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Abstract: This article focuses on preclinical studies and reviews the available evidence from the
literature on dental implant and abutment materials in the last decade. Specifically, different peri-
implantitis materials and how surface modifications may affect the peri-implant soft-tissue seal
and subsequently delay or hinder peri-implantitis are examined. This review analyzed more than
30 studies that were Randomized Controlled Trials (RCTs), Controlled Clinical Trials (CCTs), or
prospective case series (CS) with at least six months of follow-up. Meta-analyses were performed to
make a comparison between different implant materials (titanium vs. zirconia), including impact
on bone changes, probing depth, plaque levels, and peri-implant mucosal inflammation, as well
as how the properties of the implant material and surface modifications would affect the peri-
implant soft-tissue seal and peri-implant health conditions. However, there was no clear evidence
regarding whether titanium is better than other implant materials. Clinical evidence suggests no
difference between different implant materials in peri-implant bone stability. The metal analysis
offered a statistically significant advantage of zirconia implants over titanium regarding developing a
favorable response to the alveolar bone.

Keywords: meta-study analysis; dental implant; peri-implantitis; Randomized Controlled Trials
(RCTs); abutments; surface modification; clinical outcome; zirconia

1. Introduction

Tooth loss usually occurs in patients who suffer from oral diseases and traumas. It
impairs masticatory function and may also cause gradual resorption of the alveolar bone [1].
Removable prostheses were conventionally used to restore functional defects and improve
esthetics without teeth. In comparison, dental implants possess various advantages over
unfixed dentures, such as preservation of adjacent teeth and long-term success. With the
continuous optimization of dental implants and improvement of clinical techniques, the
survival rate of implants has been reported to be up to 90–95% over periods of 5–10 years [2].
Dental implants have become a popular alternative to conventional prostheses during the
past decade. However, implant failures do occur due to different factors such as post-
operative infections and occlusal overload. The inflammatory process at the peri-implant
bone region, namely peri-implantitis, is one of the significant concerns jeopardizing the long-
term efficacy of implants. Peri-implantitis is a destructive inflammatory process affecting
the soft and hard tissues surrounding dental implants [3]. Peri-implantitis involves severe
complications at the implant site featured by the presence of pus, bleeding upon probing,
deep pocket, and bone resorption [4]. Without successful treatment, peri-implantitis could
lead to severe destruction of the supporting bone and eventual implant loss and is becoming
a serious challenge in implantology [3].

Peri-implant tissue has been well discussed in terms of healing and clinical outcomes,
showing a clear benefit for the patients’ masticatory efficiency and quality of life [5]. The
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changes in the surface morphology have shortened the treatment times and brought about
an earlier delivery of functional restorations [6], which has enabled the clinicians to provide
adequate treatment in the vast majority of cases. Early clinical publications indicated
that peri-implantitis occurred in the first year of loading. Numerous attempts have been
made to minimize or eliminate such bone loss. Despite this, the timing and the reason for
peri-implantitis are not always obvious [3,7].

However, the current literature intensely focuses on and is limited to the clinical
reports comparing the different treatment options for the current patient population. Even
though clinical data are highly suitable for treatment providers, patients, and quality
assurance, experimental research in the preclinical stage should not be neglected because
of the novel ideas that might result in new treatment strategies in the future. For advancing
the art and science in dentistry, such studies could be considered more significant than the
clinical studies applying the concepts and products already available today if following
sound and scientific principles.

This article focuses on preclinical studies, a stage of research that begins before testing
in humans, typically in laboratory animals, and reviews the available evidence from the
literature in the last decade on dental implant materials to combat/prevent peri-implantitis.
Specifically, different materials and how surface modifications may affect the peri-implant
soft-tissue seal and subsequently delay or hinder peri-implantitis are examined. This
review analyzed more than 30 studies that were Randomized Controlled Trials (RCTs),
Controlled Clinical Trials (CCTs), or prospective case series (CS) with at least six months
of follow-up. Meta-analyses were performed to make a comparison between different
implant materials (titanium vs. zirconia), including impact on bone changes, probing
depth, plaque levels, and peri-implant mucosal inflammation, as well as how the properties
of the implant material and surface modifications would affect the peri-implant soft-tissue
seal and peri-implant health conditions. This review intends to provide room for new
concepts, new ideas, and new products that will help to address our patients’ future needs.

2. Literature Search

An extensive literature review was conducted in the last ten years to examine the
kind of implant needed to combat peri-implantitis and how surface modification may
affect the peri-implant soft-tissue seal and subsequently delay or hinder peri-implantitis.
The review examined over 100 studies. The studies were identified by examining several
electronic databases, such as PubMed and the Cochrane Central Register of Controlled
Trials. The following keywords were used for the searches: dental implant AND Abutments
AND zirconia AND alloy AND surface treatments. The search was restricted to articles
published in the English Language from 2004 to 2020. Next, journals such as Clinical Oral
Implant Research, The Journal of Clinical Periodontology, International Journal of Oral
& Maxillofacial Implants, International Journal of Periodontics and Restorative Dentistry,
International Journal of Prosthodontics, Journal of Periodontology, Journal of Prosthetic
Dentistry, Implant Dentistry, Journal of Oral Implantology, Journal of Periodontal Research,
and Clinical Implant Dentistry and Related Research were searched for additional articles
for the years 2004–2020.

The review also examined over 30 studies for the meta-analysis. A meta-analysis
is a statistical analysis that combines the results of multiple scientific studies. For the
searches, the following keywords were used: dental implant, abutments; implant, biological
width, peri-implant soft tissues, bone changes, probing depth, plaque levels, and peri-
implant mucosal inflammation. Studies included were Randomized Controlled Trials
(RCTs), Controlled Clinical Trials (CCTs), or prospective case series (CS) with at least six
months of follow-up, and meta-analyses were performed to compare materials (titanium
vs. zirconia) and to evaluate the impact of various implant materials on bone changes,
probing depth, plaque levels, and peri-implant mucosal inflammation. All the publications
were grouped based on the study’s nature—animal studies, human histologic analysis,
clinical trials, in vitro studies, the in vivo, and traditional reviews. Several set criteria
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were used depending on the study’s nature to determine the studies to be included in
the meta-analysis. The following inclusion criteria were adopted for the animal studies:
(1) the number and type of tested animals need to be mentioned clearly; (2) the sample
size of test animals needs to be less than 4 in each treatment category, and (3) the test and
control groups need to be included. The clinical studies were included if they reported a
pronounced effect on the experiment, the control group for titanium implant or a piece
implant, and at least six months of follow-up analysis. The results were considered explicit
if the study reported a soft-tissue seal.

3. Dental Implants

Dental implants have become widely accepted and implemented in the last decade
to replace missing teeth and support fixed and partially removable prostheses. Despite
overall high long-term survival rates (96.1% after ten years and 83.8% after 25 years)
and intensive periodontal and prosthetic maintenance, implant failures can still occur.
In the past decade, substantially increased evidence has been provided to indicate that
bacterial biofilm-induced peri-implant inflammation could affect both soft and hard tissues,
which have eventually brought about implant failure. This inflammatory condition is
distinguished as peri-implant mucositis and peri-implantitis.

Peri-implantitis was first described by Mombelli et al., as an infectious disease with
several common characteristics with periodontitis [8,9]. From the clinical perspective, there
was a lack of consensus on a clear definition for peri-implantitis due to complex etiological
and clinical factors associated and was often case-by-case. Specifically, there was confusion
between peri-implantitis and peri-implant mucositis: the former was mainly defined as
an inflammatory response of the peri-implant mucosa with marginal bone loss, while the
latter was focused on soft tissue inflammation. To begin with, Berglundh et al. [10] defined
peri-implantitis as a plaque-related inflammatory condition that occurs around the dental
implant(s). At the same time, peri-implant mucositis refers to inflammation in the adjacent
gingival tissues and has no signs of loss of supportive bones after the first placement.
The primary symptom of inflammation associated with peri-implantitis and peri-implant
mucositis is bleeding on probing. On the other hand, inflammation of the mucosa that
surrounds the dental implant(s) and progressive loss of bone tend to be the main clinical
signs of both peri-implant mucositis and peri-implantitis [10].

In the recent past, peri-implant diseases (peri-implantitis and mucositis) have been
extensively researched, and different treatments for these diseases were discussed. Specif-
ically, the selection of implant materials and various material surface modifications has
been studied to improve treatment outcomes and prevent inflammatory conditions that are
usually associated. The material used to fabricate dental implants is critical in providing
ideal mechanical properties, such as stiffness and tensile strength, and preventing the onset
of inflammation surrounding the implant. Among various options, titanium (Ti), alloys,
and ceramic-based zirconia (ZrO2) have been examined with the highest efficacy to manage
inflammation and prevent peri-implant diseases.

Another critical aspect is material surface modifications, such as chemical and bi-
ological treatment of the material surface. Implants with surface modifications would
prefer roughness and prevent inflammatory cell recruitment. Figuero et al. [11] examined
the interventions used to manage peri-implantitis and peri-implant mucositis. Based on
controlled clinical trials, it was found that the utilization of antiseptics, antibiotics, and
mechanical debridement of the implant surfaces by curettes, air-abrasive devices, lasers,
and ultrasonic devices could help to treat peri-implantitis and peri-implant mucositis.
These interventions decreased the probing pocket depth and bleeding and inflammation of
the lesions [11].

Similarly, Chala et al. [12] examined the efficacy of using lasers in treating peri-
implantitis and peri-implant mucositis. Based on the evaluation of findings from nine
Randomized Controlled Trials, Chala et al. found that adjunct laser application, a non-
surgical therapy/treatment, had a significant impact on the treatment of peri-implantitis
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and peri-implant mucositis over a shorter-term period. The authors also recommended sur-
gical intervention when a non-surgical approach is not clinically significant/practical [12].
In the following sections, implant materials and promising surface modification methods
will be introduced and discussed.

4. Dental Implant Materials
4.1. Titanium

Titanium, a lustrous transition metal with atomic number 22, is widely used to manu-
facture dental implants [13]. Its biocompatibility due to inert behavior in the living tissue
was already documented in 1951 by Gottlieb Leventhal [14]. Bengt Kasemo further elab-
orated on the biocompatibility of titanium and connected its superior properties as an
implant material to the 2–10-nm-thick oxide layer, which instantly formed on titanium in
the presence of oxygen [15]. Due to this oxide layer, titanium features high polarization
resistance, protecting the metal against corrosion, hindering the release of metallic ions
into the human body [16–18]. As a result of titanium oxide’s high dielectric constant,
the surface oxide film was an attractive site for establishing chemical bindings and the
attachment of a large spectrum of biomolecules [19,20]. The bioactivity, osseointegration,
and biocompatibility features of titanium play an essential role in promoting bone for-
mation in direct contact with the metal surface after dental implant placement; therefore,
titanium dental implants have shown an excellent survival rate and effectiveness [21,22]. In
addition, titanium promotes osseointegration, which is crucial in the success of the dental
implant material. During osseointegration, the interfacial zone between the living bone
and the titanium/titanium alloy dental implant materials, between 21 and 50 nm, plays a
vital role since bone cells release critical growth factors into this interfacial zone for bone
formation around the titanium dental implants. Furthermore, blood plasma proteins are
deposited onto the surface oxide layer found on the surfaces of titanium dental implants
after implantation, leading to the development of fibrin matrices, which act as a scaffold
for the bone-forming cells to reside and therefore promote bone formation to anchor the
dental implants [23,24].

One example of a titanium dental implant is the OsseoSpeed implant (DENTSPLY
Implants, Mannheim, Germany), which came into the market in 2004. This implant’s
surface texture results from two subtractive, sequential manufacturing steps: titanium
oxide blasting and subsequent hydrofluoric etching. Titanium oxide blasting produces
the microscale surface roughness, and subsequent etching with the hydrofluoric acid in-
fluences the nanostructure of the implant [25–27]. Ellingsen et al. have examined the
biomechanical features and histomorphometric characteristics of osseointegration with
OsseoSpeed implants using a rabbit model. For the treatment group that received Os-
seoSpeed implants, significantly greater removal torque and shear strengths and higher
levels of bone to implant contact were observed after 1 and 3 months of healing compared
to the controls [28–30]. In a healing chamber model, the amount of bone formation around
OsseoSpeed implants was superior to the bone quantity around the precursor implant.
Moreover, Choi et al. compared OsseoSpeed implants with TiUnite implants in a rabbit
model and noted similar findings of osseointegration [31]. In prospective clinical trials,
Mertens and Sterling examined the long-term clinical outcome of OsseoSpeed implants
by evaluating 42 implants in 15 patients over five years. The overall survival rate was
97%, and the mean marginal bone loss was 0.1 mm. Such results seemed independent of
immediate or conventional loading. In addition, Raes et al. reported a one-year survival
rate of 98% in a prospective clinical trial using immediately professionalized OsseoSpeed
implants placed in the anterior maxilla of 48 patients [32]. A 2-year prospective clinical
trial by Collaert et al. examined the clinical outcomes of 25 edentulous patients; each was
treated with five OsseoSpeed mandibular implants professionalized with the loaded screw-
retained restoration. In this study, the two-year survival rate was 100%, and the mean
crestal bone loss was measured as 0.11 mm [33].
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4.2. Titanium Alloy

Despite the successful application of titanium implants, research has constantly aimed
to develop advanced titanium alloying techniques to optimize biocompatibility and me-
chanical properties. However, Ti implants usually cannot be placed in narrow bones such as
the anterior alveolar ridge [34]. In addition, close proximity between the implant and neigh-
boring teeth could cause bone loss [35]. Thus, different titanium alloys have been developed
to improve the mechanical strength for applications requiring small-diameter implants
(≤3.5 mm) [36]. Titanium–6aluminum–4vanadium is one of the most commonly used
titanium alloys. Ti alloy’s most commonly used product in dental implants is Ti–6Al–4V,
known as Grade V titanium alloy, composed of 6 and 4% aluminum and vanadium with
the addition of a maximum of 0.25% of iron and 0.2% of oxygen. Ti–6Al–4V yields bet-
ter strength and fatigue features, excellent corrosion resistance, and an improved elastic
modulus compared to cp-Ti. Specifically, vanadium has been demonstrated with high
cytotoxicity, and aluminum might play a role in inducing senile dementia [37]. However,
a safety risk is posed due to the release of toxic vanadium and aluminum ions [38,39].
Titanium–nickel is also limited due to nickel hypersensitivity [40].

In comparison, titanium alloys with other beta-phase stabilizers such as tantalum,
molybdenum, niobium, and zirconium are non-toxic and non-allergenic and thus have
received more interest as materials for medical applications [41,42]. Zirconium has the
same crystal structure as Ti and exhibits unlimited mutual solubility in Ti [43]. Titanium–
zirconium alloys (TiZr) have demonstrated increased corrosion resistance [44], improved
tensile and fatigue strength [45,46], and similar biocompatibility as Ti [36,47,48]; as tita-
nium and zirconium are the only metals that do not show osteoblast growth inhibition,
a combination of both is well suited for implants [18]. TiZr alloy, known as Roxolild®,
Straumann AG (Basel, Switzerland), contains 13 to 17% zirconium. Its surfaces are pre-
treated with large-grit (0.25–0.5 mm) aluminum oxide sand blasting and acid etching in
hydrochloric and sulfuric acid [49]. In this context, Gottlow et al. could show significantly
higher removal torque and bone area in vivo for a titanium–zirconium alloy compared to
commercial pure (cp) titanium [50].

Furthermore, it was observed that the oxides on titanium–zirconium alloy surfaces
are more stable and have favorable corrosion resistance [51]. Moreover, the alloying of
titanium with zirconium improves the mechanical strength, especially for applications
in small-diameter implants [36]. While the mechanical strength is high for titanium–
zirconium alloys, they are well suited for implantation in the cortical bone due to a low
Young’s modulus, which prevents stress shielding [52]. The effect of Zr on the increase
in mechanical properties and its ability to influence the etching process were identified
as causes for these differences [53]. Increased mechanical properties were responsible for
fewer structural changes on TiZr during sand blasting [49]. TiZr increased integrin-beta3
mRNA and protein levels compared with Ti in an in vitro study by Gomez et al. Cells on
TiZr surfaces showed higher MMP1 protein levels than Ti surfaces, although similar TIMP1
protein production was observed [54], suggesting that TiZr is a potential clinical candidate
for soft tissue integration [55,56].

Furthermore, the alloying of zirconium was reported to influence the corrosion re-
sistance of titanium alloys and acted as a catalytic agent for the formation of hydrogen
during etching and hydridation [51,53]. In addition, the mechanical properties of titanium–
zirconium alloys allow the placement of small-diameter implants in critical implantation
sites, such as the front of the lower jaw, where bone is scarce and the crestal bone is thick [57].
An alternative alloy could consist of Ti, Ta, Nb, and Zr, which showed similar cytocom-
patibility to cpTi, but with a lower inflammatory response, and also osseointegrated [58],
e.g., Ti–Ta–Nb–Zr(–Si)(–Fe) displayed improved cytotoxicity when compared to Ti–6Al–4V
alloy [59].

Even though the side effects of these components have not been observed when they
are used in the format of Ti alloy as dental implants, extra caution should be taken, and
long-term evaluations should be conducted for safety concerns. Animal studies have shown
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the superior mechanical properties of titanium alloy compared with titanium alone when
used as an implant material for a tooth implant. Biological responses to the alloys have
been characterized in vitro [60–62]. It has been noted that the form of alloy has beneficial
influences on its microstructure and, as a result, its mechanical properties. Randomized,
controlled clinical trials on alloying with titanium are still scarce. A review of the available
studies by Wennerberg et al. noted little clinical evidence so far to demonstrate a preference
of alloying with titanium over zirconia or titanium alone. In a split-mouth study, alloying
with titanium was compared with titanium alone, with early loading protocols in irradiated
patients. One hundred and two implants were placed in 20 patients in both jaws. One-year
follow-up showed excellent yield strength and fatigue properties for all implants, which
translated to higher survival rates and low crystal bone loss <0.4 mm in all patients, with
no significant difference. Accordingly, alloying with titanium was found to have low wear
resistance, a high elastic modulus approximately 4–10 times that of human bone, and less
shear strength, which could impair the usage as implants and in screw form.

4.3. Zirconia

Zirconia-based dental bioceramics are chemically inert materials with no adverse
effects on oral tissues [63]. Zirconia can exist in several different crystal structures; however,
the three molar percentage yttrium-stabilized tetragonal zirconia polycrystal (3Y-TZP) is
the most commonly used for dental implants [64]. Zirconia has been increasingly used in
dental implantology because of its ideal physical, aesthetic, and biological properties [64].
One of the selling points for manufacturers of zirconia implants is that its white color
has advantages over metallic implants in narrow ridges. Zirconia, being white in color,
avoids “black line” for Ti dental implants in patients with gingival and bone recession [65].
Unlike titanium, zirconia is bioceramic, which offers superior biological and anti-corrosive
properties but also makes it more brittle. Zirconia implants are found to have higher
survival and marginal bone loss than titanium dental implants after ten years or more from
implantation [66]. Moreover, zirconia implant material has shown considerably higher cell
spreading and cell viability and improved biocompatibility over titanium [64]. The other
advantage of using zirconia is its high corrosion resistance, low infection rate, and plaque
formation. Increasing success and survival rates and high biocompatibility make zirconia
an ideal dental implant material candidate [67].

In a recent prospective cohort study, Balmer et al. evaluated a single zirconia implant’s
radiological and clinical results with fixed dental prostheses or restored with single crowns
for 60 months. Seventy-one zirconia implants were placed on the 61 patients’ posterior,
anterior, and sites, and in a 60-month follow-up, the results indicated that the zirconia
dental implants had a mean bone loss of 0.70 ± 0.60 mm after 60 months [68]. The authors
also found that zirconia dental implants had a survival rate of approximately 98.40% (95.0%
C.I. = 91.6, 99.90). Furthermore, the statistical analysis revealed no significant marginal
bone level after the 60 months (p = 0.458), implying that zirconia dental implants had a
lower/marginal bone level [68]. Therefore, it was concluded that zirconia implant material
has mucosal margin levels, highly stable marginal bone, and higher survival rates. More-
over, it may serve as a reliable and safer implant material for dental implant applications.

5. Implant Surface Modifications Prevent Inflammation
5.1. Improvement of Tissue Integration on Implant

Various surface treatments have been commonly applied to improve the surface
properties of dental implants. These physiochemical modifications can change the dental
implants’ surface topography, morphology, and chemistry. Furthermore, additive processes
are known to improve the physiological reaction of implants [33] potentially.

Morphology and topographical surface modifications can improve the interaction
between implant and tissue [69,70]. In this context, rough implant surfaces promote osseoin-
tegration more than smooth surfaces [26,71]. Mechanical or chemical methods, or a combi-
nation of both, can be used to optimize the surface morphology and topography [72,73].
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For example, one recognized method to modify titanium implant surface roughness is
through blasting with titanium dioxide (TiO2) particles, and the resulting roughness can
be controlled via the mesh size of the blasting particles. It has been found previously that
the optimal surface roughness for titanium dental implants lies in the range of 0.3–2.2 µm,
which is the surface roughness range of commercial dental implants [74]. This would result
in the highest improvement in bioactivity. Besides blasting, dental implant surfaces may
be classified into different groups, according to surface roughness: (1) smooth implant
surfaces with Sa < 0.5 µm; (2) minimally rough surfaces with Sa values between 0.5 and
1.0 µm; (3) moderately rough surfaces with Sa values between 1.0 and 2.0 µm; and (4),
rough surfaces with Sa values > 2.0 µm [75]. Smooth surfaces are used clinically. Machined
Brånemark, Osseotite, and Nanotite implants are examples of minimally rough implants.
Moderately rough implants include SLA, TiUnite, OsseoSpeed, TiOblast, and the Southern
Implants, whereas IMZ, TPS, Ankylos, Friadent, and Xive represent rough surfaces [74].
Etching and multistep etching are frequently used to roughen the surface of titanium dental
implants [76–79].

Implant surface roughness alteration involves mechanical modification of the sur-
faces to improve the integration of abutment into the soft tissues. Various mechanical
processes and treatments have been tested to alter the surface roughness of implant ma-
terials. These mechanical processes/treatments, such as machining, grinding, polishing,
and blasting, improve the adhesion and clean the surfaces of dental implant materials
simultaneously [80,81].

5.2. Implant Surface Chemistry Alteration

Nevertheless, hardly any modification of the surface morphology can be done without
inducing changes in the chemical surface composition and vice versa. The etching processes
used on titanium for surface modifications increase the amount of hydrogen on the Ti
surfaces, as liberated hydrogen ions are attached to titanium’s outer surface layer in the
form of titanium hydride [69,82,83]. This process can be influenced by the molar strength
of the acid and the etching time. Several studies suggest that the hydrogen content induces
faster healing and better osseointegration. Therefore, cathodic polarization (hydridation)
was applied to increase titanium hydride’s layer thickness and concentration [84]. Videm
et al. showed that hydride surfaces with increased hydrogen content had 60% higher
retention in an in vivo model [69]. In addition, the hydridation process can be used to
improve the attachment of ampholytic biological molecules, which bind to the surface
during hydridation together with hydrogen [84].

As the oxide layer on titanium is the most prominent material feature, modifications of
this layer were tested. Nevertheless, the approaches to increase titanium’s biocompatibility
by the sheer increase in oxide layer thickness by anodic oxidation (hydroxylation) in acidic
solutions did not show increased biocompatibility [85–87]. Nevertheless, if hydroxylation
is used with alkaline solutions, an increase in hydroxide (OH) groups on the surface can be
achieved [88,89].

Alteration of the implant surface chemistry involves various chemical processes to
achieve higher physical and mechanical properties. As a result, chemistry alteration of
the implant surface will lead to improved performance of the dental implant material,
and improved survival and success rates of the dental implants for several years [90].
Chemical treatments used for the surface chemistry alteration of dental implant materials’
surfaces can be categorized into acid treatment, alkali treatment, and the use of hydrogen
peroxide and anodic oxidation. For example, anodic oxidation aims to increase the thickness
of titanium (IV) oxide on the surfaces of dental implant materials. Similarly, hydrogen
peroxide adds a porous outer layer and dense inner oxide layer on the surfaces of dental
implant materials to improve the corrosion resistance features of the surfaces of the dental
implant materials. On the other hand, alkali and acid treatments used in implant surface
chemistry alteration focus on improving the biocompatibility features of the dental implant
materials (Nicholson, 2020). In the following section, the surface chemistry alteration of
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titanium and titanium alloy dental implant materials will be discussed as titanium is most
widely used in dental implants.

Surface modification of titanium and titanium alloy dental implant materials, such as
Ti–6A1–4V and cpTi (commercially pure titanium), is performed through the oxidization of
titanium (IV) [91] (Figure 1). Changes in the dental material surface significantly promote
the adhesion of osteoblasts and the oxide layer, which further enhances their biological
properties, making them suitable for dental implantology applications [22]. Nevertheless,
this implant surface chemistry alteration could potentially induce an immune response
and develop fibrosis in the region surrounding the dental implants because the body more
easily recognizes the chemically modified surface as an invader, and the release of various
fibrotic factors will occur [92].
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6. Biomolecules

Besides physical and chemical modifications to the implant surface, various bioactive
molecules are also developed to treat the implant surface to increase biocompatibility [94,95].
By conjugating bioactive molecules, such as proteins, enzymes, or peptides, to the implant
surface [95], the goal is to mitigate the host response that the implant will otherwise elicit
after surgery and improve the interaction between the implant and cells at the implant
site. Cell attachment factors such as fibronectin could improve the attachment and spread
of cells on the implant surfaces, while the application of growth factors such as bone
morphogenetic proteins could directly influence the development of osteoblasts on the
surfaces [96]. Theoretically, the possibilities of suitable molecules are extensive, yet the
process is limited by the conditions that molecules are exposed to during the coating and
solubility and degradation problems or simply destruction due to the attachment process.
Furthermore, polarization of the molecule (ampholyte) can be used for attachment to
titanium in an electrochemical process. For example, two biomolecules, doxycycline and
simvastatin, as coating candidates with such a technique have been reported [97–101].

Doxycycline is a semi-synthetic broad-spectrum antibiotic from the group of tetracy-
cline antibiotics, which is used to treat various infections and works by inhibiting bacterial
protein biosynthesis [102,103]. Tetracycline enhances bone formation, mostly based on
general knowledge about the interaction with collagen formation and calcium incorpo-
ration [104]. It has been proven to promote bone growth and treat periodontal disease
and peri-implantitis in vitro [105–107]. Other studies further verified doxycycline’s appli-
cations in controlling osteogenic differentiation in genetically engineered mesenchymal
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stem cells [108]. Currently, doxycycline is mainly applied alone through drug delivery
systems for periodontal disease and peri-implantitis treatment [107,109–111]. Combin-
ing doxycycline with dental implants and its direct incorporation in the implant system
could be favorable as local administration would reduce interference with the patient’s
body and optimize the area of drug administration to the bone directly surrounding the
implant (Figure 2). However, successful binding of doxycycline directly to an implant
has not been reported in the literature yet, but this could be achieved with the process of
cathodic reduction in acidic electrolytes. However, one must be aware of the delicate dose
relation between enhancing and inhibitory effects on the osteogenic differentiation of this
biomolecule [112].
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Figure 2. Coating a doxycycline layer on TiZr implants could be favorable for reducing or removing
the antibiotics via oral administration after the implantation surgery. Reprinted with permission from
Creative Commons License (CC BY 4.0) [99].

Statins benefit various medical conditions and are commonly used as cholesterol-
lowering drugs. Statins have also been researched for their tumor inhibition potential and
are used as anti-inflammatory drugs [113–115]. Moreover, the applications of statins could
be further broadened to bone growth promotion [113,116–118]. Many studies have pointed
out the capability of statins to reduce bone resorption by inhibiting osteoclast activity, which
is essential for osteoporosis treatment [115,117,119–121]. Mechanistically, statins contribute
to bone formation and stimulate bone growth by regulating bone morphogenetic protein-2
(BMP-2). In addition, the upregulation of BMP-2 causes increased osteoblast differentiation
and bone formation, as documented in various works in the literature [113,117,118,122,123].
Another feature of statins is their ability to enter the cell membrane through passive
diffusion and active uptake by osteoblasts [114,124,125].

It is worth noting that the surface modification of zirconia, including both physical and
chemical modifications, is mainly similar to that of titanium and titanium alloy (including
TiZr alloy). Specifically, sand blasting and acid etching are applied to increase roughness;
various coating strategies use hydroxyapatite, calcium phosphate, electrophoretic depo-
sition, and biofunctionalization with arginine–glycine–aspartate (RGD) peptide, which
are utilized to improve biocompatibility and reduce inflammation with zirconia dental
implants [126–128].

7. Meta-Study Analysis

The initial article pool had 40 articles. Standard reviews were excluded due to the
possibility of study selection bias, and in vitro studies were excluded due to their limited
clinical relevance. Subsequently, 20 publications were subjected to additional evaluation,
including six animal studies with dog and monkey models, four human studies, and
20 clinical studies. The clinical studies can be further categorized as follows: seven RCTs
(level 1b), one prospective controlled (level 2a), seven prospective uncontrolled studies
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(level 2b), one case series, and four case reports (level 4). The extensive examination brought
about the final sample of nine articles, including three animal studies, two human studies,
and four RCTs. The meta-analysis results on all the implant materials on marginal bone loss
(MBL) showed that bone level 30 studies showed an interproximal marginal bone loss. The
mean bone loss differs from 0.2–0.4 mm to 1.05–1.48 mm from the zirconia implant and also
0.3–0.5 mm to 0.67–1.43 mm for the titanium implant. The distal and mesial marginal bone
loss was reported in some of the articles. The meta-analysis was conducted to examine the
same intervention and outcomes for the 30 included studies. The mean difference for the
unceasing outcome (MBL) was used, using the software of a random effect model (RevMan
5.3, 2014).

7.1. Evaluation of Heterogeneity

The Cochran test examined any discrepancies in treatment effects’ estimation from
different RCTs for heterogeneity, and the difference was considered significant if p < 0.1.
Statistics from 30 studies describing the total difference across the trials were used to com-
pute heterogeneity, and results above 50% were viewed as moderate to high heterogeneity.
All the findings for the included studies were pooled using the random model effect as
the statistical heterogeneity among the studies was significant (93%, p < 0.00001). The
mean difference for marginal bone loss between zirconia and titanium implants for all the
pooled findings was −0.20 (−0.32–0.08), with a 95% confidence level. The overall estimate
was statistically significant, with p < 0.0009. The meta-analysis was conducted with the
continuous outcome using the random effect model (Table 1).

Table 1. Comparison for all implants. Outcome: marginal bone loss.

All Implant Materials

Study or Subgroup Mean (mm) Std. Dev. (mm) Total

Al-Nawas [129] −0.20 0.26 11
Altuna et al., 2016 −0.32 0.72 14
Apostu et al., 2017 −0.08 0.16 25
Balmer [68] −0.015 3.65 20

7.2. On the Effect of Implant Materials on Probing Depth

Overall, 22 studies out of 30 recorded the pocket probing depth. Albornoz et al.
measured the PPD at six sites, and the other eight papers measured it at four areas. After
a one-year follow-up (112, 15), it was noted that the mean pocket depth for the titanium
abutment was 3.3 mm and the mean pocket depth for all the ceramic zirconia implants
ranged from 2.9 to 3.5 mm.

DeAlboroz et al. noted that after a year of follow-up, an increase of 0.2 mm from the
baseline was recorded around the zirconia implant, while the pocket probing depth around
the titanium implant was not affected. In recent years, the mean pocket depth around
zirconia abutment was found to be 3.38 mm, and the mean pocket depth around titanium
alloy was 3.33 mm. After six months of follow-up, the zirconia abutment showed a pocket
probing depth of 3.2 mm versus 3.4 mm at the sites of the titanium abutment. The survival
rate after two years was used by two studies. Zembic et al. indicated that the mean pocket
probing depth around the zirconia implant was 3.3 mm, with an upsurge of 0.4 mm from
the baseline, and the titanium abutment had 3.6 mm, with an upsurge of 0.5 mm from
the baseline. Lops et al. showed 2.6 mm for zirconia abutment and 2.7 mm for titanium.
All the studies included showed no significant differences between zirconia and titanium
implants. The pocket probing depth mean difference used in this meta-analysis was −0.10
(−0.25–0.05) with a 95% confidence level. The overall evaluation was not statistically
significant at p = 0.18. Therefore, the meta-analysis with the random effect model was
performed for a continuous outcome [130] (Table 2).
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Table 2. Comparison of all implants—ceramic zirconia versus titanium abutment. Outcome: pocket
probing depth (mm).

Study Zirconia Titanium Weight IV, Random at 95% CI

Mean
(mm)

SD
(mm) Total Mean

(mm)
SD

(mm) Total

De Alboroz et al. 0.3 0.2 20 0.4 0.3 14 11.9% −0.39 (−0.43, −0.35)

Hossein [131] 0.6 0.07 11 0.61 0.12 15 12.8% −0.03 (−0.1, −0.31)

Lops [132] 0.04 0.01 15 0.15 0.11 21 11.9% −0.20 (−0.27, −0.13)

Nascimento [133] 0.1 0.56 6 0.45 0.61 22 11.0% −0.33 (−0.61, −0.55)

Payer et al. [134] 0.05 0.16 9 0.31 0.20 13 12.8% −1.03 (−1.44, −0.62)

Kumar et al. [135] 0.23 0.07 15 0.55 0.18 24 12.4% −0.13 (−1.44, −0.62)

Zembic et al. [136] 0.15 0.25 16 0.23 0.32 11 10.6% −0.06 (−0.71, −0.65)

Test for overall effect, 95% CI Z = 3.31 p = 0.0009.

Abrahamsson et al. performed a comparison of peri-implant tissues on titanium and
gold alloys. In total, 32 titanium implants were placed in five dogs, and the distance from
the abutment–implant junction to the first bone–implant contact was considered to indicate
the actual bone loss. Histometric observations indicated that bone loss was 0.78 around
the titanium (control implant), 0.80 mm around alloy, 1.80 mm around zirconium, and
1.26 mm around the dental porcelain implant. The clinical evaluation indicated marked
soft tissue recession around the alloy implant [137]. According to Piattelli et al., there was
a difference in peri-implant tissue stability between titanium abutment versus gold alloy,
zirconia, and aluminum oxide implants [138]. The research was conducted through various
methods, including examining databases, dental implants, prosthetics, and periodontal
journals. The research showed that the measurement of soft tissue had a problem with
accuracy; peri-implant tissues around zirconia and titanium were defined in histologic and
animal studies only. As a result of the difference in research types, follow-up time, and
outcome variables, it was not easy to perform the meta-analysis. For example, titanium
abutment did not have higher bone level maintenance than the gold alloy, aluminum oxide,
or zirconia abutment [139], and there was no information about the zirconia and alloy’s
clinical performance compared to the titanium.

Implant-supported restorations require crystal bone stability and healthy soft tissues,
and both factors should be considered to determine a practical treatment approach for
patients. The peri-implant tissue has been challenged for a while by some problems.
Studies show that bone loss has been observed during the treatment in the first year.
Implant materials are often regarded as the factors that affect the stability of the mucosa
and crestal bone. In addition, several papers show similar responses to peri-implant tissues’
reaction to titanium and aluminum oxide implants [140].

A comparison of peri-implant tissues’ reaction on titanium and alloy implants was
studied in dogs. Bone loss was considered as the distance from implant–implant junction
to first bone–implant contact. Through observation, bone loss was 0.78 mm around the
titanium implant and 1.80 mm around the alloy implant [48]. Zirconia and titanium
implants were compared by placing 12 implants on six monkeys. There was no difference
observed between treatment groups that received either material implant. The ability to
form stable peri-implant tissues was tested using one piece of alloy and titanium implants.
The report showed a vertical extension of soft peri-implant tissues around implants from
the mucosa’s margin to the first bone–implant contact [141].

7.3. Clinical Studies

A histological study of the soft tissue response to titanium and zirconium healing
caps/abutments in five patients was carried out. After six months of healing, gingival
biopsy specimens were derived from test and control implant sites. It revealed that in-
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flammation prevailed for titanium specimens compared with zirconium. In addition, one
piece of soft tissue in aluminum oxide and titanium implants was compared to twenty
patients. The biopsies indicated the exact composition of peri-implant tissue among tested
abutments [48].

A randomized trial with a split-mouth design was conducted over 4 years, comparing
titanium and gold alloy restored with metal–ceramic crowns in 20 patients. Each patient
was given two implants, one gold alloy and one titanium. Four years later, peri-implant
tissues had no difference in response to gold alloy or titanium implant. In a clinical
randomized controlled multicenter study, there was a comparison between aluminum oxide
and titanium implants. Patients were given 34 test sintered aluminum oxide abutments
containing 35 control implants and observed for one year. The following 15 patients were
subjected to ten tests, and ten control abutment implants were followed up for three years.
In the first group, bone loss was absent around the ceramic implant, and the second group
had a loss of 0.3 mm after one year and 0.1 mm gain after three years [142]. A 5-year study
was performed to observe the difference between ceramic and titanium. Thirty-two patients
were given 103 implants. Fifty-three aluminum oxide ceramics were connected. Soft tissue
around the implant and the teeth was healthy. Regarding bleeding of the peri-implant
mucosa, there was no difference in ceramic and titanium implants. Less bone loss was
observed with titanium abutment implants than ceramic implants [142].

8. Discussion

Clinical trials were designed correctly and employed randomization, but proper
control groups were often omitted. Randomized controlled clinical studies provide reliable
evidence but contain inherent drawbacks compared to other studies. There is a tendency to
favor randomized trials and avoid lower-rank evidence. Therefore, it is essential to compare
the results to those that failed to use inclusion criteria. This should not be considered a
means to increase the review’s integrity but to determine whether there is a difference
in included and excluded research results. The clinical format was regarded as the most
reliable, while the animal studies were the least reliable.

Lops et al. reviewed implant material effects on peri-implant tissues, and no inclusion
or exclusion criteria were used. The readers cannot rely on the authors’ subjective selection
of the studies [132]. However, no clinical trials were accounted for, and the advice was
based on in vitro and animal studies.

The formation of a stable peri-implant seal by a prosthetic implant material is catego-
rized into two parameters: presence or absence of loss of bone and gingival recession. It
was proven in an animal study that titanium and oxide ceramic implants could develop
stable soft-tissue seals. Soft tissues adjacent to gold and porcelain-fused-to-metal implants
indicated recession and crystal bone loss [134]. Another study showed no difference be-
tween soft and hard tissue integration around gold alloy and titanium one-piece implants.
These two studies possess a methodological disparity. The first study used a two-piece
implant, and the other used a custom-made piece implant. There was proof of implant
disconnection, second-stage surgery with flap elevation, and soft tissue recession. Smooth
tissue extension and bone apposition were not different among compared specimens. The
study showed similar biocompatibility between zirconia and titanium.

The physiology between animals and humans is similar and forms the basis for animal
studies, and the outcomes are relevant to humans but cannot be generalized to a clinical
environment. Therefore, clinicians are left to rely on data collected from animals. However,
simple case reports are more clinically valid than randomized animal experiments and are
controlled well.

Studied animal data should be carefully interpreted if applied in the clinical environ-
ment, if the clinical evidence that is being relied on is unavailable. For example, evidence
of gold alloy implants not maintaining stable peri-implant tissue relied on animal studies
even when there were contradictory data from clinical reports. Therefore, the concept
should be reassessed using clinical and histologic evidence.
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Three published prospective randomized controlled clinical trials show stable soft and
hard tissue around aluminum oxide implants. Loss of bone occurred, but there was no
difference from the control titanium implant, in which biocompatibility had been proven
long ago. All studies showed bone loss, but a data pool was impossible to achieve since
the follow-up period ranged from one to five years. Oxide ceramic implants can achieve a
stable marginal bone in a clinical situation. We can conclude that titanium and alloy have
no crystal bone stability difference.

Unfortunately, there is no comparison between zirconia and titanium implants in a
clinical trial. Therefore, a conclusion regarding the superiority or inferiority of zirconium
over titanium is challenging. Some data can rely on tooth-controlled investigations. A study
of four years provided clear information that shows that zirconia implants cause a favorable
reaction in peri-implant tissues. Therefore, there should be a clinical trial to compare
zirconia and titanium implants. All studies failed to include the exact gingival recession
measurement. Clinical studies contained a report of observation of the status of peri-
implant mucosa. Animals and histologic experiments may give insights into the structure
and dimensions of soft tissues in contact with the different implants. Therefore, analyzing
other studies is critical to understanding whether the implant material is essential for
smooth tissue behavior.

One of this investigation’s goals was to assess the impact of various implant materials
on bone changes, probing depth, plaque levels, and peri-implant mucosal inflammation.
The authors, in their investigation, focused on the biological outcomes (pocket depth and
plague levels). The authors aimed to exclude studies where the implant was compared to
tooth bone restoration, apart from the implant. Hence, some studies with a follow-up of
less than six months were omitted. This action can be considered appropriate; patient bias
is avoidable by uncontrolled prospective clinical trials. Hence, the longest follow-up was
three years. Generally, both implant materials’ results showed minor statistically significant
differences. The evidence-based review examined the outcome for implant materials on
bone loss. As per the visceral, human biology and various clinical studies, implant materials
(zirconia and titanium) indicated no differences in bone stability. However, the current
review does not show significant differences in pocket probing depths between the various
implant materials. Further, it is essential to note that Agustín-Panadero et al. showed
significantly lower pocket probing depth around the zirconium implant than the titanium
implant [143].

This study showed a complete picture of zirconia and titanium implants [135]. New
in vitro studies indicated that the surface roughness of various implant materials has a cru-
cial role in the performance of cells for the implant materials. Zirconia surfaces offer better
adhesion media for epithelial cells than titanium surfaces. It can be noted that the reduced
pocket probing depth around the implant is strongly related to the adherence to the gingi-
val cells. It is rather challenging to examine the impact of the implant material on plague
accumulation due to implant materials not showing the oral cavity. The included articles
overlooked biological or mechanical implications. The most notable was in one study [136].
It is important to note that a fistula triggered by the excel cement has been documented
to be a factor causing biological complications. The findings were explained through
the implant design. The superstructure margin is located subgingivally, approximately
1–1.5 mm below a gingival crest. The implant, supported by the fixed partial dentures,
was cemented through dual-cured resin cement on the implant materials. Hence, due to
biological complications, the removal of excess adhesive was challenging. Accordingly, the
complete removal of excess resin cement is essential, even with a customized implant.

9. Conclusions

There is no clear evidence indicating that titanium is better than other implant ma-
terials. Clinical evidence suggests little difference between different implant materials in
peri-implant bone stability. There is no difference in crystal bone loss statistically from
studies. Animal histologic studies have the same peri-implant soft and hard tissue reaction
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to titanium and zirconium. There is an indication of a better response of human mucosa to
zirconia implants than titanium. While evidence-based research does not offer a definitive
decision on using ceramic or metallic implants for the alveolar bone response, some studies
do not show better mechanical or biological performance for zirconia implants over tita-
nium implants. The metal analysis showed a statistically significant advantage of zirconia
implants over titanium regarding developing a favorable response to the alveolar bone.
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