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Abstract

Over the past few decades, the installation of dental implants replacing lost teeth has become a common clinical practice in the
field of dentistry. The osseointegration of these implants has been marked as a complex procedure where the surfaces of the implant
objects play a crucial role. In this literature review, we aim to review aspects of dental implants biocompatibility. Dental implants can
be chemically classified into three groups including metals, ceramics, and polymers, while biologically they can be classified into be-
ing bio-tolerant, bioinert, and bioactive. Any of these materials are subjected to both In vitro and In vivo testing before being validated
for human consumption. In vitro approach can be used for the assessment of cytotoxicity, cell function, cell growth, and mutagenesis.
In vivo approach is generally done to validate the biocompatibility and safety of the dental implants in a biological environment that
may be similar to human biology. In general, they can be used to assess whether the implants can introduce any kind of harm to the

underlying tissues in patients where these devices are installed.
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Introduction

Over the past few decades, the installation of dental implants replacing lost teeth has become a common clinical practice in the field
of dentistry. The osseointegration of these implants has been marked as a complex procedure where the surfaces of the implant objects
play a crucial role [1]. Besides, irregularities that have arithmetic roughness parameters [Ra or Sa] have been associated with the favor-
able use of rough surfaces for the process of osseointegration. These irregularities are usually found to be 1 - 2 um nearly with an existed
surface area ratio (Sdr) that is rising 50% [2,3]. To get better outcomes regarding the process of biochemical anchoring in the target bone
tissue, grit blasting together with acid etching (H2S04/HNO3), and alumina particles (Al203). This process has been found to render the
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surfaces of most dental implants rough. Alumina particles have also been found to contaminate the implant surfaces which can decrease
the osteointegration and biocompatibility of the used implants [4-11].

Among the variously reported dental implants, not all of them are biocompatible. Implants derived from calcium phosphate biomate-
rials are similar to the bone tissue and derivatives, and therefore, these materials have been deemed compatible. In particular, biphasic
calcium phosphate (BCP), or hydroxyapatite (HA) beta-tricalcium phosphate (TCP) has been reportedly compatible with favorable out-
comes that are attributable to being able to interact with the underlying bony materials following implantation [12, 13]. These biomateri-
als have been used to fill the bones as synthetic porous materials for many years. Additionally, they have shown the tendency to dissolve
in acids which can be used to eliminate the entrapped foreign bodies in the applied titanium surfaces that were used in the process of
tissue grafting. This novel approach of using calcium phosphates has shown great potential in increasing the profiles of mean height on

the roughness of the used implants [14].

Not many studies have investigated the biocompatibility of such approaches in the recent literature. Branemark et al. [15] have con-
ducted several observations and based on these, they come to a definition of osseointegration as being a stable and direct anchorage
installation of a previously determined implant by forming a bony tissue with no potential fibrosis formation at the site of the implant
installment. Determinants of osseointegration of the dental implants are various including the shape, and materials, and the proper use of
surface modifications [16]. These implants should also achieve certain characteristics regarding the function, physiology, and satisfaction,
by which they can be deemed successful and biocompatible [17]. In this literature review, we aim to review aspects of dental implants

biocompatibility.
Methods

A systematic search was conducted to identify relevant studies in the following databases: PubMed, Medline, Web of Science, Embase,
Google Scholar, and Scopus. As appropriate, the search was conducted using the medical subject headings (MeSH) or a combination of all
possible related terms. Moreover, reference lists were manually searched to identify additional relevant studies meeting inclusion criteria.

Papers discussing the aspects of dental implants biocompatibility were screened for relevant information. No restrictions were applied.

Types of dental implant materials

Dental implants can be chemically classified into three groups including metals, ceramics, and polymers, while biologically they can be
classified into being intolerant, bioinert, and bioactive [18,19]. All of the identified metals are either tolerant [gold, cobalt-chromium al-
loys, stainless steel, zirconium, niobium, tantalum] or bioinert (commercially pure titanium, titanium alloy (Ti-6Al-4V), but none of them
are bioactive. On the other hand, ceramics are bioinert and bioactive and are not tolerant while polymers are tolerant only [20,21]. On a
clinical aspect, two major implants materials are widely used clinically. These include the Ti-6Al-4V and the commercially pure titanium
[22]. Previous reviews found in the literature have summarized the types and classification of these materials in more specific details
[23,24].

Biocompatibility meaning and measures

The general definition of biocompatibility is the ability of the introduced or installed object to biologically interact with the cells of the
body without causing any pathological concerns. Therefore, it is generally accepted that some materials can not be biologically compat-
ible with certain body applications. Consequently, considering the introduced object biologically compatible or not depends mainly on
the physical function of this object in the body and playing the role it was meant for. For instance, osseointegration is considered as the
appropriate biocompatibility function of dental implants. The measurement of dental implants biocompatibility is a complex process.

However, novel methods are always generated with better approaches due to the increasing advancements in this field as technologies
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that assess the interaction between implants and oral tissues enhance over time. A variety of measurements are being used in this field to

ensure the biocompatibility of the objects for implantation. These include in vitro, in vivo, and usage tests [24].
In vitro evaluation approaches

This method requires the introduction of the implant materials of their components into an in vitro, and isolated biologically-like sys-
tem including an enzyme, cell, and other environments that can be obtained from other living organisms and modified according to the
intended test. The process can be done directly or indirectly and materials applied in the direct approaches can be used physically, as a
whole, or by using a sample [or extract| from this material and applying it. This approach can be used for the assessment of cytotoxicity,
cell function, cell growth, and mutagenesis [25,26]. Moreover, many advantages have been reportedly associated with modality. These
include the fact that they are relatively quicker, can be standardized, and are cost-effective when compared to animal approaches. More-
over, they are efficacious in large-scale screening; unlike other modalities. However, there one major disadvantage which may hold-back
the use of these modalities as in vitro assays have been observed to non-relevant to the final in vivo application of the test outcome. Other
disadvantages as the shortages of anti-inflammatory and tissue-protective mechanisms in these media and cannot be used alone to judge

the biocompatibility of the used materials [27].
Standardization and cells used for in vitro assays

This process has been marked as a primary concern process that requires attention. The cells used for in vitro approaches are either
primary single cells or cell lines that are continuously growing cells. The primary cells can be obtained directly from animals and are
then cultured to grow for some time and are always consistent with the characteristics of the in vivo approaches. These cells have also
been observed to be more efficacious than cell line modalities in measuring cytotoxicity outcomes. However, these modalities usually
lose their in vivo properties once cultures or early after, and their functions can also be altered by viral or bacterial infections based on
their unified sources and the limitation of their genetic variability [27]. On the other hand, cell lines may overcome these advantages as
they periodically divide although the main disadvantage for these modalities would be losing the in vivo characteristics. Based on these
features, these cells have been effectively used in standardization methods for assessment of the genetic and metabolic stability. Among
the various cell lines that were reported for this purpose, human fetal osteoblast cell line 1.19 (hFOB 1.19) has been reported to play a
homogenous and rapidly proliferating medium that can be used for assessment of normal osteoblastic differentiation and physiology in
addition to other hormonal and growth factors and other aspects that can alter the normal osteoblastic activity and differentiation [28]. In
the same context, immortalized human gingival fibroblasts (hTERT) has also been reported to assess the biocompatibility of the applied
dental materials in addition to their cytotoxic effect [29]. Both primary, single, and cell lines should be used simultaneously for in vitro

assessment modalities.
Cell adhesion, viability, and proliferation

After completing the process of implantation, another challenge regarding cell adhesion, protein adsorption, and bacterial adhesions
rises and should be considered [30]. The focal adhesions and desmosomes are the responsible structures for adhesions to occur between
the host cells and the implanted substances. Besides, various treatment modalities have been proposed to enhance the adhesion process-
es by improving the biological characteristics of these structures. On the surface of the host cells, cell-matrix adhesions play a crucial role
in this process and the underlying interactions [31]. They have been identified to play major roles in cell migration, rolling, differentiation,
homeostasis, and tissue remodeling. Integrins, among other cell-matrix adhesion proteins, have been well-studied and reported to play
major roles in the process of adhesion [32]. The evaluation of these adhesions can be done through immunohistochemistry techniques
that can successfully detect whether the antigen is expressed and biocompatible in the body or not which may detect any abnormalities

that lead to implant rejections and other complications in the long run. Assessment of biocompatibility can be also done through cell-
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based assays. These assays can be used to determine whether the in vitro implanted cells are vital for implantation and present with no
serious side effects as cytotoxicity and subsequent cell death. They have been proven as successful measurements for signal transduction
and receptor binding, organ functions, genetic expression, and monitoring of cellular components [24]. A substantial essay to this one
also includes the identification of healthy cells that were viable by the end of the implantation process. The MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide] is one of the commonest essays that has been widely used in in vitro experiments. This essay
is based on the biological conversion of MTT into formazan crystals, and through which the mitochondrial activity can be determined.
Consequently, this method has been used to study the effect of many materials on the mitochondrial activity, and the subsequent events
as cytotoxicity, and therefore, it was considered an efficient way for assessing the biocompatibility of implants within in vitro experiments
[7,12, 24].

In vivo evaluation approaches

This approach is generally done to validate the biocompatibility and safety of dental implants in a biological environment that may be
similar to human biology. In general, they can be used to assess whether the implants can introduce any kind of harm to the underlying
tissues in patients where these devices are installed. The process can be done by the inoculation of a matrix from the intended implant in
an animal. Certain measures should be considered for the validity of such testing as making sure that the used sample is the same as the
used dental implants. Besides, the used samples should have relative size and surface textures. The obtained sample can be inoculated

within a muscle or a cortical bone.
Osseointegration of dental implants

The definition of these characteristics can be summarized in the presence of a direct connection between the dental implant (which
must be endosseous, load-carrying on a microscopic level), and the underlying bone tissue [24]. Besides, Albrektsson et al. [33] proposed
another definition assessing the function and tolerability of dental implants. The authors defined osseointegration by being an asymp-
tomatic process that is based on a time-dependant pattern of healing with the achievement and maintenance of alloplastic materials rigid
fixation in the underlying bone tissues on a functional level. Healing of bone directly, or following a primary lesion, or as osseointegration
can be done by an automatic activation by the presence of any lesion in the underlying bony tissue. This happens as growth factors and
non-collagenous proteins, which take part in the healing process, are released from the underlying lesion in the bony matrix when it is ex-
posed to the surrounding extracellular matrix. Following this process, osseointegration is then activated following this biologically-based
pathway that can be divided into three stages: [1] being incorporated through the formation of woven bone, [2] adaptation and deposition
of parallel and lamellar-fibred bony dispositions, [3] remodeling of bones by adaptation of the bone structures [34]. This process also
requires several factors including the primary stability of the pre-existing bony materials, and the facilitation of the regenerator materi-
als to be deposited in the lesion that is caused by the implant materials. Integrated dental implants, therefore, achieve biocompatibility,

stability, and load-bearing.
Bone-implant contact (BIC)

This modality has been widely used in the assessment of dental implants on a histomorphometric analysis and is defined as the pro-
portion of the mineralized surface areas of the bones that come in contact with the surfaces of the dental implants. This approach can be
used to describe this area as it was not stated in the osseointegration definition. By histomorphometric assays, it can be used for measur-
ing the extent of osseointegration and the fraction of the healed dental implants by measuring the BIC percentages. In situ sections of a
dental implant, grounds are deemed relatively thick ones comprising around 20-40 um which makes it difficult to obtain many sections
using a bone-implant block. Moreover, the appearance of the shadow effect at the periphery of the used sections indicates the fact that
bone-implant blocks have been thoroughly cut [35]. Previous in vivo animal studies showed that better anchorage in the bone tissue was

obtained by dental implants with relatively roughened surfaces together with obtaining better BIC percentages when compared to other
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dental implants with smoother surfaces [36, 37]. These results were also reported by human studies which showed similar results [38-
41]. Installment of titanium dental implants with relatively rough surfaces successfully in the clinical practice has been marked as the

cornerstone for inaugurating additional novel topographies to enhance peri-implant osseointegration.
Conclusion

In conclusion, dental implants have been gaining increasing popularity among clinicians over the past years and can be used as the first
line of treatment. Many types of dental implants have been identified with different biological characteristics and favorable outcomes. For
a dental implant to succeed, the right and suitable material should be determined at first. Evaluation of the implant materials can also be
done through a variety of methods before being validated for human consumption. Moreover, previous in vivo animal studies showed that
better anchorage in the bone tissue was obtained by dental implants with relatively roughened surfaces together with obtaining better

BIC percentages when compared to other dental implants with smoother surfaces.
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