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Influence of Surface
Roughness on the

Adhesion of Hydroxyapatite
Coatings to Titanium and
Titanium Alloy Surfaces: A
Systematic Review of in vitro
Experimental Studies

ABSTRACT

This systematic review gathered evidence to identify the influence of roughness on titani-
um surfaces on the adhesion of hydroxyapatite coatings. This research followed the PRISMA
guidelines and was registered on the Open Science Framework (osf.io/cxrsf). In vitro stud-
ies were searched on Science Direct, PubMed, Embase, Scopus, Google Scholar and in the
references of the articles included. Two independent reviewers selected the studies based
on the inclusion and exclusion criteria. The risk of bias analysis was carried out using the
adapted Joanna Briggs Institute quasi-experimental study tool. 2890 articles were found
and after applying the selection criteria 22 were chosen to be read in full. 9 studies were
excluded because they did not evaluate substrate roughness or coating adhesion. Finally, 13
studies composed this systematic review. Of these, 4 indicated that greater titanium rough-
ness provides better adhesion of the hydroxyapatite coating, 7 that in addition to roughness,
other factors play a role in this process, and 2 other studies presented divergent results.
Surface roughness has influence on the adhesion of hydroxyapatite coatings to titanium.
However, the type of titanium alloy, the thickness of the coating and other characteristics
also affect the adhesion process and should be considered.

INTRODUCTION

Commercially pure titanium (Ticp) and titanium alloys (Ti) are widely
used in implant-supported oral rehabilitation due to its mechanical prop-
erties, biocompatibility, good strength-to-weight ratio and corrosion re-
sistance.™ The absence of bioactivity is a limitation of Ti10 that can be
reversed by combining it with bioactive materials. Furthermore, hy-
droxyapatite (HAp) may enhance cell adhesion, proliferation and differen-
tiation and induce the formation of bone similar to biological apatite along
the titanium surface. The improved biological performance, the ability to
integrate with the surrounding bone tissue®''-'® and the functionalization
of the physicochemical properties provided justify the application of sur-
face coatings.*69101216
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The bond between Ti surfaces and bone tissue is made pos-
sible by the formation of a layer of apatite on the metal sur-
face.”™ HAp consists of a calcium phosphate similar to the inor-
ganic bone matrix and its use as a bioactive coating allows for
better bone formation and attachment to adjacent bone.'® De-
spite the clinical benefits provided, the clinical application of
this coating is challenged by uncertainties about microbial ad-
hesion, bone degradation and failure due to mechanical limi-
tations,"” low adhesion strength on metal substrates,310.1518-21
detachment of debris*#'222-27 which can dissolve due to the
presence of amorphous phases resulting from exposure to
the high temperatures of physical deposition.°

Metal implants with intact HAp coatings have a survival rate
of over 90%? but the fragmentation of the film reduces its me-
chanical capacity. With the high mechanical properties of the
metal substrate, delamination? and absorption are favored,
as well as the loss of biocompatibility, biofunctionality and the
release of material residues into the biological environment°
reducing the implant survival by approximately 40%.%3"

The clinical failure of an HAp-coated implant may be related
to anirregular, thick, porous film with low cohesive and adhe-
sive strength,* the ideal being the formation of thin layers of
HAp (<1 pm) with a homogeneous composition and nanocrys-
talline character.?>32 Of these, adhesion strength is identified
as the main factor in the long-term stability of HAp coatings.?
Thus, in addition to the efforts to develop a film with satisfac-
tory characteristics,?*3 modifications to the metal substrate
are indicated to enhance the coating-surface bond, promote
cell adhesion, proliferation and differentiation.*

There are different techniques for depositing HAp on the
metal surface, such as the sol-gel method,?#?>33¢ incorpo-
ration of apatite cores,® radiofrequency magnetron-assisted
sputtering,>*” hydrothermal treatment,*® metal organic chemi-
cal vapor deposition,*® chemical deposition,'® electrochemical
deposition,®'> plasma spraying, and other methods.5102640

Performing prior procedures on the titanium surface such as
laser treatment, >4 acid attack,>?’2° sandblasting? and anodiz-
ing?* may induce better adhesive resistance by varying surface
textures,®>?442 as well as influencing the rate of osseointegra-
tion by enabling bone growth on surface irregularities,*#> the
greater surface roughness provides an important mechanical
imbrication for the adhesion of HAp coatings to metals.>?> How-
ever, roughness is not the only factor involved, as the following
have been presented 26 different adhesion forces for the same
surface finish, which also made it possible to attribute the influ-
ence of chemical bond on the adhesion of HAp. Other results
found in the same year® corroborate that the chemical composi-
tion of the coating itself is capable of altering its adhesion.

The adhesive tensile strength of HAp coatings should not be
less than 15 MPa, although HAp deposited by plasma spraying
achieves tensile strengths of approximately 28 MPa,* other
methods of obtaining the coating, such as electrophoresis
deposition, achieve a strength limited to around 8 MPa.*’ In

addition to tensile strength, the scratch test can be used to
measure the adhesion of the coating to the substrate 82527343548

The success of surface coatings with HAp on Ti is conse-
quence of adhesion with the metal. Since surface properties
influence this process, it is important to investigate the effect
of roughness on adhesive strength to develop more suitable
surfaces. Therefore, this Systematic Review (SR) aimed to
gather evidence to answer the question “What is the influence
of surface roughness on the adhesion of hydroxyapatite coat-
ings to titanium surfaces and their alloys?”. The null hypoth-
esis was that roughness had no direct relationship with the
adhesion of coatings to the titanium surface.

MATERIAL AND METHODS
PROTOCOL

This review was structured according to the PRISMA guide-
lines* for systematic reviews and meta-analyses and regis-
tered on the Open Science Framework platform (osf.io/cxrsf).
The PICOS strategy for this review was defined as follows:
Population - surface roughness of titanium implants and its
alloys (Ti with biomedical application); Intervention - applica-
tion of HAp coating; Outcome - adhesion or resistance of the
coating; Study Design - in vitro studies.

ELEGIBILITY CRITERIA

The inclusion criteria were research articles that dealt with
the influence of surface roughness on the adhesion or resist-
ance of hydroxyapatite coatings formed on the surface. And
the exclusion criteria were articles that did not evaluate sur-
face roughness; that did not observe the adhesion or resist-
ance of the HAp coating deposited on Ti or cp Ti; that used
surfaces other than Ti and its alloys; articles that did not eval-
uate the surface to apply it to dental or biomedical implants.
Finally, in vivo and clinical studies, systematic reviews, book
chapters, short communications, conference abstracts, case
reports and personal opinions were also excluded.

SEARCH STRATEGY

The articles were searched in 4 databases: Science Direct,
PubMed, Embase and Scopus. The keywords used in the search
strategy for each database and the number of results found are
described in Supplementary Table 1. Manual search was also
carried out using the reference lists of the selected articles.

SELECTION PROCESS

The articles were selected by two reviewers (VMS e IGS) and a
third reviewer (MLCV) was consulted in cases of disagreement.
The manual selection of peer-reviewed articles was carried out
using the web software Rayyan® (Qatar Computing Research In-
stitute, Doha, Qatar) by the two reviewers. The initial selection
was made according to the title and abstract, and for studies with

seeereeeeseeseeeeeeeeeeeees Siirface Roughness and Hydroxyapatite Adhesion: A Review...
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insufficient data, the manuscript was read in full. A second selec-
tion was made based on the complete reading of the articles. The
studies found were assessed for eligibility using the previously
established inclusion and exclusion criteria and were finally se-
lected for this systematic review.

DATA TABULATION

The data from the studies that remained after applying the
exclusion and inclusion criteria were extracted into a table with
the following information: (1) authors and year of publication;
(2) titanium alloy evaluated; (3) method used to form the hy-
droxyapatite coating; (4) roughness evaluated and means of
obtaining this roughness; (5) method of evaluating coating ad-
hesion; (6) main results. The data are shown in Table 1.

RISK OF BIAS ANALYSIS

The methodological quality of the studies was assessed us-
ing the Joanna Briggs Institute (JBI) Critical Appraisal Checklist
for Quasi-Experimental Studies (non-randomized experimen-
tal studies), which was based on the results that this system-
atic review sought to assess.

It was not possible to carry out a meta-analysis due to the
heterogeneity of the studies concerning the methods used to
form the hydroxyapatite coating, evaluate the adhesion of the
coatings, produce the different roughnesses and the different
titanium alloys evaluated. Thus, a descriptive analysis of the
data was used to present the results.

RESULTS

The initial search found 2890 results: 2253 in Science Direct,
520 in PubMed, 33 in Embase and 84 in Scopus. The gray lit-
erature was accessed via Google Scholar, and the first 100 re-
sults were included. After removing duplicate studies, 2614
remained, of which 2673 were excluded after reading the title
and abstract. The 22 articles were read in full and 9 were ex-
cluded because they did not in any way evaluate the rough-
ness or adhesion of HAp coatings on the titanium surface. At
the end of this selection process, 13 articles were selected to
make up this systematic review. The details of the selection
process can be seen in Figure 1.

The articles included used different methods to form HAp
on the Ti surface, most of them using the sol-gel deposition
method,?##>343¢ but other methods have also been used such
as the incorporation of apatite cores,* radiofrequency mag-
netron-assisted sputtering,?’3” hydrothermal treatment,® or-
ganic chemical vapor deposition of metal,* chemical deposi-
tion,*® electrochemical deposition,® plasma spraying.?

Regarding the method used to evaluate the adhesion of HAp
coatings on the surface, from the 13 articles included, 6 used
the scratch test,82527343548 5§ ysed the tensile test,2336373951 1
used the microtensile test,* 1 used the nano-identification
test®® and 1 used the flexion test.®

EJPRD

ejprd.org - Published by Dennis Barber Journals.

When evaluating the influence of different roughness on the
adhesion of HAp coatings, from the 13 studies included in the
systematic review, 4 of them obtained results indicating that in-
creasing roughness provided better adhesion of the coatings on
the titanium surface,22>275! 7 that greater roughness may be re-
lated to improved adhesion of coatings but that it is not a deter-
mining factor and that adhesion of coatings is also influenced by
other factors,®3436-3948 1 did not observe relation between rough-
ness and increased adhesion, but rather that the composition
of the coating could influence® and 1 evaluated two different Ti
alloys and observed that for the first, the adhesion was greater
on rougher surfaces, while for the second there was no direct
relation between the roughness and adhesion of the coatings,
and also observed that one of the alloys provided greater adhe-
sion than the other.* The main results observed for each of the
included studies can be seen in Table 2.

Amongthe 6studiesthat carried outthe scratch test,82527343548
just one* showed no interaction between roughness and
greater adhesion of the coating to the metal surface, the
other825273448 reported that greater substrate roughness leads
to greater coating adhesion. The influence of roughness on
adhesion was also attested to by 5 studies?3¢373%51 who per-
formed the tensile test, although 2 of these**>! have an adhe-
sive tensile strength of less than 15 MPa.%

The risk of bias assessment is summarized in Figure 2 and
presented in Figure 3, where it can be seen that all the articles
presented a low risk of bias for questions 1 and 7. For ques-
tions 2, 4, and 8, over 80% of the included studies presented a
low risk of bias. For the 2nd question, from 13 articles includ-
ed, 2 presented a high risk of bias because they compared dif-
ferent Ti alloys. As for question 3, around 60% of the included
articles presented a low risk of bias, while 5 articles presented
a high risk of bias because they compared samples that had
undergone different surface treatments. Questions 5 and 6
were marked as not applicable for all articles. Question 5 was
not applicable, as it assesses whether measurements were
taken before and after the intervention, however the adhe-
sion test is only carried out after the intervention which is the
HAp treatment. Question 6 concerns follow-up, as this review
only assesses in vitro studies this question was also excluded.

DISCUSSION

The initial hypothesis of this review, that the surface rough-
ness of Ti and cp Ti would not influence the adhesion of HAp
coatings, was rejected. In addition to the surface roughness of
the substrate affecting the adhesion process of the HAp coat-
ing,>#32536 jt was possible to see that other factors also influence
this process, such as the Ti alloy used,? the chemical composi-
tion of the surface,*® the size and morphology of surface asperi-
ties,* thickness® and the composition of the coating.®

The two methods most commonly used to assess the adhe-
sion of coatings to the surface were tensile methods>?33637.39
and scratches.82>27343548 The first is done by fixing pins to the

Copyright ©2025 by Dennis Barber Ltd. All rights reserved.
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Table 1. Characteristics of studies that evaluated the influence of surface roughness on the adhesion or resistance of hydroxyapatite coatings formed on the surface.

Method used
First Author I “ Method for
Titanium Alloy to form the . . -
and Year of . . assessing coating Roughnesses evaluated and means of obtaining these roughnesses
. (Ti) Evaluated hydroxyapatite .
Publication . adhesion
(HAp) coating
Ti6Al4V Roughness of the surfaces evaluated after acid etching:
Yabutsuka Ti-15Mo-5Zr-3Al Incorporation of Tensile test 0,70 um (Ti6Al4V)
et al., 2020 Ti-12Ta-9Nb-6Zr-3Al-0 apatite cores 11,68 pm (Ti-15Mo-5Zr-3Al)
(Gummetal®) 0,57 um (Ti-12Ta-9Nb-6Zr-3Al-O (Gummetal®))
Stango et Polished and laser-treated surfaces were evaluated:
al 2%)18 Ti-6Al-4V Sol-gel Scratch test ~0,1 ym (polished)
v 1,183 pm (laser treatment)
Grubova et ' Radiofrequency Roughness obtained aftfer sar.ldblastlng +acid etching:
al. 2017 Ticp magnetron-assisted Scratch test 1.8 £ 0.1 (blasting with 250-320 pm)
v cathodic spraying 0.96 + 0.04 (blasting with 50 pm)
Roughness obtained from surface polishing with silicon carbide sandpaper:
0,51 um (polished to grain 240
Baptista et ) hm (p . & . :
al. 2016 Ticp Sol-gel Scratch test 0,44 pm (polished to grain 400)
v 0,15 um (polished to grain 800)
~ 0,09 pm (polished to grain 1200
Roughness obtained from surface polishing with silicon carbide sandpaper):
Hydrothermal treatment 0,28 + 0,09 um (polished to grain 220)
Charitidis Did not specify A coating of o 0,22 + 0,05 um (polished to grain 400)
i Nanoidentification test
et al., 2013 the alloy used ITTSERENT 0,11 + 0,05 pm (polished to grain 600)
combined with
dendrimer was formed. 0,10 £ 0,04 um (pollshed to grain 800)
0,09 + 0,05 pm (polished to grain 1000)
The author evaluated surface roughness with acid treatments using HF and H2SO4 solutions and
with mechanical polishing using grit sandpaper #1000, #1500 and #2400 and a mirrored surface.
The roughness values obtained for the acid-treated surfaces were presented
graphically, so the values are reported here in approximate form.
19,143,2 nm (Mirrored surface)
~ 20 nm (Treatment solution H2S04 60s)
Hieda et ) Organic chemical vapor _ ~ 40 nm (Treatment solution HF 60s)
al., 2013 Ti-29Nb-13Ta-4.6Zr (TNTZ) deposition of metal Tensile test 68,4+11,0 nm (Mechanical polishing with grit sandpaper #2400)
122,1+0,5 nm (Mechanical polishing with grit sandpaper #1500)
~ 210 nm (Treatment solution HF 600s)
254,4+36,1 nm (Mechanical polishing with grit sandpaper #1000)
~ 320 nm (Treatment solution H2S04 600s)
~450nm (Treatment solution HF 3600s)
~ 650 nm (H2504 solution treatment 3600s)
The samples were anodized at different voltages, producing surfaces with the following roughnesses:
5,3+ 0,2 nm (Ticp polished)
17,1 £ 0,6 nm (Ticp anodized 25V)
. 28,6 + 3,6 nm (Ticp anodized 50 V)
Roest et Ticp ) ) ) )
. Sol-gel Microtraction test 17,2 + 1,4 nm (Ticp anodized 75 V)
al., 2011 Ti-6Al-4V ) .
5,5+ 0,5 nm (Ti-6Al-4V polished)
16,2 + 0,8 nm (Ti-6Al-4V anodizado 25 V)
27,8 + 3,4 nm (Ti-6Al-4V anodized 50 V)
17,6 £ 2,4 nm (Ti-6Al-4V anodized 75 V)
Roughness obtained with heat treatment, alkaline treatment and acid treatment:
0,426 + 0,049 um (polished without other surface treatments)
0,434 + 0,052pm (alkaline treatment)
Zavgorodni 0,453 + 0,061 pm (acid treatment
ve y Ticp Chemical deposition Scratch test um ( )
et al., 2011 0,595 + 0,049 pm (heat treatment)
1,121 £ 0,092 pm (blasted surface)
1,421 + 0,034 pm (blasted surface + heat treatment)
Roughness obtained from surface polishing with silicon carbide sandpaper and alumina powder:
Blackwood ) Electrochemical 323 nm (to the grain 120)
Ti o Scratch test .
et al., 2010 deposition 95,51 nm (to the grain 600)
3,16 nm (alumina powder)
Sol-gel Roughness obtained from surface polishing, acid/peroxide treatment and NaOH treatment:
Gonzalez- The study evaluated 2,88 um (without modification)
mcquire et Ticp the adhesion of Scratch test 0,53 um (polished)
hydroxyapatite coatings ) )
al., 2008 added with L-arginine 2 pum (acid/peroxide treatment)
or L-lysine precursors. 2,90 pm (treatment with NaOH)
Porous and non-porous substrates were used:
3,7 mm (non-porous titanium substrate
Oh et al., 2005 Ticp Plasma spraying Tensile test ( P o )
9,3 mm (porous titanium substrate)
33,7 mm (porous titanium substrate)
The author did not report the roughness in numerical form but only defined which surfaces
. were rougher. The following surfaces were evaluated from smoothest to roughest:
Piveteau et Ticp Sol-gel Rotary flexural test Mirror polishing
al., 2000 Tensile test . s
Mechanical polishing
Alumina blasting
Ding et Radiofrequency Polished and acid etched surfaces were evaluated:
i
al ‘5999 Ti-6Al-4V magnetron-assisted Tensile test 0,06 um (mechanically polished)
o cathodic spraying 0,7 pm (acid attack)

@ ..........................................................sl'rfaceRoughnessandHydroxyapatiteAdhesion:AReview
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Figure 1: Flowchart of the studies selection process through the different phases of the systematic review.

surface using epoxy resin and applying a tensile load until
fracture occurs and the maximum stress is measured.3*>' The
scratch test, on the other hand, can be carried out using a
scratch tester, in which the tip comes into contact with the sur-
face and tensile force is applied at a constant load and speed
to obtain scratches which are then analyzed using optical mi-
croscopes and characterized in terms of the different types of
defects formed, such as cracks, flaking and chipping.?>3*

The adhesion of coatings to the metallic substrate is decisive
in inhibiting its degradation and favoring its stability.>? The ac-
tion of forces during implant installation may cause delamina-
tion of HAp coatings due to frictional wear and generate inflam-
matory reactions induced by detached particles, which can lead
to loosening of the implant and subsequent failure.>*>* There-
fore, adhesive conditions that ensure the stability of the metal-
coating interface in the face of mechanical stress and contact
pressure are pertinent™ to avoid corrosive fatigue and ensure
effective osseointegration and predictability.>3>°

Different types of stresses arise depending on the origin of
the forces applied and the shape of the implant, such as ten-
sile, shear, and compressive stresses.>® The interface between
materials with different moduli of elasticity generates me-
chanical limitations in the face of implant installation forces®
and cyclical occlusal loads (500 N in the canine region, 600 N
in premolars, and 800 N in molars).*¢ This increases the risk of
corrosion due to delamination of the coating, inflammation
in the surrounding tissues, and impaired bone remodeling.>

The adhesion between coatings and metallic surfaces ben-
efits from satisfactory covalent interactions,”” poor adhesion to
the metallic substrate or the inability to resist the mechanical

stresses on the implants make coatings ineffective, even if they
have high biological performance.>? In this sense, improving co-
valent bonds by increasing the contact area can favor adhesion
between the ceramic coating and the metallic substrate.%>

Ticp and Ti surfaces are modified to alter their chemical
properties, surface topography and wetting capacity.* Mod-
erately rough surfaces (1-2 pm) are described as favorable for
cell adhesion, proliferation and viability,*? in addition to favor-
ing the adhesion of the HAp coating.? The articles included
involved different methods of modifying the surface before to
coating deposition, including chemical methods (acid attack
60-64 and alkaline attack),%2% physical (heat treatment,®> me-
chanical polishing,82536386465 |aser treatment,? alumina blast-
ing,* sandblasting plus acid attack?” and sintering of Ti®) and
electrochemical (anodizing?4).

Among the studies included in this review, authors® which
carried out the chemical deposition of the coating on the pre-
viously heat-treated surface (0,595 + 0,049 pm) reached the
lowest critical load (1,14 N) necessary to delaminate the coat-
ing. While the study®® which had the highest critical load (19
N) had a HAp coating with l-arginine deposited by sol-gel tech-
nique on previously polished Ticp surface (0,53 um). Despite
similar values for surface roughness on the same alloy with
different pre-treatments, different loads were required to
break the coatings. This analysis suggests that besides rough-
ness, other factors can affect the adhesion of coatings and
indicates that in addition to the surface treatment technique,
the coating deposition technique and the coating composition
can impact surface-coating adhesion.

ejprd.org - Published by Dennis Barber Journals.
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Table 2. The main results of the included studies.

First Author and Year
of Publication

Main results

Yabutsuka et al., 2020

Stango et al., 2018

Grubova et al., 2017

Baptista et al., 2016

Charitidis et al., 2013

Hieda et al., 2013

Roest et al., 2011

Zavgorodniy et al., 2011

Blackwood et al., 2010

Gonzalez-mcquire et al., 2008

Oh et al., 2005

Piveteau et al., 2000

Ding et al., 1999

P98

ejprd.org - Published by Dennis Barber Journals.

The results showed that the adhesion force for each of the surfaces Ti6Al4V, Ti-15Mo-5Zr-3Al e (Ti-12Ta-
9Nb-6Zr-3Al-O (Gummetal®)) were 9,2 MPa, 22 MPa and 4,4 MPa respectively.

In other words, the greater the roughness, the greater the adhesion force obtained.
This suggests that the increase in surface roughness was related to improved adhesion of the hydroxyapatite film formed in the biological environment.

The adhesion of the coatings was better on the laser-treated surfaces. According to the authors, this improved adhesion is related to
the increased roughness that keeps the coating more adherent to the surface when compared to an uncoated surface.

The load required to delaminate the substrate coating along the scratch path was greater for the rougher
surface (~ 3.14 N) compared to the surface with less roughness (~ 2.60 N).

According to the authors, the results observed suggest that hydroxyapatite coatings produced on Ti substrates with surface finishes up to 400 grain
and particularly up to 800 grain are the most resistant coatings. The least resistant coating was the one deposited on the smoothest surface.

The authors reported that the greatest adhesion was observed on the surface polished to 400 grift, which had an intermediate roughness between
the roughnesses evaluated. The surface with the lowest adhesion was polished to 1000 grain and had the lowest surface roughness.

The results suggest that roughness may be related to coating adhesion, but that it is not the only factor influencing roughness.

When comparing adhesive resistance only between surfaces that have been mechanically polished and the
mirror surface, it can be seen that the rougher surfaces have greater adhesive resistance.

However, when comparing the adhesive strength of these samples with those treated with acidic solutions, it was observed that greater adhesive
strength is not directly related to roughness, since surfaces that have undergone mechanical polishing, which showed lower roughness than
surfaces treated with acids (H2S04 3600s and H2S04 600s), at the same time showed greater adhesive strength than these surfaces.

Adhesive strength was highest for the sample treated with HF 3600s solution (~ 21 MPa), followed by the samples Mechanical polishing with ~1000 grit sandpaper
(~ 15 MPa), Mechanical polishing with#1500 grit sandpaper (~ 15 MPa), Mechanical polishing with #2400 grit sandpaper (~ 12.5 MPa), 60s H2S04 solution (~ 12
MPa), Mirrored surface (~ 10 MPa), H2S04 3600s solution (~10 MPa), HF 60s solution (~ 9 MPa), HF 600s solution (~ 8 MPa), H25S04 600s solution (~ 5 MPa).

These results indicate that although the general increase in roughness is important because it promotes
mechanical anchorage to the coating, this anchorage may also be related to other factors.

The author reports that surface morphologies and the sizes of surface asperities are more important for the
adhesive strength of hydroxyapatite films than the surface roughness of the substrates.

For the Ticp alloy, the highest adhesion forces were observed in the roughest samples, with the following adhesion force
values: 652 + 12 MPa for the roughness sample 28,6 + 3,6 nm; 614 + 22 MPa for the roughness sample 17,1 + 0,6 nm; 564 +
50 MPa for the roughness sample 17,2 + 1,4 nm; e 538 + 40 MPa for the roughness sample 5,3 + 0,2 nm.

For the Ti-6Al-4V alloy, similar bond strengths were observed for roughnesses of 5.5 + 0.5 nm, 16.2 £ 0.8 nm and 27.8 + 3.4 nm (1073 +
30 MPa, 1083 + 25 and 1086 + 40, respectively). For the 17.6 + 2.4 nm roughness, the adhesion force was 868 + 93 MPa.

When comparing the adhesion force between the two polished surfaces, it was observed that the Ti-6Al-4V alloy had
twice the adhesion force compared to the Ticp alloy, and that both had similar roughness.
For the Ticp alloy, adhesion was greater on rougher surfaces, but for the Ti-6Al-4V alloy there was no direct relationship with
roughness, which suggests that the adhesion of coatings is also influenced by factors other than roughness.

The critical load required to cause the coatings to fail was highest for the roughest surfaces - sandblasted (13.13 N) and sandblasted + heat treated (10.34). The third
roughest sample, the polished sample, had a critical load of 5.89 N, followed by the acid-treated (4.89 N), alkaline-treated (4.17 N) and heat-treated (1.14 N) samples.

It can therefore be seen that roughness influenced coating adhesion, as the sandblasted and sandblasted + heat-treated surfaces had more than double the roughness

of the other surfaces and a considerably higher critical load than the others. However, this roughness may also be related to other surface characteristics, as the
sandblasted + heat-treated surface had greater roughness (1.421) than the sandblasted surface (1.121), and even so had a lower critical load than the latter.

The average critical load to delaminate the coating formed was higher for the rougher surface (323 nm) indicating that stronger adhesion is achieved with
a rough surface, which implies that interfacial adhesion between the Ca-P coating and the titanium substrate involves mechanical interlocking.

However, when comparing the other two surfaces with smoother roughness (95.51 nm and 3.16nm), the critical load was similar, suggesting that
adhesion in this case occurred independently of surface roughness and that roughness is not the only factor influencing adhesion.

When comparing the adhesion of the coatings between the different roughnesses, it was observed that roughness had no
direct relationship with adhesion strength, which was more influenced by the composition of the coating.

The hydroxyapatite + I-arginine coating showed the highest critical load value (19 N) for the polished samples,
while for the other roughnesses the critical load value was similar (13 N/14 N).

On the other hand, the hydroxyapatite + I-lysine coating showed the highest critical load value (11 N) for the samples with acid/
peroxide treatment, while the critical load values were the same (4 N) for the other roughnesses.

Thus, no direct relationship was observed between roughness and coating adhesion.

The bond strength obtained by the tensile test showed that the bond strength was greater for the more porous surfaces compared to the smooth
surfaces. However, when comparing two porous surfaces, the surface with the lowest porosity promoted the greatest bond strength of the coating.

Greater coating adhesion was observed for the rougher surface. However, the increase in adhesion may also be related to the increase in coating
thickness, since the mechanically polished surfaces showed less adhesion than the mirror-polished surfaces, which were smoother.

Coatings with different concentrations of hydroxyapatite were evaluated, with the pure hydroxyapatite coating showing greater adhesion to the rougher surface.

However, for coatings with hydroxyapatite concentrations >100%, the roughnesses evaluated had no significant effect on coating
adhesion, but in these cases the other component of the coating, which in this case was titanium, may have contributed to
improving coating adhesion, making the results of the adhesive tests similar between the different roughnesses.

..........................................................SurfaceRoughnessandHydroxyapatiteAdhesion;AReview
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Legends: DT (Is it clear in the study what is the “cause” and
what is the “effect” (i.e. there is no confusion about which
variable comes first)?); D2 (Were the participants included in
any comparisons similar?); D3 (Did the participants included
inany comparisonsreceive similar treatment/care, in addition
to the exposure or intervention of interest?); D4 (Was there a
control group?); D5 (Were there several measurements of the
outcome before and after the intervention/exposure?); D6
(Was the follow-up complete and, if not, were the differences
between the groups in terms of follow-up adequately
described and analyzed?); D7 (Were the outcomes of the
participants included in any comparisons measured in the
same way?); D8 (Were the outcomes measured reliably?); and
D9 (Was adequate statistical analysis used?).
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Figure 2: Qualitative analysis with adapted the quasi-experimental studies appraisal tool by the Joanna Briggs Institute.
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Figure 3: Qualitative analysis with adapted the quasi-experimental studies appraisal tool by the Joanna Briggs Institute per studies.
The white bars correspond to questions D5 and D6, which were not applied to the articles. Question 5 was not applied, as it evaluates
measurements before and after the intervention, however, adherence analysis is only carried out after the intervention. Question 6
concerns follow-up; as this review only evaluates in vitro studies, this question was also excluded.

The low adhesion of HAp coatings represented by the low
critical load required for delamination can lead to implant
failure by compromising the bond with the bone tissue.®” The
detachment of particles that form debris and trigger inflam-
matory responses can result in bone resorption and loosen-
ing68 and even the exposure of metallic areas that favor the
attachment and proliferation of bacteria.®® It was observed®
that increasing roughness was the most important factor in
improving the coating’s adhesion strength through bonding

EJPRD
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with the pores formed and not through chemical bonding. The
increase in roughness favors the occupation of HAp in the cav-
ities generated to create mechanical interlocking between the
coating and the substrate.?> Another systematic review carried
out*? corroborates these results by observing that laser treat-
ment of the Ti surface with higher powers and lower scan-
ning speeds not only produces greater roughness, but also
provides better adhesion of the coating to the surface.

Copyright ©2025 by Dennis Barber Ltd. All rights reserved.



European Journal of Prosthodontics and Restorative Dentistry (2025) 33, 93-103

The failure of the coating-surface adhesion force and the fail-
ure of coating-coating cohesion were evaluated by a study®
which made it possible to observe greater adhesion with rough
surfaces than with smooth ones. However, when evaluating
two rough substrates, they found that the less rough substrate
had a higher cohesive force and more adhesive failures. In this
way, it is understood that the adhesion force with the rougher
substrate is greater, since the lower cohesion force is related to
the coating itself and not to the surface.

Despite a study®' indicate predominant influence of rough-
ness on adhesion strength, the majority of the articles in-
cluded®3+26-3948 indicated that this is not a determining factor
for adhesion strength, and that other characteristics may also
have an influence, since in some situations less rough surfaces
show better adhesion.23436-3948 After analysis it was reported®
that the adhesion force is related to both the surface rough-
ness and the thickness of the coating, other authors* stated
that the adhesion strength of HAp coatings derives from a
combination of chemical bonding and mechanical imbrication
between the coating and the substrate.

Authors found?® similar adhesive strengths for surfaces with
different surface roughness, and that treatments that did
not provide greater surface area did not improve adhesion
strength, even if there was an increase in roughness. Another
study® also observed that unlike rough surfaces, those with
smoother roughness do not affect adhesion strength. These
results indicate that the morphologies and level of roughness
are more important for the adhesive strength of HAp films
than the roughness of the substrates themselves.

In addition to microtextures and roughness, it was possible
to observe that the composition of the coating also has a major
influence on its adhesion. Studies''9?! reported that coatings
composed of HAp and titanium dioxide (TiO2) have improved ad-
hesive properties. In addition, the presence of TiO2 on the titani-
um surface itself can also contribute to improving the adhesion
of the coating.?* Since previous authors* evaluated HAp coatings
associated with different levels of incorporated Ti and observed
that in addition to greater roughness, the incorporation of Ti into
the coating contributed to greater adhesion to the substrate.
Other authors® found that HAp coatings with gelation facilitated
by I-arginine and I-lysine could also influence the adhesion of the
coating. Another study? observed that fluorinated HAp coatings
enhance adhesion when compared to conventional coatings.

Authors?* who evaluated the Ticp alloy and the Ti-6Al-4V al-
loy with similar roughness, observed that the latter showed
better adhesive properties. According to them, the lower val-
ues of intrinsic interfacial bonding in Ticp would be related
to the deformation and yield stress of the substrate, which
play an important role in the evolution of coating damage. In
addition, the mixture of anatase and rutile phases could also
have caused worse adhesion to Ticp, suggesting that a pre-
dominantly anatase structure could bind better to Ti,?* which
was confirmed by another study,” by reporting that crystal-
line anatase provides more effective bonding to bone.*

As limitations of this systematic review, the authors highlight
the heterogeneity of the included studies, especially in depo-
sition methods, coating adhesion analysis and the different Ti
alloys evaluated. In addition, the primary studies included in
this review did not explore in detail the chemical interactions
between the HAp coatings and the Ti substrate, nor the sur-
face characteristics of the coated implant, such as morphol-
ogy and roughness after deposition. Therefore, further stud-
ies focusing on these factors in greater detail could provide
more effective answers on the influence of roughness on the
adhesion of HAp substrates to the surface of Ti and its alloys.

As observed, this review presented evidence that there is an
influence between the surface roughness of Ti and cp Ti on
the adhesion of HAp coatings as a result of the mechanical
imbrication between surface-coating and the greater cohesive
force provided between coating-coating. As seen previously,
the thickness of the coating itself also influences its ability to
adhere to the Ti substrate, as do the stress and deformation
of this substrate, which are related to the evolution of damage
to the coating and consequent failure. Thus, in addition to the
need to evaluate how these factors act on the adhesion capac-
ity between coating and surface, it is important to investigate
how resistant the coatings must be to withstand the loads re-
lated to implant installation. This information will contribute
to the development of coatings with adhesive properties that
work better clinically.

FINAL CONSIDERATIONS

From the in vitro results gathered in this systematic review,
it was possible to conclude that surface roughness is an im-
portant factor in the adhesion of HAp coatings on Ti. However,
other characteristics also have influence and need to be con-
sidered, such as the composition and thickness of the coating,
the morphology and composition of the surface, the Ti alloy
used, and the pre-treatment method used.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Database search strategies.

Database Search strategy Found

(“titanium” OR “dental implant”) AND (“surface roughness” OR
“roughness”) AND (“hydroxyapatite coating” OR “hydroxyapatite”) AND 2253
(“coating strength” OR “scratch resistance” OR “toughness”)

Science Direct
May 25th, 2024

(“titanium”[Mesh Terms] OR “titanium"[All Fields] OR “dental implants”"[Mesh Terms]
OR “dental implants"[All Fields] OR “implants"[All Fields]) AND (“surface roughness”[All

PubMed Fields] OR “roughness"[All Fields]) AND (“hydroxyapatite coating”[All Fields] OR 520
May 25th, 2024 “hydroxyapatite”[All Fields] OR “coating"[All Fields]) AND (“coating adhesion"[All Fields]
OR “coating strength”[All Fields] OR “scratch resistance”[All Fields] OR “toughness”[All
Fields] OR “strength”[All Fields] OR “resistance” [All Fields] OR “adhesion"[All Fields])
(‘titanium’/exp OR ‘titanium’ OR ‘dental implant’/exp OR ‘dental implant’
OR ‘implant’/exp OR ‘implant’) AND (‘surface roughness'/exp OR ‘surface
Embase roughness’ OR ‘roughness’/exp OR ‘roughness’) AND (‘hydroxyapatite coating’ 33
May 25th, 2024 OR ‘hydroxyapatite’/exp OR ‘hydroxyapatite’ OR ‘coating’/exp OR ‘coating’)
AND (‘coating adhesion’ OR ‘coating strength’ OR ‘scratch resistance’/
exp OR ‘scratch resistance’ OR ‘toughness’/exp OR ‘toughness’)
(‘titanium’ OR ‘dental implant’ OR ‘implant’) (‘surface roughness’ OR
Scopus ‘roughness’) AND (‘hydroxyapatite coating’ OR ‘hydroxyapatite’ OR ‘coating’) 84
May 25th, 2024 AND (‘coating adhesion’ OR ‘coating strength’ OR ‘scratch resistance’ OR

‘toughness’ OR ‘adhesion’ OR ‘strenght’ OR ‘scratch’ OR ‘resistance’)
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