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Abstract Objective: A critical analysis of the existing literature to answer “What is the influence

of electrical charge of titanium alloys in the electrical interaction with osteoblastic cells for osseoin-

tegration?”.

Design: This systematic review followed PRISMA. The personalized search strategy was applied

in PubMed, Science Direct, Embase, and Scopus databases, furthermore, in the grey literature in

the Google Scholar and ProQuest. The selection process was carried out in two stages indepen-

dently by two reviewers according to the eligibility criteria. The risk of bias was also analyzed.

Results: When applying the search strategy, 306 articles were found, after removing duplicates

277 were analyzed by title and abstract, of which 33 were selected for full reading, of which 10

met the eligibility criteria. And one was included from the additional literature search. Of these,

all had a low risk of bias.

Conclusions: 1. The phenomenon of osseointegration is complex and, independent of the super-

ficial electrical charge of the implant, it may occur. To understand osseointegration, attention must

be paid to the synergistic action of the electrical potential; chemical composition, intrinsic to the

alloy and from surface treatment; and topography, which will determine the speed of adhesion, pro-

liferation, and osteoblast differentiation. 2. The presence of Ca2+ deposited on the surface acts as a

driving force for biomineralization that induces osteoblastic attraction and differentiation; 3. For a

better understanding of the current literature, more studies are needed to describe the osteogenic

regulation process through protein mediation; 4. Topography and chemical composition act as deci-

sive parameters for cell viability independent of the attractive electrical charge.
� 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Titanium alloys are mostly indicated for biomedical rehabilita-
tion because they present, a high strength/weight ratio, corro-

sion resistance, and certain biocompatibility, chemical
inertness, which makes stable integration with bone tissue dif-
ficult (Bandyopadhyay et al., 2019; Dai et al., 2019; Ferraris
et al., 2019; Tovani et al., 2019; Wei et al., 2019; Raja et al.,

2020; Zhang et al., 2020). The layer of TiO2 formed automat-
ically when exposed to the environment is dielectric and capac-
itive, capable of accumulating electrical charge, therefore,

studies aim to understand the influence of charge storage on
osteoblastic interaction to promote a stable peri-implant inte-
gration in the short term (Salari et al., 2011, 2012;

Bandyopadhyay et al., 2019; Singh et al., 2021).
The osteoblastic interaction is dependent on the topogra-

phy, chemical composition, and charge, thus, superficial treat-
ments are proposed to promote bioactivity to the implants (Jin

et al., 2014; Dai et al., 2019; Ferraris et al., 2019; Raja et al.,
2020; Dias Corpa Tardelli et al., 2020b). Through modifica-
tions in the electrical system through physical and chemical

methods that change the charge and its polarity, and thus
directly interfere with adhesion, proliferation, and osteoblast
differentiation, nevertheless, the literature presents few studies

focused on the electronic influence of the oxide layer on bioac-
tivity (MacDonald et al., 2011; Ghimire et al., 2014; Löberg
et al., 2014; Vandrovcova et al., 2021).

Controlling and understanding the phenomenon of osseoin-
tegration at the material cell interface is crucial for the devel-
opment of pro-osteogenic surfaces (Ceylan et al., 2014; Dias
Corpa Tardelli et al., 2020a, 2020b; Krenek et al., 2021). Stud-

ies infer those positive marks promote greater attraction since
osteoblast cells have a negative electrical charge due to their
content of hyaluronic acid in its pericellular lining, however,

it is necessary to elucidate this process (Finke et al., 2007;
Patil et al., 2007; Guo et al., 2012; Jin et al., 2014; Rebl
et al., 2016; Krenek et al., 2021).

In addition to electrostatic interaction, the cell flattening
and spreading is dependent on protein adhesion points stimu-
lated by Ca+2, osteoconductive (Bodhak et al., 2010; Dai

et al., 2019; Lin et al., 2020; Krenek et al., 2021), which may
or may not be present and are dependent on the amount of
ions present. And in this case, the negative charge of the

implant surface induces biomineralization by stimulating
Ca+2 precipitation on the surface (Zhu et al., 2004; Bodhak
et al., 2009; Tovani et al., 2019).

Such factors are related, in addition to osteogenic induc-
tion, to antibacterial activity dependent on negative electrical
potential and its lower susceptibility to adhesion since most
bacteria have negative cell walls (van Loosdrecht et al., 1990;

Hamouda and Baker, 2000; Rabea et al., 2003; Hu et al.,
2012; Ghimire et al., 2014; Yang et al., 2016; Ferraris et al.,
2019; Kreve and Reis, 2021). Therefore, this systematic review

aimed to promote the knowledge of pro-osteogenic surfaces by
verifying the factors involved in this process and if only posi-
tive surfaces are favorable to osseointegration through a criti-

cal analysis of the existing literature through the question
“What is the influence of the electrical charge of titanium
alloys on the electrical interaction with osteoblastic cells for

osseointegration?”.

2. Material and methods

2.1. Elaboration

This systematic review followed the guidelines of the Preferred
Reporting Items for Systematic Review and Meta Analyzes
Protocols (PRISMA 2020) (Page et al., 2021) and was regis-
tered in the Open Science Framework (osf.io/ud8t7). The acro-

nym PICOS was structured according to the research question
“What is the influence of the electrical charge of titanium
alloys on the electrical interaction with osteoblastic cells

aiming at osseointegration?” P = surface of titanium alloys;
I = electrical charge; C = control group; O = interaction
with osteoblastic cells; S = in vitro experimental studies.

The personalized search strategy was applied to the Embase,
PubMed, Scopus, and Science Direct databases on August
31st, 2021, without the restriction of time, furthermore, the

http://osf.io/ud8t7
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search in the grey literature was applied to Google Scholar and
ProQuest (Table A.1).

2.2. Eligibility criteria

For the selection process of the articles to be included in this
systematic review, in vitro experimental articles that evaluated

the electrical charge of titanium alloy surfaces for implants and
their interaction with osteoblasts were defined as inclusion cri-
teria. Exclusion (1) Did not evaluate electrical charge of the

surface, (2) Did not evaluate osteoblastic cell; (3) Polarized
by application of an external field, (4) systematic reviews, book
chapters, conference abstracts, (5) articles with no full text

available, (6) Did not have a control group.

2.3. Selection process

The article selection process was carried out in two stages. In

the first step, reviewers J.D.C.T and A.C.R evaluated the title
and abstract of the articles found after applying the search
strategy in the Rayyan web application according to the eligi-

bility criteria, to select the articles to be read in full. In the sec-
ond step, J.D.C.T and A.C.R independently assessed the
articles selected for full reading according to the eligibility cri-

teria. Doubts regarding the inclusion or not of the article were
resolved by the coordinator of the A.C.R.

2.4. Data extraction

Data tabulation was performed in an Excel spreadsheet
according to the criteria (a) Author, year; (b) Chemical com-
position/Surface treatment; (c) Groups; (d) Electric potential

evaluation method; (e) Results; (f) Osteoblastic viability assess-
ment method; (g) Cell; (h) Results (Table 1).

2.5. Risk of bias

Since there is no specific tool for experimental in vitro studies
in the literature, the Joanna Briggs Institute checklist for

quasi-experimental studies (Tufanaru et al., 2017) as was used
in the study by Nagendrababu et al., 2018. The risk of bias
classification was performed in the RevMan 5.3 software
(The Nordic Cochrane Center) according to the criteria (1) if

all answers were considered positively, low risk of bias (high
methodological quality), (2) if more than 65 % of responses
positively moderate risk of bias (moderate methodological

quality), (3) if less than 65 % of responses are considered pos-
itively, high risk of bias (low methodological quality).

3. Results

When applying the personalized search strategy in Embase,
PubMed, Scopus, Science Direct databases, 306 articles were

found, after removing duplicates, 277 articles were screened
by title and abstract, of which 33 were selected for a full read-
ing of and, these 10 (Hu et al., 2012; Zhang et al., 2012;

Ghimire et al., 2014; Jin et al., 2014; Yang et al., 2016; Dai
et al., 2019; Ferraris et al., 2019; Tovani et al., 2019; Wei
et al., 2019; Krenek et al., 2021) met the eligibility criteria
and were included in this review and 22 excluded
(Table A.2). The additional search in the reference list of
included articles resulted in the inclusion of the article by Li
et al., 2020. Fig. 1 demonstrates the selection process.

In the studies by Hu et al., 2012, Tovani et al., 2019, Wei
et al., 2019, Yang et al., 2016, and Zhang et al.2012 the surface
treatment applied to Ti surfaces by immobilization of vascular

endothelial growth factor on Ti by either covalent binding or
heparin-VEGF (Hu et al., 2012), immobilization of Col and
CaCO3 by LbL immobilization of Col and CaCO3 by LbL

(Tovani et al., 2019), silicon-doped hydroxyapatite (Si-HA)
deposited by Plasma electrolytic oxidation (PEO) and micro-
wave hydrothermal (MH) (Wei et al., 2019), immobilization
of gold nanoparticles onto TiO2 nanotubes by 3-

aminopropyltrimethoxysilane (APS) (Yang et al., 2016), and
immersion in 5 mL of 30 wt% H2O2 80 ˚C for 6 or 24 h fol-
lowed by calcined at 450 ˚C (Zhang et al., 2012) promoted a

negatively charged surface that provided improved adhesion
and osteoblast proliferation.

While in the studies by Ghimire et al., 2014, Jin et al., 2014,

and Dai et al., 2019 the surface treatment applied to Ti sur-
faces by acid etching followed by immobilization of chitosan
(Ghimire et al., 2014), Zn/Ag co-implantation by arc plasm

(Jin et al., 2014), and immobilization of rhBMP-2 by electro-
static interaction (Dai et al., 2019) promoted a positively
charged surface in which there was improved adhesion and
osteoblast proliferation. While in the study by Li et al., 2020

the decrease in zeta potential by hydrothermal treatment
favored osteoblastic adhesion and mineralization.

Unlike the study by Krenek et al., 2021, in which the sur-

face treatment applied by laser surface texturing (LST) fol-
lowed by chemical treatment with NaOH–CaCl2-heat-water
treatment on titanium was biocompatible to a certain extent,

in addition to making the surface more negative compared
to those without treatment, inhibited to some extent the meta-
bolic activity of osteoblastic cells and changed their shapes. In

the study by Ferraris et al., 2019 the superficial treatment of
etching in dilution hydrofluoric acid followed by controlled
oxidation in hydrogen peroxide in Ti-6Al-4 V turned the sur-
face more negative and, did not significantly interfere with

osteoblastic cell adhesion and viability when compared to
control.

Regarding the risk of bias, all studies presented a low risk.

(Figs. 2 and 3). Because the studies show heterogeneity in tita-
nium alloy, surface treatment, electrical potential assessment,
osteoblastic activity assessment, and cell assessment, statistical

analysis, meta-analysis, is not possible.

4. Discussion

It is the osteoblastic cell biomaterial interaction that motivates
the development of pro-osteogenic implants to speed up this
initial step and promote osseointegration in the short term.
One of the properties of the biomaterial that directly interferes

is electronics, so this systematic review, the first in the litera-
ture, allowed to answer the research question and infer that
regardless of the surface charge is positive, it will occur.

Because it is the result of the synergistic action of the electric
potential; chemical composition, intrinsic to the alloy and
from the surface treatment; and topography; which will deter-

mine the speed of osteoblastic adhesion, proliferation, and
differentiation.



Table 1 Characteristics of included studies.

Author,

year

Chemical composition/

surface treatment

Groups Electric

potential

evaluation

method

Results Osteoblastic

viability assessment

method

Cell Results

Dai et al.

2019

Ti

Surface treatment:

immobilization of rhBMP-2

by electrostatic interaction.

TiA

TAB

TA/BPPC

TA/BPP/

BMP-2D

Surface

potentials by

Solid Surface

Zeta Potential

Analyzer

31,2C < 0A<+7,76B

<+9,3D
CCK-8 MC3T3-

E1

Group D was the best for cell adhesion and

viability.

Ferraris

et al.

2019

Ti-6Al-4 V discs

Chemically-treated:

association of etching in

hydrofluoric acid and

oxidation in hydrogen

peroxide

Ti6Al4V–

MPA;

Ti6Al4V–

CTB;

Zeta potential The negative electrical

charge in descendent order

B > A

Alamar Blue hFOB 1.19 There were no statistically significant differences

in cell adhesion and viability.

Ghimire

et al.

2014

Ti

Surface treatment:

association of acid etching

and chitosan

immobilization.

UN-TiA

SA-TiB

SA-CS-TiC

Zeta potential

by particle

analyzer.

0,81A < 4,15C < 5,56B
MTT and SEM SaOS-2 Viability and cell adhesion was significantly

higher on treated surfaces B and C compared to

A. The highest for C.

Hu et al.

2012

Ti

Surface treatment:

immobilization of VEGF or

heparin-VEGF by covalent

binding.

TiA

Ti-HACB

Ti-HepCC

Ti-HAC-

VEGFD

Ti-HepC-

VEGFE

Zeta potential

by SurPass

electrokinetic

analyser

78,6C < -

57,5E < 32,5B < 23,1D < -

10,4A

Alizarin Red

staining

hOBs The osteoblastic mineralization of A, B and C

were similar. Whereas, that of E was the highest

and different from that of D.

Jin et al.

2014

Ti

Surface treatment: Zn/Ag

co-implantation by arc

plasm

TiA

Zn-PIIIB

Ag-PIIIC

Zn/Ag-PIIID

Zeta potential

by Surpass

electrokinetic

analyzer

The negative electrical

charge in descendent order

A > C > D > B

Alamar Blue rBMSCs The ion-treated samples are more favorable for

cell adhesion and proliferation, the best being D.

Krenek

et al.,

2021

Ti-grade 2

Structured by LST

Chemical treatment: NaOH–

CaCl2-heat-water treatment

Pristine flatA;

Chemical

treated flatB;

pristine

structuredC;

Chemical

treated

structuredD.

Zeta potential

by SurPASS

Instrument

.-68mVB < -65mVA < -

51mVD < -39mVC.

Alizarin staining

and quantification

hMSCs It is inferred that surface D showed less viability

due to surface treatment, electrical potential, and

topography.

Li et al.

2020

Ti

Surface treatment:

hydrothermal.

TiA;

NW-TiB;

NN-TiC;

NF-TiD.

Zeta potential

by Surpass

electrokinetic

analyzer

The negative electrical

charge in descendent order

A > D > C > B

Extracellular Matrix

Mineralization

Assay and

Immunofluorescence

BMSCs Group B showed the highest adhesion and

mineralization of BMSCs.

Tovani Ti TiATi- Zeta potential 19C < -2,7A < -0,8B MTT osteoblast The viability of osteoblastic cells in B and C were
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Table 1 (continued)

Author,

year

Chemical composition/

surface treatment

Groups Electric

potential

evaluation

method

Results Osteoblastic

viability assessment

method

Cell Results

et al.

2019

Surface treatment:

immobilization of Col and

CaCO3 by LbL.

(PAA/

Col)6
BTi-

(PAA/

Col)6NTC

by Zetasizer

Nano ZS

instrument

similar and 1.4 times higher than in A.

Wei

et al.

2019

Ti sheets

Surface treatment: Si-HA,

PEO, and MH.

TiA;

TiPEOB;

TiPEO-MHC

Zeta potential 46,61B < -28,68C < -11,14A SEM MC3T3-

E1

All samples were viable for cell migration and

adhesion. It is emphasized that the

micro/nanostructure of C was better than that of

A and B which showed no significant differences.

Yang

et al.

2016

Ti

Surface treatment:

immobilization of gold

nanoparticles onto TiO2

nanotubes by APS

TNTA

GNP-1B

GNP-3C

Zeta potential

by Surpass

electroki-netic

analyzer

The negative electrical

charge in descendent order

C > B > A

Alamar Blue and

fluorescence

microscopy

rBMSCs Surface C promoted greater cell adhesion and

viability followed by B and A respectively.

Zhang

et al.

2012

Ti

Surface treatment: immersed

in 5 mL of 30 wt% H2O2 80 ˚

C for 6 or 24 h followed by

calcined at 450 ˚C

TiA

Ti-6B

Ti-24C

Zeta potential

by Surpass

electrokinetic

analyzer

8C < -7B < -5A Adhesion assay rBMMSCs Cell adhesion was highest in C followed by B and

A.

Ag-PIII, Ti treated by plasma immersion Ag implantation according to parameters III; APS, 3-aminopropyltrimethoxysilane; AS-CS-Ti, Ti immersed in 48 % H2SO4 + 5 mg/mL dopamine

hydrochloride in 10 % 0.1 M Tris–HCl + immersion in 3 % glutaraldehyde at 0.5 % chitosan solution (in 1 % acetic acid aqueous solution); BMSCs, mouse bone marrow mesenchymal stem cells;

BPP, Butylamin-b-poly(2-(2-pyridinyldithio)ethylamineaspartate-co-(butylenediamine aconitic acid) amineaspartate; CCK-8, cell counting kit-8 (KeyGEN Biotech, China); Col, collagen; D1 stem

cells, bone marrow mesenchymal stem cells, line cloned from Balb/C mice, ATCC; GNP-1, heat treated TiO2 nanotubes followed by APS during 1 h; GNP-3, heat treated TiO2 nanotubes followed

by APS during 3 h; hFOB 1.19, Cells Human osteoblasts progenitor cells; hMSCs, human Mesenchymal stem cells; hOBs, Human osteoblasts; LbL, layer-by-layer technique; LST, laser surface

texturing; MH, Microwave hydrothermal; MTT, tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; MW, microwave-assisted hydrothermal; NF-Ti, nanoflakes titanium; NN-Ti,

nanonests titanium; NW-Ti, nanowires titanium; PAA, poly acrylic acid; PEO, Plasma electrolytic oxidation; rBMMSCs, rat bone marrow mesenchymal stem cells (BMMSCs); rhBMP-2, Bone

morphogenetic protein 2; SaOS-2, Osteoblast-like cells; SA-Ti, Ti immersed in 48 % H2SO4; SEM, scanning electron microscope; Si-HA, silicon-doped hydroxyapatite; TA, Ti coated with gold

nanoparticles by magnetron sputtering; TA/BPP, Ti coated with gold nanoparticles by magnetron sputtering followed by decoration with BPP; TA/BPP/BMP-2, Ti coated with gold nanoparticles

by magnetron sputtering followed by decoration with BPP and rhBMP-2; Ti, titanium; Ti-(PAA/Col)6,Ti with col and PAA; Ti-(PAA/Col)6NT, Ti with col, PAA and CaCO3; Ti-24, Ti immersed in

5 mL of 30 wt% H2O2 80 ˚C for 24 h; Ti-6,Ti immersed in 5 mL of 30 wt% H2O2 80 ˚C for 6 h; Ti6Al4V–CT, Ti6Al4V chemically-treated;Ti6Al4V–MP, Ti6Al4V mirror polished; Ti-HAC, Ti with

hyaluronic acid-catechol (HAC); Ti-HAC-VEGF, Ti-HAC with vascular endothelial growth factor (VEGF); Ti-HepC, Ti with heparin-catechol (HepC); Ti-HepC-VEGF, Ti-Hepc-VEGF with

vascular endothelial growth factor (VEGF); TNT, heat treated TiO2 nanotubes without APS; UN-Ti, untreated Ti;VEGF, vascular endothelial growth fator; WST-8, cell counting kit containing

WST-8 (CCK-8 kit, Dojindo); Zn/Ag-PIII, Ti treated by plasma immersion Zn/Ag implantation according to parameters III; Zn-PIII, Ti treated by plasma immersion Zn implantation according to

parameters III.
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Fig. 1 Flow diagram of literature search and selection criteria.
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The 11 heterogeneous in vitro studies included 11 (Hu et al.,
2012; Zhang et al., 2012; Ghimire et al., 2014; Jin et al., 2014;
Yang et al., 2016; Dai et al., 2019; Ferraris et al., 2019; Tovani

et al., 2019; Wei et al., 2019; Li et al., 2020; Krenek et al., 2021)
in this systematic review allowed a qualitative analysis of the
osseointegration process and, demonstrated the synergistic
influence of electrical potential, chemical composition, intrinsic

to the alloy and resulting from surface treatment, and topogra-
phy on osteoblast adhesion, proliferation, and differentiation.
Thus, this systematic review contests the scientific literature
that only positive surfaces (Finke et al., 2007; Patil et al.,
2007; Chen et al., 2012; Guo et al., 2012; Jin et al., 2014;
Bahl et al., 2015; Rebl et al., 2016; Camargo et al., 2020;

Krenek et al., 2021) are favorable to osteoblastic attraction
through the elucidation of complex dependent factors, (1) min-
eralization; (2) protein adsorption; (3) osteoblastic adhesion,
proliferation, and differentiation; to contemplate

osseointegration.
Thus, the critical analysis of the studies included in this sys-

tematic review allows us to infer that codependent and simul-



Fig. 2 General analysis of the risk of bias of the studies.
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taneous biomineralization and osteogenesis events are indeed

influenced by the electrical charge, but not dependent on a pos-
itive biomaterial for the attraction of osteoblastic cells, due to
the driving force of biomineralization induced by Ca+2 to

induce osteoblastic attraction and differentiation.
Since in the studies by Hu et al., 2012 and Tovani et al.,

2019, the more negative surface of the biomaterial from sur-

face treatment applied immobilization of VEGF on Ti via
either covalent binding of heparin-VEGF (Hu et al., 2012) or
immobilization of Col and CaCO3 by LbL3 (Tovani et al.,
2019), allowed greater mineralization and osteoblastic viabil-

ity, respectively, a fact that can be explained by the electrical
attraction between the negative surface and the Ca+2 ion, pro-
viding the formation of an electrostatic bridge between the

Ca+2 ions deposited on the surface with the negatively charged
bone cells (Sul, 2007; Bodhak et al., 2010; Hu et al., 2012;
Saffarian Tousi et al., 2013; Anitua et al., 2017; Ansar et al.,

2019; Dai et al., 2019; Tovani et al., 2019; Canepa et al.,
2020; Lin et al., 2020; Krenek et al., 2021). This corroborates
with the study of Sunarso et al., 2016, who reported that the
presence of Ca+2 induces osteoblastic differentiation.

The kinetics of adsorption of proteins on the implant, when
considering the electrostatic condition, is complex, as they are
attracted to highly charged surfaces even when their charges

are of the same polarity, as suggested by Lin et al., 2020, in
addition to being able to reorganize and change their charges
at different pH (Yoshinari et al., 2002; Lin et al., 2014;

Lorenzetti et al., 2015; Dai et al., 2019; Lin et al., 2020). This
fact was validated in the study by Yang et al., 2016 in which
the surface obtained by immobilization of gold nanoparticles

onto TiO2 nanotubes by APS promoted a more negative sur-
face with greater adhesion and osteoblastic viability due to
gold nanoparticles accelerating protein adsorption and thus
favoring cell adhesion and cytocompatibility. Thus, this sys-

tematic review highlights that, although proteins act as media-
tors of osteoblast adhesion, studies that elucidate how they
influence the osteogenic regulation process are needed (Dai

et al., 2019; Lin et al., 2020, 2014; Lorenzetti et al., 2015;
Parisi et al., 2020, 2019; Park et al., 2021; Toffoli et al.,
2020; Yoshinari et al., 2002).

Nanotopography provides focal points with high surface
energy which regulate osteoblast adhesion by affecting
cytoskeletal tension and differentiation by modulating the
integrin/-catenin-linked kinase pathway (Diener et al., 2005;

Lüthen et al., 2005; Zhang et al., 2012; Zhang et al., 2013;
Wei et al., 2019; Lin et al., 2020). Lin et al., 2020 emphasized
that nanotopography influences cellular events much more

than surface chemical stimulation, a fact that may justify the
better adhesion of osteoblastic cells in the studies by Li et al.
2020, Wei et al., 2019, and Zhang et al., 2012 despite the neg-

ative surface electrical charge and greater adhesion when on a
positive surface (Lin et al., 2020). Thus, the articles in this
review highlighted the importance of nanotopography, as it
increases the surface area and potentiates osteoblastic cell

adhesion and spreading regardless of whether the surface
charge is positive or negative.

According to the literature, osteoblastic cell attraction is

favored in positive microenvironments (Finke et al., 2007;
Patil et al., 2007; Chen et al., 2012; Guo et al., 2012; Jin
et al., 2014; Bahl et al., 2015; Rebl et al., 2016; Camargo

et al., 2020; Krenek et al., 2021) because the cells have a neg-
ative electrical charge (Diener et al., 2005; Finke et al., 2007;
Patil et al., 2007; Guo et al., 2012; Jin et al., 2014; Rebl
et al, 2016; Krenek et al., 2021). Thus, the studies by Dai

et al., 2019, Ghimire et al., 2014, and Jin et al., 2014 corrobo-
rate with the literature by demonstrating greater adhesion and
cell viability in samples with more positive surfaces after the

application of surface treatments immobilization of rhBMP-2
by electrostatic interaction (Dai et al., 2019), acid etching fol-
lowed by immobilization of chitosan (Ghimire et al., 2014),

and Zn/Ag co-implantation by arc plasm (Jin et al., 2014).
On the contrary, Ferraris et al., 2019 after the application

of surface conditioning in dilute hydrofluoric acid followed

by controlled oxidation in hydrogen peroxide, characterized
the surface as nanometric and positive, however, despite these
beneficial characteristics, the adhesion of osteoblasts did not
differ from the group to control. Whereas, in the study by

Krenek et al., 2021, laser surface texturing (LST) treatment
followed by chemical treatment with NaOH-CaCl2-heat-
water treatment was biocompatible to some extent, as it inhib-

ited the metabolic activity and altered the shape of the cells
more significantly than the surface of the biomaterial is
negative.

Thus, a critical analysis of the studies by Dai et al., 2019,
Ghimire et al., 2014, Jin et al., 2014, Ferraris et al., 2019,
Krenek et al.,2021 allows inferring that, regardless of the
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polarity of the surface charge, thus, is highlighted that the

chemical composition of the applied surface treatment, as this
is a plausible justification for the non-difference (Ferraris et al.,
2019) and even cell inhibition (Krenek et al., 2021) corroborat-
ing a previous systematic review (Dias Corpa Tardelli et al.,

2020b) that demonstrated that the chemical cytotoxicity of sur-
face treatments is dependent on cell type, dose, nanoparticle
size, temperature, and exposure time.

Thus, the 11 studies (Hu et al., 2012; Zhang et al., 2012;
Ghimire et al., 2014; Jin et al., 2014; Yang et al., 2016; Dai
et al., 2019; Ferraris et al., 2019; Tovani et al., 2019; Wei

et al., 2019; Li et al., 2020; Krenek et al., 2021) included in this
systematic review demonstrated that the osseointegration pro-
cess is a multifactorial phenomenon that, depending on the
methodology used, demonstrates independence from the posi-
tive surface electrical charge for its occurrence (Finke et al.,

2007; Patil et al., 2007; Guo et al., 2012; Jin et al., 2014;
Rebl et al., 2016; Krenek et al., 2021). Hence, it is noteworthy
that qualitative data analyses in this systematic review should

be interpreted with caution due to the heterogeneity of tita-
nium alloy, surface treatment, method of determining electrical
potential, method of determining osteoblastic activity, and

evaluated cell types prevent the exact correlation of factors
(electric charge, deposition of calcium, protein adsorption, cell
attraction, topography, and chemical composition).

Therefore, to solve the stated problem for the realization of

this systematic review, it is suggested to encourage the develop-
ment of studies that jointly assess the correlation of composi-
tion and structure with the properties of each surface to

understand the osteoblastic mineralization process, protein
adsorption, and osteoblastic attraction, adhesion, and differ-
entiation, since the variation of one interferes with the expres-

sion of the other so that a detailed look at biomolecular events
and their influence on the development of pro-osteogenic
bioactive surfaces that favors short-term osseointegration.

Osseointegration is a complex phenomenon dependent on
in vivo conditions, bone quantity and quality, systemic condi-
tions of the patient, design and surface treatment of the
implant, and surgical technique (Kittur et al., 2020; Li et al.,

2020; Amengual-Peñafiel et al., 2021; Tardelli et al., 2021),
so this systematic review presents as a limitation the evaluation
of only in vitro studies that allowed a critical analysis at the

cellular level. Thus, the data presented should be evaluated
with caution, because in vivo local and systemic conditions
directly interfere in this phenomenon.”.

5. Conclusions

According to the literature evaluated, it can be inferred:

1. The phenomenon of osseointegration is complex and inde-

pendent of the superficial electrical charge of the implant, it
may occur. To understand osseointegration, attention must
be paid to the synergistic action of the electrical potential;

chemical composition, intrinsic to the alloy and from sur-
face treatment; and topography, which will determine the
speed of adhesion, proliferation, and osteoblast
differentiation.

2. The presence of Ca+2 deposited on the surface acts as a
driving force for biomineralization that induces osteoblastic
attraction and differentiation;

3. Studies describing the osteogenic regulation process
through protein mediation are needed for a better under-
standing of the current literature;

4. Topography and chemical composition act as decisive
parameters for cell viability independent of the attractive
electrical charge.
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Amengual-Peñafiel, L., Córdova, L.A., Constanza Jara-Sepúlveda,
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Anitua, E., Piñas, L., Alkhraisat, M.H., 2017. Early marginal bone

stability of dental implants placed in a transalveolarly augmented

maxillary sinus: a controlled retrospective study of surface mod-

ification with calcium ions. Int. J. Implant Dent. 3, 4–8. https://doi.

org/10.1186/s40729-017-0111-5.

Ansar, E.B., Ravikumar, K., Suresh Babu, S., Fernandez, F.B.,

Komath, M., Basu, B., Harikrishna Varma, P.R., 2019. Inducing

apatite pre-layer on titanium surface through hydrothermal

processing for osseointegration. Mater. Sci. Eng. C 105,. https://

doi.org/10.1016/j.msec.2019.110019 110019.

Bahl, S., Shreyas, P., Trishul, M.A., Suwas, S., Chatterjee, K., 2015.

Enhancing the mechanical and biological performance of a metallic

biomaterial for orthopedic applications through changes in the

surface oxide layer by nanocrystalline surface modification.

Nanoscale 7, 7704–7716. https://doi.org/10.1039/c5nr00574d.

Bandyopadhyay, A., Shivaram, A., Mitra, I., Bose, S., 2019. Electri-

cally polarized TiO2 nanotubes on Ti implants to enhance early-

stage osseointegration. Acta Biomater. 96, 686–693. https://doi.

org/10.1016/j.actbio.2019.07.028.

Bodhak, S., Bose, S., Bandyopadhyay, A., 2009. Role of surface

charge and wettability on early stage mineralization and bone cell-

materials interactions of polarized hydroxyapatite. Acta Biomater.

5, 2178–2188. https://doi.org/10.1016/j.actbio.2009.02.023.

Raja, C.A., Balakumar, S., Anandkumar, B., George, R.P., Mudali,

U.K., 2020. Formation of bioactive nano hybrid thin films on

anodized titanium via electrophoretic deposition intended for
biomedical applications. Mater. Today Commun. 25. https://doi.

org/10.1016/j.mtcomm.2020.101666.

Bodhak, S., Bose, S., Bandyopadhyay, A., 2010. Electrically polarized

HAp-coated Ti: In vitro bone cell-material interactions. Acta

Biomater 6 (2), 641–651. https://doi.org/10.1016/j.

actbio.2009.08.008.

Camargo, S.E.A., Roy, T., Iv, P.H.C., Fares, C., Ren, F., Clark, A.E.,

Esquivel-upshaw, J.F., 2020. Novel coatings to minimize bacterial

adhesion and promote osteoblast activity for titanium implants. J.

Funct. Biomater. 11 (2), 42.

Canepa, P., Firpo, G., Mattera, L., Canepa, M., Cavalleri, O., 2020.

Calcium and phosphorous enrichment of porous niobium and

titanium oxides for biomaterial applications. Surf. Coatings Tech-

nol. 389,. https://doi.org/10.1016/j.surfcoat.2020.125634 125634.

Ceylan, H., Kocabey, S., Unal Gulsuner, H., Balcik, O.S., Guler, M.

O., Tekinay, A.B., 2014. Bone-like mineral nucleating peptide

nanofibers induce differentiation of human mesenchymal stem cells

into mature osteoblasts. Biomacromolecules 15, 2407–2418. https://

doi.org/10.1021/bm500248r.

Chen, L., Mccrate, J.M., Lee, J.C., Li, H., 2012. The role of surface

charge on the uptake and biocompatibility of hydroxyapatite

nanoparticles with osteoblast cells. Nanotechnology 22, 1–20.

https://doi.org/10.1088/0957-4484/22/10/105708.

Dai, G., Wan, W., Chen, J., Wu, J., Shuai, X., Wang, Y., 2019.

Enhanced osteogenic differentiation of MC3T3-E1 on rhBMP-2

immobilized titanium surface through polymer-mediated electro-

static interaction. Appl. Surf. Sci. 471, 986–998. https://doi.org/

10.1016/j.apsusc.2018.11.243.

Dias Corpa Tardelli, J., Bolfarini, C., Cândido Dos Reis, A., 2020a.

Comparative analysis of corrosion resistance between beta titanium

and Ti-6Al-4V alloys: A systematic review. J. trace Elem. Med.

Biol. organ Soc. Miner. Trace Elem. 62, 126618. https://doi.org/10.

1016/j.jtemb.2020.126618.

Dias Corpa Tardelli, J., Lima da Costa Valente, M., Theodoro de

Oliveira, T., Cândido dos Reis, A., 2020b. Influence of chemical

composition on cell viability on titanium surfaces: A systematic

review. J. Prosthet. Dent. https://doi.org/10.1016/j.prosdent.2020.

02.001.
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Trávnı́čková, M., Drahokoupil, J., Buixaderas, E., Borodavka, F.,

Novakova, J., Bacakova, L., 2021. Beta-titanium alloy covered by

ferroelectric coating– physicochemical properties and human

osteoblast-like cell response. Coatings 11, 1–25. https://doi.org/

10.3390/coatings11020210.

Wang, Q., Wu, M., Xu, X., Ding, C., Luo, J., Li, J., 2021. Direct

current stimulation for improved osteogenesis of MC3T3 cells

using mineralized conductive polyaniline. ACS Biomater. Sci. Eng.

7, 852–861. https://doi.org/10.1021/acsbiomaterials.9b01821.

Wang, Z., Wu, G., Feng, Z., Bai, S., Dong, Y., Wu, G., Zhao, Y.,

2015. Microarc-oxidized titanium surfaces functionalized with

microRNA-21-loaded chitosan/hyaluronic acid nanoparticles pro-

mote the osteogenic differentiation of human bone marrow

mesenchymal stem cells. Int. J. Nanomedicine 10, 6675–6687.
Wei, D., Du, Q., Wang, S., Cheng, S., Wang, Y., Li, B., Jia, D., Zhou,

Y., 2019. Rapid fabrication, microstructure, and in vitro and

in vivo investigations of a high-performance multilayer coating

with external, flexible, and silicon-doped hydroxyapatite nanorods

on titanium. ACS Biomater. Sci. Eng. 5, 4244–4262. https://doi.

org/10.1021/acsbiomaterials.9b00414.

Wu, C., Tang, Y., Mao, B., Yan, X., Pu, Y., Zhao, K., 2021. Improved

hydrophilicity and durability of polarized PVDF coatings on

anodized titanium surfaces to enhance mineralization ability.

Colloids Surfaces B Biointerfaces 205. https://doi.org/10.1016/

j.colsurfb.2021.111898.

Xia, C., Cai, D., Tan, J., Li, K., Qiao, Y., Liu, X., 2018. Synergistic

Effects of N/Cu Dual Ions Implantation on Stimulating Antibac-

terial Ability and Angiogenic Activity of Titanium. ACS Biomater.

Sci. Eng. 4, 3185–3193. https://doi.org/10.1021/

acsbiomaterials.8b00501.

Yang, T., Qian, S., Qiao, Y., Liu, X., 2016. Cytocompatibility and

antibacterial activity of titania nanotubes incorporated with gold

nanoparticles. Colloids Surfaces B Biointerfaces 145, 597–606.

https://doi.org/10.1016/j.colsurfb.2016.05.073.

Yin, X.H., Yan, L., Jun Hao, D., Liu, S., Yang, M., He, B.R., Liu, Z.

K., 2020. Calcium alginate template-mineral substituted hydrox-

yapatite hydrogel coated titanium implant for tibia bone regener-

ation. Int. J. Pharm. 582,. https://doi.org/10.1016/j.

ijpharm.2020.119303 119303.

Yoshinari, M., Matsuzaka, K., Inoue, T., Oda, Y., Shimono, M., 2002.

Bio-functionalization of titanium surfaces for dental implants.

Mater. Trans. 43, 2494–2501. https://doi.org/

10.2320/matertrans.43.2494.

Zhang, W., Li, Z., Liu, Y., Ye, D., Li, J., Xu, L., Wei, B., Zhang, X.,

Liu, X., Jiang, X., 2012. Biofunctionalization of a titanium surface

with a nano-sawtooth structure regulates the behavior of rat bone

marrow mesenchymal stem cells. Int. J. Nanomedicine 7, 4459–

4472.

Zhang, W., Li, Z., Huang, Q., Xu, L., Li, J., Jin, Y., Wang, G., Liu,

X., Jiang, X., 2013. Effects of a hybrid micro/nanorod topography-

modified titanium implant on adhesion and osteogenic differenti-

ation in rat bone marrow mesenchymal stem cells. Int. J.

Nanomedicine 8, 257–265. https://doi.org/10.2147/IJN.S39357.

Zhang, X., Wang, B., Ma, L., Xie, L., Yang, H., Li, Y., Wang, S.,

Qiao, H., Lin, H., Lan, J., Huang, Y., 2020. Chemical stability,

antibacterial and osteogenic activities study of strontium-silver co-

substituted fluorohydroxyapatite nanopillars: A potential multi-

functional biological coating. Ceram. Int. 46, 27758–27773. https://

doi.org/10.1016/j.ceramint.2020.07.275.

Zhu, P., Masuda, Y., Koumoto, K., 2004. The effect of surface charge

on hydroxyapatite nucleation. Biomaterials 25, 3915–3921. https://

doi.org/10.1016/j.biomaterials.2003.10.022.

https://doi.org/10.1016/j.surfcoat.2020.126564
https://doi.org/10.1016/j.surfcoat.2020.126564
https://doi.org/10.1016/s0022-3913(07)60140-1
https://doi.org/10.1016/s0022-3913(07)60140-1
https://doi.org/10.1016/j.msec.2016.05.090
https://doi.org/10.1016/j.msec.2016.05.090
https://doi.org/10.1016/J.IRBM.2021.01.003
https://doi.org/10.1016/j.msec.2019.110250
https://doi.org/10.1016/j.msec.2019.110250
https://doi.org/10.1016/j.surfcoat.2018.11.071
https://doi.org/10.1016/j.surfcoat.2018.11.071
https://reviewersmanual.joannabriggs.org/
https://doi.org/10.1007/BF00878244
https://doi.org/10.3390/coatings11020210
https://doi.org/10.3390/coatings11020210
https://doi.org/10.1021/acsbiomaterials.9b01821
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0305
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0305
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0305
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0305
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0305
https://doi.org/10.1021/acsbiomaterials.9b00414
https://doi.org/10.1021/acsbiomaterials.9b00414
https://doi.org/10.1016/j.colsurfb.2021.111898
https://doi.org/10.1016/j.colsurfb.2021.111898
https://doi.org/10.1021/acsbiomaterials.8b00501
https://doi.org/10.1021/acsbiomaterials.8b00501
https://doi.org/10.1016/j.colsurfb.2016.05.073
https://doi.org/10.1016/j.ijpharm.2020.119303
https://doi.org/10.1016/j.ijpharm.2020.119303
https://doi.org/10.2320/matertrans.43.2494
https://doi.org/10.2320/matertrans.43.2494
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0340
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0340
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0340
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0340
http://refhub.elsevier.com/S1013-9052(22)00050-5/h0340
https://doi.org/10.2147/IJN.S39357
https://doi.org/10.1016/j.ceramint.2020.07.275
https://doi.org/10.1016/j.ceramint.2020.07.275
https://doi.org/10.1016/j.biomaterials.2003.10.022
https://doi.org/10.1016/j.biomaterials.2003.10.022

	Influence of surface electric charge of Ti implants on osteoblastic interaction: A systematic review
	1 Introduction
	2 Material and methods
	2.1 Elaboration
	2.2 Eligibility criteria
	2.3 Selection process
	2.4 Data extraction
	2.5 Risk of bias

	3 Results
	4 Discussion
	5 Conclusions
	Ethical statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


