can be classified according to mechanical, chemical, and physical
processes. In dental implants, the modifications of the outer surface are designed to modify
the topography and surface energy. This improves wettability and increases cell growth and
proliferation, which eventually accelerates the process of osseointegration [4–7].

The biocompatibility and roughness of the materials are the key features in the interaction
between the tissue and osseointegration [8]. In addition, the surface of dental implants can be
significantly increased using suitable modification procedures such as additive or subtractive
techniques [9, 10].

2. Biomaterials for dental implants

Currently, the main materials used in the composition of dental implants are commercially
pure titanium (cp Ti), Ti alloys, and ceramic compounds.

2.1. Alloys

Titanium (Ti) is a silver-gray, biologically inert transition metal with a high corrosion resist‐
ance due to the spontaneous formation of a surface oxide film (3–10 nm thick) which insu‐
lates it from the environment [11, 12]. Thanks to its composition and thickness, this oxide
layer makes Ti biocompatible. Ti has four grades of purity which are related to the corrosion
resistance, ductility, and strength. Grade 1 Ti is the purest and most ductile and has the
highest corrosion resistance, but it is also the weakest. Grade 4 Ti is the strongest and has
moderate plasticity and is therefore the grade most frequently used in dental implants [13].

Titanium alloys. Manufacturers of dental implants use a specifically designed alloy which
has the following composition: 6% aluminum, 4% vanadium, up to 0.25% iron, up to 0.2%
oxygen, and 90% Ti [14]. This alloy has a greater corrosion resistance, high resistance to
fatigue, and low elastic modulus [11]. Due to the strict mechanical demands on dental
implants during chewing, especially in the posterior areas, Ti alloys are preferred to cp
Ti [2].
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between the tissue and osseointegration [8]. In addition, the surface of dental implants can be
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techniques [9, 10].
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Currently, the main materials used in the composition of dental implants are commercially
pure titanium (cp Ti), Ti alloys, and ceramic compounds.

2.1. Alloys

Titanium (Ti) is a silver-gray, biologically inert transition metal with a high corrosion resist‐
ance due to the spontaneous formation of a surface oxide film (3–10 nm thick) which insu‐
lates it from the environment [11, 12]. Thanks to its composition and thickness, this oxide
layer makes Ti biocompatible. Ti has four grades of purity which are related to the corrosion
resistance, ductility, and strength. Grade 1 Ti is the purest and most ductile and has the
highest corrosion resistance, but it is also the weakest. Grade 4 Ti is the strongest and has
moderate plasticity and is therefore the grade most frequently used in dental implants [13].

Titanium alloys.  Manufacturers of dental implants use a specifically designed alloy which
has the following composition: 6% aluminum, 4% vanadium, up to 0.25% iron, up to 0.2%
oxygen, and 90% Ti [14]. This alloy has a greater corrosion resistance, high resistance to
fatigue, and low elastic modulus [11]. Due to the strict mechanical demands on dental
implants during chewing, especially in the posterior areas, Ti alloys are preferred to cp
Ti [2].
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2.2. Ceramic compounds

Zirconia is a highly biocompatible ceramic compound with osseointegration capacity [15, 16].
It possesses ideal physical properties as a biomaterial, with good values of resistance to flexion,
hardness, and corrosion resistance. Some authors have reported that zirconia has similar
biocompatibility and osseointegration values to Ti [17]. However, other comparisons of the
two biomaterials have reported lower osseointegration values for zirconia implants and have
attributed these differences to the treatment of the surfaces rather than to the material itself [18].

Zirconia implants, as a substitute for metals, are indicated in the restoration of anterior teeth
with aesthetic aims. However, more prospective studies of their survival and long-term
stability are required; indeed, some authors still recommend caution with regard to consider‐
ing zirconia implants [19].

Hydroxyapatite (HA) is a bioceramic used as a surface coating on Ti implants, incorporating
calcium phosphates to facilitate prompt osseointegration. HA has excellent biocompatibility,
osseoconductive capacity, and satisfactory mechanical properties which make it a good surface
biomaterial [20].

Implants with HA coating have demonstrated a faster reduction in early mobility and other
potential advantages such as its short-term osseoconductive capacity. However, the rate of
long-term survival of these implants is still controversial [21–25].

3. Macro-design of dental implants

The macro-design of dental implants determines their stability and their capacity to withstand
the functional loads. The length, diameter, shape, and design of the screw are influential factors
in the bone–implant interface. In the long term, these features may even determine the
implant’s survival.

3.1. Implant length

Implant length is the distance from the prosthetic platform to the apex of the implant. Some
authors have reported a lower survival rate for short implants, especially those <7 mm long
[26, 27]. Eckert et al. [28], however, noted that the relation between implant length and survival
was limited and was only noticeable when implants were <13 mm in length.

The type of bone and the cortical bone anchoring are probably more important factors than
the implant length. Nonetheless, the indications of implants with extra short lengths (5–6 mm)
should be carefully studied and considered, especially in areas with poor bone quality.
Manufacturers are making great efforts to improve these implant surfaces so as to increase the
area in contact with the bone and thus improve their prognosis [29, 30].
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3.2. Implant diameter

The implant diameter is the distance from the outermost point of the screw to the opposite
side. It measures the external dimension of the implant screw and should not be confused with
the size of the implant platform.

Implant diameters usually range from 3 to 7 mm to make them compatible with the most sizes
of alveolar processes. The choice of diameter depends on both surgical and prosthetic factors.
In order to achieve maximum primary stability, the implant should be lodged between the
vestibular-lingual/palatal cortical bones. From a biomechanical point of view, wider implants
are able to join a larger amount of bone to the implant surface and obtain a higher bicortical
anchorage, thus achieving a better distribution of stress in the surrounding bone. Another
advantage of large diameter implants is that they can be inserted immediately in failure sites
[31–33]. Some authors have found that increasing implant diameter by 1 mm increases the
surface of bone–implant contact by 35% [34]. However, another parameter to consider is the
crestal bone around the implant. According to Misch [35], this bone has a strong influence on
the occlusal load; this author hypothesizes that it may be even more important than the length
and diameter of the implant itself.

The primary stability of dental implants at the time of surgery has been considered an
important factor for integration [36]. Langer et al. recommended large diameter implants to
improve primary stability in low-density bones. The authors argue that increasing the diameter
increases the bone–implant contact, thereby reducing initial implant mobility [37].

Small diameter implants have been introduced for narrow residual alveolar ridges and for
edentulous spaces with small interdental distances. These implants do not include mini-
implants, which are used to hold temporary dentures and have diameters <2.7 mm [38]. The
main indications for narrow implants are the lower incisors, upper lateral incisors, and the
restoration of teeth with residual spaces smaller than 5 mm without any possibility of space
recovery or bone regeneration [39]. The main limitation of these implants is their reduced
resistance to occlusal loads [40].

3.3. Implant shape

Shape has been one of the most thoroughly studied aspects of implant design. The most current
implant systems are solid cylinders with thread; hollow implants are rare today. As for the
design of the thread, attempts have been made to increase their self-threading capacity and to
reduce heat generation during implantation. These design variations are most often applied
in the crestal and apical areas. Some designs have attempted to imitate the natural root with
a stepped cylindrical shape in the apical and crestal third of the implant. Some authors note
that stepped cylindrical implants achieve better stress distribution and crestal bone load than
conical and cylindrical implants [41].

Kan et al. [42] reported that threaded implants provide the best immediate retention. Other
studies show that the use of a serrated thread can increase primary stability and that thread
geometry plays an important role in the biomechanical properties of the implants [43, 44].
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4. Dental implant surface treatments

Currently, the most manufacturers of dental implants are introducing changes in implant
surfaces in order to improve the success and quality of osseointegration.

Some studies have noted that with greater surface roughness, the rate of osseointegration, and
the biomechanical fixation of Ti implants both increase [45, 46]. The methods used to modify
the surface properties can be divided into additive and subtractive. Before certain surface
treatments, pretreatment such as grit blasting or polishing may sometimes be indicated to
guarantee the absence of contaminations, scratches, and irregularities [47, 48].

4.1. Additive methods

Additive methods supply extra materials to the implant surface, either via coating or via
impregnation. Coating involves the addition of a material of variable thickness to the surface
of the core material. The techniques used are Ti plasma spraying (TPS), plasma-sprayed HA
coating, alumina coating, and biomimetic calcium phosphate (CaP). For its part, impregnation
requires the full integration of the chemical material or agent into the Ti core. This is the case
of CaP crystals within the TiO2 oxide layer or the incorporation of fluoride ions to the surface
[8].

Plasma Spray Coating: The coating process includes the spraying of thermally melted materials
on the implant substrates [8]. This technique usually involves a fine layer of deposits such as
HA and Ti. The combination of HA coating on Ti alloy substrates offers attractive mechanical
properties and good biocompatibility [49]. Plasma spray significantly increases the surface
area of the implant by increasing its roughness [50]. Thus, many studies have shown that
plasma spray is a good additive method for improving the biomechanical behavior [47, 51–
55]. Some studies have even described a possible optimization of scar formation and cell
proliferation thanks to HA coating [56, 57].

4.2. Subtractive methods

Subtractive techniques are procedures that remove a layer of core material or deform the surface
in order to increase its roughness [58]. These methods can be divided into mechanical, chemi‐
cal, and physical. Removal of surface material using mechanical methods includes shaping/
removing, grinding, machining, or grit blasting using physical force. Chemical treatment of Ti
alloys using either alkaline or acid solutions is carried out not only to increase the roughness
but also to modify the composition and improve the wettability and surface energy [59].
Complementary physical treatment of the coating surface, such as thermal spray and plasma
spray, improves the aesthetic appearance of the materials and their performance [8].

Grit blasting is a mechanical subtractive procedure which increases surface roughness by the
pressurized projection of particles onto the surface of the implant. The main materials used
are sand, HA, alumina, or TiO2 particles. After grit blasting, acid etching is applied to remove
the residual particles. Grit blasting is one of the most commonly used surface treatments for
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increasing the surface roughness of dental implants. However, in itself, it does not accelerate
the osseointegration capacity [8, 60] (Figure 1A).

Figure 1. Environmental scanning electron microscope micrograph (ESEM) of the surface of dental implants: (A) shot‐
blasted; (B) acid etched [66].

Aparicio et al. [61] observed that the increase in the surface roughness of the material induced
by blasting in cp Ti was not the only cause of the differences in the electrochemical behavior
and corrosion resistance; they also mentioned the compressive residual surface stresses
induced by shotblasting.

Commercially, pure Ti is a bioinert material which lacks the ability to establish chemical bonds
with surrounding bone. Kokubo et al. [62] demonstrated that the treatment of this Ti with heat
and alkali procedures rendered it bioactive. Aparicio et al. [63] observed that the surface of the
implant achieved by grit blasting and thermo-chemical treatment improved adhesion and
differentiation of human osteoblasts. Gil et al. [64] also observed positive results for this
bioactive Ti, although improvements are necessary in order to prevent bacterial colonization.
It is important to bear in mind that bacteria have a greater capacity to colonize rough surfaces
[8] (Figure 2).

Figure 2. ESEM micrograph of the sodium titanate surface of the implants treated by shotblasting and thermochemical
treatment (two-step treatment) [66].

Some researchers have found that the apatite layers formed on grit-blasted surfaces have a
higher adhesion strength to the substrate than plasma-sprayed apatite coatings. They note the
potential clinical application of this type of surface treatment in dental implants [65].
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The evolution of bioactive surfaces into osseoconductive biomimetic surfaces (Contact Ti) was
described by Gil et al. In this process, a CaP layer is obtained on the implant surface by thermo-
chemical treatments. This achieves a structure equal to the CaP formed by the mineral content
of the bone (HA). This apatite should not be confused with an additive coating; in this case,
there is an extremely strong chemical bond and so it is not dislodged by mechanical action.
These bioactive implant surfaces significantly reduce the time of osseointegration. The most
important mechanisms involved are the protein adsorption capacity, wettability, and an
optimized zeta potential which reduces the electrostatic dispersion between particles. Finally,
this procedure also aims to increase the kinetics of adhesion, proliferation, and differentiation
of osteoblast cells compared to other current surface treatments in order to facilitate bone
formation around the implants [66–68] (Figure 3).

Figure 3. ESEM images showing: (A) 2S bioactive surface; (B) in vitro nucleation of apatite on 2S bioactive surface; (C)
in vitro formed apatite layer on 2S bioactive surface; (D) 2S bioactive surface at higher magnification [67].

Anodic oxidation is an electrolytic process used to strengthen and increase the thickness of the
natural oxide layer. This passivation technique manages to turn a smooth Ti surface into a
tubular nanostructure with diameters below 100 nm [69]. Some authors suggest that by
modifying the parameters of voltage, current density, and chemistry of electrolytes, it is
possible to control the physical and chemical properties of the implant surfaces, the spacing,
and the diameter of nanotubes [70]. Anodization forms pillar-like nanostructures with tunable
size on the surface of Ti and deposits long nanotube arrays (10 microns), thus improving the
cell bioactivity [71].

Acid treatment is a chemical subtractive method that cleans the surface of the metal and modifies
its roughness. Hydrofluoric acid (HF), nitric acid (HNO3), and sulfuric acid (H2SO4) are
commonly used, either alone or in combination [8]. This technique obtains a homogeneous
surface roughness for different sizes and shapes. The acid-etched surfaces facilitate the process
of osseointegration by increasing the capacity of cell adhesion and bone formation [72–74].
Furthermore, the surface roughness of Ti also determines the stability of the bone formation
and resorption at the interface with the implant [75]. The dual acid etching treats the surface
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by chemical means or by acids applied sequentially or in combination [76, 77]. This technique
achieves a surface with micro-roughness, which some authors associate with higher values of
reverse removal torque than machined surface implants [78] (Figure 1B).

Alkali treatment is a procedure in which the Ti implant is immersed in either potassium or
sodium hydroxide followed by heat treatment (800°C for 20 min) and subsequent rinsing with
distilled water. This technique achieves a nanostructured and bioactive sodium titanate layer
on the surface of the dental implant, which provides favorable conditions for bone marrow
cell differentiation [69]. The thermal oxidation works by changing the crystal structure of the
nanometric oxide layer and thus increases the bioactivity of a biocompatible metal [79].

Sandblast, large grit, and acid etching (SLA) applies a strong acid on the blasted surface for the
purposes of abrasion. The procedure starts with large particle blasting, which obtains a rough,
irregular surface. Then, the acid etching produces surface uniformity and obtains a macro-
roughness and micro-pits which are able to improve osseointegration. Kim et al. [80] observed
that human osteoblasts grow well on the SLA surface which provides space for cell adhesion
and proliferation.

4.3. Other techniques

Other procedures such as ion implantation, laser treatment, sputtering, and the combination
of some of the techniques already mentioned have also been studied in order to improve the
surface properties of dental implants [81–84].

Ion implantation causes atomic rearrangement. It permits the injection of any element on a
nearby surface with a beam of high-energy ions (10 KeV) which impacts on the surface of the
metal in a vacuum chamber. On colliding with the ions of the substrate material, the incident
ions lose energy and settle on the surface of the nearby metal. This technique is considered an
ultra clean process because the concentration and depth of the impurities are easy to control,
allowing the creation of a layer of high purity. Furthermore, the adhesion between the
implanted surface and the substrate is excellent; the process does not alter the properties of
the core and is highly reproducible and controllable [85]. However, some authors warn that
the possible modification of the nanoscale features and the creation of stress on the Ti surface
should be taken into consideration [86, 87].

Ultraviolet (UV) photo-functionalization is one of the recent advances in the chemical modi‐
fication of implant surfaces which does not alter the bioactive properties.

Laser technology is an extremely clean, fast, and accurate method which allows nanostructural
micromachining at the implant surface [88]. Laser peening involves striking the metal with
high-intensity pulses of a laser light beam which produces a deep, regular honeycomb pattern
with small pores [2].

The slow rate sputter deposition method achieves a thin layer of Ti oxide (300 pm–6.3 nm).
This technique increases the oxygen components without altering the surface topography.
These biological activities are correlated with the thickness of the TiO2 coating and the oxygen
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saturation of the surface. This means that the biological response of Ti can be improved even
with picometer super thin coatings [69].

5. Peri-implantitis related to dental implant surfaces

Peri-implantitis is an infectious disease of an already integrated dental implant that causes
inflammation of the surrounding hard and soft tissue, leading to the loss of supporting bone
(Figure 4 and 5). The sequence of microbial colonization on dental implants and biofilm
formation is similar to that of teeth. The bacteria that colonize dental implants include the same
species as those present in healthy gums and in locations with gingivitis [89–91]. Several in
vivo studies show that streptococci and Actinomyces species predominate in the initial coloni‐
zation; their presence prepares the environment for colonization by other species such as
Porphyromonas, Prevotella, Capnocytophaga, and Fusobacterium which cause the peri-implantitis
[91] (Table 1).

Figure 4. Intraoral radiograph taken 8 years after implant placement—sandblasted, large-grit and acid etched (SLA)
surface treatment type. Note the bone crater-like defect around the implant revealing a severe peri-implantitis (Clinical
records, Dr. Jaume Miranda-Rius).

Figure 5. Peri-implantitis clinical image. Surgical debridement of the granulation tissue around the implant (Clinical
records, Dr. Jaume Miranda-Rius).
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Streptococcus sanguis Capnocytophaga spp.

Streptococcus mitis Campylobacter rectus

Aggregatibacter actonimycemetcomitans Spirochetes

Porphyromonas gingivalis Veillonella parvula

Prevotella intermedia Staphylococcus aureus

Tannerella forsythia Fusobacterium spp.

Treponema denticola Peptostreptococcus prevoti

Table 1. List of bacterial species associated to dental implant biofilm.

The surface characteristics of dental implants—roughness, wettability, surface free energy, and
composition—play a crucial role in bacterial adhesion and colonization. The highest adhesion
capacity is observed on rough Ti surfaces. Some authors have observed that mean roughness
values below 0.088 microns significantly inhibit plaque adhesion and maturation [92].
Furthermore, decreasing the wettability of dental implants favors bacterial colonization. Some
authors suggest that autoclave-sterilized Ti presents a higher rate of bacterial colonization,
given the loss of surface wettability (Figure 5).

Surface free energy is the sum of the forces of cohesion and adhesion that determine whether
or not there is impregnation (the dispersion of the liquid over a surface). Decreasing surface
free energy inhibits bacterial adhesion and biofilm formation on the surface of dental implants
and abutments [93]. Thus, bacterial adherence is correlated with the presence of surface
components with nonpolar or hydrophobic characteristics [93–95]. Finally, the type of metal
and its composition also has an effect on bacterial adhesion and biofilm formation on its
surface. Pure metals, especially Ti, nickel, iron, and vanadium, have some bacteriostatic
capacity [96].

Some authors have concluded that ZnO and TiO2 reduce the adhesion of staphylococcal
bacteria and increase the adhesion of osteoblasts [97]. The addition of silver compounds to
increase antimicrobial action has also been studied [98]. Other authors have analyzed the
behavior of Ti surfaces modified with vancomycin attached via covalent bonds and have
reported a stable surface with a greater inhibition of bacterial adhesion than with Ti alone [99].

6. Conclusion

In this chapter, we have highlighted the important role of the macro- and micro-design of
implants and their composition in the process of osseointegration. We have also stressed the
significant influence of the surface characteristics of implants on the peri-implant microbiota.
All in all, peri-implantitis is an important area for future research. It is extremely difficult to
control the progress of an infection once it is established around an implant. The rough surfaces
facilitate osseointegration, but also favor the adhesion of oral biofilm. Because of the multi‐
factorial nature of infectious peri-implant complications, studies should also take into account
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the influence of the permucosal seal. This biological seal aims to integration the neck of the
implant or the abutment with the gingival tissue and thus prevent peri-implant infections.
Currently, the challenge in the treatment of implant surfaces is to demonstrate the potential
of certain coatings for releasing local antimicrobial agents. Given the clear increase in inflam‐
matory peri-implant diseases, we believe that future research should aim to devise new
strategies for obtaining antibacterial biomaterials that can help in the prevention or treatment
of peri-implantitis.
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Abstract

Dental implant surface modifications affect surface roughness, chemistry, topography,
and consequently influence biological bone response. Current surface treatments are
directed toward increased hydrophilicity and wettability of dental surfaces that allow
earlier implant loading due to accelerated osseointegration. This is clinically reflected in
increased implant stability and mainteined crestal bone level.  Further modification
includes microgrooving of zirconia implants by femtosecond laser ablation. Favorable
initial  results  encourage  further  clinical  assessment  of  this  microgrooved  zirconia
implants.

Keywords: Dental implant surface, Femtosecond laser, Hydrophilicity, Titanium, Zir‐
conia

1. Introduction

Dental implant surfaces can be modified using several additive and subtractive techniques.
Additive techniques involve impregnation and coating. In contrast to impregnation, when
chemical agent is integrated into the core material (e.g., fluoride ions incorporated to titanium
surface or calcium phosphate crystals within TiO2 layer), the coating is addition of an agent of
various thicknesses superficially on the surface of core material [1].

The subtractive techniques imply removal of the layer of core material or plastic deformation
of the superficial surface. This is achieved through mechanical or chemical treatments.
Mechanical methods used for surface alteration are grinding, blasting, and machining. Sand,
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hydroxyapatite, TiO2, and Al2O3 particles are usually used for grit blasting. Grit blasting is
always followed by an acid etching to remove the residual blasting particles as well as to
smooth out sharp peaks and to provide roughness that would promote protein adhesion
during early healing [1, 2]. Acid etching is a chemical method of surface modification that
usually implies hydrofluoric, nitric, or sulfuric acid or their combinations [3].

Current modification of dental implant surfaces is based on the use of lasers. Their main
applications are laser-assisted coatings and laser texturing. Laser pulses are used to evaporate
the target materials which later condense on the substrate forming a thin coating. Their further
role is in dental implant surface texturing in order to form three-dimensional structures on
micrometer or submicrometer scales. Several laser sources such as Nd:YAG, CO2, Excimer,
and diode lasers have been examinated for surface modifications [4].

Lasers are particularly useful for dental implants with complex surface geometry or for those
made of material difficult to be removed. Dental implant surface modification by laser is a
noncontact, clean and fast process with high precision [4]. Lasers overcome drawbacks of
conventional mechanical and chemical surface modification techniques such as unreliable
control of achieved roughness or inability of surface texturing. However, laser processing
might be associated with microcracks and heat-affected zones [4, 5].

1.1. Surface topography

Scientific evidence from in vitro studies indicates that micro-topography of dental implant
surfaces affects cellular behavior, mainly, proliferation, cell differentiation, and cell adhesion
as well as the production of growth factors [6]. Microgrooves at implant surfaces direct cell
spreading and cell alignment and define the orientation of ECM proteins. This directional
movement of bone cells known as “contact guidance” contributes to bone–implant interlock‐
ing and thus provides favorable conditions for further healing events [7]. Microtextured sur‐
faces suppress fibroblast spreading and growth preventing fibrous encapsulation of dental
implants. Important parameters of surface roughness are average height deviation (Sa) and
developed surface area ratio (Sdr) that indicates surface enlargement if a surface is flattened
out. According to Sa values determined by optical interferometry, implant surfaces are con‐
sidered as smooth with an Sa value of 0.5 μm; minimally rough surfaces with an Sa of 0.5–1
μm, moderately rough surfaces with Sa 1–2 μm, and rough surfaces with an Sa of 42 μm.
Moderately rough surfaces with Sa 1.5 μm and Sdr of 50% promote the strongest bone re‐
sponse [2]. To mimick the architecture of natural bone that consists of nanosized hydroxia‐
patit and organic protein collagen, dental implant surfaces with nano-features have been
introduced. Although initial data are promising, the effect of surface nanoroughness on bio‐
logical response is still uncertain [3].

Surface topography is usually examined by scanning electron microscopy (SEM), light
interferometry (LIF), and atomic force microscopy (AFM), whereas X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES) and energy dispersive X-ray spectro‐
scopy (EDX) provide information related to surface chemical composition [3, 8].
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SEM is the gold standard for characterization of dental implant topography at the micrometer
level. For the characterization of nanotopography of dental implant surfaces, field emission-
SEM with higher resolution is required [3].

LIF is an efficient optical tool for quantitative analysis of implant surfaces. This technique uses
reflecting light as an optical stylus allowing easy access to even unapproachable parts of the
implant flunks. Despite its high resolution in height direction, LIF is suitable for characteriza‐
tion of dental implant surfaces at a micrometer scale, because of limited spatial resolution [8].

AFM can be used to assess dental implant surface topography at nano-level. An atomic force
microscope consists of a tip mounted on a cantilever. When tip scans a dental surface,
interatomic forces between the tip and the sample surface displace the tip which results in the
cantilever bending. Consequently, specialized software produces topographical image of the
surface with atomic resolution based on data from detector regarding the laser beam reflected
from the cantiliver. This tool has resolution at molecular level, but its usage is unreliable for
certain level of surface roughness because their microtopography significantly interferes with
the vertical piezoelectric AFM scanning probe [3, 8].

XPS also known as electron spectroscopy for chemical analysis (ESCA) determines what
elements (except hydrogen and helium) and in which chemical state and quantity are present
within the top 1–12 nm of the implant surface. This tool also provides information related to
possible contamination on the surface or in the bulk of the sample as well as those related to
the presence and thickness of layers of different materials within the top 12 nm of the implant
surface. XPS spectra are obtained by irradiating a dental implant surface with a beam of X-
rays and measuring the kinetic energy and number of electrons emitted from the top of the
surface [3, 8].

AES provides quantitative elemental and chemical state analysis of dental implant surfaces
with lateral spatial resolution of only 8 nm. Approximate depth resolution of AES is 5 nm.
However, ion-sputtering used with Auger spectroscopy allows depth chemical profiling up
to 100 nm, which is suitable for the characterization of coatings on implant surfaces or
impregnation within a TiO2 layer [3]. For the AES analysis, implant surface is excited with a
finely focused electron beam while an electron energy analyzer measures the energy of Auger
electrons emitted from the surface. Based on the kinetic energy and intensity of an Auger peak,
elements from the implant surfaces are identified.

EDX is used for the elemental analysis or chemical characterization of a dental implant surface.
It is based on the unique set of peaks on X-ray emission spectrum of each element. Coupled
to SEM, EDX determine the elemental composition of structures observed with SEM down to
the nanoscale [3].

1.2. Surface wettability

Important characteristic of dental implant surfaces is surface energy that dertermines wetta‐
bility of surfaces. It is measured by liquid–solid contact angle (CA) which is an angle between
the tangent line to a liquid drop’s surface at the three-phase boundary, and the horizontal
solid’s surface [9]. There are two methods commonly used to assess CA of dental implant
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surfaces: the sessile drop technique where CA of the droplet deposited by a syringe onto the
sample surface is measured directly by goniometer or image analysis software and the second,
tensiometry (Wilhelmy method) that indirectly measure CA according to the force exerted on
the sample surface by the liquid, while sample surface attached to a force meter is vertically
dipped into a pool of the probe liquid [10].

The CA ranges from 0° to 180° where CA lower than 90° designate surfaces as hydrophilic and
CA very close to 0° as superhydrophilic. Dental implant surfaces with CA above 90° are
considered hydrophobic, and those with CA above 150° are superhydrophobic [9]. Currently
available dental implants are mainly hydrophobic [11]. Although optimal degree of wettability
is not known, there is abundant scientific evidence that hydrophilic surfaces enhances early
stages of osseointegration compared to hydrophobic ones [12–14].

Hydrophilicity of dental implant surfaces determines adhesion of proteins on the surface of
placed implant, interaction of hard and soft tissue cells with implant surface, and consequently
the rate of osseointegration [9]. Hydrophilic surfaces promotes superior adsorption and
functional orientation of proteins from blood and interstitial fluids. Composition of the
proteins adhered to the implant surface affects cell adhesion, morphology, and migration [15].
Hydrophilic dental implants favor osteoblastic differentiation of mesenchymal stem cells [16],
enhance osteoblast maturation [17], produce an anti-inflammatory microenvironment [18],
and increase the quantity and quality of mineralization [19]. These molecular and cellular
events provide accelerated osseointegration of hydrophilic dental implants in contrast to
hydrophobic which has been verified histomorphometricaly as increased bone-to-implant-
contact (BIC) at very early point in healing [12–14].

Advantages of hydrophilic surfaces recognized in in vitro and in vivo studies on dental
osseointegration have directed contemporary modifications of dental implant surfaces toward
to greater hydrophilicity. Today, several methods of hydrophilizing dental implant surfaces
are available including radio frequency glow discharge treatment, atmospheric pressure
plasma, surface coating with crystalline TiO2, and irradiation by UV-A as well as Ti surface
with native oxide hydrophilized using higher energy UV-C rays [9]. Also, changes in dental
implant surface roughness and chemistry affect hydrophilicity, which complicates the analysis
of the independent effect of each of these surface characteristics on clinical behavior of available
dental implants.

1.3. Clinical outcome of dental implant surfaces

Osseointegration of dental implants is clinically reflected in implant stability. Primary implant
stability is a mechanical issue determined by bone quantity and quality, surgical technique,
and implant macro-design, whereas secondary implant stability as a biological phenomenon
indicates bone apposition and remodeling processes and it is influenced by conditions of
implant surface [20, 21]. Contemporary implant surfaces accelerate osseointegration and
provide conditions for early or even immediate implant loading if sufficient implant stability
is achieved. Therefore, non-invasive, objective and quantitative tool for the assessment and
monitoring of implant stability in clinical conditions is of great importance.
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Resonance frequency analysis (RFA) is a wireless system for the measurement of implant
stability that includes a metal rod (a peg) screwed into the implant body and stimulated by
magnetic pulses from a handheld computer. The result of a measurement is expressed as the
implant stability quotient (ISQ) ranging from 1 (lowest stability) to 100 (highest stability)
(Figure 1). ISQ values higher than 47 indicate stable implant [22]. The recommendations for
immediate and early loading of single-implant crowns are ISQ 60–65 [23]. Implants with high
ISQ values during the follow-up are successfully osseointegrated, whilst low and decreasing
ISQ values may be a warning sign of ongoing implant failure [20, 21].

Figure 1. Resonance frequency analysis measurement using Ostell Mentor® device.

RFA is not suitable for the measurement of stability of one-piece dental implants and in such
indication the use of the Periotest is recommended. The Periotest produces percussion of the
implant and provides a stability number ranging from −8 to + 50, with the lower the Periotest
value (PTV), the higher the stability (Figure 2) [24]. In the literature, different ranges of PTVs

Figure 2. Measurement of implant stability of one-piece dental implants using Periotest.
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for successfully osseointegrated dental implants have been reported (−9 to +9; −5 to +5; −7 to
0; −4 to −2; −4 to +2) [24–27].

Another important clinical parameter that reflects condition at implant–bone interface is
change in crestal bone level. It is recommended to follow this parameter on retroalveolar
radiographs obtained via long cone technique. This technique uses film holder that allows
repeatability of tube orientation (Figure 3). Image analysis software is used for precise
measurement of digitized radiographs following their calibration (Figure 4). Implant is
considered successful with an crestal bone loss of 1.5 mm following 1 year of loading and
subsequent loss of 0.2 per year [28].

Figure 3. Obtaining radiographs using long cone technique. A plastic ring, connected to the film holder provided con‐
trol of tube orientation.

Figure 4. Image analysis software for crestal bone loss measurement.

2. Role of SLActive surface in dental implant treatment

SLActive dental implant surface (Institute Sraumann® AG, Basel, CH) is a hydrophilic with a
sandblasted and acid-etched topography and was created as an aspiration to combine the
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advantages of surface roughness and hydrophilicity on implant osseointegration [14, 29]. This
new surface is produced from the same cpTi alloy and subjected to the same roughening
treatment with large grit size (250–500 μm) corundum sandblasting plus acid etching (H2SO4/
HCl) as its predecessor SLA surface [30]. The only difference from its unmodified counterpart
is that following acid-etching hydrophilic SLActive implant is rinsed under nitrogen protec‐
tion and then stored in a sealed glass tube containing isotonic NaCl solution [29]. Such chemical
modification provides hydrophilization of surface that is initially hydrophobic due to the
microroughness, causing the air to be entrapped in the micropores, thus aggravating surface
wetting [29]. Storage in NaCl solution allows prewetting of micropores and consequently faster
wetting of implant surface [30]. CA of 0° designates SLActive dental implant surface as
superhydrophilic in contrast to hydrophobic SLA surface with CA of 139.9° [9, 29, 30]. Another
reason for reduced hydrophilicity of Ti implants is contamination due to air exposure [29].
However, cleaning under nitrogen protection and storage in NaCl solution prevents the
adsorption of potential contaminants from the atmosphere onto the SLActive surface which is
proven by the decreased carbon concentration [29, 30]. SLActive surface keeps hydrophilicity
even after any drying which is important from a clinical point [29].

Another possible reason for improved biological response to SLActive surface compared with
its unmodified counterpart SLA is the difference in microtopography and nanoroughness [31].
Although both surfaces have similar Sa value (1.78 and 1.75 μm for the SLA and SLActive,
respectively), the SLActive surface has Sdr of 143% that is greater than Sdr of 97% for SLA.
This difference indicates that SLActive has a much greater number of peaks/valleys across the
surface compared with SLA [31, 32]. SLActive surface also exhibits nano-features with Sa value
of 97 nm at the nanometer resolution level [31].

Biological effect of aforementioned improvements of SLActive implant surface comprises of
enhanced osteoblastic differentiation [33, 34], improved angiogenesis [35] and reduced local
inflammation and its associated osteoclastogenesis [36]. These cellular events provides
stronger bone formation around SLActive implants compared with SLA during the early
healing phase, particularly between the second and fourth weeks, while the difference
disappears after the first 6 weeks [37]. Such features of SLActive implant surface indicate its
possible clinical relevance in cases when faster implant loading is needed or when enhanced
bone formation is desirable as in osteoporotic or irradiated bone and in diabetic patients.

Contemporary improvement of dental implant surfaces has allowed shift from a conventional
loading protocol providing 3–6 months of undisturbed healing toward immediate (within 1
week) or early loading (between 1 week and 2 months) in selected patients when sufficient
primary implant stability could be achieved [38, 39]. Clinical and radiographic outcomes of
SLA and SLActive dental implants submitted to immediate or early occlusal loading is
comparable to those of implants submitted to conventional loading protocols (3–6 months)
[40]. SLActive implants loaded at 3 weeks after placement have survival rate of 95–98%
following 1–3 years after placement [41, 42]. Hydrophilic and nanostructured SLActive
implants are safe and predictable for immediate and early loading even in poor-quality bone
[43, 44]. Early loaded SLA and SLActive implants achieves similar short- and long-term
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survival rates, although SLActive implants have better stability and a reduced marginal bone
loss at the loading stage [40, 45].

As much as 97.3% of SLActive implants placed in low-density bone achieves implant stability
of at least 60–65 ISQ required for immediate or early implant loading (Figure 5) [23, 46]. The
stability dip in the second postoperative week indicates that afterward, formative processes
predominated over the resorptive one within bone remodeling. This result suggests that
nanostructured and hydrophilic SLActive implant surface promotes enhanced bone formation
during the early stage of osseointegration. It is important that even in this critical time point
stability values did not fall below the threshold for early loading. Afterward, implant stability
steadily increases over time.

Figure 5. Stability of SLActive dental implants placed into low-density bone. Line represents mean, error bars repre‐
sent 95% CI of mean. Asterisks indicate a statistically significant difference between two-consecutive weeks, whereas
crosses indicate a statistically significant difference to baseline (implant placement) [46].

SLActive dental implants placed in low-density bone and early loaded (at week 6) are
associated with mean bone loss of −0.4 1 ± 0.1 mm after 1 year that is in accordance with the
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acceptable 1 mm bone loss during the first year (Figure 6) [46]. These data suggest that SLActive
dental implants predictably achieve and maintain successful tissue integration in low-density
bone after undergoing an early loading protocol.

Figure 6. Frequency analysis of peri-implant bone level around early loaded SLActive dental implants in low-density
bone.

Placement of implants into posterior maxillary region is often compromised by the bone
resorption pattern, and pneumatization of the maxillary sinus beside the low-density bone
present at this jaw region. Therefore, in such cases, sinus elevation is necessary to accommodate
implants of sufficient length. Residual bone height determines surgical technique for sinus lift
as well as whether implants can be placed simultaneously with sinus lift procedure or in the
second stage [47]. When limited elevation of the sinus mucosa is required, this can be achieved
through an implant bed using osteotomes, a technique known as osteotome sinus floor
elevation and implant can be placed simultaneously [48]. The healing time prior to loading of
implants inserted following sinus floor elevation is usually longer than the loading time
required for implants inserted in bone of sufficient quantity [49]. Reduction of the healing time
in atrophic posterior maxilla with low-density bone is particularly challenging due to reduced
bone to implant contact and doubtful implant stability.

Around 95% of SLActive implants placed in the posterior maxilla via the osteotome sinus floor
elevation technique without grafting achieves stability sufficient for early loading, in the sixth
week of healing (Table 1). Favorable mid-term success rate indicates that implants with a
sandblasted large-grit acid-etched active surface, when placed with the osteotome sinus floor
elevation technique, can be subjected to an early loading protocol, providing their stability is
confirmed by RFA [50].
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ISQ Time

Placement 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks

Minimum 47 48 52 57 60 63 64

Maximum 75 74 75 75 77 77 78

Mean ± SD 59.55 ± 7.06 61.12 ± 6.34 62.23 ± 5.53 63.75 ± 4.56 65.88 ± 3.64 66.80 ± 3.03 67.75 ± 3.06

Table 1. Stability of SLActive implants placed via OSFE.

Density of bone at implant site affects implant stability. SLActive implants placed in the region
of the second and the first premolar have comparable stability but their stability is significantly
higher than implants inserted in the region of the first molar (Figure 7). Implant stability
positively correlates with residual bone height (Figure 8) [50].

Figure 7. Stability of SLActive implants placed via OSFE regarding the jaw region.

Figure 8. Comparison of implant stability with initial residual bone height.
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Grafting material is not a prerequisite for the osseointegration of dental implants with
hydrophilic and nanostructured SLActive surface placed via OSFE procedure. The usage of
grafting material offers no significant advantage to stability or clinical success of dental
implants placed simultaneously with OSFE (Figure 9) [51].

Figure 9. Stability of SLActive implants placed via OSFE regarding the usage of grafting material.

In atrophic maxillary ridges which require substantial raise of the sinus membrane implant
placement using lateral sinus lift is mandatory. Eighty-three percent of SLActive implants
placed simultaneously with lateral sinus lift and a mixture of autogenous bone chips and
deproteinized bovine bone mineral reach the threshold stability after 8 weeks of healing,
allowing an early loading protocol. This treatment protocol is associated with low early failure
rate of 0.9% [52].

Another challenging indication that requires stronger bone response is implant placement into
irradiated jaw. Radiation therapy causes endarteritis leading to hypoxia, hypovascularity, and
hypocellularity that might jeopardize dental implant osseointegration [53]. Long-term survival
rate of implants placed in irradiated jaws is 69–78%, and it is influenced by the jaw region,
irradited dose, and surface roughness [54–56]. Roughened dental implants have 2.9 times
reduced risk for failure in irradiated jaws compared with turned implants [54]. Sandblasted
acid-etched implants with or without a chemically modified surface can be used in irradiated
patients with a high predictability of success. The overall cumulative 5-year survival rates of
SLA and SLActive implants in irradiated jaws are similar and the crestal bone level around
both implant surfaces remains stable at least 5 years after placement. Hydrophilic surface
might affect only early survival of dental implant placed in irradiated bone [57].
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Microangiopathies and hyperglycemia associated with diabetes mellitus impaires bone
regeneration and might affect early implant failure rates in such patients. Diabetic patients
with glycated hemoglobin above 8.0% have delayed implant osseointegration and require a
longer healing time [58, 59]. Despite the promising result of animal research that SLActive
surface provides accelerated osseointegration of dental implants and better prognosis for
implant treatment in diabetic patients, clinical assessment revealed similar outcomes for
SLActive and SLA surfaces [60, 61].

3. Role of laser microgrooved zirconia surface in dental implant treatment

Although titanium can still be considered the reference standard material for dental implants
with a few limitations such as rare allergy to metals or gingival retraction or translucidity in
thin gingival biotypes and subsequent unsatisfactory esthetic [62, 63]. The development of
high mechanical strength ceramics has made them a viable alternative [64]. Yttrium-partially
stabilized tetragonal zirconia (Y-TZP) offers several advantages due to its flexural strength
and high resistance to fracture, favorable esthetics as well as excellent osseointegration
observed in animal studies [65, 66].

However, roughening the surface of the zirconia implant is a challenge mainly due to its
resistance to chemical or physical modifications. Several approaches have been proposed as
follows: chemical and pharmacological surface modification, sand-blasting and acid etching,
the use of nanotechnology, or biomimetic coatings, and addition of micro-and macro-reten‐
tions [67–69]. These modifications result in various degrees of surface roughness and content
of contaminants.

The zirconia dental implants available on the market are sandblasted. Recently, technique for
microstructuring cylindrical zirconia implants by femtosecond laser ablation has been
introduced. In addition to sandblasting, surface is modified using femtosecond laser ablation,
which creates an isotropic pattern of microgrooves on the implant surface [5]. This technique
is fast, provides precise control of texture allowing production of textures with complex shape,
and as a non-contact procedure, it does not cause contamination [5].

Cells modify their morphology, adhesion, and cytoskeletal organization according to the
substrate topography [70]. On flat zirconia dental implant surface, osteoblasts are disorganized
and loosely attached with few lamellipodia mainly directed toward the cracks or other
topographical accidents (Figure 10a–c). Creation of microgrooves of 30 μm width and 70 μm
separation on zirconia dental implant surface induces favorable cell morphology, increases
cell density, and enhances cell activity [71]. Osteoblasts align along the axis of microgrooves
with lamellipodia directed toward the inner surface and connected to the base and walls of
the microgrooves (Figure 10d–f). Filopodia extensions retained in the nanometric structures
of the microgroove walls cell further improve adhesion of osteoblasts to modified zirconia
surface and increase cell density (Figure 11a–d). Osteoblasts adhesion occurs first in micro‐
grooves and later on the flat area of zirconia surface (Figure 12a–f). Further, activity of the
osteoblasts is tripled by adding the microgrooves to zirconia surface [71]. Microgrooves on
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zirconia implants host bioactive molecules and enhance the initial stages of bone formation
[72].

Favorable cellular events directed by microgrooved zirconia implant surface are provided
by increased roughness and enhanced chemical composition of the sandblasted zirconia sur‐
face following its laser modification. This surface treatment increases proportions of zirconi‐
um and oxygen, whereas decreases content of carbon and aluminum allowing high
osteoblastic activity on sandblasted, laser micro-grooved zirconia [71]. This modified zirco‐
nia surface exhibit higher values of roughness parameters and reduced the presence of con‐
taminants not only in comparison with its predecessor, nongrooved sandblasted zirconia,
but also to sandblasted, hightemperature-etched titanium implants (Tables 2 and 3) [73].

Roughness parameters Surface

Sandblasted
zirconia

Sandblasted
zirconia with
microgrooved
neck

Sandblasted
zirconia all
microgrooved

Sandblasted,
high temperature
etched titanium

Ra(μm) 1.28 ± 0.2 2.43 ± 0.6* 9.50 ± 0.25* 1.78 ± 0.6

Rq(μm) 1.82 ± 0.51 3.48 ± 0.30* 11.51 ± 0.31* 2.02 ± 0.43

Rz(μm) 11.4 ± 0.6 40.42 ± 0.25* 40.74 ± 0.28* 15.8 ± 0.5

Rt(μm) 18.46 ± 0.82 52.68 ± 0.9* 60.36 ± 0.22* 23.63 ± 0.32

Surface roughness parameters (Ra, Rq, Rz, Rt ) expressed as (x̄ ± SD) (*p < 0.05).

Table 2. Topographic characteristics of implant surfaces.

EDX surface analysis Surfaces

Sandblasted
zirconia

Sandblasted
zirconia with
microgrooved
neck

Sandblasted
zirconia all
microgrooved

Sandblasted,
high temperature
etched titanium

C % 19.7 ± 0.8% 1.6 ± 0.35%* 0.3 ± 0.12%* 2.3 ± 1.7%

Al % 4.3 ± 0.9% 1.16 ± 0.2%* 0.18 ± 0.1%* 1.7 ± 0.3%

O % 12.6 ± 0.5% 22.7 ± 0.2%* 23.1 ± 0.12%* 15 ± 0.6%

Zr % 60.2 ± 0.7% 73.7% ± 0.15%* 76.3 ± 0.2%* 0%

Ti % 0% 0% 0% 81 ± 1.3%

Expressed in percentages as x̄ ± SD (*p < 0.05).

Table 3. Elements present in surface chemical composition.
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The addition of microgrooves in the 2-mm wide neck area of the implant increases surface
roughness by 6.5 times and almost 12 times in the zirconia implants processed over the en‐
tire intraosseous surface. Microgrooves provide more retentive areas and greater bone-to-
implant contact resulting in higher stability of this implants proven by the increase in
insertion and removal torque and decrease of PTV values (Tables 4–6) [73].

Surface IT(Ncm)

x̄ SD SE Median

Sandblasted, high temperature etched titanium 57.10 1.80 0.51 55.76

Sandblasted zirconia 46.08 0.70 0.20 44.87

Sandblasted zirconia with microgrooved neck 53.20 1.30 0.37 50.98

Sandblasted zirconia all microgrooved 69.60 1.20 0.34 67.82

Table 4. Insertion Torque values (IT) recorded at implant placement.

Surface RT (Ncm)

Month 1 Month 2 Month 3

Sandblasted zirconia 64.08 ± 0.42 (64.07) 78.24 ± 0.35 (78.38) 199.19 ± 0.99 (199.47)

Sandblasted zirconia with microgrooved neck 69.19 ± 0.37 (69.17) 88.82 ± 0.41 (88.86) 215.13 ± 0.99 (215.06)

Sandblasted zirconia all microgrooved 84.95 ± 0.25 (85.03) 126.96 ± 0.81 (126.65) 240.15 ± 1.04 (239.90)

Sandblasted, high temperature etched titanium 71.25 ± 0.43 (71.28) 99.85 ± 0.44 (99.98) 226.98 ± 1.06 (226.72)

Table 5. Removal torque test (RT) performed at three evaluation time points.

Surface PTV

Month 1 Month 2 Month 3

Sandblasted zirconia −1.52 ± 0.01 (−1.52) −2.17 ± 0.01 (−2.17) −2.41 ± 0.02 (−2.41)

Sandblasted zirconia with microgrooved neck −1.85 ± 0.02 (−1.85) −2.42 ± 0.01 (−2.42) −3.11 ± 0.01 (−3.11)

Sandblasted zirconia all microgrooved −2.49 ± 0.02 (−2.5) −4.16 ± 0.01 (−4.16) −5.69 ± 0.03 (−5.7)

Sandblasted, high temperature etched titanium 2.11 ± 0.35 (−2.00) −2.70 ± 0.01 (−2.70) −3.59 ± 0.05 (−3.60)

Values expressed as ±SD (median).

Table 6. Changes in Periotests values (PTV) over time.

Microgrooved implants reduces crestal bone level in comparison with microthreaded titani‐
um implants and particularly with rough neck implants without microthreading (sandblast‐
ed zirconia) (Table 7). Although microthreads at implant neck transform the shear force
between the implants and crestal bone into the compressive force to which bone is the most
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resistant allowing preservation of bone tissue, the addition of microgrooves that interlock
the adjacent bone seems to be more efficient [73, 74].

Surface RCBL (mm)

Month 1 Month 2 Month 3

Sandblasted zirconia 0.27 ± 0.03 (0.26) 0.32 ± 0.01 (0.32) 0.56 ± 0.01 (0.56)

Sandblasted zirconia with microgrooved neck 025 ± 0.03 (0.23) 0.22 ± 0.02 (0.23) 0.36 ± 0.01 (0.36)

Sandblasted zirconia all microgrooved 0.24 ± 0.02 (0.22) 0.24 ± 0.01 (0.24) 0.26 ± 0.01 (0.26)

Sandblasted, high temperature etched titanium 0.27 ± 0.04 (0.28) 0.30 ± 0.02 (0.30) 0.36 ± 0.01 (0.36)

Values expressed as ±SD (median).

Table 7. Radiographic crestal bone loss (RCBL).

The addition of microgrooves to the entire intraosseous surface of zirconia dental implants
enhances primary and secondary implant stability, which promotes bone tissue ingrowth and
preserves crestal bone levels [73]. Data from animal models indicate that zirconia femtosecond
laser all-treated surface achieves good osseointegration and could be predictable treatment
option in the implantological daily practice [75]. Histological, radiological, and histomorpho‐

Figure 10. SEM evaluation of cell morphology on sandblasted (a-c) and sandblasted, laser micro grooved zirconia (d-F)
at 7 days. (a) a cell in the base of an implant thread; (b) close-up view of a couple of cell bodies close to the base of the
thread; (c) a cell body with very short cell lamellipodia located in a crack surface (shown at high magnification); (d) cell
at the border of a microgroove; (e) lamellipodia extend inside microgrooves, bridging microgroove borders; (f) cell
body aligned in the direction of the microgroove.
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metric evaluation of zirconia implants treated with femtosecond laser revealed that they can
be successfully subjected to immediate loading protocol [72].

Figure 11. Cells on sandblasted, microgrooved zirconia surface at 7 days (high magnification). (a) lateral view of multi‐
ple cells firmly adhered to the inner surface of the microgrooves; (b) cell body alignment at the base of the micro‐
grooves; (c) lamellipodia network at walls and base of the microgrooves; (d) inner wall of a microgroove showing
filopodia connected to the nanorough texture of the microgroove walls.

Figure 12. SEM evaluation of cell morphology on sandblasted (a–c) and sandblasted, laser micro grooved zirconia (d–f)
at 15 days. The cells established intercellular contacts and formed layers; contact between the cell and the surface occur
mainly in topographic accidents (high magnification) (a–c). Cells fill the microgroove completely; cells also form in the
pitch areas (d–f).
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4. Conclusion and implications for future research

Surface modifications are of great clinical importance, regardless of the core implant material,
titanium, or zirconium. Hidrophilic and nanostructured SLActive surface accelerates osseoin‐
tegration and provides conditions for early or immediate loading. This surface ensures
predictable implant outcome even in low-density bone due to enhanced biological response.
Initial in vitro and in vivo animal studies indicate improved osteoblastic activity, enhanced
osseointegration and stabile crestal bone level around microogroved zirconia implants treated
with femtosecond laser. This recent findings make them a potential treatment option for
everyday implantology. However, future research should examine clinical effects of laser
microogroved zirconia implants in randomized clinical trials using sufficient sample size and
proven methodology.
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Abstract

This chapter deals with the effect of commonly used surface roughening techniques for
rapid osseointegration on surface and electrochemical properties of dental implants.
Dental implants prepared by smooth machining (MAC), double acid etching (DAE),
sandblasting and acid etching (SLA), Ti plasma spray (TPS) and anodization (ANO) were
included, and their electrochemical properties were compared to untreated commercial‐
ly pure titanium (cpTi). The treated surfaces demonstrated great differences in surface
roughness, morphology, elemental composition and oxide type. Open circuit potential
(OCP) and anodic scan potentiodynamic curves showed that electrochemical proper‐
ties of treated surfaces are inferior to untreated cpTi in an original Ringer’s solution and
a Ringer’s solution enriched with NaF except from the case of ANO where the electro‐
chemical  properties  were  enhanced.  Galvanic  action between dental  implants  and
prosthetic superstructures and more importantly between the treated root and polish‐
ed collar of dental implants is also discussed.

Keywords: dental implants, electrochemical testing, corrosion, surface roughness,
SEM

1. Introduction

Ti and its alloys (Ti–6Al–4V, Ti–6Al–7Nb, Ni–Ti and others) have a long record of applica‐
tions in dental field. [1–3]. Although Ti is well known for its biocompatibility and excellent
corrosion resistance, there are still concerns for the ionic release of Al and V from Ti alloys as
they are connected with adverse biological consequences [4–9]. To overwhelm this complica‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



tion, most dental implants are manufactured of commercially pure titanium (cpTi: grade II and
IV), although a few implants are still produced by the stronger Ti–6Al–4V alloy.

In first place corrosion of dental implants is not a primary concern as the implant surface is
not exposed to oral fluids. Ideally after the implant placement the collar will be covered by the
soft tissue at cervical region while root region will be covered by the attached bone. However,
under inflammatory conditions like peri-implantitis, the environment can be very acidic and
thus much more aggressive. In general, peri-implantitis establishes two changes at the region.
The first is a significant decrease in pH value at the region resulting in a more aggressive
environment for Ti surfaces. Both cpTi and Ti6Al4V alloys showed inferior corrosion resistance
in lower pH while the corrosion rate and kinetic is accelerated [10]. The second is the direct
contact of collar and root regions with oral fluids due to the resorption of soft and hard tissues
has to be considered. Under these conditions, different corrosion mechanisms can be activated:

Uniform corrosion: Ti surfaces cannot withstand the corrosive action of oral fluids and a
uniform regular removal of metal from implant surface is occurred [11].

Pitting corrosion: A form of localized corrosion, where small surface fissures are developed
on the metal surface.

Crevice corrosion: Corrosion takes place between two close metallic surfaces as in the case of
implant and abutment [12]. Crevice corrosion can be also developed on a deep surface crevice
where stagnant conditions of the solution are achieved and oxygen exchange between surface
and environment is impossible.

Galvanic corrosion: A galvanic couple is developed when dissimilar metallic materials are
placed in contact.

Microbial corrosion: Microbial corrosion or microbiologically-influenced corrosion is the
corrosion form caused or promoted by the metabolic actions of microorganisms which reduce
the pH levels.

Fretting corrosion: Fretting corrosion is caused due to micro movements of mechanically
connected parts of an implant structure.

Recently, a research study claims that corrosion of dental implants might be not the result but
the triggering factor for peri-implantitis [13]. In 2009, Alberkston et al [13] claimed that
corrosion along with the presence of aggressive bacteria, lesion of peri-implant attachment
and excessive mechanical loading, among the four triggering factors of peri-implantitis. They
concluded that “peri-implantitis is a general term dependent on a synergy of several factors,
irrespective of the precise reason for first triggering of symptoms” and thus corrosion resist‐
ance might be associated with the failure of dental implants.

Although Ti oxide can be instantly rebuilt after an unexpected damage, a recent study has
pointed out that the breakdown of the oxide film is followed by a dissolution process which
finally deteriorates the corrosion resistance if this happens repeatedly [14]. In a retrieval
analysis study, the corrosion and pitting potential of an intra-oral aged implants were found
lower compared to unused ones. The retrieved implants showed lower passivation range and
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polarization resistance, indicating that in vivo aging deteriorates the electrochemical proper‐
ties of Ti implants [15]. Moreover, a retrieval study of four failed dental implants showed that
all had been corroded during intra-oral service [16]. The authors concluded that surface
oxidation of dental implants might be changed due to the acidic environment developed by
bacteria biofilms and/or the inflammatory conditions at the region. This process may perma‐
nently breakdown the oxide film facilitating the release of debris and metal ions around the
implant. The latter might also hinders the re-integration of bone on implant surface. [16]

Given that corrosion has not yet considered among the risk factors of implant failure there are
no specific guidelines to clinicians to minimize the possibility of in vivo corrosion (i.e minimize
galvanic coupling between implant and supestructure alloys). Unfortunately, till today, there
are no comparative studies on the electrochemical behavior of contemporary dental implants
with different surface treatments. A few studies have employed advanced techniques such as
electrochemical impedance spectroscopy to characterize the electrochemical properties of
anodized and machined dental implants [17–19]. However, the diversity of the applied
methods and solutions used for testing makes comparison between the surface treatments
rather invalid. A few papers have studied the galvanic coupling of Ti with different dental
alloys used for the preparation of implant-retained superstructures providing data for suitable
and nonsuitable combinations [20–23]. However, the aforementioned results cannot be directly
extrapolated in clinical practice as the experimental conditions are far from intra-oral envi‐
ronment.

2. Effect of surface roughening techniques on morphology, roughness,
composition and oxide type of modified Ti implant surfaces.

The modification of implant surface in a way to accelerate the osseointegration process is a
topic of intense research and competition among implant companies. A variety of surface
roughening techniques have been implemented till today including Ti plasma spray (TPS),
double acid etching (DAE), sandblasting with large grit and acid etching (SLA), anodization
(ANO), machining (MAC) (Table 1), laser etching and others [24].

Implant (Manufacturer) Surface treatment Code

Ice (3i, Palm Beach Gardens, FL, USA) Smooth machining MAC

IMZ TPS (Friedrichsfeld, Mannheim, GER) Ti plasma-sprayed TPS

OsseotiteFull (3i) Double acid etched DAE

SLA Active (Institute Straumann, Basel, CH) Sandblasting, acid etching SLA

Replace Select (Nobel Biocare, Göteborg, Sweden) Anodized ANO

Table 1. Dental implants, manufacturer, surface roughening technique and code for commercially available products.
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Today, products prepared with the aforementioned techniques are available in dental market
as there is no clear evidence for the superiority of one surface modification over the others.
The different surface roughening techniques provide characteristic surface patterns on Ti
implant surfaces. MAC is characterized by parallel serrations with a rather smooth surface
(Figure 1). TPS provides surfaces with a random distribution of small granules resemble to
solidified droplets probably due to plasma spray process along with a random distribution of
surface cracks (Figure 1). DAE and SLA depict some similarities due to the final step of acid
etching, although SLA illustrates shallow grooves probably due to grit blasting before etching.
ANO is characterized by valleys and open craters although the size, the shape and the
distribution of these craters are significantly dependent on operational parameters during
anodization.

Figure 1. Secondary electron images from the root surface of dental implants in 4000 (left) and 24000 (right) nominal
magnifications. Parallel serrations are shown on MAC surface due to surface grinding. TPS provides surfaces with a
random distribution of small granules along with surface cracks. DAE and SLA illustrate some similarities due to the
final step of acid etching although SLA demonstrates shallow grooves associated to grit blasting before etching. ANO
is characterized by open craters and valleys.
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3D profilometric images (Figure 2) provide a better idea for the highest (red) and lowest (blue)
areas of each surface. For MAC the highest points are the ridges of serrations while for TPS
randomly distributed granular regions. The highest points for SLA are region surrounding
valleys while the top of craters constitutes the highest points for ANO. Table 2 presents
representative values for roughness parameters from dental literature. In general, the im‐
plants’ surfaces are classified based on Sa (average roughness over the complete 3D surface)
in smooth (0.0–0.4 μm), minimally rough (0.5–1.0 μm), moderately rough (1.0–2.0 μm) and
rough (>2 μm) [25]. The first category includes the well-polished implant collars while MAC
and DAE are classified as minimally rough surfaces. SLA and ANO belong to moderately
rough surfaces and TPS to rough ones. Despite this general classification, it must be noted that
manufacturers can modify the procedural parameters, and thus commercially available
implants might have big differences in their surface roughness even if they are prepared by
the same surface roughening technique.

From corrosion standpoint, this difference in surface roughness might trigger the crevice
corrosion mechanism. In this mechanism, the surface can withstand the corrosive environment
but the stagnant solution in the crevice changes the chemistry increasing the aggressiveness
of solution.

Figure 2. Representative 3D profilometric images from the collar (representative from all implants) and the surfaces of
differently modified root surfaces. Red areas are the highest and blue the lowest areas of each surface. Note the differ‐
ence in scale among 3D images.
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Sa [26] Sa [27] Ra [24]

Collar 0–0.4

MAC 0.9 0.5 0.2

TPS 5.2 7.0

DAE 0.9 0.5

SLA 2.6 1.6 1.2

ANO 1.7 2.0

Table 2. Sa (average roughness over the complete 3D surface) and Ra (average roughness along X or Y axes) values for
collar and root regions of implants from dental literature.

Implant surfaces are further differentiated in elemental composition as appeared by EDX
analysis (Figure 3). All spectra showed C and N which should be appended to surface
contamination while O should be attributed to surface oxide film. For SLA, Na and Cl were
also identified and might be appended to residues of NaCl solution where the implant is placed
to avoid atmospheric contamination. P in ANO has been retained from the solution used
during anodization.

Although Ti oxide is spontaneously formed when Ti is exposed to atmospheric oxygen, a recent
study employing Raman analysis illustrated great differences among the oxide type developed
on different surfaces [28]. According to the results of this study, MAC surface contains mainly

Figure 3. X-ray EDS spectra from the root surface of dental implants prepared by different surface roughening techni‐
ques. All surfaces illustrated the presence of Ti while C and N should be appended to surface contamination. The pres‐
ence of O is involved with oxide film. Na and Cl were also identified for SLA and might be appended to residues of
NaCl solution where the implant is stored. P in ANO has been retained from the solution used during anodization.
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amorphous Ti oxide and less anatase, TPS amorphous and less rutile, DAE mainly Ti2O3 and
amorphous and less rutile, SLA mainly Brookite and lesser rutile and ANO anatase and less
rutile. Given the big differences in all the aforementioned properties, different electrochemical
properties are anticipated.

3. Electrochemical properties

All the surfaces show an almost steady open circuit potential (OCP) in Ringer’s (Figure 4),
indicating a rapid establishment of equilibrium between surface and solution. The OCP values
range from −0.28 up to −0.05 V while cpTi showed −0.05 V close to previous reported values
[29]. OCP curves illustrate that the potential of all surfaces is quickly stabilized. MAC and TPS
showed values close to cpTi while SLA and ANO showed slightly lower OCP values. A few
peaks at ANO curve might be appended to reactions taking place at the surface craters.
However this is only a speculation and it needs further experimental verification. DAE showed
the lowest OCP value. All the treated surfaces showed lower OCP values compared to cpTi a
finding which has been also detected for sandblasting compared to reference Ti surface [30].

Figure 4. Open circuit potential (OCP) curves in Ringer’s solution. All implants show an almost steady curve over the
time, indicating a rapid establishment of equilibrium between surface and solution. The ionization tendency is in‐
creased towards lower OCP values.

Figure 5 illustrates representative anodic scan curves along with a small part of reverse
scanning while the electrochemical data are presented in Table 3. SLA and TPS demonstrate
a few oxidation peaks (pointed by the black arrows) while all curves show negative hysteresis
implying that the oxide film can be reformed after an unexpected breakdown. Similar Ecorr
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values have been reported in dental literature (−0.35 V [31], −0.4 V [32] and −0.18 V [29]).
However, all Ecorr values of treated surfaces moved cathodically denoting an increase tendency
of surface to react. All surfaces show a passivation region and Epit of cpTi was found close to
previously reported values (0.45 V [32]. ANO showed the highest Epit (Table 3) compared to
others.

Figure 5. Anodic scans from dental implants with different surface modifications. Oxidation peaks (pointed by black
arrows) were identified for TPS and SLA. All the surfaces showed a breakdown potential (Epit) and negative hysteresis
in reverse scanning (a small part of reverse scanning curve at 2 V is appeared for all materials).

Ecorr

(V)
Icorr

(μA/cm2)
Epit

(V)
Hysteresis

cpTi −0.27 3.8 0.22 Negative

MAC −0.84 3.6 0.55 Negative

TPS −0.52 20.3 0.43 Negative

DAE −0.79 7.4 0.29 Negative

SLA −0.62 39.4 0.04 Negative

ANO −0.68 3.4 1.26 Negative

Table 3. Ecorr, Icorr, Epit and type of hysteresis from the anodic scan curves obtained in Ringer’s solution. Higher Ecorr and
Epit, lower Icorr and negative hysteresis benefit the corrosion resistance.
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Figure 6. OCP curves in 2% NaF+Ringer’s solution. ANO showed an increase in OCP values compared to Ringer’s sol‐
ution. However, the OCP values of the rest implants moved cathodically although potential is again quickly stabilized
as in the original Ringer’s solution.

Many researchers have focused on the effect of fluoride ions on the corrosion resistance of
dental implants as many dental products such as toothpastes, mouthwashes, prophylactics
gels and others are proposed for the oral hygiene of patients with dental implants. However,
Ti oxide is very vulnerable to fluoride ions and thus the corrosion resistance of dental implants
is seriously compromised [33–35]. Generally, in F− containing media the surface of Ti showed
a strongly bound complex Na2TiF6 followed by a huge increase in surface roughness [36].
However, the presence of F− reduces the corrosion resistance of dental alloys too [37]. In
Ringer’s solution with 2% NaF all OCP curves moved cathodically in a range from −0.4 to −0.2
V. Previous studies reported that OCP of cpTi in Ringer’s solution is ranged between −0.08 [29]
and 0.05 V [38], implying that the surface roughening techniques applied have moved the OCP
cathodically. Surprisingly, ANO showed an increase in OCP in the 2% NaF+Ringer’s solution,
while the OCP of the rest implants moved cathodically due to the more aggressive nature of
this reagent. However, the potential is again quickly stabilized as in the original Ringer’s
solution.

Similar to Ringer’s solution the anodic scan curves showed that surface roughening techniques
move Ecorr value to lower values while passive region was vanished for cpTi, MAC and SLA.
In addition, DAE and MAC showed positive hysteresis denoting that in the case of oxide
breakdown the reformation of the oxide film is impossible under these conditions (Figure 7).
Again ANO showed the best corrosion resistance properties demonstrating the highest (1.32
V) Epit value (Table 4).
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Figure 7. Representative anodic scans from dental implants with different surface modifications. All surfaces showed a
breakdown potential while MAC and DAE demonstrated a positive hysteresis in reverse scanning (a small part of re‐
verse scanning curve at 2 V is appeared for all materials).

Ecorr

(V)
Icorr

(μA/cm2)
Epit

(V)
Hysteresis

cpTi −0.42 1.7 Without passive region Negative

MAC −0.47 46.2 Without passive region Positive

TPS −0.69 19.1 0.20 Negative

DAE −0.72 4.0 0.18 Positive

SLA −0.68 83.8 Without passive region Negative

ANO −0.56 1.8 1.32 Negative

Table 4. Ecorr, Icorr, Epit and type of hysteresis from the anodic scan curves acquired in 2% NaF+Ringer’s solution. Higher
Ecorr and Epit, lower Icorr and negative hysteresis benefit the corrosion resistance.

There is limited knowledge for the effect of surface roughening techniques on electrochemical
properties of dental implants. OCP and anodic scans showed that sandblasting deteriorates
the electrochemical properties of Ti surface, a finding that has already been reported by
previous studies [30]. A speculation for this behavior is that the residual stresses developed in
the subsurface during sandblasting have a detrimental effect on corrosion properties. The same
trend was identified for both the Ti6Al4V and Ti6Al7Nb alloys after sandblasting in phosphate-
buffered solution (PBS) [39]. However, all previous studies on ANO surfaces agreed that ANO
has a positive effect on electrochemical properties. This has been tested in a variety of reagents
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There is limited knowledge for the effect of surface roughening techniques on electrochemical
properties of dental implants. OCP and anodic scans showed that sandblasting deteriorates
the electrochemical properties of Ti surface, a finding that has already been reported by
previous studies [30]. A speculation for this behavior is that the residual stresses developed in
the subsurface during sandblasting have a detrimental effect on corrosion properties. The same
trend was identified for both the Ti6Al4V and Ti6Al7Nb alloys after sandblasting in phosphate-
buffered solution (PBS) [39]. However, all previous studies on ANO surfaces agreed that ANO
has a positive effect on electrochemical properties. This has been tested in a variety of reagents
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including PBS and media with cells simulating inflammatory conditions [17], Ringer’s [40],
PBS [41] and 0.9% NaCl [42]. Interestingly the same findings were found for Ti6Al4V and
Ti6Al7Nb [42]. Recent data showed that no correlation was identified between roughness
parameters and electrochemical properties in both the aforementioned solutions meaning that
surface roughness cannot affect the corrosion resistance and thus the electrochemical proper‐
ties are not dependent on how rough the surface is [26].

4. The galvanic aspect

Galvanic coupling can be easily developed in the oral cavity between dental implants and
implant-retained superstructures especially under peri-implantitis conditions. Concerning the
galvanic couple of Ti with dental alloys, a few studies have been conducted employing
different reagents. Tables 5, 6 and 7 illustrate potential differences of various galvanic couples
between Ti and dental alloys. The values are sorted in descending order from the highest
positive value towards the lower negative value. In most cases, the precious alloys show
positive values implying that Ti will be under anodic control. In this scenario if the galvanic
corrosion is triggered, then the alloy under cathodic control (precious alloys) remains immune
while Ti will be dissolved. In contrast Ti is in cathodic control with all base Co–Cr and Ni–Cr
alloys which means that Ti will be protected while the base alloys will be corroded under the
galvanic action [21]. Given that galvanic action is triggered when the difference in potential is
above 0.2 V the couples with minimal difference to Ti is ideal to avoid galvanic action and
corrosion of one of the two alloys. As implant-retained superstructures are replaced easier than
implants themselves, it is recommended that dental implants should be under minimal
cathodic control.

Couple Potential
(V)

(Ti)/(60Pd–28Ag–6Sn–6In) 0.067

(Ti)/(40Au–35Ag–7.9Pd–7Cu–5In–3.5Zn) 0.002

(Ti)/(63.5Co–30Cr30–5Mo–1Si) −0.027

(Ti)/(61Ni–26Cr–11Mo–1.5Si) −0.031

(Ti)/(61Co–25Cr–7Mo–5W–1.5Si) −0.107

Table 5. Difference in potential between Ti and dental alloys in modified artificial saliva with pH 7.2 [20].

However, all previous values used smoothly machined or polished Ti surfaces which achieved
great difference in OCP values with treated root surfaces (Figures 4 and 6). DAE have almost
0.2 V difference with MAC surface which can be representative of collar. This means that the
exposure of DAE surface and collar to Ringer’s solution is close to galvanic threshold.
Differences with MAC surface (collar) is even higher in the case of 2% NaF+Ringer’s solution
denoting that galvanic corrosion is still possible between collar and root of the implant itself
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in some cases. Of course, the presence of superstructure facilitates the galvanic phenomena
more. However there is limited knowledge on this matter and definitely further research is
required in this topic while the development of guidelines for clinicians to minimize intraoral
corrosion of dental implants might have a beneficial effect on longevity of implant-retained
restorations.

Couple Potential
(V)

(Ti)/(68.9Ag–26Pd26–4Cu–0.9Au–0.1In–0.1Zn) −0.09

(Ti)/(76.5Au–12Ag–8Cu–2Pd–1.5Pt) −0.14

(Ti)/(66.5Ni–22Cr–9Mo–1.6Si0.5Fe–0.4Ce) −0.22

(Ti)/(67Co–28.5Cr–4.5Mo) −0.31

Table 6. Difference in potential between Ti and dental alloys in artificial saliva at 37°C [12].

Couple Potential
(V)

(Ti)/(60Au–24Pt–15Pd) 0.210

(Ti)/(85.5Au–6.5Pt–4.8Pd–1.5Ag) 0.175

(Ti)/(51.5Au−38.4Pd–8.5In–1.5Ga) 0.148

(Ti)/(65Ag–23Pd–6.4Cu–2In) 0.099

(Ti)/(68.5Au–11.7Cu–11Ag–3.8Pd–3.5Pt–1.5Zn) 0.097

(Ti)/(71Au–14.5Cu–9Ag–2Pd–2Pt–1.5Zn) 0.088

(Ti)/(63Ni–21.7Cr–10.8Mo–1.8Fe–1.5Si–1W) −0.132

(Ti)/(65.2Ni–21.6Cr–10.5Mo1.3Si–0.7Fe–0.5Mn–0.2Yt) −0.167

(Ti)/(79.2Ni–14.5Cr–6Mo–0.3Co) −0.191

(Ti)/(77.5Ni–13.3Cr–3.1Mo–2Ti–1.5Be–1Si–0.5Co) −0.229

(Ti)/(78.4Ni–13.Cr–4.5Mo–3.4Al–0.6Fe) −0.274

Table 7. Difference in potential between Ti and dental alloys in Fusayama reagent with pH 5 at 37°C [21].

5. Conclusions

• Surface roughening techniques significantly affect the roughness, morphology, elemental
composition, oxide type and electrochemical properties of Ti implants.

• Electrochemical properties of dental implants are inferior compared to untreated cpTi apart
from that of ANO where the electrochemical properties are enhanced.
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• Galvanic action might be seriously implicated in corrosion under clinical conditions, a factor
associated recently to peri-implantitis.

• Extensive research must be exerted in order to minimize the galvanic phenomena among
treated root, polished collar and implant-retained superstructure.

• ANO of Ti surface significantly increases the electrochemical properties of dental implants
but these findings must be verified by clinical data.
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Abstract

The prevalence of tooth loss and edentulism is among the most ubiquitous diseases of
human history. Dental implants have been widely used for the treatment of any type of
edentulism.  However,  the  absence  of  sufficient  bone  volume  usually  limits  the
placement of implants. Many techniques and materials have been developed to restore
an adequate volume of bone for future implant placement, but the process of biode‐
gradation and replacement with new bone tissue is still under debate for all grafting
materials.  Among the available  biomaterials,  calcium phosphates  (CaP)  have been
under the spot light for their advantages such as the ease of production and lack of
disease transfer. The preparation of the material in two phases allowed self-hardening
and subsequent space maintenance where it applied. This was of critical importance in
load-bearing  implants  and  joint  prosthesis  where  rapid  and  strong  healing  is  re‐
quired. The injectability also allowed a better handling and manipulation in compro‐
mised areas such as the oral cavity. A novel form of injectable calcium phosphate cement
(iCaP) with two distinct formulations was tested on dog tibiae. Healing and ossifica‐
tion at 4 and 12 weeks were assessed by histologic and histomorphometric analysis. No
adverse reactions or negative consequences were noted. Mean new bone formation was
22.12 (SD, 15.68), 18.62 (SD, 13.11), and 9.56 (SD, 11.11)% in the groups 1, 2, and the
control, respectively. Statistically, significant higher new bone formation was evident
in the groups 1 and 2 as compared to the control group (p < 0.01). However, these
differences were no more discernable after 12 weeks of healing. The results of the present
investigation showed excellent in vivo  biocompatibility but insufficient biodegrada‐
tion of the iCaP in the center of the defect area. Further attempts are required to expedite
the biodegradation of the iCaP.

Keywords: Calcium phosphate, dental implant, dentistry, bone graft, bone defect,
bone regeneration, histology, biomaterial
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1. Introduction

Calcium phosphate is the group name of minerals consisting of diverse ions. The fundamen‐
tal ion group calcium (Ca2

+) is coupled by the orthophosphates—a basic ion of distinctive atoms
and molecules within varying organisms to form many different compounds essential to vitality
[1]. Metaphosphates and pyrophosphates and occasionally hydroxide or hydrogen ions also
contribute this family forming various combinations of crystalline configurations [2]. Mineral‐
ization of these ions and molecules constitutes the main frame of multicellular residents (the
bone) including the human [3]. Some of the important subcategories of the calcium phos‐
phates are as follows:

1.1. Mono calcium phosphate

Monocalcium phosphate is an inorganic compound mainly found as monohydrate salts.
Monocalcium phosphates are widely used in the food industry to enhance baking, rising, and
longevity issues. One of the main ingredients in baking powder is monocalcium phosphate. It
is also used as a leavening agent in various processes. Phosphoric acid is used to treat the
monocalcium phosphates to sustain their purity. Together with the fluorapatite, it can be
converted to superphosphates, which are used in fertilizers [3].

1.2. Di-calcium phosphates

This form of the calcium phosphates mainly consists of the “brushite”-type calculus and could
be formulated as monohydrate dihydrate and anhydrous crystalline structures. They are used
as a dietary supplement in many of the low-calorie foods [4].

1.3. Tri-calcium phosphates

The calcium phosphate of phosphoric acid is named as tri-calcium phosphate and mainly
derived from inorganic substances such as whitlockite mineral rocks. Tri-calcium phosphates
are one of the main metabolic products of bone tissue and—the beta tri-calcium phosphates—
especially have been under serious investigation by many researchers. With the evolution of
sophisticated techniques and controlled sinterization methods, a biphasic form was supplied
and termed as “biphasic calcium phosphate.” This final form provided significant benefit,
especially in bone surgery. A powder and liquid form which could be provided in a small
physical carrier could be mixed and injected to the desired area like a tool paste. The material
can be shaped and contoured in situ, and a hardening process takes place within 10 min. This
is of utmost importance in bone defects requiring space maintenance. A semi-permeable
membrane could be played over the hardened biphasic calcium phosphate body for further
osteogenesis [5].

1.4. The calcium apatite

It forms the hydroxyapatite by a hexagonal crystalline system which 70% of the body bone
mass is made of. Accordingly, hydroxyapatite can be considered as a principal component of
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the human skeleton, including the teeth dentin and enamel. The carbonated calcium-deficient
hydroxylapatite which is a modified form of the hydroxyapatite is the foremost mineral in
teeth tissues. Regarding the importance of the material, many synthesis methods were
proposed including wet chemical deposition, sol–gel route (wet-chemical precipitation),
electrodeposition, and biomimetic deposition. Hence, many studies yielded an enhanced
response of the bone tissues when the hydroxyapatite is implanted. Consequently, many
modern joints or hip prostheses are coated by hydroxyapatite to facilitate healing and os‐
seointegration (direct bone deposition on the titanium surface). This approach was also used
in the dental implants, but higher production costs and relatively lower bone-contact surface
of dental implants did not justify its feasible use. Blocks of porous hydroxyapatite are also used
for the restoration of the bone defects and local drug delivery [4].

Besides the mentioned types of calcium phosphates, there are other crystalline configurations
such as octacalcium phosphate, tetracalcium phosphate, and amorphous calcium phosphate
[6].

1.5. CaP cement

It is defined as a powder or a mixture of powders which following the mixing into water or
an aqueous medium to a paste, reacting in room or normal body temperature by the formation
of a precipitate containing of one or more calcium phosphate crystals and sets by the entan‐
glement of the crystals of that precipitate. In the hardening phase, the material can be injected
into any desired area. This greatly improves the manipulation [7].

1.6. Self-hardening injectable iCaP

The self-setting forms of CaP were introduced by Brown and Chow [8]. The material gained
high popularity and interest due to its mechanical and biologic properties [8]. When used as
a grafting material, its application promoted a higher level of bone repairing with some noted
problematic issues. The difference of the crystalline composition and final amorphous form
was found to be not favorable in terms of biocompatibility [9]. This was overcome by different
sintering and preparation techniques leaving a higher percentage of organic form in the latest
setting.

In almost all clinical and experimental studies, the material was accepted and healed rapidly
[3]. However, histologic sections revealed limited biodegradation of the material. This was
especially critical when a functional implant is to be placed on the area. Any load-bearing
functional implant is expected to be surrounded by living bone tissue, which is called as
osseointegration [10]. Upon the use of alloplastic materials around load-bearing implants, the
replacement of the grafting material was not of a concern. The inert behavior of the materials
was favored rather than the bone replacement (creeping substitution). The widespread use of
dental implants then yielded the need of bone replacement of any graft material applied for
the treatment of the lost bone volume. Up until then, the term “resorption” was being used to
define the dissolution of the grafting materials. However, this was rather associated with a
pathologic response so “biodegradation” was used instead of resorption [11].
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1.7. Biodegradation

Occasionally defined as “resorption” can be defined as the dissolution of the graft material by
the body biology [1]. Specifically, when used in bone defects, the CaP are expected to be
removed by polymorph nucleated cells and simultaneously replaced by bone deposition by
osteoblasts and other bone-inducing cells. In the description of this process, the “resorption”
term was being used to define a group of inflammatory cells and subsequent tissue repair. In
contrast to the repair process, biodegradation was then found appropriate for defining the
dissolution of organic materials for a regeneration result [12]. Biodegradation is especially used
in product packing when environmental issues are considered [7]. The biodegradation
potential is distinct in different graft materials (Table 1).

Type of graft transfer Bone-inducing effect (osteoinductive) Space maintenance
(osteoconductivity)

Vital cell
proliferation
(osteogenesis)

Within the same species
(autografts)

Potency ✔✔

Surface resorption
✔ ✔✔✔

Biodegradation
characteristic

Between the different
species (allografts)

Potency ✔

Inconsistent and/or
incomplete

✔✔ ✔

Biodegradation
characteristic

Transfer from non-vital/
synthetic sources
(alloplasts)

Potency ✔

Incomplete
✔✔✔ Not applicable

Biodegradation
characteristics

✔: Poor; ✔✔: moderate; ✔✔✔: strong.

Table 1. Biodegradation and osteogenesis potential in various types of bone grafts.

1.8. The relevance of the biodegradation in oral reconstruction

The skeleton constitutes the principal internal framework that allows the structural integrity
of the organs. It also provides many biomechanics aspects of mobility [13]. More than 200
different types of bones create a critical support for many of the organs and elements. Among
these, the face and jawbones that are embriogenetically derived from the pharyngeal arch to
have unique features from rest of the body bone that is constructed via the endochondral
ossification. The neural crest that the skull is originating attains its particular characteristics
for specific purposes such as the protection of the brain tissue and formation of the first
digestion component: the jaws and teeth. Any loss or damage in the jaws or teeth was one of
the major health problems that the humanity faced upon the early ages. Due to its accessibility,
the calcium phosphates-based materials were the first choice in the repair and restoration of
jawbones [14]. Initial application of the raw material was not practical due to the powder form.
Following particulate forms, improved the outcomes. However, they yielded difficulty in the
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contention of the defect area in the presence of bleeding [15]. Especially in the oral cavity, the
conceded are may be subjected to forces and irritating factors resulting with the geometric
violation of the graft area and a poor outcome (Table 2).

Name Characteristics and biodegradation

Calcium phosphates (CaP) Constitute the inorganic matrix of the bone

Resorbable hydroxyapatite (HA) Rapid biodegradation. Small particles may lead foreign body reaction

Tri-calcium phosphate (TCP) High biocompatibility and moderate biodegradation

Dense HA Resistant to biodegradation. Long-term space maintainer

Porous HA Faster biodegradation than dense HA

Bioglass Non-degradable. High biocompatibility in bone

Calcium carbonate Inconsistent biodegradation

Calcium sulfates (the Paris plaster) Rapid biodegradation

Table 2. Classification of CaP materials and their biodegradation characteristics.

1.9. Injectable CaP in clinical dentistry

Amorph and hydrous forms opened a new horizon with the cement-like setting feature. In this
form, a powder (amorph component) and liquid (hydrous form) component is mixed to create
a reaction of hardening just like a cement. While in its hardening stage, the material is in a
“flowable” state allowing easy transfer and shaping according to the defect-site-specific
conditions. This feature is then used as “inject ability” for enhancing the practical aspect of the
calcium phosphate-based bone-grafting sequence. The primary results were favorable except
one phenomenon present in almost all histologies. The core of the material was found intact
in situ despite the abundant bone formation in the graft-to-host bone border. Initial observa‐
tions revealed that the material was highly biocompatible but lacked porosity yielding a bulky
end product. As a result, the body fluids could penetrate the material only from the surface
but did not reach to the core of the material. This aspect may of course be advantageous in
some specialties of dentistry such as endodonty. The material applied to the root of the natural
teeth after the removal of the vital structures known as the root canal therapy. The material
successfully sealed the canals (even the side canals known as the isthmus) hermetically and
caused no foreign material reaction the tooth-apex. The resistance of the material to resorption
and biodegradation allowed long-term stability and success of the treatment known as the root
canal therapy. However, in the restoration of the lost bone volume, the lack of complete
translation of the injectable calcium-phosphate-bone cement (iCaP) into the bone tissue was a
challenge [16]. Especially in oral implantology where a titanium fixture is expected being
surrounded by living bone tissue (osseointegration) and any intact form of graft material was
undesirable (Figure 1).
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Figure 1. A dental implant placed into the alveolar crest should be surrounded by living bone tissue. Any lack of bone
that is described as the dehiscence defects (intermittent lines) should be covered by a graft material with an osteogene‐
sis potential.

1.10. Biodegradation of injectable CaP

Many attempts have been undertaken to overcome the issues related to biodegradation of the
iCaP. A series of powder and mixture settings was formulated and experimented on animal
models to reveal the best configuration. The hydrous component allowed fine-tuning of the
setting time and flowability characteristics, while the powder component was mainly related
with the final hardness of the cement. Concomitantly, a porous character was obtained for
gaining better flow and penetration by bodily cells and fluids. A delicate balance of the setting
time, ease of injectability, and the final setting hardness was a constant challenge in the
development stage in many previous studies [17].

2. Experimental study

In order to optimize the biodegradation of the injectable CaP, three different formulations were
deduced be tested experimentally to achieve an objective comparison. In this respect, a dog
model was chosen due to the available bone volume. The tibia was the choice of defect creating
since the oral cavity may pose significant infection and mastication forces risks. After the
retrieval of an ethical approval, six beagle dogs were housed for the experiment, and the tibias
were exposed after the general anesthesia. Three standard bone defects were created in the
proximal tibia of animals, and the mentioned iCaP formulations were mixed and injected into
the defects. One defect was left empty to serve as control. All animals were injected with
fluorochrome labels in the first and last week of healing to discriminate the pattern of healing
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on the histology. The animals were sacrificed after 4 weeks, and bone biopsies were obtained
from the defect sites. The samples were processed according to the non-decalcified histology
protocol. The histologic slices were obtained and subjected to histomorphometric analysis for
objective comparison.

2.1. The injectable CaP cements

The cements were founded as powder and liquid components in a capsule carrier and are
readily available for mixing (Figure 2).

Figure 2. The injectable CaP was provided in a ready-to-mix tube. The powder and liquid form is separated by a plas‐
tic barrier. Prior to the placement to the shaker (i.e., amalgamator), the barrier plastic is removed thereby allowing the
mixing of the components. The material is shaken for 30 s for proper viscosity.

After mixing, the iCaP cement can be injected to the defect and cured in a similar manner to
others cement materials.

Tetracalcium phosphate (TTCP: Ca4(PO4)2O) and an hydrous di-calcium phosphate CaHPO4

are mixed 2:5 molar and obtained the Ca(H2PO4)2. H2O + Ca2NaK(PO4)2. The mixture is diluted
with 0.5 ml distilled water. The powder was sterilized via 27 kGy gamma radiation. The
hydrous part of cements was divided into two groups. In the group 1, the hemi-hydrate part
excluded. In group 2, the hemi-hydrate part was included but the concentrations were 5.

The powder and liquid form was provided in an application tube ready to be inserted in to a
mixer. The separator is removed, and the power and liquid forms are mixed for 20 s.

2.2. Surgical procedures

All surgical procedures were performed under general anesthesia. The left tibia of the dog was
shaved and disinfected with povidone-iodine. During all surgical procedures, the animals
were pre-anesthetized with Xylazine (Rompun/ Bayer, Germany) 1.5 mg/kg intramuscularly
[i.m.] and anesthetized by Ketamine (Ketanest/ Alfasan, Holland) 10 mg/kg i.m. and main‐
tained by isoflurane 3.5% (volume/volume) (Forane, Abbott Laboratories, Rungis Cedex,
France). They were administered through an endotracheal tube. Ten, the bone surface in the
proximal tibia region was exposed by an incision followed by skin and periosteal elevation.
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Three recipient sites were prepared, using a drill of 3.8 mm in diameter to a depth of 13 mm
to obtain standard defect sites. A minimum of 1.5 mm was sustained between defects to
provide adequate healing conditions for the defects.

Figure 3. Two standard bone defects (a diameter and depth of 3.8 and 13 mm respectively) were prepared for the injec‐
tion of groups 1 and 2 (middle and the right defect). One defect (on left side) was left empty to serve as control.

After achieving bleeding control, iCaP cement capsule placed in amalgamator for 20 s, after
that iCaP cement injected in all defect except one defect for each animal left empty (Figure 3).

After the removal of the residual cement, 10 min time was exceeded for the setting of the
material. Then, the periost and dermis sutured with vicryl 3–0 suture material (Ethicon,
Polyglactin 910, Chicago, A.B.D). In order to monitor patterns of bone formation, hydrochloric
tetracycline (at the 4th week (Tetra, Mustafa Nevzat İlaç Sanayı, Istanbul, Turkey) and Alizarin
complexone (Sigma-Aldrich, Bonn, Germany); (at the 11th week) were injected intravenously
(I.V.). The animals were fed with standard diet throughout the 12-week recovery period. At
the end of the 12 weeks, the animals were sacrificed by an overdose of sodium pentobarbital
(Abbot Lab. Chicago A.B.D).

2.3. Histologic preparation and analysis

The block biopsies taken from the proximal tibias, stored in phosphate-buffered solution and
maintained at 4°C. The blocks were dehydrated with a series of alcohols and put into a
transparent flask filled with methyl methacrylate. This was essential for the non-decalcified
histologic sections. Following the polymerization, the blocks were removed from the flask and
using the Donath technique, 395 μm non-decalcified sections were obtained. A total of three
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sections were taken from each defect. The first two sections stained with methylene blue and
basic fuchsin, and the third section with the thickness of 390 μm was taken without staining
for fluorescence analysis. For the analysis, the sections were magnified under ×100 light
magnification of a stereo microscope. The new bone and residual area was calculated manually
using dedicated software (Olympus Image Analyzer, Tanaka, Japan). The percentage of new
bone and the residual graft area was calculated.

2.4. Statistical analysis

The normality of the results was controlled by the Shapiro–Wilk Normality test. Student t-test
was used for the statistical analysis. All analyses were performed by the GraphPad Prism
software (San Diego, California, USA).

3. Results

The injection and the manipulation of the CaP were easy, and the material was set in almost
15 min. However, this period of time can be considered long for the clinical work. Also, in the
presence of bleeding, the setting of the material was compromised and particles washed away
by the blood. After the self-hardening, the manipulation of the soft tissues for suturing was
rather easy.

Throughout the healing period (up to12 weeks), no local or general problems or complications
were observed in the animals. The surgical area healed quickly in all dogs without any signs
of a developed pathology. Radiographic examination showed no pathological changes at the
surgical zone.

3.1. Light microscopic examination

All the histological cross-section views of the CaP graft material have showed bone integration.
A dense trabecular bone structure was also noticed around the grafted area. A thin cortical
bone layer surrounded a trabecular woven bone. In this layer, the particles of the CaP cement
were in the center of the defect and substituted by a thick layer of trabecular bone tissue. Almost
in all the histological sections, the coronal aspect of the injectable CaP graft was surrounded
by a layer of cortical bone. At high magnification, the Howship lacunae (osteoclast resorption
lacunae) were seen at the zone adjacent to the graft material. A continuous layer of osteoid
deposition followed biodegradation of the graft material. The outer part of the graft core was
replaced with new bone, but the core part (inner part) of the cement was not biodegraded. In
contrary to the outer part (the sections in contact with the native bone), the center section was
still intact. The graft material was strictly placed into the defect which was in a complete contact
with the surrounding bone tissue, and no fibrous tissue or inflammatory reaction was observed
in any of the histological sections. At the early stage of healing active angiogenesis and
osteogenesis have been shown, and no inflammatory symptoms were seen. (Figures 4 and 5)

Biodegradation of Injectable Calcium Phosphate Bone Cements: A Dental Perspective
http://dx.doi.org/10.5772/62789

179



Figure 4. Group 1. Four weeks healing. Basic fuchsin and toluidine staining. Original magnification ×10. The un-resor‐
bed bulk material can be seen in the middle of the defect. Osteoid deposition is evident in the borders of the material.
No inflammatory evidence is visible.

Figure 5. Group 2. Four weeks healing. Basic fuchsin and toluidine staining. Original magnification ×10. The apical
portion of the material has been replaced by living bone tissue characterized by large trabecular zones. The material is
not biodegraded completely as marked by the dark area. However, the iCaP shows excellent integration with the host
bone.
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At 12th week, the process of new bone apposition and mineralization was still visible.
Moreover, the graft found at the base of the defect and next to the cortical bone has been
degraded by osteoclast-like cells. At higher magnification, both dense trabecular area and
unlimited osteoblast like cells, primary, and secondary osteons were found in the space
between the vessels at the regenerated bone. In this time frame, it was evident that the
formation of osteoid tissue began growing from the defect walls and continues toward the
center (Figures 6 and 7).

Figure 6. Group 1. Twelve weeks healing. Basic fuchsin and toluidine staining. Original magnification, ×100. The floor
of the defect is focused. High magnification in the apical portion reveals direct contact the living bone tissue with vital
cells and ongoing ossification. Osteoid deposition is characterized by osteocytes (small dots) lines at the iCaP border.
The iCaP material is being penetrated by small indentations (Howship lacuna) derived from the host bone tissue.

Figure 7. Group 2. Twelve weeks healing. Basic fuchsin and toluidine staining. Original magnification, ×100. Coronal
part of the defect is focused. In the coronal aspect, the iCaP material is covered with new bone tissue. Despite the frag‐
ments of small ossification points, the iCaP material has not biodegraded (white bulk in the lower aspect of the image).
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In the control defect, the cervical part of the defect was filled with soft tissue. On the contrary,
the apical part was filled with mature bone. Low-mineralized primary osteoid was also seen
especially at the borders of the defect in both the control and test groups.

3.2. Fluorescence microscopic examination

The use of fluorochrome labels allowed observation of the bone growth and the position of
the new bone that occupied the grafted space in relation with the time frame. The tetracycline
HCL applied in the 4th week stains the mineralization by green color (Native bone in dark
green and new bone in light green). The alizarin complexone applied in the 11th week stains
the mineralized tissues in orange color (Native bone dark orange/red/brown and new bone in
light orange). Accordingly, tetracycline HCL stain was seen at borders of the defect at the 4th
week sections. This indicates that the formation of this bone started shortly after CaP place‐
ment. The histological cross-section of the CaP-grafted area at the 12th week showed a
continuous formation of bone and remodeling. It was evident that a bone turnover was
ongoing throughout both the intervals. The rate of new bone formation was within normal
physiology limits. The formation of the bone initiated from the borders of the defect towards
the center (Figures 8 and 9).

Figure 8. Fluorescence microscopy view of the 4 weeks healed defect in group 1. Light green staining reveals new bone
formation. Original magnification, ×200. Coronal side of the defect is focused. Light green areas depicting ongoing os‐
teogenesis around the iCaP area (right bottom corner). It is obvious that the osteogenic activity started soon after the
placement of the iCaP.

Dental Implantology and Biomaterial182



In the control defect, the cervical part of the defect was filled with soft tissue. On the contrary,
the apical part was filled with mature bone. Low-mineralized primary osteoid was also seen
especially at the borders of the defect in both the control and test groups.

3.2. Fluorescence microscopic examination

The use of fluorochrome labels allowed observation of the bone growth and the position of
the new bone that occupied the grafted space in relation with the time frame. The tetracycline
HCL applied in the 4th week stains the mineralization by green color (Native bone in dark
green and new bone in light green). The alizarin complexone applied in the 11th week stains
the mineralized tissues in orange color (Native bone dark orange/red/brown and new bone in
light orange). Accordingly, tetracycline HCL stain was seen at borders of the defect at the 4th
week sections. This indicates that the formation of this bone started shortly after CaP place‐
ment. The histological cross-section of the CaP-grafted area at the 12th week showed a
continuous formation of bone and remodeling. It was evident that a bone turnover was
ongoing throughout both the intervals. The rate of new bone formation was within normal
physiology limits. The formation of the bone initiated from the borders of the defect towards
the center (Figures 8 and 9).

Figure 8. Fluorescence microscopy view of the 4 weeks healed defect in group 1. Light green staining reveals new bone
formation. Original magnification, ×200. Coronal side of the defect is focused. Light green areas depicting ongoing os‐
teogenesis around the iCaP area (right bottom corner). It is obvious that the osteogenic activity started soon after the
placement of the iCaP.
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Figure 9. Fluorescence microscopy view of the 12 weeks healed defect in group 2. Light green and orange staining re‐
veals new bone formation. Original magnification, ×150. Apical side of the defect is focused. Orange circles and lines
reveal bone active remodelation and formation in the 11th week. The iCaP is being replaced by trabeculas of new bone.
The bone formation that is evident on the 4th week (light green staining) is being deposited by osteocyte lamellas (or‐
ange color) in the 11th week.

3.3. Histomorphometric analysis

Mean new bone formation was 22.12 (SD, 15.68), 18.62 (SD, 13.11), and 9.56 (SD, 11.11)% in the
groups 1, 2, and the control, respectively. Statistically, significant higher new bone formation
was evident in the groups 1 and 2 as compared to the control group (p < 0.01). However, these
differences were no more discernable after 12 weeks of healing (Figure 8).

The rate of residual iCaP was similar in both time intervals. In the 4 weeks healing group,
almost half of the iCaP was still present in both groups and there were no statistically signif‐
icant differences between the groups 1 and 2. After 12 weeks, the biodegradation was evident.
However, complete biodegradation of the iCaP was not evident in any groups 45.44 (SD, 22.16)
and 41.20 (21.20)% for groups 1 and 2, respectively; (Figure 9).

Cellular evaluation of the histologic slices in the groups yielded no inflammatory response or
foreign body reaction. Histomorphometry taken together with the fluorescence sections
reveals that new bone formation initiated right after the surgery at the iCaP and host bone
border. In both groups, the staining in the 4th and 11th weeks was similar. It is obvious that
the cells involved in bone turnover infiltrate the iCaP body by small indentations and the
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biodegradation was sparsely conducted in the roots of these indentations. The bulk and non-
porous nature of iCaP, unfortunately, inhibited the infiltration of cells responsible in the
biodegradation. This was characterized by orange stains in the 11th week, and there were not
visible differences between the groups (Table 3).

Group 1 Group 2 Control

4th week
(tetracycline
staining)

Osteoid deposition and new bone
formation visible in all histologic
sections. Major mass of the iCaP is
visible

Osteoid deposition and new bone
formation visible in all histologic
sections. No significant
biodegradation is visible

Osteoid deposition and new
bone formation visible at
bottom side of the defect. The
coronal aspect of the defect is
lacking bridging

11th week New bone formation is evident in
all sections. A thin layer of new
bone tissue is bridging over the
iCaP. No sections reveal complete
biodegradation of the iCaP

New bone formation and lamellar
formation is evident in all sections. A
thin layer of new bone is bridging the
top of the defect. iCaP was not
biodegraded and left intact,
especially in the center of the defect

The bone defect is being
filled with trabecular bone.
The amount of new bone
formation is less than the
group 1 and 2

Table 3. Evaluation of biodegradation in groups 1 and 2 as compared to the control group.

4. Discussion

The restoration of the lost bone volume would be one of the most concerned topics in the future
of dentistry. Given the prevalence of edentulism and tooth loss, more people are likely to apply
for a fixed prosthetic restoration approach. Dental implant is an excellent base for such
purposes. Unfortunately, the bone volume rapidly decreases due to the atrophy in lack of the
functional stimulus [16].

In the restoration of an alveolar bone defect, the autogenous bone transfers are regarded as the
golden standard. However, they are difficult manage and prone to many complications in the
short and long term. Hence, extensive surface resorption, especially in the iliac grafts, questions
their effective use. Nevertheless, the contents of living bone cells are critical for rapid healing
[3]. The iCaP lacks any living cells and does not incorporate relevant growth factors or bone-
inducing elements. Therefore, its application and efficacy fundamentally depend on the
vascularization of the native bone [18]. Moreover, the open nature of the iCaP allows integra‐
tion of any desired elements, cells, or components that may be tailored according to the site-
specific needs. The results of the present investigation are promising, and the iCaP seems
suitable for further development for efficient and inexpensive bone regeneration purposes
(Figures 10 and 11).
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Figure 10. New bone formation measured in the time intervals.

Figure 11. Residual graft area measured in the time intervals.

After 4 weeks of healing, a considerable amount of new bone was evident in both groups as
compared to the control defect. Nevertheless, there were no statistically significant differences
in between these two groups. This may render that the inclusion of hemi-hydrate groups did
not yield any positive influence in terms of new bone formation.

After 12 weeks of healing, the level of new bone was above 50% in all the defects and there
were no statistically significant differences in the groups or the control defect. This may point
the long healing period or the insufficient dimensions of the graft. Even so, there is no
consensus on the critical size defects of the tibia in terms of a dental implant osteotomy.

The residual graft was also investigated to corroborate the results of new bone formation. In
the 4 weeks, more than 60% of the injectable CaP material was still present in the defects. After
12 weeks, the rate of residual CaP decreased below 40% in group 2. The difference was
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statistically significant in none of the time intervals. Histologic section yielded a core material
was left non-resorbed right at the center of the defect. Ooms et al. [19] in a study on dog, placed
an injectable porous form CaP graft material into the standardized defects in combination with
an experimental titanium implant and found that this material was highly ossified in the whole
area, especially in infection cases or in case of few walled bony defects, and also he found out
that the material outcome might be high if vascularization is supported. It may be proposed
that further porosity is required around the iCaP to allow vascularization and body-fluid
penetration.

Many different attempts and experiments have been performed in a purpose to increase the
biodegradation of CaP cement. It is thought that increasing the solubility of CaP inside the
bone results in accelerating the period of biodegradation. Solubility increases in direct
proportion to the surface area [20]. The body fluids and their contents such as phagocytic cells
expedite the resorption period of the graft when the contact area between the fluids and the
graft material increases. As a result, the hardened graft material porosity is expanded so to
rise the infiltration of fluids and blood between the graft. Daculsi et al. [21] produced a porous
CaP cement with interporous distance ranges between 100–500 micrometer to introduce a good
environment for cell growth.

In the present experimental model, new bone regeneration was ascertained without any
complications that might occur thereby of using a barrier membrane such as exposure of the
soft tissue and infection. This may be attributed to site of the tibia as the area of the defect.
Nonetheless, applying the graft into the oral bone might also have good prognosis with no
complications as it was observed in the tibia. Some researchers reported that the use of
membrane may be unnecessary as the material acts as a space maintainer. In this study, the
four-walled bony defect was involved so that no barrier membrane was used. Hence, new
bone formation was occurred in both groups.

5. Conclusions

The injectable CaP cement has an excellent biocompatibility and a good space maintaining
ability. No pathologic findings encountered during the period of the present and similar other
studies. Injectable from of the CaP greatly improves the applicability of the material. However,
the biodegradation of the present iCaP was similar to those of previous observations. The
application of the CaP yielded better new bone formation as compared to the empty control
defects. The center of the graft seen intact at the end of 12 weeks. The inclusion of a hemi-
hydrate component did not effect effected neither the new bone formation nor the residual
graft. In both groups and time intervals, in the injectable CaP was not degraded completely at
the end of 12 weeks of recovery time. Supplementary methods are required to fasten the
biodegradation process.
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