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a b s t r a c t

Dental and orthopedic implants have been under continuous advancement to improve their interactions
with bone and ensure a successful outcome for patients. Surface characteristics such as surface topogra-
phy and surface chemistry can serve as design tools to enhance the biological response around the
implant, with in vitro, in vivo and clinical studies confirming their effects. However, the comprehensive
design of implants to promote early and long-term osseointegration requires a better understanding of
the role of surface wettability and the mechanisms by which it affects the surrounding biological
environment. This review provides a general overview of the available information about the contact
angle values of experimental and of marketed implant surfaces, some of the techniques used to modify
surface wettability of implants, and results from in vitro and clinical studies. We aim to expand the
current understanding on the role of wettability of metallic implants at their interface with blood and
the biological milieu, as well as with bacteria, and hard and soft tissues.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The continuous improvements in the performance of titanium
dental implants, with 10-year success rates higher than 95% in
recent years [1], up from 66% or less in the early years of the tech-
nology [2], has made them one of the most viable options to
replace missing teeth and has expanded the profile of the patient
population. However, success rates are far from ideal in riskier
patient populations, whose bone is compromised by disease or
age [3]. In the case of orthopedic applications, Ti alloy implants
are also employed to provide an important solution for the
treatment of degenerated joints but suffer from short lifetimes,
especially with younger patients receiving these procedures [4].
Major enhancements in the performance of Ti implants have been
achieved by targeting the surface of the device [5,6]. Recent studies
suggest that surfaces mimicking the innate characteristics of
bone lead to enhanced osteoblast maturation [7,8], increased

bone-to-implant contact [9] and improved success rates clinically
[10,11]. The impact of surface characteristics such as surface
roughness, chemistry and wettability have been well established
in the short-term interactions between implants and the biological
milieu, as well as in the long-term outcome of the device.

Surface chemistry is, in many cases, determined by the nature
of the bulk material used, which depends on the mechanical prop-
erties required for the application. Interestingly, the surface chem-
ical composition can differ widely from the bulk due to surface
reactivity and preferential presentation of certain elements. For
dental implant applications, titanium and its alloys, including com-
mercially pure (cp) Ti, titanium–aluminum–vanadium (Ti6Al4V)
and, more recently, titanium–zirconium, are used due to their
favorable weight-to-strength ratio, good biological performance
and adequate corrosion resistance under normal conditions
[12,13]. Remarkably, their corrosion resistance stems from the
high affinity of passive metals such as Ti towards oxygen, resulting
in the formation of an inherent thin oxide layer on the surface that
protects the bulk material from the environment and any further
corrosion [14]. Indeed, the good biological performance of Ti
implants has been attributed to this passive oxide layer that could
be mimicking the ceramic nature of bone [15], up to 65% of which
is composed mainly of inorganic phosphates [16].
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Surface topography can also have a direct effect on the biologi-
cal response of bone, as microrough implants have proven to be
superior to their smooth counterparts [17]. In the regular cycle of
bone remodeling, the surface topography in areas that support
new bone formation contains a high degree of structural complex-
ity generated after bone resorption, including features at the
micro-, submicro- and nanoscales [18,19]. The presence of these
features on the bone surfaces that experience new growth has
led to the hypothesis that these structural cues can direct osteo-
blast response and tissue regeneration, which has since been thor-
oughly established [20–22]. Consequently, most clinically available
implants try to mimic bone’s hierarchical structure by incorporat-
ing some type of surface modification at the microscale or, more
recently, a combination of micro- and nanoscale surface features
[10,23].

The surface energy of an implant, measured indirectly by the
liquid–solid contact angle (CA) and thus related to wettability, is
another surface characteristic known to affect the biological
response to the implant. However, less is known about the intrinsic
wettability of bone and how best to mimic such a property. Thus,
surface wettability is not a focus of most surface characterization
studies of implants [24–26], and the values of CAs of clinically mar-
keted implants range widely [27]. Most studies have found that
hydrophilic surfaces tend to enhance the early stages of cell adhe-
sion, proliferation, differentiation and bone mineralization com-
pared to hydrophobic surfaces [28,29]. However, opposite results
have been found in studies using different chemistries [30], and
it is possible that extremely high surface energies promote cell
adhesion but hinder cell motility and subsequent cell functions
[31]. Therefore, the comprehensive design of implants to ensure
successful outcomes for patients requires a better understanding
of the role of surface wettability and the mechanisms by which it
affects the surrounding biological environment.

This review provides a general overview of the available infor-
mation about the CA values of experimental and of marketed den-
tal implant surfaces, techniques used to modify surface wettability
of implants, and results from in vitro and clinical studies. The aim
is to expand the current understanding of the role of wettability of
metallic implants at their interface with blood clots and the biolog-
ical milieu.

2. Experimental and marketed dental implant surfaces: wetting
behavior and approaches for hydrophilization

Even though wetting has been recognized as an important
surface property of implants [32], published data are very sparse.
Generally, wettability is quantified by the CA, which is the angle
between the tangent line to a liquid drop’s surface at the three-
phase boundary and the horizontal solid’s surface. In principle,
the CA can range from 0 to 180�. Surfaces with water CAs lower
than 90� are designated as hydrophilic, and those with CAs very
close to 0� are superhydrophilic. Surfaces with water CAs above
90� are considered hydrophobic, and those with CAs above 150�
are termed superhydrophobic.

Whereas the wetting behavior of dental implant screws has
recently been reported for nine currently marketed implant sys-
tems [27], most of the available publications that include some
information on surface wettability have reported CA data on exper-
imental implant surfaces, in many cases flat disks, where the reli-
ability of the results translated to the corresponding marketed
implants is not fully assured [33,34]. Most implant surfaces cur-
rently in clinical use are hydrophobic, according to our findings
and those of other groups [27,32]. However, the range of CAs found
on different dental implant surfaces varies widely, from superhy-
drophobic angles around 150� to superhydrophilic ones of 0�.

In general, wetting is reduced on microstructured surfaces [35],
created by blasting, etching or anodization. The presence of micro-
scale structures and superimposed nanoscale features, as found on
newly developed surface modifications, might also modulate wet-
ting and the corresponding biological response (Fig. 1) [7]. A thor-
ough description of the wetting behavior should therefore include
macroscopic, microscopic and, ideally, nanoscopic approaches.
Nevertheless, many systems lack any data on wettability. Table 1
summarizes the available published data on the wettability of cpTi
and of commercial dental implant surfaces.

As shown in Table 1, two main methods for the quantification of
wettability through CAs have been applied: first, the sessile drop
method, where liquid drops are set on a surface and the CA is
directly measured from the drop shape surface [36]; and second,
tensiometry, where CAs are measured indirectly according to the
Wilhemy balance technique [27]. In this case, samples have to be
fixed to an electrobalance and the forces detected during continu-
ously immersing and withdrawing the samples into and from the
wetting liquid allow the calculation of advancing and receding
CAs, respectively. Generally, dynamic CAs can be measured if there
is a relative movement between the material and the wetting
liquid. Without such movement, static CAs can be analyzed.

Among the many surface modifications of Ti implants [37], sev-
eral have been developed to increase surface hydrophilicity. Most
cases involve experimental implant surfaces that have yet to reach
the market, although some have proven to be successful clinically.
An example of a clinically relevant surface is the hydrophilic alter-
native to a hydrophobic blasted and acid-etched (BAE) surface. BAE
surfaces have strongly outperformed relatively smooth, machined
surfaces [17,38,39]. The main difference during processing of the
hydrophobic BAE surface and its modified, superhydrophilic (mod-
BAE) version is that surface neutralization after acid etching occurs
in a contaminant-free, protective nitrogen environment and the
implant is finally stored in neutral saline solution instead of air.
Recent reviews highlight numerous in vitro, in vivo and clinical
studies focusing on this hydrophilic surface [40,41].

Initial studies confirmed that the microstructures of BAE and
modBAE surfaces were identical, though the wettability was quite
different [42–44]. Whereas BAE implants exhibited limited wet-
ting, modBAE were superhydrophilic and less contaminated by
hydrocarbon contamination [43]. In contrast to BAE surfaces,
which can adsorb contaminants while exposed to ambient atmo-
sphere during processing, modBAE surfaces are maintained clean,
with high surface energy and good wetting. This allows the forma-
tion of a strong interface with bone [42], demonstrating the impact
of surface chemical interactions, including those with hydrocarbon
contaminants, on the wetting behavior [43,45–47]. A recent
publication, however, could not confirm statistically significant
differences in the carbon content of BAE and modBAE surfaces,
although hydroxylation had higher levels on the modBAE surface
[45].

The different biological and clinical performances of modBAE
surfaces compared to BAE is likely related to the different surface
chemistry and hydrophilicity [48]. However, every surface treat-
ment may lead to variations both in the chemical composition
and in the topography [37]. Indeed, recent reports suggest that
the process of producing superhydrophilic modBAE surfaces gener-
ates nanostructures along the microrough topography [23,49]. In
vitro, the combination of micro- and nanostructures coupled with
higher dynamic wettability has proven to enhance osteoblast
differentiation and local factor production [7]. Recently, osseointe-
gration was considerably improved in a rabbit tibial model using
implants that combined nanostructured and hydrophilic surfaces
[50].

Other methods of cleaning and hydrophilizing the surface of Ti
samples are available. Baier et al. have shown that radio frequency
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glow discharge (RFGD) treatment is an effective method to clean
and sterilize inorganic surfaces and elevate them to a high-energy
state, which is correlated with greater cellular adhesion [51],
possibly due to the reduction of contaminants from the surface
[52]. More recently, atmospheric pressure plasma successfully
cleaned and hydrophilized Ti implant surfaces [53]. The CA of
BAE surfaces was reduced from 117 to 0� directly after short-time
plasma treatment, as were the CAs of other Ti surfaces that could
be similarly hydrophilized, independently of their respective sur-
face roughness. The results also showed that the size of osteoblasts
growing on the hydrophilized surfaces was larger. Unfortunately,
the authors did not consider the rehydrophobization (i.e. loss of
hydrophilicity) of the surface after such treatment, which occurs

over a relatively short period in air. Ti, once hydrophilized by
chemical etching or by plasma treatments, does not sustain a
long-lasting superhydrophilic effect but instead rehydrophobizes
[54]. Similar results were shown by Scharnweber et al. with
blasted and acid-etched Ti surfaces that preserved hydrophilicity
during storing in dry methanol but lost their good wetting proper-
ties after exposure to air [55]. The stability of the hydrophilization
effect in air and in aqueous systems, and the kinetics of recontam-
ination may be critical factors, dependent on the final clinical
application.

The discovery of photoinduced water splitting on titanium
dioxide (TiO2) electrodes [56] opened the door for broad research
on photocatalysis, and has led to important technical develop-
ments and applications such as self-cleaning surfaces [57–59].
Because anatase TiO2, a very effective photocatalyst, is a semicon-
ductor with a band gap of 3.2 eV, ultraviolet (UV) light with
wavelengths shorter than 400 nm is necessary for activation.
Light-generated radicals and anionic oxygen species resulting from
the anatase activation are able to decompose organic compounds
found on the surface [59]. Using this principle, Wang et al. [60]
were the first to report on the increased hydrophilicity of crystal-
line TiO2 surfaces upon UV irradiation. Indeed, anatase irradiated
with UV-A becomes superhydrophilic, as numerous studies have
shown since then [52,61,62]. Rehydrophobization is also a well-
known phenomenon of photocatalytic TiO2 once hydrophilized
by UV-A irradiation. However, compared to plasma treatments,
the hydrophilic effect appears relatively long lasting as superhy-
drophilicity in ambient atmosphere may exist for hours and a
hydrophilized surface state remains for days or weeks [47].

Recently, in the dental field, decomposition of proteinaceous
and salivary pellicle films could be demonstrated on UV-A acti-
vated nanocrystalline anatase thin films [47,63]. Based on those
studies, our team postulated a predetermined breaking point for
plaque biofilms located at the pellicle, which is the macromolecu-
lar thin film that serves as a conditioning layer between the
implant surface and the bacterial overlayer [63]. Therefore, surface
coating with crystalline TiO2 and irradiation by UV-A can be an
advanced method to clean and hydrophilize implant surfaces.
Interestingly, Ti specimens with native oxide surfaces are not acti-
vated by UV-A irradiation but can be hydrophilized using higher
energy UV-C rays, which when applied do not necessarily trigger
photocatalysis but more likely lead to a direct decomposition of

Fig. 1. Schematic of the possible interactions with (A) hydrophilic and (B) hydrophobic surfaces at different length scales. (A) Hydrophilic surfaces interact closely with
biological fluids, allowing normal protein adsorption to the surface and subsequent interactions with cell receptors. (B) Hydrophobic surfaces are prone to hydrocarbon
contamination, leading to entrapment of air bubbles that can interfere with protein adsorption and cell receptor adhesion/activation.

Table 1
Wettability of machined cpTi and of commercial, roughened dental implant surfaces.

Surface/company Static contact angle
(sessile drop) (�)
[Ref.]

First advancing contact
angle
(tensiometry) (�) [Ref.]

cpTi 97 [67], E 91 [43], E
81 [132], E 92 [67], E
88 [53], E
89 [133], E
>70 [62], E
64 [121], E
24 [134]
58 [135], E*

NanoTite//3i 122 [132], E 100 [27]
SLA//Institut Straumann 126 [27] 124 [27]

117 [53], E >150 [7], E
140 [43], E
>150 [7], E
50 [7], E**

SLActive//Institut
Straumann

0 [27] 0 [27]
5 [53], E
0 [43], E

Osseospeed//AstraTech 138 [27]
TiUnite//Nobel Biocare 44 [62], E 125 [27]

37 [137], E
Promote//Camlog 110 [27]
Plus//Dentsply Friadent 103 [27]
GS II//Osstem 27 [27]
TiOblast//AstraTech 54 [121], E

E = experimental sample.
* Ti alloy (TiAl6V4).
** Condensed submicron droplet.
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the contaminating organic layers by photolysis [64]. Most methods
to modify the surface oxide layer of a Ti implant result in widely
different surface micro- and nanotopographies that further compli-
cate the evaluation of surface wettability on the biological
response. Fig. 2 highlights different types of Ti surface oxides and
their respective possibilities of hydrophilization.

The approaches described so far result in a clean surface that
becomes the working principle to their enhanced hydrophilicity.
Yet, as outlined by Hashimoto et al., a clean surface is in a metasta-
ble state and, thus, a completely clean surface cannot be obtained
because ambient conditions will easily cause recontamination [59].
The dynamic nature of a biomaterial interface is highly relevant for
a dental implant’s surface and its condition at the time of clinical
application.

Other Ti surface modifications can improve its hydrophilic
properties by changing the surface chemistry. Park et al. [65]
recently reported that different polyelectrolyte modifications pre-
pared on the native oxide layers of machined and BAE Ti surfaces
enhanced the hydrophilicity of the surface without changing its
microtopography. Polyelectrolyte coatings shifted the hydropho-
bicity of the original Ti surfaces to a moderate hydrophilic state
with a water CA between 40 and 60�, in contrast to the superhy-
drophilic modifications described previously (i.e. modBAE, UV-A
treated anatase, RFGD plasma treated and UV-C-treated Ti).

Additional Ti surface modifications exist with a hydrophilic
characteristic. For example, acid etching Ti followed by alkali
treatment resulted in microstructured, bioactive, hydrophilized

surfaces with very low static and advancing CAs [66,67]. However,
the change of two or more surface characteristics at the same time,
such as surface roughness and chemistry, whether deliberate or
not, complicates the evaluation of the roles of the parameters on
the wetting behavior and the biological performance.

3. Impact of wettability: in vitro and in vivo studies

Surface wettability can affect four major aspects of the biologi-
cal system: (i) adhesion of proteins and other macromolecules onto
the surface (conditioning); (ii) hard and soft tissue cell interactions
with the preconditioned surfaces; (iii) bacterial adhesion and sub-
sequent biofilm formation; and (v) rate of osseointegration in the
clinic (in vivo).

Surface conditioning by biomolecules derived from blood, inter-
stitial fluid or saliva is a fast process, initiated within milliseconds
after implant insertion [68]. Consequently, it is not possible to
investigate cellular or bacterial interactions with biomaterials
without considering the initial conditioning process. The impact
of hydrophilicity on protein adhesion has been intensively studied
using model proteins (e.g. albumin) or biological liquids such as
blood, serum, plasma or sterile filtered saliva (for in-depth reviews
on the topic see Refs. [68,69]).

Generally, hydrophilicity can influence the bonding strength
and the total amount of proteins bound to a surface, the conforma-
tion and orientation of individual protein molecules, and the

Fig. 2. Efficiency of hydrophilization upon UV-A or UV-C treatment, respectively, on three different Ti surface oxides: the native passive layer, a thicker electrochemically
manufactured anodic oxide and a pulse magnetron sputtered layer of polycrystalline pure anatase. The efficiency classification used in the figure is as follows: no
hydrophilization means the CA did not change compared to an untreated specimen; moderate hydrophilization reflects CAs that decreased but without reaching
superhydrophilicity; high hydrophilization indicates that the wetting liquid spread on the surface, preventing CA measurements and signaling superhydrophilicity.
Hydrophilization from UV-A irradiation is mediated by the formation of hydroxyl groups and by cleansing organic contaminants from the surface by the photocatalytic
formation of radical and anionic species at the material/organic contamination interface. Hydrophilization by UV-C irradiation also depends on cleansing organic
contaminants from the surface, but in this case by direct photolytic decomposition.
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overall composition of the macromolecular film forming on a sur-
face by selective adhesion from the respective bioliquid [69,70].
These processes will result in an altered surface charge and wetta-
bility compared to the original implant surface, as well as a specific
pattern of protein motifs or other guidance cues on the biomaterial
surface (Fig. 3). The adsorbed biological signals can activate recep-
tors located on the outer membrane of cells. The expression of
receptors on the cell surface varies with the type of cell and its dif-
ferentiation stage. Subsequently, these receptors will determine
the initial cellular attachment, as well as short- and long-term pro-
cesses like proliferation and differentiation.

Thus, the impact of hydrophilicity on cellular and tissue reac-
tions towards biomaterials is largely mediated through the initial
protein interactions with the respective surface. For implant appli-
cations, the biological milieu encountered initially will, in most
cases, be blood.

3.1. Interactions with blood

The impact of hydrophilicity on blood/biomaterial interactions
has been reviewed by Spijker et al. [71]. The selective adhesion
of blood proteins can activate different immunological signaling
cascades, triggering, for example, the activation of the complement
system or adhesion and activation of thrombocytes that will even-
tually lead to the formation of a blood clot between the implant
and the surrounding tissue [72]. Other hydrophilicity-dependent
blood cell interactions include differences in adhesion and receptor
expression of polymorphonuclear leukocytes (PMNLs) and matura-
tion of dendritic cells (DCs). On hydrophilic surfaces, Eriksson et al.
found that anti-CD16 antibodies could block adhesion of PMNLs,
whereas anti-CD162 antibodies blocked adhesion to the hydropho-
bic surface [73]. The expression of CD11b, CD16 and CD62L by
PMNL showed different kinetics depending on the hydrophilicity
of the biomaterial. In another study using dendritic cells, Kou
et al. demonstrated that human dendritic cells remained in a more
immature state on superhydrophilic modBAE specimens in
comparison to standard BAE samples [74]. They concluded that
modBAE surfaces are able to promote a non-inflammatory environ-
ment by a less pronounced stimulatory effect on the DC phenotype,
thereby reducing the innate immune response and promoting peri-
implant bone formation clinically.

Extracellular matrix proteins found in blood that promote non-
hematopoietic cell adhesion can have very different functionality
following adsorption to hydrophilic or hydrophobic surfaces. One
typical example is fibronectin, which is present in human blood
in concentrations of �0.4 mg/ml�1 and thus becomes part of the
conditioning layer of dental implants when inserted into a blood-
filled bone cavity during implantation. The effects of hydrophilicity
on protein adhesion, orientation and changes in substructure by
partial unfolding have been reviewed by Wilson et al. [69]. Accord-
ing to these authors, fibronectin adsorbed to hydrophobic surfaces

shows a marked reduction in cell-adhesive function. The ability of
fibronectin to retain its functionality on hydrophilic surfaces is
another contributory factor to improved cell response. Similarly,
other proteins that are important for osteoblast differentiation,
such as collagen type I and vitronectin [75], may also be influenced
by the surface wettability.

Studies performed by our team are in agreement with the
results obtained when fibronectin adsorption to hydrophobic BAE
surfaces was compared to that on superhydrophilic modBAE
implant surfaces stored in isotonic sodium chloride at different
pHs (Fig. 4) [76]. Fibronectin conditioning was determined by
ELISA following incubation in a solution of plasma fibronectin at
a physiological concentration for 1 h. The adsorbed fibronectin
was quantified by antibodies directed against the cell-binding
domain. The tested hydrophilic modification stored at a basic pH
had similar amounts of functional fibronectin cell-binding domains
detected on the surface as when stored at acidic pH, which was
1.5-fold higher than hydrophobic BAE surfaces (Fig. 4).

3.2. Interactions with cells from hard and soft tissues

After conditioning of the implant surface by proteins and small
molecules found in blood, successful bone–implant integration
requires surface colonization by osteoblast precursor cells, fol-
lowed by differentiation, extracellular matrix synthesis and tissue
restoration. These different cell processes are also influenced by
the highly dynamic biological cues that originate from the

Fig. 3. Schematic depicting the effects of (A) hydrophilic and (B) hydrophobic surfaces on protein adsorption and conformation. (A) Hydrophilic surfaces in contact with blood
and biological fluids promote protein adsorption in a conformation that exposes adhesion motifs and enhances cell adhesion. (B) Hydrophobic surfaces can partially denature
proteins, disturbing their tertiary structure and causing cell-binding sites to be less accessible, which results in diminished cell adhesion.

Fig. 4. Fibronectin adhesion on a hydrophobic, blasted and acid-etched (BAE) Ti
implant surface, compared to adhesion on different hydrophilic modifications
(modBAE stored at pH 4–6 or 8–9) of the original surface. Samples were incubated
with a physiological concentration (0.4 mg ml�1) of human plasma fibronectin for
1 h. Bound fibronectin was determined by immunological quantification using an
antibody directed against the fibronectin cell-binding domain. Data represent
means and standard deviations (n = 9) from three independently repeated exper-
iments each with three samples per group. All data are expressed as a percentage
relative to BAE.
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conditioning layer, including the initial processes of cell adhesion
and spreading. The influence of hydrophilicity on the adsorption
of diverse biological mediators also has an impact on all subse-
quent steps in the healing cascade, ultimately leading to long-term
tissue integration.

The connection between hydrophilicity, surface conditioning by
serum proteins and the adhesion of different cells was recently
demonstrated by Huang et al. [77]. Protein conditioning and cell
adhesion/spreading were investigated on micropatterned Ti sam-
ples showing a superhydrophilic surface with a superimposed
hydrophobic grid. On these patterned surfaces, the overall amount
of total adhered fluorescein isothiocyanate-labeled serum proteins
from fetal bovine serum was similar on superhydrophilic and
superhydrophobic areas. Cell adhesion and spreading, however,
were almost totally inhibited on the hydrophobic grid for periods
of up to 2 days, indicating a distinctly different protein composi-
tion and/or different orientation of single proteins on hydrophobic
vs. those on hydrophilic areas, which lead to enhanced cell adhe-
sion on the hydrophilic regions.

Numerous reports have corroborated the influence of hydrophi-
licity on such cell responses as adhesion, spreading, proliferation
and several aspects of differentiation. Most of the work has been
done on hard tissue cells such as osteoblasts [44,61], but soft tissue
cells such as fibroblasts or keratinocytes are influenced as well
[78,79].

3.2.1. Influence of wettability on hard tissue cells
As mentioned above, an important step in the wound healing

process around the implant is the formation of a fibrin blood clot,
which serves as a bridging scaffold for migrating cells. The moder-
ate immune response [74] and lower activation of thrombocytes
[80] found on hydrophilic surfaces compared to hydrophobic ones
can facilitate the invasion and mobilization of the blood clot by
mesenchymal stem cells (MSCs) [81], which are considered as
one of the initial non-hematopoietic cell types to colonize an
implantation site [82,83].

Few studies have directly evaluated the role of surface wettabil-
ity on MSC response [7,84–87]. Some of these studies focused
mainly on cell morphology and the initial cell processes of cell
attachment and proliferation, and found that hydrophilic Ti/TiO2

surfaces that had been photocatalytically hydrophilized promoted
flattened morphologies and higher proliferation rates [84,85]. Our
team performed experiments to evaluate the osteoblastic differen-
tiation of MSCs on hydrophobic BAE surfaces compared to super-
hydrophilic modBAE surfaces and found that MSC cell numbers
were lower on the superhydrophilic surfaces [86]. These results
on the superhydrophilic surfaces correlated to synergistically
higher levels of the osteoblast late differentiation marker osteocal-
cin and the local factor osteoprotegerin, as well as higher mRNA
expression of the transcription factor RUNX2, the genes OCN and
DKK2, and the integrins ITGA2 and ITGB1, all elements that
together favor osteoblastic differentiation of mesenchymal stem
cells.

Osteoblasts resulting from the differentiation of MSCs or com-
ing from the surrounding bone are the next cell type in line to
respond to the wettability characteristics of the surface. Hydro-
philic surfaces have been shown to enhance osteoblast maturation
[44], production of local factors [44,88] and mineralization [89]
compared to hydrophobic surfaces (Fig. 5). In addition, other sur-
face characteristics, such as surface topography coupled to surface
wettability, could cause a synergistic effect on cell response. Osteo-
blast response has been evaluated on BAE specimens in compari-
son with nanomodified BAE specimens, the former exhibiting
static and dynamic hydrophobicity while the latter had similar sta-
tic hydrophobicity but presented hydrophilic characteristics when
evaluated by dynamic CA [7]. Osteoblast differentiation markers

and local factor production were promoted by both microrough
groups when compared to a microsmooth negative control. How-
ever, these markers and factors were synergistically enhanced on
dynamically hydrophilic, nanomodified BAE specimens compared
to hydrophobic BAE surfaces, which could be due to the nanoto-
pography or the enhanced wettability, but most probably a combi-
nation of both (Fig. 5).

Evidently, osteoblast maturation is strongly influenced by mic-
rotopography, but the maturation path seems mostly unidirec-
tional and can be synergistically enhanced indistinctly by other
surface characteristics, such as hydrophilicity and nanotopography
[7,90]. In the case of MSC osteoblastic differentiation, microtopog-
raphy also plays a key role [86], but the stem cell response to other
superimposed surface characteristics can be far more complex.
Superhydrophilic modBAE surfaces synergistically enhanced the
MSC osteoblastic differentiation [86] compared to hydrophobic
BAE surfaces, as described above. However, MSCs exposed to the
dynamically hydrophilic, nanostructured BAE surfaces exhibited
cell numbers and production of differentiation markers and local
factors similar to those on microsmooth controls, except for
increased production of vascular endothelial growth factor (VEGF)
[7]. Differentiation paths other than osteoblastic were not consid-
ered in the study, but the responses of MSCs on multifaceted
surfaces that attempt to mimic the in vivo environment more
closely provide new insights and possibly attest to the diversity
of cellular differentiation states required around the implantation
site for the appropriate osseointegration.

3.2.2. Influence of wettability on keratinocytes and oral fibroblasts
The response of soft tissue cells such as keratinocytes and fibro-

blasts to the surface wettability of transmucosal (dental) and
transcutaneous (orthopedic) osseous implants may prove to be
important for long-term success. However, only a few studies have
explored this idea [78,79,91]. Keratinocytes are the major constit-
uents of the epidermis (the outermost layer of the skin), and of the
stratified squamous epithelial layer in the oral mucosa [92]. Fibro-
blasts, instead, are responsible for producing the supportive extra-
cellular matrix in the dermis in the case of the skin and in the
lamina propria, which is the connective tissue layer underneath
the stratified squamous epithelial layer, in the case of the oral
mucosa [93]. Intimate integration of these two layers of soft tissue

Fig. 5. Change in response of MG63 cells to differences in surface wettability. MG63
cells were plated on Ti or Ti6Al4V specimens with different surface modifications
(machined, nanomodified or micromodified) and covering a wide range of CAs, and
cultured to confluence on tissue culture polystyrene (TCPS) [22,90,136]. Data
represent the levels of osteocalcin secreted into the conditioned medium (n = 6
independent samples) normalized to production on TCPS surfaces. The specimen
abbreviations from the respective references were maintained: PT = machined,
pretreatment Ti; A = acid-etched Ti; SLA = sandblasted with large grit and
acid-etched Ti; modA = hydrophilized A; modSLA = hydrophilized SLA; NM-PT =
heat-treated, nanomodified Ti; NM-SLA = heat-treated, nanomodified SLA;
sTiAlV = smooth Ti6Al4V; rTiAlV = (micro) rough, double acid-etched Ti6Al4V;
NM-sTiAlV = nanomodified sTiAlV; NM-rTiAlV = nanomodified rTiAlV.
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cells with the implanted device is required to seal the implantation
site from the external environment, avoiding infections and peri-
implantitis, and ensuring a successful outcome [94,95].

Besides hydrophilicity, keratinocytes and fibroblasts have been
found to respond to such surface characteristics as surface chemis-
try [96,97] and surface topography [78,98]. In a study that con-
trolled the surface roughness and surface wettability to isolate
the effects of surface chemistry on mouse fibroblasts, Ti surfaces
that were coated with TiN by physical vapor deposition were com-
pared to surfaces that were thermally oxidized, laser irradiated or
unmodified controls [97]. Fibroblast morphology and activity were
enhanced on TiN surfaces compared to other groups, indicating
that tailoring the surface chemistry of the implant can support soft
tissue growth.

Surface nanotopography can modulate soft tissue cell response,
and this response may be specific to the types of nanostructure
present on the surface. Puckett et al. evaluated the effects of
surface nanomodification and wettability of Ti surfaces on kerati-
nocyte function for transcutaneous osseous implant applications
[78]. Keratinocyte adhesion, spreading and filopodium extension
increased on the nanomodified surfaces, by either electron beam
(e-beam) evaporation or anodization, compared to unmodified Ti
controls after 4 h of culture. After 3 and 5 days of culture,
keratinocyte spreading and proliferation were enhanced on the
e-beam-evaporated (nanorough) surfaces compared to anodized
(nanotubular) surfaces and unmodified controls. Thus, the authors
suggest that nanomodifications could promote skin growth and
limit the risk of infection, improving the longevity of transcutane-
ous osseointegrated implants.

Surface wettability can also affect keratinocyte response,
though fewer studies have looked into this question [78,79,91].
In the study by Puckett et al. described above [78], surface energy
for the different surfaces was calculated using CA measurements
with different liquids. Nanotubular surfaces had the highest
surface energy, while the unmodified controls had the lowest.
Interestingly, the strongest keratinocyte response occurred on
the nanorough surfaces with intermediate surface energy com-
pared to the other groups.

Conversely, in a study performed by our team, human oral
keratinocytes cultivated for 3 days on machined, relatively micro-
smooth Ti samples with controlled wettability presented markedly
enhanced proliferation on cold plasma-treated, superhydrophilic
samples compared to silane-coupled, hydrophobic ones (Fig. 6)
[79]. Higher keratinocyte proliferation on superhydrophilic sur-
faces resulted in faster surface coverage, suggesting that implants
with a superhydrophilic surface could lead to faster restoration
of a tight epithelial seal.

More recently, An et al. evaluated the response of the oral squa-
mous carcinoma cell line HSC-2 to hydrophobic acid-etched and
BAE surfaces, as well as to their superhydrophilic counterparts
(modA, modBAE) [91]. The HSC-2 epithelial cells exhibited
increased cell spreading and higher motility, as evaluated by
time-lapse microscopy, on the hydrophilic surfaces compared to
the hydrophobic ones. Smoother acid-etched surfaces also favored
this enhanced response compared to rougher blasted ones. The
study also looked at the mRNA expression of differentiation
markers such as KRT14, ITGA6 and ITGB4, and local factors such
as TGF-b1 and TGF-b3, without significant differences among the
different Ti surfaces. The authors suggested that smoother, super-
hydrophilic surfaces might positively influence the epithelial seal
around the implant.

3.3. Influence of hydrophilicity on bacterial colonization

Biomaterial-associated infections represent a small percentage
but result in serious complications in the orthopedic field

[99,100]. In dentistry, bacteria-caused complications in the oral
cavity, such as periodontitis or dental implant-related peri-implan-
titis, may cause tooth or implant loss [101,102]. In recent years, it
has become evident that bacteria entering the bloodstream during
tooth treatment or dental implant placement can cause life-threat-
ening infections not related to their infiltration sites, such as infec-
tive endocarditis by bacteria–platelet thrombi [103].

Since bacteria within a biofilm community are difficult to erad-
icate by systemic antibiotics, several anti-adhesive and antibacte-
rial strategies have been developed to prevent the formation of
mature biofilms on biomaterials surface by impeding the initial
and most vulnerable stages of bacterial adhesion [104]. These
strategies include surface coatings with dendrimers or polymeric
brushes such as poly(ethylene glycol) layers [105,106], surface
modifications using positively charged molecules or zwitterionic
coatings such as phosphorylcholine [107,108] and surface applica-
tion of silver nanoparticles or photocatalysts [63,104,109].

Even though the mechanisms by which bacteria adhere to sur-
faces are not fully understood, several physicochemical surface
properties of the material as well as of the bacteria themselves
have been described to contribute to the initial adhesion process
[110]. On the materials side, surface roughness as well as hydro-
philicity and surface free energy are known to influence bacterial
adhesion [111,112]. However, it is not easy to predict bacterial
interfacial behavior for each possible factor.

Regarding surface roughness, threshold values that may modu-
late bacterial adhesion are not clearly defined. In dentistry,
increased plaque formation has been reported above roughness
values of 0.2 lm [113]. However, three-dimensional surface nano-
modifications that can satisfy the roughness threshold to prevent
bacterial colonization and simultaneously improve soft and hard
tissue integration, as required in transgingival dental implant sites,
have been difficult to achieve. Regarding surface free energy, bac-
terial adhesion may decrease or increase with increasing surface
energy of substrates, depending on the physicochemical properties
not only of the substrate, but also of the bacterial strains tested and
the aqueous solution used [114]. Thus, surface hydrophilicity plays
a role in biomaterial/bacterial interaction, but the systems are
complex and influenced by a pattern of different factors, depending
on the implant site and, correspondingly, the bacterial species and
strains of interest.

In theory, hydrophobic bacterial strains will more likely
adhere to biomaterials with hydrophobic surface properties, and
correspondingly hydrophilic species will preferentially adhere to
hydrophilic surfaces. Hydrophobic interactions are widespread
and are involved in the mechanism of action of different micro-
bial adhesion elements, including hydrophobic cell membrane
components as well as adhesins located on fimbria or pili [115].
Several studies have confirmed that adhesion of the human
pathogens Staphylococcus aureus and S. epidermidis is correlated
to increased hydrophobicity of the biomaterial surface, and that
hydrophobicity in general is a main driving force for bacterial
adhesion [116].

In the clinical setting, however, the situation may be quite dif-
ferent. Quirynen et al. [117] compared oral biofilm development on
hydrophobic (surface free energy of 20 erg/cm�2) and more hydro-
philic (58 erg/cm�2) specimens in a clinical study over periods of
up to 6 days. In this study, the hydrophobic material had signifi-
cantly less plaque after 6 days. One of the main reasons for the
poor correlation between theoretical thermodynamics or in vitro
basic models and the more complex clinical situation is the forma-
tion of conditioning films in vivo that alter the surface properties of
biomaterials as soon as they encounter biofluids.

Wettability differences between biomaterials are often lessened
by this conditioning process. Bruinsma et al. [118] reported that
the initial difference in wettability between hydrophilic and
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hydrophobic contact lenses, with water CAs of 57 and 106�, respec-
tively, was reduced to 57 and 69� after contact with human tear
liquid. The adsorbed tear films showed a different protein compo-
sition, as analyzed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, which influenced subsequent bacterial adhesion.
In another study, MacKintosh et al. [119] investigated the adhesion
of S. epidermidis to polyethylene terephthalate samples with
hydrophilic, hydrophobic and ionic charge surface modifications.
When the adhesion experiments were performed in phosphate-
buffered saline, where the original surface state was maintained,
nonspecific bacterial adhesion after 24 h was lower by more than
one order of magnitude on the hydrophilic modification in compar-
ison to the unmodified control and the other modified surfaces.
After incubation in serum, however, the control, hydrophilic and
hydrophobic surfaces showed comparable, very low bacterial
adhesion, while the cationic and anionic modifications instead
showed substantially higher amounts of bacterial adhesion. As sta-
ted by the authors, serum proteins are more likely to exert a
greater effect on the surface adhesion and biofilm formation of S.
epidermidis in vivo than nonspecific interactions.

Since S. epidermidis and many other bacteria have developed
specific adhesion mechanisms to certain blood proteins, like fibrin-
ogen or fibronectin [119], biomaterial surface properties that lead
to conformational changes of these proteins during surface adsorp-
tion [120] will probably also influence bacterial adhesion. Hence,
even if surface free energy and surface charge are in fact the deter-
minants of bacterial adhesion, the indirect influences of these
parameters, coupled to changes in the chemical composition, the
molecule conformation in the conditioning film and the presence
of nanoscale features on the surface, are still not fully understood
or predictable. As a result, anti-adhesive strategies based on phys-
icochemical and thermodynamic approaches have only been partly
successful so far, though they are still among the most attractive

tools used to combat the costly and burdensome bacterial
complications.

3.4. Wettability role in animal and clinical studies

The influence of implant surface wettability transcends its role
at the protein and cellular level, and has been confirmed in vivo
and in the clinic [11,28,42,61,85,121–123]. Hydrophilic surfaces
of experimental, relatively smooth (Ra < 0.8 lm) disk-shaped Ti
implants were shown to promote early bone formation compared
to hydrophobic surfaces [28]. In a 3 week rat tibial model, cell via-
bility of the tissue covering the explanted devices revealed lower
cell viability and higher immunofluorescent-positive cells for alka-
line phosphatase and bone morphogenetic protein 2 (BMP-2) after
8 days on the hydrophilic surfaces compared to the hydrophobic
ones. VEGF-positive cells were found in similar numbers on both
surfaces after 8 days, and comparable osteocalcin- and alkaline
phosphatase-positive cells were measured on both surfaces after
14–21 days, suggesting that hydrophilicity had a greater role in
the early stages, promoting osteoblastic differentiation. Similar
results have been found on experimental Ti surfaces coated with
anatase TiO2 and irradiated with UV-A for 24 h to enhance hydro-
philicity [121]. Early osseointegration was enhanced in a 4 week
dog mandibular model, with bone-to-implant contact significantly
higher (42.7%) on the UV-hydrophilized surfaces compared to non-
coated, hydrophobic controls (28.4%) after 2 weeks.

Complex surfaces with roughened surface topography and
varied surface wettability have also validated the key role of sur-
face hydrophilicity. Experimental surfaces modified by blasting,
acid etching or anodization were evaluated in a 12 week rabbit
tibial model [122]. The anodized surfaces presented the lowest
surface roughness and the highest hydrophilicity among the
different groups, and promoted the highest removal torque

Fig. 6. Photometric quantification of crystal violet bound to the different experimental surfaces for human oral keratinocyte surface coverage evaluation. Keratinocytes were
incubated on (A) control machined (MA) surfaces, (B) MA surfaces hydrophilized by cold plasma treatment or (C) samples hydrophobized by silane coupling to the surface for
3–5 days, stained with crystal violet and photodocumented. (D) The bound crystal violet was eluted and quantified photometrically to determine the surface coverage. Data
represent means and standard deviations (n = 3) from three independent experiments. All data are expressed as a percentage relative to MA.
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in vivo, suggesting that the effect of hydrophilicity could elicit a
stronger response than surface roughness by itself in vivo. Note-
worthy is the fact that the anodized surfaces were the only ones
to display well-defined nanostructures.

Interestingly, other studies have correlated improved osseointe-
gration with wettability modification characteristics other than
hydrophilicity. Aita et al. showed that the osteoconductive capacity
of Ti implants increased after 4 weeks in a rat femoral model as a
function of hydrocarbon removal after UV treatment rather than
with the level of hydrophilicity, and indicated that the amount of
hydrocarbon adsorbed on the TiO2 surface at the time of implanta-
tion was crucial in determining the bone-to-implant integration
[61]. This implies a critical role for surface contamination of Ti
implants not only for the wetting behavior but also for the biolog-
ical outcome. Wettability reflects hydrocarbon contamination but,
even if superhydrophilicity is acquired, it does not guarantee a sur-
face free of any contamination [59].

Furthermore, studies have found a synergistic effect between
high surface roughness and surface hydrophilicity. Using an
in vivo split-mouth maxillary implantation model with domestic
pigs, increased bone-to-implant contacts have been observed for
clinically relevant, superhydrophilic modBAE surfaces compared
to machined surfaces [67] and to hydrophobic BAE controls
[42]. In 8 week studies, significant differences were found at
the initial 2- and 4 week time points, indicating early loading
capacity for combined microrough, bioactive and hydrophilic
surfaces.

Interestingly, other hydrophilic treatments involving alkali
etching of microstructured Ti surfaces have found contrasting
results. Implants with the alkali treatment on acid-etched surfaces
have promoted secondary stability in the early stages of healing in
animal models compared to the control [67,124]. The control
implants, however, had a machined surface, so beneficial effects
of hydrophilicity could not be separated from the influence of
the altered structure of the etched surfaces. No meaningful differ-
ences were found in a mini pig model using the alkali treatment on
BAE surfaces, compared to hydrophobic BAE and hydrophilic mod-
BAE controls [125].

Schwarz et al. evaluated the performance of BAE and modBAE
implants in the lower and upper jaw of dogs for 4 weeks [126].
The results confirmed the superior performance of superhydrophil-
ic surfaces over hydrophobic surfaces, with higher bone-
to-implant contacts after 1 week and up to 2 weeks before reach-
ing similar levels, in the case of the lower jaw, or until the end of
the study, in the case of the upper jaw. In the same study, the
non-submerged surface of the implants was treated in different
ways to investigate soft tissue integration to different surface fin-
ishes: relatively smooth machined, hydrophobic BAE, superhydro-
philic acid-etched (modA) and superhydrophilic modBAE. Analyses
showed that junctional epithelium was commonly separated from
machined and BAE surfaces that had not been chemically treated to
achieve superhydrophilicity, while epithelial cells seemed to be in
close contact with modA surfaces after 2 weeks, and both modA
and modBAE surfaces appeared to promote attachment of well-
vascularized subepithelial connective tissue.

Finally, Olivares-Navarrete et al. investigated whether the
effects of surface characteristics such as surface roughness and
wettability could be affected by age in a novel murine femoral
intramedullary bone formation model using machined, BAE and
modBAE implants [123]. Their results revealed that, after 4 weeks,
the old mice (9 months old) developed significantly more bone-to-
implant contact on modBAE surfaces compared to machined
surfaces, in contrast to the younger mice (2 months old), which
presented similarly high levels on all three surfaces. Taken
together, these results suggest that older mice have less

regenerative capacity than younger mice, but that osseointegration
similar to that in young mice can be achieved when given the
appropriate surface properties. However, these findings have not
been verified with humans in the clinic.

What has been verified clinically is that the synergistic effects of
combined surface microroughness and superhydrophilicity can
lead to enhanced osseointegration during the early phases of heal-
ing in a 6 week human submerged retromolar model comparing
hydrophobic BAE implants to superhydrophilic modBAE ones
[11]. The surgical technique to remove the implant from the
patients allowed the circumferential sampling of 1 mm of tissue
surrounding the device for histomorphometric analyses. The per-
centage of bone-to-implant contact in the initial 2- and 4 week
time points was more prominent on the superhydrophilic surface
(14.8 vs. 12.2% and 48.3 vs. 32.4%, respectively), but at the end of
the study, after 6 weeks, the two surfaces supported similar levels
of contact (61.6 vs. 61.5%).

The apparent early osseointegration found on superhydrophilic
modBAE implants was put to the test in a two-center posterior
maxillary/mandibular clinical study in which the devices were
loaded for 21 days after placement [127]. Using a non-submerged
protocol, 89 implants in 56 patients were evaluated in total. After
21 days of healing, the devices were loaded with provisional resto-
rations in full occlusion, and definitive metal ceramic restorations
were given after 6 months of healing. The patients were continu-
ously monitored for 24 months after implantation. Two implants
failed to integrate during healing and two other implants required
a longer healing time, while 85 implants (95.6%) were loaded with-
out incident after 21 days of healing. No other implants were lost
during the course of the study, though one more was lost during
the follow-up. The success rate 2 years after implantation was
97.7%, with all implants exhibiting favorable radiographic and clin-
ical findings. Other studies with similar hydrophilized modBAE
surfaces using different cleaning protocols have also reported
favorable short-term (1 year) clinical outcomes [128] and
increased survival rate in a 4- to 5 year retrospective study [129],
although lack of hydrophobic controls and low participation at
the 1 year follow-up, respectively, limit the impact of their results.

Another hydrophilization technique evaluated clinically used
phosphonic acid coupled to blasted and acid-etched surfaces to
generate a ‘‘biomimetic’’ surface with increased hydrophilicity
[130]. The 1 year results from a controlled clinical trial comparing
the phosphonic acid-treated implants vs. untreated controls in a
split-mouth model with 23 patients confirmed the biocompatibil-
ity of the new surface modification. However, similar outcomes
with the untreated controls suggested that the phosphonic acid
modification had limited effectiveness.

Finally, the alkali treatment used to hydrophilize hydrophobic
BAE surfaces has also been tested in a clinical case series [131].
For this study, 35 implants were placed in 10 patients with
compromised bone density (classes 3 and 4). Although no controls
were included in the experimental design, the authors concluded
that the implants exhibited good results, in terms of implant
stability quotient and vertical bone volume, up to 1 year after
loading.

The superposition of hydrophilicity on marketed implants
becomes very attractive when considering the enhancement of
early osseointegration. Reducing the healing times, and thus the
time it takes for patients to return to their normal lifestyles, from
several months to weeks underscores the importance of hydrophi-
licity. Furthermore, it is reasonable to suggest that earlier, more
stable osseointegration could extend coverage of compromised
patients and also promote the long-term health of the implanta-
tion site, possibly prolonging the lifetime of the implant, which is
difficult to evaluate in vitro, in vivo or even in the clinic.
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4. Conclusions

The roles of surface properties such as roughness and chemistry
have been thoroughly evaluated in osseointegration; however, rel-
atively few studies in the literature have investigated the effects of
surface wettability on key biological aspects. Recent studies sug-
gest a general stimulating effect of higher surface hydrophilicity
on hard and soft tissue integration with the implant, yielding accel-
erated healing and early osseointegration. Experimental designs
that would allow a more definitive correlation of observed biolog-
ical responses to single surface parameters, such as hydrophilicity,
charge, specific functional groups or nanoroughness, are challeng-
ing, as are designs that would allow investigators to further iden-
tify and quantify the role of synergistic effects. The optimal
degree of hydrophilicity for best biological and clinical outcomes
remains unclear. While several recent hydrophilized implant
systems favor superhydrophilicity, it is unclear if a more moderate
hydrophilicity would further optimize interfacial reactions.
Although openly expressed in papers and by manufacturers, cur-
rent knowledge can only hypothesize that earlier, more stable
osseointegration can also promote the long-term health of the
implantation site, possibly extending the lifetime of the implant.
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Appendix A. Figures with essential color discrimination
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difficult to interpret in black and white. The full color images can
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