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Abstract: The use of dental implants has been increasing in the last years; however, their chemical
composition is an important issue due to the fact that the implant surface may suffer a corrosion
process, allowing the possibility of ions being released and resulting in a possible biological response.
Thus, the aim of this study was to evaluate the morphological analysis of the surface and chemical
composition of different implant types through an energy-dispersive X-ray spectrometry (EDX)
system. Eight dental implant models from different manufacturers were analyzed using variable
pressure scanning electron microscopy (VP-SEM) and EDX. The chemical composition and general
characteristics of the structural morphology in different dental implant surfaces were analyzed
randomly. Nitrogen was identified in two samples, while zirconium was observed in only one
model. Aluminium was identified in five samples ranging between 4% and 11% of its composition.
Regarding the morphological characteristics, two samples from the same manufacturer had the most
irregular surface designed to increase the contact surface, while the others revealed their surfaces
with roughness at the micrometric level with no major irregularities. In conclusion, despite the
morphology of implants being similar in most of the analyzed samples, more than 50% of them,
which are brands of implants available on the market, showed aluminium on the implant surface.
Finally, STR (Bone level, Roxolid), DENT (Superline) and NEO (Helix GM) could be considered,
among the analyzed samples, the safest implants from the point of view that no aluminium was
detected in their chemical composition.

Keywords: dental implants; biocompatible materials; spectrometry; X-ray emission; microscopy;
electron; scanning

1. Introduction

The clinical indication and use of dental implants have been increasing in recent years [1,2],
mainly due to improved knowledge and evidence associated with this treatment, the high level of
patient satisfaction, its high success rate and the lower associated costs [3,4]. The success of treatment
with dental implants depends on osseointegration [5], which has been defined as a direct and functional
connection between a bone and an artificial implant. In this sense, the microscopic characteristics of
dental implants, mainly chemical composition and surface treatment, can influence the osseointegration
process [6].

The implant chemical composition is an important issue due to the fact that its external surface
can be modified by environmental and mechanical factors [7]. It is common to find titanium and
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oxygen in the chemical composition of dental implants, observing in some cases even carbon, which are
not considered as harmful elements [6-10]. However, there are several studies that reported other
elements in the implant surface such as N, F, P, Cl, Na and some inorganic impurities as Al, Zn, Si,
Mg, among others [8-16]. These inorganic impurities of the implant surface may suffer a corrosion
process [17], allowing ions releasing into the surrounding tissue [7], and in conjunction with their nature,
itmay result in a biological response that can be critical [18,19] and the exposure to unknown risks [15,20].
Although the metabolism of implant surface ions is currently uncertain [20,21], some authors [20-23]
have reported the release of aluminium and vanadium ions from the Ti-6Al-4V surface, found these in
organs as the kidney, liver, brain and bone [22,24].

Some metals associated with alloys used in dental implants, such as Cu, Al, Ag, V and
Mn, are associated with a high cytotoxicity and reduced cell viability [25]. Previous studies have
demonstrated a possible relation between the Al concentration and neuronal apoptosis, even affecting
memory and learning [26-28]. Aluminium has also been described as interfering in the bone remodelling
process, [29] specifically inducing osteoblast apoptosis, and even reducing the parathyroid hormone
levels [30].

The energy-dispersive X-ray spectroscopy (EDX) technique [31] has been widely used to analyse the
elementary semi-quantitative composition of implant surface in different scenarios [8,10,11,15,16,32-35].
Although this method has proven to be practical and well accepted for this type of analysis, there is
no consensus about the chemical compositions of dental implants and their surfaces. For example,
different studies analyzed commercial pure titanium implants available in the market, reporting Ti
concentrations ranging from 22.5% [9,14] to approximately 100% [10], but observing some impurities
such as Fe [15], Al, Na and Si [9,10,14].

It is fundamental that clinicians know the surface characteristics and chemical composition of
implants that are currently available on the market and could be using, since it is the responsibility
for the product that indicates and its possible effects on the health of patients. In this sense, there are
doubts about the chemical composition and the trace components of the different commercial implant
types available. Thus, the aim of this study was to evaluate the morphological analysis of the surface
using variable-pressure scanning electron microscopy (VP-SEM) and the chemical composition of
different implant types through an EDX system. The null hypothesis was that all the implants analyzed
have similar morphological surface and chemical composition.

2. Material and Methods

2.1. Surface Morphological Analysis of Dental Implants

Eight dental implant models from different manufacturers were classified by cost (<100 USD
and >100 USD) and then analyzed in this study. The implant models were summarized in Table 1.
The dental implants analyzed were removed from its original packaging immediately prior to the
three-dimensional surface analysis using VP-SEM (Hitachi SU3500, Tokyo, Japan). The implants
were fixed on metal supports (stubs) with the aid of double-sided carbon tape. The increases in
photomicrographs of X20, X100, and X300 were standardized, while in cases of specific regions of
interest, images of X700 and X1000 were also obtained. Also, the general morphological characteristics,
the roughness, and the defects on the surface of different implant models were described.
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Table 1. Characteristics of implant models used in the study.

. . Surface Cost
Implant Manufacturer/Country Size Material Treatment Ref. Lot Number (USD)
. . Al,O3
AB Alpha-Bio Tec, Tl AVIY, 5 13 mm  Tigrade5 sand-blasted/ 2423 1104109 <100
(ARRP) Israel
etched
. Al O3
ANKI Ankylos Friadent, 45%x17mm  Tigrade2 sand-blasted/ 31010430  B160003263  >100
(B17) Mannheim, Germany otched
ANKII Ankylos C/X, Dentsply Al O3
(B11) Friadent, Mannheim, 4.5 % 11 mm Tigrade2 sand-blasted/ 31010050 013567 >100
Germany etched
DENT Dentium, Seoul, Korea ~ 7.0x7mm  Tigrade4 oondPlasted) pyonprsw  Fiopo2ato <100
(Superline) etched
LDRI . .
(Tixos MC) Leader, Milano, Italy 375x10mm  Tigrade5 ND (DLMF) 09ITX3710 E1014381 >100
LDRII . .
(Tixos MC) Leader, Milano, Italy 3.3 x 10 mm Tigrade5 ND (DLMF) 09ITX3310 E1114652 >100
NEO sand-blasted/
. Neodent, Curitiba, . etched/
(Helix GM . 3.75x 8 mm Tigrade4 . . 140.976 800341931 <100
Acqua) Brazil immersed in
cau NaCl
solution
STR Straumann, Basel AlO3
(Bone level, Switzerlém d ! 4.1 X% 14 mm Ti—Zr sand-blasted/  021.5514 NN454 >100
Roxolid SLA) etched

2.2. Chemical Analysis of Dental Implants

The elementary semi-quantitative analysis of the different dental implants was performed
with energy-dispersive X-ray spectrometry (EDX) using a 410-M detector (Bruker, Berlin, Germany)
connected to the VP-SEM equipment. EDX is a technique that uses X-rays as a source of excitation for
analyzing the chemical elements of different structures. This method is based on the principle that each
chemical element has its own atomic structure, which allows a single peak of electromagnetic emission
after its excitation [31]. One operator using nitrile gloves and a titanium forceps carefully removed the
dental implants to be analyzed from its original packaging, so that there was no contamination on
their surface. The implants were not washed or rinsed with any type of liquid so that there was no
interference with the elements of cleaning. Then, the implants were then attached to the sample holder
using double-sided carbon tape. Different areas of dental implants were analyzed randomly, in which
the EDX system was set to detect automatically the element of surface, the data obtained represent the
percentage of weight (wt.%).

3. Results

3.1. Surface Morphological Analysis of Dental Implants

Most of the analyzed dental implants (AB, ANKI, ANKII, DENT), exhibited morphology consistent
with their manufacture, with a standardized and well-defined structure, with minor differences in
the morphology. The analyzed samples revealed a rough surface at micrometric level, with some
irregularities or defects Figure 1.
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Figure 1. Three-dimensional structure of the Alpha-Bio, Ankylos (A11,B9.5), and Superline dental
implants obtained by variable-pressure scanning electron microscopy (VP-SEM). (AB) General view
of the Alpha-Bio implant structure (Mag: x20). (AB1) Detail of the AB implant with a tip-shaped
defect (arrow) (Mag: x300). (AB2) At higher magnification another tip-shaped (arrow) defect
is visualized (Mag: x700). (ANKI) General view of the structure of the Ankylos All implant
(Mag: x20). (ANKI1) Detail of the ANKI implant surface with a tip-shaped defect (arrow) (Mag: x300).
(ANKTI12) Detail of ANKI implant with defect in wire format (arrowhead) (Mag: x300). (ANKII) General
view of the structure of the Ankylos B9.5 implant (Mag: x20). (ANKII1) Detail of the ANKII implant
with small holes (arrows) (Mag: x300). (ANKII2) Detail of the ANKII implant defect in spherical shape
(arrows) (Mag: x300). (DENT) Overview of the Superline implant (Mag: x20). (DENT1) Detail of
the surface of the DENT implant with an irregularly shaped defect with missing and excess material
(arrow) (Mag: x300). (DENT2) Detail of another irregular defect of the DENT implant that seems to
adhere to the surface (arrow) (Mag: x300).

The morphology of LDRI and LDRII samples diverged from the other samples due to their
manufacturer’s proposal characterized by a porous surface with interconnected pits and pores that tries
to simulate the trabeculae of cancellous bone (Figure 2LDR). The NEO implant presented a different
surface pattern due to the liquid in which it bathes that, when it dries is created an aggregate over
the titanium surface (Figure 2NEO). The STR sample (Figure 25TR) showed a standardized and
well-defined structure, but with a rougher surface compared to the AB, ANKI, ANKII, and DENT
samples. Also, at greater magnification, it was noted that most of the samples (AB, ANK1, ANK2,
DENT and NEO) revealed micro-irregularities on their surface, material deposits in the form of spheres,
tips, or wires structures that seem to adhere to the implant surface Figures 1 and 2.
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Figure 2. Three-dimensional structure of dental implants Tixos Leader, Neodent, and Straumann
obtained by VP-SEM. (LDR) General view of the structure of the Tixos Leader implant (Mag: x20).
(LDR1) Detail of the irregular surface of the LDR implant in the thread region (Mag: x300). (LDR2) Detail
of the irregular surface of the LDR implant with spherical recesses and elevations (Mag: x300).
(NEO) General view of the structure of the Neodent implant (Mag: x20). (NEO1) Detail of the NEO
implant with the dried aggregate (NaCl) on the surface and a defect in the form of elevation (arrow)
(Mag: x100). (NEO2) Detail of the surface characteristic of the NEO implant with the deposition of
dry salt and some defects in different formats (arrowheads) (Mag: x300). (STR) General view of the
structure of the Straumann implant (Mag: x20). (STR1) Detail of the STR implant surface with irregular
topography (Mag: x300). (STR2) In greater magnification, it is possible to observe the surface of the
STR implant with irregular topography at the micrometric level (Mag: x700).

3.2. Chemical Analysis of Dental Implants

The chemical composition of the analyzed samples is summarized in Table 2. Sodium and Chlorine
were identified only in the NEO sample, whereas zirconium (Zr) was observed only in the STR sample.
Carbon (C) was detected in all samples with the exception of the DENT sample, while aluminium
(Al) was identified in most of the samples, with the exception of DENT, NEO, or STR implants. Also,
the weight percentage of titanium (wt.%) in the different samples ranged from 67% to 100%, identifying
that only the DENT implant showed 100%.

Table 2. Mean and standard deviation of weight percentage of chemical composition (wt.%) in the
different samples analyzed.

Sample Ti (0] C Al Zr Cl Na

AB 70.6 +12.4 - 24.5+12.8 4.6+09 - - -
ANKI 73.8+£20.6 247+04 92+5.5 6.5+0.5 - - -
ANKII 67.1+0.1 19.2 £ 0.9 42+38 11.6 £2.1 - - -

DENT 100 - - - - - -
LDRI 91.5+47 - 46+0.6 5+1.6 - - -
LDRII 93.1+13 - 25+03 6.1+0.2 - - -
NEO 929 £4.1 - 47 +£23 - - 1.2 +0.04 1.2+0.2
STR 814 +3.2 56+0.7 24+04 - 13+0.4 - -

4. Discussion

This study aimed to evaluate the morphological analysis of implant surfaces using VP-SEM
and chemical composition of different implant types available in the market through an EDX
system, to provide information to clinicians about their surface improvements and their composition,
including new implant models, which would allow a better understanding about the products that
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dentists could be using. However, our data allow us to partially reject the originally stated hypothesis
due to the similarities in the implant morphology between some analyzed samples. Most of the analyzed
dental implants (AB, ANKI, ANKII, DENT), exhibited a standardized and well-defined structure,
with minor differences in the morphology between them, identifying micropits, micro-roughness
and large waviness, concurring with previous studies [14,36-39]. Also, morphological defects were
identified in most of the samples evaluated; however, their reduced size and shape would not
interfere in the osseointegration process of implants [40]. The STR sample showed a standardized and
well-defined structure too, but with an apparent rougher surface compared to the AB, ANKI, ANKII,
and DENT samples, which concurs with Smeets et al. [40] and Wennerberg and Albrektsson [41].

The surface morphology of LDRI and LDRII was the most irregular among the samples due
to their manufacturer’s proposal characterized by a porous surface with interconnected pits and
pores that tries to simulate the trabeculae of cancellous bone [42]. LDR is a new implant made by
additive manufacturing and with a very irregular surface, in which it would be interesting to evaluate
the possibility of surface particle detachment during the implant insertion process, as was reported
previously in other samples [43,44]. The NEO implant presented a different surface pattern due to
the liquid in which it bathes that, when it dries, a salt aggregate is created over the titanium surface,
which purpose is to augment its hydrophilicity with high surface energy, improving the osteoblast
proliferation and increasing the osteogenic response [45].

All the samples analyzed showed a rough surface, in a greater or smaller scale, but which
is an important factor that can influence the bone formation [46], increasing the wettability and,
therefore, improving the protein absorption on the implant surface as well as the binding cells for bone
ingrowth [10,16,41,46]. The rough surface is obtained by a surface modifications process that includes
the anodization, titanium plasma spray, sandblasting with alumina, titanium or reabsorbable materials,
and the etching with strong acids, among others [46,47]. Most of the samples analyzed, with exception
of LDR, were subjected by the manufacturer to a technique associated with sandblasting with alumina
particles (Al,O3) and the particle removal through the immersion in a strong acid, due to this technique
allows a larger contact surface when compared with others [41,46]. However, a recent study revealed
remnants of particles in the implant’s surface with a lack of process control in the particle’s removal [16].
This issue, associated with the type of implant alloy, can influence the chemical composition of the
implant surface. The titanium alloys depend on the grade and its purity, in which are found different
percentages of oxygen, carbon, hydrogen, and titanium, highlighting that titanium alloy grade 5 has
less titanium percentage and is associated with aluminium and vanadium on its composition [47].

The chemical composition of dental implants analyzed in this study showed that in most of the
samples was the presence of carbon element (C) in ranges between 2-24%, which was lower than
observed in the other studies 13-48% using X-ray photoelectron spectroscopy and scanning electron
microscopy (XPS/SEM) [13,14]. However, carbon is not considered as a harmful element and can be
eliminated through Ar sputtering [13], which it should not be associated with possible contamination
during the handling of the samples, due to the careful handling in unpacking the sample and its
subsequent analysis. Regarding oxygen (O), this was observed in the STR sample at approximately
5% and in the surface of ANK samples at a level of at least 19%, which may be related to a possible
form of titanium oxide on the implant surface [9,13]. It is often observed the presence of oxygen in
the implant surface, being identified in higher ranges than observed in this study, achieving more
than 50% identified through (XPS/SEM) in some implant models [14]. In the case of ANK implants,
the presence of oxygen by XPS/SEM on the implant surface was reported approximately at 49% by
Dohan et al. [14], while Guler et al. [10], using EDX/SEM, found at approximately 36.8%.

On the other hand, the zirconium element (Zr) was observed only in the STR sample, explained
by the Ti—Zr alloy used in this implant model, in a slightly smaller percentage (13%) than the 15%
reported by the manufacturer [48], which is considered as a safe and biocompatible element and with
a low cytotoxicity similar to commercially pure titanium [25,49]. Elements such as zirconium, niobium,
and tantalum are often added to titanium alloys to increase the strength due to their low toxicity [25,50],
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which is the aim of the manufacturer in this sample. Zr was observed in a higher amount in this study
when compared with previous researches, which were found in EDX/SEM analyses approximately 2%
of Zr and some other inorganic impurities as aluminium and silicon [10,39]; however, there were no
identified these elements in the sample analyzed in this study.

The low percentage of sodium (Na) and chlorine (Cl) identified only in the NEO sample is related
to that implant is immersed in a NaCl solution. The surface treatment of this type of implant is similar
to that of SLActive surfaces, which are sandblasted with alumina particles and etched with a strong
acid, and then stored in a NaCl solution [39]. Thus, when the solution dries quickly it creates a NaCl
aggregate over the entire surface, showing a similar behavior of SLActive surfaces [39,40,51].

ANKI, ANKII, LDRI, LDRII, and AB samples showed traces of aluminium ranging from 4% to 11%,
being more concentrated in the ANKII sample, which concurs with the researches of Dohan et al. [9,14]
who identified using XPS/SEM other inorganic pollution in the same samples. This finding is opposed
by other authors [10,16], who analyzed, using both analytical methods (XPS and EDX), the same
implant model and did not detect aluminium particles. The presence of aluminium on the implant
surface has been previously reported in several studies, regardless of the analytical method, observing
a range between 1-14.4% [9,10,14,16], whose presence could be explained by the titanium alloy
(Ti grade 5) used in the LDR samples, which includes aluminium in its composition, and, in the
case of ANK samples, by the surface modification process of sandblasting with alumina particles,
and possibly, by the incomplete particles removal during acid etching. However, some researches
have been reported that alumina is an inorganic impurity insoluble in acid and difficult to remove
from the titanium surface [10,15]. Also, in AB samples, either the sandblasting with alumina particles
associated with an incomplete removal process or the titanium alloy (grade 5) used could explain
the findings of aluminum on its surface. It is interesting that, despite NEO, STR, and DENT samples
having the same surface treatment of sandblasting and then etched to remove the alumina particles,
these samples did not show aluminium traces. Nevertheless, previous studies, using EDX and XPS
methods, identified aluminium particles in STR samples (1%) [10,14], while in the DENT sample was
reported silicon (1%) as a surface impurity [14].

The most important finding of this study is the high percentage found of aluminium in most of
the analyzed samples, which can be critical given the current importance of the avoidance of the use of
aluminium alloys, largely due to their possible relation to neurodegenerative diseases [52]. Specifically,
aluminium is an element considered by some authors to be neurotoxic and neurodegenerative [23,52,53],
involved in the deterioration of learning and memory [26]. Along with copper, they are considered
the most cytotoxic metallic elements used in titanium alloys [25]. Zhang et al. [27,28] reported that
even low exposure to aluminium has a toxic effects on the brain, mainly caused by severe oxidative
deterioration of the neural cells. In the case of Ti-6Al-4V alloys, although a film of oxide protects the
titanium surface, it can release aluminium ions after prolonged implantation [54], being identified both
in blood plasma [17] as in the surrounding tissue [23]. Li et al. [22] studied the effect of aluminium
nanoparticles on the immune system of mice using fluorescence imaging, reporting that these particles
can introduce to the circulatory system and deregulate the immune system. It is important to highlight
that even nontoxic concentrations of aluminium could be enough to produce biological changes since
the tissue response depends on both nature and the amount of released ions [18].

The chemical composition of dental implants is an important issue due to the organic and
inorganic contamination of commercial implants surface being reported [15]. In this sense, the clinical
relevance of this contamination is unknown today, but possible local or adverse effects of the remnant
particles as well the exposure to unknown risks may be discovered in the future. It is imperative that
clinicians know the surface characteristics and chemical composition of implants that are currently
available on the market since it is the responsibility of each dentist for the product indicated and
its effects on the health of patients. Furthermore, it is necessary for manufacturers to improve their
quality-control processes to avoid contaminants or unwanted substances in the composition of their
products, which, even if in a small quantity, there are doubts about whether they could be detrimental to
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the health of patients. Thus, this research provides sufficient information about the surface morphology
and chemical composition of some implant models that nowadays are available on the market and
that dentists must know before their use or choose. Also, based on the implant’s costs, there were no
identified important differences among the samples, and it was observed that the chemical composition
of the implant surface in the expensive implants was not necessarily free of impurities. Thus, the price
was not correlated to implant surface pollution.

Within the limitations of this study is the number of implants analyzed, which was lower
than similar studies [14] but higher than other research [10,12,13,15]. However, in this research,
most implant models are different from these studies and the implants previously analyzed have
some modifications on their surface. LDR is a new implant manufactured by direct laser metal
forming (additive manufacturing) that try to simulate the trabecular bone with a different surface
shape than the other samples and with no information about possible surface treatment, while the
NEO sample is a new implant model too with a surface treatment similar to SLActive surfaces, but not
previously studied.

It would be interesting to study the possible release of any ion to the surrounding tissue from
analyzed dental implants, but it was not evaluated because it was not according to the aim of the
study. However, further studies are necessary to study the biological mechanisms involved and the
amount of ions that can be released from dental implants as well as the development of new materials
and methods that improve the corrosion resistance of the implant surface and prevent the release of
potentially dangerous ions [55].

It can be concluded that despite the morphology of implants being similar in most of the analyzed
samples, more than 50% of them, which are implants models available on the market, have aluminium
in their chemical composition that can be released into the peri-implant region and into the blood.
The manufacturers should consider an adequate control during the manufacturing process to avoid
further biological problems related to the potential risks of certain metallic ions. Finally, STR, DENT and
NEO could be considered, among the analyzed samples, the safest implants from the point of view
that no aluminium was detected on their chemical composition.
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