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Abstract

Background: Angiogenesis plays an important role in osseointegration process by contributing to inflammatory
and regenerative phases of surrounding alveolar bone. The present review evaluated the effect of titanium alloys
and their surface characteristics including: surface topography (macro, micro, and nano), surface wettability/
energy, surface hydrophilicity or hydrophobicity, surface charge, and surface treatments of dental implants on
angiogenesis events, which occur during osseointegration period.

Material and Methods: An electronic search was performed in PubMed, MEDLINE, and EMBASE databases via
OVID using the keywords mentioned in the PubMed and MeSH headings regarding the role of angiogenesis in
implant dentistry from January 2000-April 2014.

Results: Of the 2,691 articles identified in our initial search results, only 30 met the inclusion criteria set for this
review. The hydrophilicity and topography of dental implants are the most important and effective surface char-
acteristics in angiogenesis and osteogenesis processes. The surface treatments or modifications of dental implants
are mainly directed through the enhancement of biological activity and functionalization in order to promote
osteogenesis and angiogenesis, and accelerate the osseointegration procedure.

Conclusions: Angiogenesis is of great importance in implant dentistry in a manner that most of the surface char-
acteristics and treatments of dental implants are directed toward creating a more pro-angiogenic surface on dental
implants. A number of studies discussed the effect of titanium alloys, dental implant surface characteristic and
treatments on agiogenesis process. However, clinical trials and in-vivo studies delineating the mechanisms of den-
tal implants, and their surface characteristics or treatments, action in angiogenesis processes are lagging.

Key words: Angiogenesis, dental implant, osseointergration.
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Introduction

In the field of implant dentistry, titanium and its alloys
are one of the most commonly used groups of materials
due to their unique biocompatibility, mechanical char-
acteristics, and chemical stability. These distinct values
of titanium are because of the formation of an oxide
layer on the surface, which has a superior role in estab-
lishing a direct contact between dental implant and the
surrounding alveolar bone, known as osseointegration
(1-3). In addition to TiO, layer, other elements are effec-
tive on osseointegration including the titanium implant
surface composition and topography (4). The dental
implants, which have micron-scale surface roughness
could better induce the osteoblast culture and differen-
tiation compared to implants with machined surfaces
(5,6). Even in normal bone formation, osteoclasts make
the surface roughness, which plays a critical role for
osteoblasts activity such as differentiation, mineraliza-
tion, and production of growth factors like transforming
growth factor beta-1 (TGF-B1) and bone morphogenetic
proteins (BMPs) (7-9).

Angiogenesis is the formation of new blood vessels
from pre-existing capillaries, with major contribution
to inflammatory and regenerative events in the body’s
tissues including bones. The critical role of angiogen-
esis in regenerative dental procedures, which deal with
dentin-pulp complex and dental pulp regeneration has
been recently discussed (10,11). The formation of new
bones, bone regeneration, and also osseointergration
after dental implant installation require a blood supply
to provide nutrition, oxygen, and osteoprogenitor cells
through the newly formed blood vessels (11-13). Authors
have previously indicated that there is an interaction be-
tween angiogenesis and osteogenesis, in a way that the
regulation of angiogenesis plays a crucial role in bone
remodeling through the wound healing process (14).
According to the close relationship between angiogen-
esis, osteogenesis, and osseointergration, in this review
we provide an overview of the role of titanium alloys
(titanium-aluminum-vanadium) and dental implant sur-
face characteristics including surface topography (mac-
ro, micro, and nano), surface wettability/energy, sur-
face hydrophilicity or hydrophobicity, surface charge,
and treatments on angiogenesis processes occurring in
surrounding alveolar bone after dental implant instal-
lation.

Material and Methods

1. The Review Purpose:

The present review was conducted to assess the effects
of titanium alloys and dental implant surface charac-
teristics and treatments on angiogenesis processes that
occur during peripheral alveolar bone regeneration. In
order to assess these effects, the following main as-
pects were selected according to the aims of this review.
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These aspects included: 1) the effects of titanium and
its alloys used in implant dentistry on angiogenesis pro-
cesses; 2) the pro-or anti-angiogenic properties of these
elements and their mechanisms of action; 3) the effect
of dental implant surface characteristics on angiogen-
esis processes; 4) identify the surface characteristic or
characteristics that have the highest pro-angiogenic ef-
fect; 5) the effect of dental implant surface treatments
on angiogenesis processes; 6) identify the surface treat-
ment or treatments that have the greatest pro-angiogen-
ic impact; and 7) the current state and trend of dental
implant surface treatments from the angiogenesis point
of view.

2. Search Strategy for the Identification of Pertinent
Studies:

The searching methodology included electronic search-
es performed in the PubMed, MEDLINE, and EM-
BASE databases via OVID using keywords mentioned
in the PubMed and MeSH headings including the im-
pacts of titanium alloy used in implant dentistry and the
dental implant surface characteristics and treatments
on angiogenesis events beginning in alveolar bone af-
ter insertion of root forming dental implants. In the
electronic search of scientific papers in the PubMed,
MEDLINE, and EMBASE databases, the following
keywords were used in combination with angiogenesis:
“Titanium alloys and angiogenesis”, “dental implant
and angiogenesis” dental implant surface topography”,
“dental implant surface wettability”, “dental implant
surface energy”, “ dental implant surface hydrophilic-
ity”, “dental implant surface hydrophobicity”, “dental
implant surface charge”, and “machined surface dental
implant”, “sand-blast large grit acid etched dental im-
plant surface”, “acid-etched dental implant surface”,
“dual acid-etched dental implant surface”, “anodized/
oxidized dental implant surface”, “plasma-sprayed den-
tal implant surface”, “bisphosphonate coated dental im-
plant”, “simvastatin coated dental implant”, “antibiotic
coated dental implant”, “functionalized dental implant”,
“cytokine coated dental implant”, and “growth factor
coated dental implant”.

3. Inclusion and Exclusion Criteria:

The inclusion criteria were: 1) studies published in Eng-
lish; 2) studies accepted and published between January
2000-April 2014; 3) the scientific in-vitro or in-vivo arti-
cles, reviews, systematic reviews, case reports that had
evaluated the effect of titanium and it alloys, used in im-
plant dentistry, on angiogenesis processes; and 4) stud-
ies that had evaluated and compared the effect of differ-
ent dental implant surface characteristics and treatment
on angiogenesis processes. The exclusion criteria were:
1) the studies that were not published between January
2000 and April 2014; 2) the studies that only focused on
the effect of titanium surface characteristics or treat-
ments on osteogenesis or osseonintegration.
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text articles and the reference lists of the related articles

Results

were evaluated to supplement the search as well. The

Of the 2,691 articles found in initial search results, only

assessment of the eligibility and finding related data
were performed by two reviewers independently. A

third reviewer was selected for further discussion and

30 met the inclusion criteria set for this review. These

30 studies were directly related to the effect of dental
implant titanium alloys, surface characteristics, and
treatments on the angiogenesis processes, which are

final agreement on any conflict met in the mentioned

processes.

presented in table 1 and 1 Continue. The relevant full

S[[90 [EI[OYIOpUD
ur SONI pue SON@ Jo uorssardxa uo 109j30 1SaySIy oY) Sey 0eyIns Ydjo-proe paljIpow
A} 0S[Y "SONT PUe ‘SON? ‘V-IDJA St yons siojoej oruddorsue-oxd arow jo uononpoid
Y} dNPUI puE UOTIOUNJ PUB YIMOIS S[[D asay) ajowoid ued aoejans juejduwr orjrydoIpAy ayg,

S[[20 10)1ua301d [RI[AYIOPUD UO
sooeyans Juefdwr wniuein Jo 1Y YT,

(8%) v 2 1eqa1Z

SOBJINS PAYDIR-PIOB [RUOTIUIAUOD Yim parediiod uoissaidxa JOFA dJe[nuwns
19130q UBD Q0BJINS YO)A-PIOB PILIPOU Y[, “Sedejins d1qoydoIpAy oy} yjoows uey) saovjIns
juerdwr [eyuep ormydoIpAy oy) uo 19)0q MAIT S[[0 AYI-SB[qOASO 9DIN pue SOFANH

SOIANH JO JO1ARYAq JTud30ISue YY) U0
$OBJINS WNTUR)T) JUIJJIP JO 109330 A,

(1) "1 12 1Y

$3552001d s1SauAZ0I3UL YIIM
PAIBIDOSSE ST YOTYM (I3 SUIpnour souag [e1oads jo suorssardxe oy Suroueyue Aemyjed
SureuSts JING-JIDL o ySnoIy) uoneisauioasso pajoword dovjns YIS peyipow oyl

BuI[eusts JNE/g-1DL
uo Ao rydoIpAy pue ssauySnoIoIonu

90BJINS WNIUE)T) JO JOAJ0 Y[,

(8) 10 12 YISIZ-OWA

uoneajijoid s[jad Terjayiopud jowoid ued saINS ZOLL, JB[qnious Y],

S[[30 [BI[OYIOPUD
U0 $aqMIOUBU ZOLL, JO 109339 Y,

(ty) 1 12 Buag

1-unarodor3ue pue
“u11030101d09)s0 ‘7-I04 ‘1¢-IDL ‘V-IDTA Jo uononpoid ayy dueyua ued a0eyIns 11, ySnoy

$10J0pJ JTUA30I3UE Jo uononpoid
U0 SAO[[e WL Y3nol Jo 10940 oY ],

(G€) *Iv 12 AALIRARN[-SAIRAI[()

s1se[qoa1so wewny Arewitid ut JOF pue ‘z-4D ‘V-ADIA
se yons s1030e} orudgorsue-o1d jo uononpoxd ayy sasearour AyderSodoy [aadr-oromu Ay,

SISQUAZ0ISUR
U0 £3I0UQ PUB 2INJONIISOIIIU
Q0BJINS WINIULI JO 10939 Y,

(7€) v 10 sourey

9-TI PUe ¢ T-] JO JUNOWE UT ASBAIOUT OU [PIM “V-IN L,
donpoid 03 1190 dFeydoroewr ayy donpur ssauydnor pue Kydeisodo aoeyuns juerdwr wnrue)ry,

s[10 d8eydoroewr uo Aydersodoy
Q01JINS WNIURT) JO JOAJA AL,

(€¢) v 12 1egoy

aseyd W/zD
Y3 I8 YIMO0I3 [[90 Y3 ISR pue SO JO UONLBWLIO} AQ JSALIB IMOIT [[90 20npul UBD ABPeUB A

[IMOI3 [[90 UO dJBPBUBA JO JOJJ AT,

(62) "Iv 12 Sueyz
‘(¥2) " 12 Sueyy,

QPIX0 WNIUOINZ YNm pareduwod ded Sureay spewr wnrue)n ay)
puUNOIe JAYSIY A1om KJISUIP S[ISSIAOIONU Y} PUB ‘SONU ‘SON? ‘ADHA Jo uorssardxa g,

sdeo Suredy

9PIXO WNIUOJIIZ PUB WNIUL)T) JSurese
sanssT) Jos Jueldur-1rad Jo sasuodsar
AJOJRTMR U pUR JTUSZ0ISUR Y],

(€2) "1 12 1PISRQ

[BATAINS [[90 [BI[YIOPUD UO ‘ A H[YYLL, JO 0IINS A} UO PAWIO] ‘SO JO 109130 dAneou oy,

S[[99 [BI[OYIOPUD
uewny uo SOY JO 10910 oY,

(70) v 12 ByATRS],

skemyjed
juopuadepur JOFA pue juopuadop JOHA UI SI[NOS[oW SOY JO 199 Ay Suronponuy

so[nadow SO JO 109339 Surfeusis oy,

(17) 110D % y3non

SJUAA? d1uddornosea Suunp Aemyed JOFA—]-JIH-SOY 2o0put ued SOY

SJUAAD J1UA50NIsLA U SOY JO 9[01 Y,

(07) 1w 42 BUIM]

Apoq uewny ay) (61) SmuUaA
Ko[e wntuen Jo $s9001d Uo1S01100 Ay, oo
QpISUT APIXOIP WINIUE}T]} JO UOTIOBAI QAISOLIOD Y} 03 anp 7OZH pue SOY Jo uononpoid ayy, (L1) P 12 997
uoIsnpuo)) 193dse urepy Apms
'ssoo01d

s1souagoISue UO SHUSWIIESI) PUB ‘SONSLIDIOBIRYD d0BLINS ‘SAO[[e WnIue)T) jue[dwl [JUSp JO 1931J9 Y} 0} PAIR[L A[JOAIIP AT Jey) SAIPNIS PapN{dUL JO ISI[ AYL ° JqEL

e516



Angiogenesis in implant dentistry

Med Oral Patol Oral Cir Bucal. 2016 Jul 1;21 (4):e514-25.

syue[dwI [eIUSp Sy} punoie
$$9001d UOTRZLIB[NOSBADI 3} AJ0wW0Id URd 9BJINS WNIURIY) UO JOFA POZI[IQOWWI dY ],

S[[90 [BI[QYIOPUD UO WNIURIL) JO
uoneZIfeuOnoUNy JOHA JO 199JJ0 oy [,

(L8) ‘17 12 4od

SSLI uoTOoguL dINV pue JOHA s D 15 U
9y 9583103 puE UONERISAUI dY) dj0woId WNTUBIT) UO PAJROd JINV PUB ADTAYL YL, wnuen Jo UONeZI[euorouny fen(g (98) ‘1w 2 ue L,
dDHA patoydoue

ULIOJ PISE[AT JO PIZI[IQOWIWIT UT JOYIIS SJUSAD
SIS9Ua301uR 9)j0wWoId P[NOd AOBLINS WINTURIT) UO G9[-JOHA UBWNY JUBUIGUIOIAI Y],

-oueu SUISN $QOBJINS WINTURI)
JO uonezIfeuonouny oruadoIsuy

(68) "1 12 yeydaryog

syue[dwir [eyuop
JO UONRIZNUIOISSO 3y dA0IdWIT ULd UOTJLZITRUOTIOUN SOBINS I0J PASN UNOAUOIqL] dY ],

unoduoIqyy Y syuejdurn
[eJUSp JO UOHBZIRUONOUN] [BIISO[OIg

(¥8) ASxerey g

doeyns juepdwi ayy ojut pajesodiodur oq 03 psAFIns a1om 4-JINT PU® Z-JIND
i sura01d o1us309150 pue ‘g-I0 1, ‘(JOA) 10308] YImois paarap-1oee[d ‘(7 pue [-40[)
$I0108J YIMOIS I[-Urmsur ‘IO ‘IDFA Se Yons s103oej yimois oruagorsue-oid [210AaS

UoI1eISAIUIOASSO puL
JUWIAOURYUS d0vJans juedwr [RIud(]

(60) "1 12 Uy

Qoeyuns juedul Ay} 01 JUSWYIELIIE JR[N[[3I JO JUSWAOURYUD Y],

UONBIZAIUIOASSO UO
[DH-QUIOAJBNQ], Y}IM SUIUOT}IPUOD
doeyans jue[dwt Jo 3993J0 oy,

(1L) "0 12 119H

S[[99 [BI[oYIOPUD Jo ANanoe druagorSue-oid pue uonerdyrjord
9y} J0J JuowIRaAI) doeyms wnwndo ay) ST 90BJINS PIAYII-PIOE PAFIPOW Y} S[IYM ‘DTANH
ur saus3 o1uador3ue-o1d Jo uorssaIdxa oy AJe[NWNS ULD J0BLINS YIS PILIPOW Y],

SOHANH U0 saoeyIns
WU JUSIJIP JO 109JJ9 oY,

() w12 uy

UONBIZIUIOASSO PUL ‘SISAUAFoIZue
‘SISOUOB09ISO UT PIAJOAUT SAUAT G JO uoIssaidxa oy sajenai-dn A[uo ooryins
VIS 941 d[1ym ‘sauag /g Jo uolssardxa o) oye[n3or-dn ued a0vjIns YIS POLIPOW Y],

uorssardxo
QuaS O1JSB[Q09)SO UO 90BJINS
Juefdwl paryIpour Jo 309432 A,

(£6) SONSIATIS % SIPWR

UOTJRULIOJ QUOQ PUE ‘UOISIYPE [0 ‘SIsauadordue
“UONBNUIIDJJIP [0 UI PIAJOAUT sAUT 9] d)e[nSaI-dn ued Juswiean) OvyNS YIS Y,

S[[90
[PWAYOUSSIW UBWINY UO JUSW)BIT)
Qoejns juerdwr Jo 309)J9 YT,

(TS) SONSAATIS 79 SIRWE

SOSINGT JO uonenuaIIp
pue uoIsaype paoueyud doeLmns juefdw oY) uo g+SIA pue g+e)) Jo uoneiodioour Y,

SOSINE!
JO uone[N3aI ur WNIUe)N) JO BLINS

) UO SUOT [RIUI JO JOYJO Y],

(1) w12 uay

uolssa1dxa aua3 jo uone[npow ySnoIy) s1o35J9
o1udso13ue-01d pue 51u9509)50-01d seonpur syuefduw ARV TS Jo soeyins orjrydoIpAy sy,

uo1ssa1dx9 oudF ur aoeyIns
Juerdwr ySnosororu orqoydoipAy
10 o111ydoIpAy Jo 109159 oy,

(61) "Iv 12 souoq

"$$3001d $1S9U93013UR UO SJUSWITRAI) PUB ‘SOIISLIO)OBIRYD d08JINS ‘SKo[[k wnIue)r) Jue[dul [JUdp JO 0930 AU} 03 PAJR[I K[JOIIIP dIe Jey) SIAPNJS PIPN[OUL JO ISI] Y[ *dNUNU0)) | I[qEL

e517



Med Oral Patol Oral Cir Bucal. 2016 Jul 1;21 (4):e514-25.

Discussion

1 Effects of titanium alloys on angiogenesis:

Titanium and its alloys are load-bearing metals, which
are used in manufacturing bio-implants. The titanium
made implants, due to their TiO, layer have a unique
ability to establish a reliable attachment to surrounding
bone structure (3). The titanium alloy used for manu-
facturing dental implants is the alloy of Ti Al,V, which
is covered by a TiO, passivating layer. This layer is well
attached to the surface and acts as a protective layer on
the surface of titanium alloys. This layer may be the
main reason for the high biocompatibility of this al-
loy (1), since the biological systems sense the surface
of biomaterials (15,16). However, several investigators
indicated that the surfaces of titanium alloys are reac-
tive in different environments including inside the hu-
man body (17,18). Hallab et al. reported that the serum
titanium concentration increases in patients after total
knee replacement surgery during the first month (18).
Mentus introduced two corrosion processes on the ti-
tanium alloy surfaces including anodic and cathodic
corrosion (19). The anodic corrosion occurred in areas
where there were defects in the passivating oxide layer
(TiO,). In the cathodic process, the reduction of oxygen
occurs resulting in the formation of intermediate prod-
ucts such as reactive oxygen species (ROS) and hydro-
gen peroxide (H,0,) (19). In addition to the ROS formed
by the corrosion process, the inflammatory cells such
as macrophages, monocytes, and granulocytes can also
produce ROS (17).

ROS are important molecules with remarkable role in an-
giogenesis events. [rwina et al. indicated that ROS are in-
volved in the ROS—HIF-1-VEGF pathway during hypox-
ia induced angiogenesis (20). Gough, Cotter introduced
different mechanisms that ROS molecules can present
proangiogenic activities (21). The other possible path-
way of ROS activity is known as the VEGF-independent
pathway. In this pathway, the main role is played through
modulation of the activity of transcriptions factors such
as AP-1 and NF-kB (Tables 1 and 1 Continue, 2).
Despite the prominent roles of ROS in angiogenesis
events, Tsaryka et al. indicated that ROS formation on
the surface of titanium alloy (Ti,Al,V) can negatively
impact endothelial cell survival (22). These authors in-
dicated that the increased production of ROS and oxida-
tive stress can adversely affect the vitality of endothelial
cells and attenuate the angiogenesis process (22). De-
gidi et al. compared the angiogenic and inflammatory
responses of peri-implant soft tissues to the titanium
and zirconium oxide healing caps (23). These authors
indicated that the expression of VEGF, endothelial ni-
tric oxide synthase (eNOS or NOS3), neuronal nitric
oxide synthase (nNOS or NOSI1), and the microvessels
density were higher around the titanium made healing
cap compared with zirconium oxide (23) (Tables 1 and 1
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Continue, 2). Other compositions of titanium alloy such
as vanadium was able to produce ROS (24). Zhang et
al. reported that vanadate can induce cell growth arrest
by formation of ROS, which can affect mitogen-activat-
ed protein kinases family members and arrest the cell
growth at the G2/M phase (25) (Table 2).

2-1. Effect of surface characteristics on angiogenesis:
Osseointergration is defined as a direct structural and
functional contact between the bone and the load-bear-
ing implant. This connection is crucial for stability,
loading, and long-term survival of dental implants (3)
and biomaterials (26). Titanium and its alloys are not
capable of establishing a reliable bone-to-implant con-
tact, and they need surface modifications to enhance os-
seoingtegration (27). Sul et al. indicated that osseointe-
gration is closely related to the chemical and physical
characteristics of titanium made implants (27). These
characteristics mainly include the surface topography
and roughness (28), wettability, surface energy, charge,
surface chemistry, chemical potential, metal or non-
metal surface composites, impurities, and thickness of
TiO, layer (29,30). Among these characteristics, the sur-
face topography and roughness, wettability/energy, hy-
drophilicity or hydrophobicity, and surface charge had
the greatest impact on osseointegration (29). Thus, in
the following section we review the impacts of most ef-
fective and important characteristics of dental implant
surface on angiogenesis events involved in osteogenesis
process and osseointegration.

2-2. Surface macro- and micro-scale topographies and
roughness:

Dental implant surface topography is described as the
macroscopic and microscopic textures (31). Shibli et
al. reported that different surface textures and topog-
raphies can induce proliferation, transformation, and
function of osteoblasts (32). Dental implant surface
roughness is divided into three types of macro-, micro-,
and nano-roughness according to the dimensions of the
surface texture (29). Macro-roughness is referred to the
surface features with dimensions between microns to
millimeters, and in micro-roughness between 1-10 mi-
crons (29). Refai et al. (33) demonstrated that the titani-
um implant surface topography and roughness created
by sand-blasted large grit acid etched and acid etching
(AE) treatments stimulated the macrophages to secrete
proinflammatory cytokine including tumor necrosis
factor (TNF)-a, which plays a great role in angiogen-
esis events immediately after implantation. Meanwhile,
they reported that the macrophages’ secretion of inter-
leukin IL-1f and IL-6 were not increased, and the pro-
duction of chemokines like the monocyte chemoattrac-
tant protein (MCP)-1 and macrophage inflammatory
protein (MIP)-1a were down-regulated after culture on
sand-blasted large grit acid etched and AE surfaces (33).
However, these investigators reported that macrophages
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stimulated by lipopolysaccharide (LPS) could produce
higher levels of these cytokines (TNF-a, IL-1B, IL-6)
and chemokines (MCP-1, MIP-1a) (33) (Tables 1 and 1
Continue, 2). Raines et al. showed that the micro-level
topography increases the production of pro-angiogen-
ic factors such as VEGF-A, fibroblast growth factor
(FGF)-2, and epidermal growth factor (EGF) in pri-
mary human osteoblasts (HOB) through 21 signaling
pathway (34). Olivares-Navarrete ef al. reported similar
results and indicated that rough Ti surface can enhance
the secretion of VEGF-A, TGF-B1, FGF-2, osteoprote-
gerin, and angiopoietin-1 by osteoblast-like MG63 cells
(35) (Table 1 and 1 Continue).

Vandamme et al. pointed out that the mechanical load-
ing on dental implants has greater effect on osseointe-
gration process than the microtopography of implant
surface (36). These authors indicated that in case of
load-free implants, the surface micro-roughness en-
hanced the osteogenic activity better than turned or
machined surfaces. However, in load-bearing or loaded
implants this surface characteristic did not show sig-
nificant enhancement in oseointegration compared with
machined surface implants (36).

2-3. Surface nano-scale topographies and roughness:
The nano-scale topographies are the features on den-
tal implant surfaces with dimensions ranging between
1-100 nanometers (29,37). The rationale for making den-
tal implants with nano-roughness on the surface was to
increase the surface texture and topography. This issue
can result in increased surface energy and wettabil-
ity, which accelerates the adhesion of matrix proteins,
growth factors, and osteoblasts (29,38). Several authors
investigated the effect of nano-roughness or nanostruc-
ture of dental implant surface during osseointegration.
Webster et al. (39) and Dalby et al. (40) reported that the
nanotopographies of dental implants modulate the cell
adhesion and osteoblast cells differentiation. The effects
of nano-scale topographies on different cell types such
as osteoblasts, fibroblasts, epithelial cells, and myocytes
have been discussed (41). There are few studies which
directly investigated the effects of nanotopographies of
titanium surface on the endothelial cells function and
angiogenesis events (42,43). Peng ef al. indicated that
the nanotubular TiO, structures can promote endothe-
lial cells proliferation and increase the secretion of pros-
taglandin 1-2 (PGI-2) (42) (Table 1 and 1 Continue). Jo
et al. indicated that TiO, nano particles can be used for
treatment of renal diseases due to their anti-angiogenic
properties (43) (Table 2).

2-4. Surface wettability and energy:

The wettability of dental implant surface is one of the
most important surface characteristics for osseointegra-
tion (29). The higher energy or wettability of titanium
implant surface can change its interactions with sur-
rounding cells. These interactions are influenced by the
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better adsorption of protein molecules to the implant
surface with high wettability (41).

Rupp et al. showed that wettability of implant surface
is of great importance and can be modified by other im-
plant surface characteristics, especially surface topogra-
phy and chemistry (44). This issue was also emphasized
by Elias et al. where they showed that implant surface
wettability was closely related to the surface roughness
and morphology (45). In 1985, Van Wachem et al. in-
vestigated the effect of wettability of different polymers
on function of human endothelial cells, and concluded
that polymers with greater wettability, due to better ad-
sorption of serum and/or cellular protein molecules, can
promote the growth of human endothelial cells (46).
2-5. Surface hydrophilicity and hydrophobicity:

The hydrophilicity or hydrophobicity of dental implant
surface is crucial determinant for interactions with blood
at inserted sites. After surgical installation of dental im-
plants in alveolar bone, the hydrophilic surface of im-
plant can promote the coagulation of blood and adsorp-
tion of matrix proteins such as fibronectin. The process
of osecointergration begins with the migration and func-
tion of macrophages in the subjected area. These immune
cells, after removal of necrotic debris resulted from sur-
gical phase, can produce several growth factors including
TGF-B, FGF-1, FGF-2, and BMPs that are pro-osteogene-
sis and pro-angiogenesis (29) (Table 1 and 1 Continue).
Numerous attempts have been made to modify the sur-
face of dental implants to make them more hydrophilic.
Vlacic-Zischke et al. indicated that the hydrophilic
sand-blasted acid-etched surface showed better os-
seointegration than unmodified sand-blasted large grit
acid etched surface (8). These investigators reported
that the modified sand-blasted large grit acid etched
surface promoted osseointegration through the TGFj-
BMP signaling pathway enhancing the expressions of
several genes including KDR (VEGF-R2), which is
associated with angiogenesis processes (8). Shi et al.
indicated that the co-culture of human umbilical vein
endothelial cells (HUVEC) and MG63 osteoblas-like
cells grew better on the hydrophilic dental implant
surfaces than the smooth hydrophobic surfaces (47).
Ziebart et al. also addressed this issue and showed
that hydrophilic implant surface can promote growth
and function of undifferentiated endothelial progenitor
cells to produce more pro-angiogenic factors including
VEGF-A, eNOS, and iNOS (48). Donos et al. showed
that hydrophilic sand-blasted acid-etched surface of
dental implants compared with sand-blasted large grit
acid etched surface, imposed more pro-osteogenic and
pro-angiogenic effects through modulation of gene ex-
pression (49). Furthermore, Schwarz et al. reported that
the hydrophilicity of dental implant surface is a more
important factor than the surface microtopography in
soft and hard tissue integration (50).
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2-6. Surface charge:

The dental implant surface charge is modified by chem-
ical treatment methods, which usually use sodium or
potassium hydroxide followed by heat treatment. The
result of this treatment is the formation of titanium hy-
droxide (Ti-OH) on the surface of implant, which ex-
changes the sodium ions with the calcium ions present
in the surrounding tissue (29). Ren ef al. demonstrated
that the incorporation of Ca™ and Mg* on the implant
surface enhanced the adsorption of proteins, which was
followed by adhesion and differentiation of bone-mar-
row derived stem cells (51) (Table 2).

3. Effect of surface treatments on angiogenesis:

The surface treatments or modifications of dental im-
plants are performed to induce and alter their character-
istics. The majority of these treatments are performed to
generate different topographies or roughnesses on the
surface. However, other characteristics such as wetta-
bility, surface energy, and surface charge are also im-
pacted by the surface modifications (2,16,29). Basically,
there are three types of methods for surface treatments,
including physical, mechanical, and chemical, which
enhance the ostegenesis and osseointegration. The com-
mon mechanical methods are machining, polishing,
blasting, and grinding, which produce either smooth or
rough surfaces in order to promote the adhesion, prolif-
eration, and differentiation of surrounding cells (29).
The other common method is the chemical treatment,
which removes the surface contaminants and increases
the biomechanical properties that result in enhanced os-
seointegration. Surface treatments with hydrogen per-
oxide (H,0,), acids, alkali, anodization, chemical vapor
deposition, and sol-gel are different types of chemical
modification. The last method is a physical method in-
cluding plasma spraying, ion deposition, and sputter-
ing methods (29). In the following sections, the effects
of most common surface treatments on angiogenesis
events are overviewed.

3-1. Machining or turning:

The first treatment method of dental implant surface
was the machining or turning, which creates a polished
surface. This is one of the physical treatment methods,
which was used for first generation of implants (29).
Thus far, the effect of this treatment on angiogenesis
events has not been evaluated.

3-2. Sand-blasting large grit acid-etched:

Another common physical method used for surface
treatment of dental implants is the grit blasting, which is
done by titanium or aluminum particles ranging in size
between 25-75 pm. The sandblasting and acid-etching
treatment method includes the grit blasting with 250-
500 um size particles, and the acid-etching is done with
hydrochloric and sulfuric acid (29). The sand-blasted
large grit acid etched surface treatment was demon-
strated to induce macrophages to produce TNF-a, a
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pro-angiogenic factor 33. Similarly the expression of
other pro-angiogenic factors such as VEGF-A, FGF-2,
and EGF are increased on sand-blasted large grit acid
etched or modified sand-blasted large grit acid etched
treated dental implants (34) (Table 1 and 1 Continue).
Several authors have compared the pro-angiogenic and
pro-osteogenic activity of conventional unmodified
sand-blasted acid-etched and the modified sand-blasted
large grit acid etched surface that is hydrophilic. These
investigators presented similar results that the modified
sand-blasted large grit acid etched surface known as hy-
drophilic sand-blasted acid-etched can better stimulate
the adsorption of proteins, alveolar bone stem cells dif-
ferentiation, and result in a better osseointegration and
angiogenesis in surrounding bone (8,48,49). Mamalis,
Silvestros showed that the sand-blasted large grit acid
etched surface treatment can up-regulate 16 genes, which
are effective in cell differentiation, angiogenesis, cell
adhesion, and bone formation (52). These authors in an-
other study showed that the modified sand-blasted large
grit acid etched surface can up-regulate the expression
of 27 genes, while the sand-blasted large grit acid etched
surface only up-regulates the expression of 19 genes in-
volved in osteogenesis, angiogenesis, and osseointegra-
tion (53). Shwarz et al. demonstrated that the modified
sand-blasted large grit acid etched surface, compared to
machined sand-blasted large grit acid etched, could better
promot the soft and hard tissue integration (50). An et al.
showed that modified sand-blasted large grit acid etched
surface can stimulate the expression of pro-angiogenic
genes in HUVEC (54) (Table 2).

3-3. Acid-etching (AE) and dual acid-etching:

The acid-etching is the most common chemical method
used for surface treatment. The acid-etching is usually
performed by either hydrochloric acid (HCI) and sulfu-
ric acid (H,SO,), or nitric acid (HNO,) and hydrofluoric
acid (HF). The duel acid etching is performed by heat-
ed HCI and H,SO, (29). Mamalis, Silvestros indicated
that the dual-acid etched (Osseotite) surface of dental
implants can up-regulate the expression of 15 genes
involved in osteogenesis and angiogenesis (52). An et
al. reported that among acid-etched (A), sand-blasted
large grit acid etched, modified acid-etched (modA),
and modified sand-blasted large grit acid etched (modS-
LA) the modA is the optimum surface treatment for the
proliferation and pro-angiogenic activity of endothelial
cells (54). Similar results were reported by Ziebart et
al., which indicated that the modA has the highest effect
on expression of eNOS and iNOS in endothelial cells,
while the conventional acid-etched surface showed the
lowest stimulation (48). Shi et al. showed that modA
surface can better stimulate VEGF expression com-
pared with conventional acid-etched surfaces (14).

3-4. Anodizing or oxidizing:

Anodizing or oxidizing is another chemical method
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for treatment of dental implant surfaces, which is per-
formed by electrochemical reaction. The aim of this
treatment method is to increase the thickness of TiO,
layer in order to improve the surface characteristics of
dental implants (29).

3-5. Plasma spraying:

Plasma spraying (PS) is one of the physical methods,
which uses the atmospheric PS and vacuum plasma
spraying to treat the implant surface. In this method the
plasma torch is used to coat one of the three types of
particles including titanium, calcium phosphate (CP),
and hydroxyapatite (HA) (54). The titanium plasma
spray (TPS) is effective in making surface roughness,
which assists the rapid establishment of bone-implant-
contact (BIC) (55). The rational for addition of hydroxy-
apatite or calcium and phosphor particles by plasma
spraying method is similarity of these components with
the basic structure of implant surrounding tissues (56).
The plasma-sprayed hydroxyapatite (PSHA) was shown
to better promote the osseointegration compared to un-
coated surfaces (57).

The direct of effects of TPS and PSHA treatments on the
angiogenesis events have not been evaluated. However,
related to the titanium particles it should be noted that
the titanium made healing caps affect the expression of
VEGEF, eNOS, iNOS, and nNOS in surrounding tissues
(58). Several studies have also discussed the effects of
calcium phosphate (CaP) ceramics such as hydroxyapa-
tite on angiogenesis events (59-61). Chen et al. indicated
that the calcium phosphate ceramics including hydroxy-
apatite can induce angiogenesis and neovascularization
(59). Canuto et al. indicated that the nanocrystalline hy-
droxyapatite can enhance angiogenesis, osteogenesis,
alveolar socket healing, and epithelialization through
increased expression of BMP-4, BMP-7, VEGF, osteo-
calcin, and alkaline phosphatase (60). Similarly, Pezza-
tini et al. reported that the nanocrystals of HA are able
to promote the expression of FGF-2, eNOS and promote
the endothelial cells function during angiogenesis (61,
62) (Table 1 and 1 Continue).

3-6. Active drug incorporation:

The active drug incorporation is one of the recent treat-
ment method for enhancement of dental implant sur-
face characteristics. In this modification the bioactive
elements such as bisphosphonate, simvastatin, and an-
tibiotics are coated on the surface to promote the os-
seointegration process (29). The major aspect in adding
bisphosphonate on the surface of dental implants is to
prevent bone loss from the surrounding through time
and increasing the density of alveolar bone (63). Or et
al. showed that bisphosphonates such as Alendronate
and Etidronate can induce inflammation by expression
of cytokines, and inhibit angiogenesis events by de-
creasing the expression of FGF-2 and VEGF (64). Ri-
beiro et al. reported similar results using Alendronate
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and Zoledronate as these bisphosphonate drugs, exhibit
anti-angiogenic effects by down-regulating VEGF ex-
pression. However, these authors presented that these
bisphosphonates could up-regulate the expression of
BMP-2, osteocalcin, osteoprotegerin, and alkaline
phosphatase, which are effective in osteogenesis (65).
Simvastatin is another bioactive drug which is shown to
be effective on bone formation and density (66,67). Sev-
eral authors indicated that Simvastatin (3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor), which
is cholesterol-lowering drug can promote angiogenesis
events and endothelial cell functions (68-70). Gentam-
ycin and Tetracycline-HCI are two types of antibiotic
which have been coated on the surface of implants (29).
Beside their antimicrobial activity, authors indicated
that Tetracycline-HCl is able to enhance cellular attach-
ment to the implant surface (71), and promote osseointe-
gration through blood clot establishment on implant
surface (72).

Lee et al. incorporated amoxicillin in nanotubes of TiO,
and concluded that this antibiotic can present a remark-
able bactericidal effect in preventing the early failure of
dental implants (73). He, Marneros indicated that doxy-
cycline by affecting macrophages has anti-angiogenic
impacts during neovascularization (74). Vancomycin
is another antibiotic which Zhang et al. suggested for
coating of titanium implant surface (75). Most of the
antibiotic agents were indicated to have anti-angiogenic
behavior (76-81). Meghari et al. showed that erythro-
mycin has anti-angiogenic effect due to its action on en-
dothelial cells proliferation (76). Other antibiotics such
as ciprofloxacin (77,78), clindamycin (79), and minocy-
cline (80,81) have also demonstrated anti-angiogenesis
effects at applied sites.

3-7. Surface functionalizing:

The functionalization is a novel term in the dental im-
plant surface modification era. In these surface treat-
ments different growth factors and cytokines are uti-
lized to enhance the biocompatibility and biological
activity of implant surface (82). Several pro-angiogenic
growth factors such as VEGF, EGF, insulin-like growth
factors (IGF-1 and 2), platelet-derived growth factor
(PDGF), TGF-B, and osteogenic proteins like BMP-2
and BMP-4 are suggested to be incorporated into the
implant surface (29). Hossain et al. indicated that the
hepatocyte growth factor (HGF) can be adsorbed to the
hydroxyapatite surface of implants and promote osteo-
genesis and angiogenesis events during osseointegration
process (83). Elkarargy reported that fibronectin can be
used for surface functionalization in order to improve
the osseointegration of dental implants (84).
Schliephake et al. showed that the coated recombinant
human VEGF-165 on titanium surface could promote
angiogenesis events either in immobilized or released
form (85). Tan ef al. reported that thVEGF and antimi-
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crobial peptide (AMP) coated on titanium stimulate the
integration and decrease the infection risk (86). Poh et
al. also suggested that the immobilized VEGF on tita-
nium surface can promote the revascularization process
around the implants which resulted in better integration
(87) (Tables 1 and 1 Continue, 2).

As an eye to the future, it should be mentioned that sev-
eral in-vivo and clinical studies are necessary to directly
evaluate the effect of surface characteristics on angio-
genesis process and to point out the specific effects and
detailed mechanisms of the mentioned treatment meth-
ods on the angiogenesis process at the dental implant
installation site.

Conclusions

According to the point of views and aspects overviewed
here the following conclusions can be drawn:

* The nano particles of TiO, have anti-angiogenic be-
havior, while the ROS produced from the corrosion
of titanium metal and its alloys act as a double edged
sword, at low concentration is pro-angiogenic while at
high concentration is anti-angiogenic by influencing en-
dothelial cell function.

* The surface characteristics of dental implants have
been well-discussed through the history and it was
shown that surface topography and hydrophilicity are
the most important and effective characteristics on
angiogenesis and osteogenesis due to increasing the
production of several pro-angiogenic growth factors.
Meanwhile, there is still lack of knowledge on detail of
mechanism of action of surface characteristic on angio-
genesis.

* Among dental implant surface treatment methods,
the sand-blasted large grit acid etched and acid-etched
modifications were well-discussed methods. The cur-
rent trends in surface treatments of dental implants
are directed toward more complex and combination of
methods and biomaterials in order to produce more bio-
active and pro-angiogenic surfaces on dental implants.
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