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Abstract The success of a biomaterial relies on an appropri-
ate interaction between the surface of that biomaterial and the
surrounding environment; more specifically, the success of a
biomaterial depends on how fluids, proteins, and cells interact
with the foreign material. For this reason, the surface proper-
ties of biomaterial, such as composition, charge, wettability,
and roughness, must be optimized for a desired application to
be achieved. In this review we highlight different bioinspired
approaches that are used to manipulate and fine-tune the in-
terfacial properties of biomaterials. Inspired by noteworthy
natural processes, researchers have developed materials with
a functional anatomy that range from hierarchical hybrid
structures to self-cleaning interfaces. In this review we focus
on (1) the creation of particles and modified surfaces inspired
by the structure and composition of biogenic mineralized tis-
sues, (2) the development of biofunctional coatings, (3) mate-
rials inspired by biomembranes and proteins, and (4) the de-
sign of superwettable materials. Our intention is to point out
different bioinspired methodologies that have been used to
design materials for biomedical applications and to discuss
how interfacial properties modified by manipulation of these
materials determine their final biological response. Our objec-
tive is to present future research directions and to highlight the
potential of bioinspired materials. We hope this review will
provide an understanding of the interplay between interfacial

properties and biological response so that successful biomate-
rials can be achieved.
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Introduction

Biomaterial is the name given to a synthetic or natural device
that can be completely or partially put in contact with a bio-
logical system for a certain period of time to treat, improve, or
replace a tissue, organ, or function of the body (Gemini-
Piperni et al. 2014). During the course of biomaterial devel-
opment three different generations of biomaterials have
evolved. The first generation consisted of bioinert materials
which only provided a suitable combination of physical prop-
erties that matched the properties of the replaced tissue with
minimal toxic response from the host tissue (Hench and
Wilson 1984). The second generation comprised bioactive
materials that were able to interact with biological systems
to promote a tissue/material bond. The third generation in-
volved materials that stimulated a specific cellular response
at the molecular level (Hench and Polak 2002).

Because the surface of the biomaterial is the first region that
comes into contact with the physiological environment, the
initial biological response depends on interfacial contact and
on the improvement of the surface properties by modification
of this surface. From this perspective, the field of bioinspired
surfaces fits well into the general field of biomimetic mate-
rials. Additionally, extensive investigation of biological sur-
faces in recent years has revealed that these surfaces display
unusual properties; for example, very water-repelling rough
surfaces use the Blotus effect,^ surfaces with high and adjust-
able adhesion use the Bgecko effect,^ and non-reflective
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surfaces use the Bmoth-eye effect,^ among others (Drelich
et al. 2011). Liu et al. (2014) pointed out that special surface
wettability stems from a coordinated action between
multiscaled surfaces and surface chemistry. According to
Vogler (1998), hydrophilicity and hydrophobicity are the first
parameters that affect the adsorption of proteins. Hydrophobic
surfaces thermodynamically favor the adsorption of proteins
from aqueous solutions, but they also induce irreversible ad-
sorption, which can denature proteins. On the other hand,
hydrophilic surfaces may prevent proteins from being
adsorbed.

The emergence of new technologies and of devices with
reduced size requires new materials and surfaces with specific
properties, such as low adhesion and friction and non-wetta-
bility, among others. These specific properties will depend on
increasing the surface-to-volume ratio so that surface effects
will dominate over volume effects (Drelich et al. 2011).

Physical and chemical properties, such as size, crystalline
structure, charge, composition, and hydrophilicity, determine
whether a biomaterial is biocompatible. In other words,
whether the best physical and chemical properties are suitable
will depend on the application of the biomaterial. For exam-
ple, cardiovascular articulation implants demand good cell
adhesion, whereas catheters require that cell adhesion be kept
to a minimum to avoid contamination. In general, a suitable
biomaterial must interact well with body cells and show good
cell proliferation; that is, the surface of the biomaterial must be
hydrophilic (high wettability), rough (to promote adsorption
of proteins), and highly reactive, as well as presenting high
surface energy (Vogler 1998; Chang and Wang 2011). In this
review we discuss these aspects of biomaterials, using poly-
meric, nanoparticulated, and titanium (Ti)-based biomaterials
as examples.

Modification of the surface of polymers

Regarding composition, a biomaterial can be a synthetic poly-
mer, a metal, a ceramic material, or a natural macromolecule.
Polymers are among the most often used materials for bio-
medical applications, such as vascular grafts, heart valves,
contact lenses, orthopedic implants, and tissue engineering
(Kawachi et al. 2000). Polymers are preferred because they
exhibit excellent mechanical and chemical properties, includ-
ing high mechanical strength, elasticity, and resistance to cor-
rosion, not tomention that they are inexpensive and non-toxic.
Compared to metallic and ceramic materials, the surface of
polymers is easier to modify (Yoshida et al. 2013).

Several types of polymers have been studied for biomedi-
cal use, such as polymethylmethacrylate (PMMA) (Lee et al.
2008) and polyethylene terephthalate (PET) (Liu et al. 2005).
However, their application as biomaterial depends on charac-
teristics like biodegradability (Maia et al. 2010) and

bioactivity. Biodegradable synthetic polymers, such as
polylactide (PLA) and poly(lactide-co-glycotide) (PLGA),
are not sufficiently bioactive and cannot promote cell regen-
eration (Lee et al. 2008). Hence, researchers in the field of
interfacial science have made numerous efforts to modify
the surface of these materials to improve their biological re-
sponse when they come into contact with the host tissue.

Several strategies have been used to modify the surface of
polymers, including treatment with active gases (vapor or ra-
diation) (Ma et al. 2007), plasma treatment (Khorasani and
Mirzadeh 2004), layer-by-layer (LbL) deposition (Seo et al.
2008), and self-assembled monolayers (Chen and McCarthy
1997). All of these strategies have the aim to enhance the
physical and chemical properties of the surface of the polymer,
such as wettability and roughness, which play a key role in
cell adhesion, spreading, and proliferation and in tissue for-
mation (Liu and Ma 2004).

Just how modification of the surface of polymers
affects the way biomaterials perform in biological sys-
tems has been widely discussed (Hallab et al. 2001).
Lee and McCarthy (2007) verified the topographic ef-
fects of modifying the surface of two of the most com-
mon polymers, polyethylene (PE) and Teflon (FEP), ob-
serving that an altered topography induces enormous
changes in wettability through, for example, alterations
in the contact angle, thereby rendering a surface Bsuper
hydrophobic.^

Liu et al. (2005) modified PET films using hydrolysis and
the LbL assembly technique with chitosan and chondroitin
sulfate (CS, an important extra-cellular matrix component that
plays an important role in maintaining cell functions). These
authors verified that the surface of the modified PET is rough-
er and more hydrophilic, which allows it to adhere to endo-
thelial cells more strongly than unmodified PET and to main-
tain the endothelial function.

The plasma treatment methodology can chemically insert
reactive functional groups into polymeric substrates, using
oxygen, ammonia, or air to generate carboxyl groups
(Yoshida et al. 2013). This type of modification can create
functional groups on the surface of the polymer, which will
then be able to immobilize various types of extracellular ma-
trix proteins, including collagen. The plasma modification
technique also makes the polymer more hydrophilic, provid-
ing the modified surface with high adhesion power and cell
proliferation.

Other studies involving modification of the surface by ra-
diation have been conducted. Nechifor et al. (2009) used gam-
ma radiation on porous polymeric membranes obtained
through the alloying of poly(hydroxy-urethane) (PHU) and
poly(vinyl alcohol) (PVA) at different concentrations. These
authors found that porosity and hydrophilicity increase as the
dose of gamma radiation augments, but that the samples are
significantly less rough.
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In an attempt to mimic the structure of lipids such as the
phosphorylcholine group of phosphatidylcholine and
sphingomyelin, two components of cell membranes, re-
searchers have developed new polymer-based biomaterials
based on the structure of biomembranes. Ishihara (2000)
synthesized the polymer 2-methacrylooyloxyethyl
phosphorylcholine (MPC) by adding a lipid polar group
to the side chain, with the aim to improve the adsorption
of proteins and resistance of cell adhesion to these sur-
faces. However, biomembrane-inspired methods are quite
complex and require rigorous procedures under mild con-
ditions, which prevent their general applicability.

The mussel adhesion process has inspired a simple
method which can be used to modify the surface of
polymers and has been widely used in polymer-based
biomaterials. Mussels can strongly adhere to all sur-
faces regardless of roughness due to having catechol
groups which mediate synergy between noncovalent
and covalent chemical interactions (Lee et al. 2007).
Catechol groups can be easily inserted into polymers
by immersing the polymer in a solution of dopamine, a
biological neurotransmitter. In this method, dopamine
undergoes oxidative polymerization in the presence of
oxygen under alkaline conditions. During polymeriza-
tion, a tightly adherent layer of polydopamine emerges
on the surface of the substrate that was immersed in the
solution of the neurotransmitter for a certain period (Jiang
et al. 2011). Mussel-inspired adhesiveness of polymeric
biomater ia ls has been used to create hydrogels

(Krogsgaard et al. 2013, Han et al. 2017), biofunctional
coatings (Ryu et al. 2010), and scaffolds for tissue engi-
neering (Ku and Park 2010).

Biomimetic modification of the surface
of nanoparticles

The unique properties of nanoscaled materials that arise from
their high surface area have been employed in many fields
(Sanvicens and Marco 2008; Jayakumar et al. 2010; Moon
et al. 2011). Growing interest in applying this kind of material
in the biomedical field stems from their dimensions, which are
comparable to those of cellular organelles and consequently
enhance their interaction with biological media (Verma and
Stellacci 2010). In this regard, the chemical and physical char-
acteristics of nanoscaled materials must be investigated in an
attempt to understand and improve their biological response
(Chithrani et al. 2006).

Recognition by biomolecules and cells is the key step to
determine whether implantable nanomaterials are biocompat-
ible (Nel et al. 2009). In this context, physical and chemical
properties, such as size, crystalline structure, charge, compo-
sition, and wettability, must be tailored to mediate the interac-
tion of the biomaterial with the physiological medium (Fig. 1)
(Jiang et al. 2008). Biomimetic strategies have been applied to
both fashion and modify the chemical and physical character-
istics of nanoparticles, thereby enhancing their biological per-
formance (Fan et al. 2006; Carmona-Ribeiro 2010).

Fig. 1 Methods for synthesizing nanoparticles, surface properties, and physiological interactions. LbL Layer-by-layer
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Biomineralization has been one of the most inspiring pro-
cesses to synthesize biocompatible inorganic nanoparticles as
it enables a high control over physical and chemical proper-
ties. Biomineralization is the process through which living
organisms form highly organized inorganic substances
(Barabási and Oltvai 2004; Mann 2004). This process is me-
diated by an organic matrix consisting of biomolecules such as
proteins and polysaccharides, which play a crucial role in the
unique properties of biominerals (Didymus et al. 1993; Mann
et al. 1993; Xu et al. 2007). The organic phase accounts for
nucleation and growth of the inorganic phase. Also, by means
of kinetic and thermodynamic effects, nature exerts a high
control over the properties of biominerals, such as size, aggre-
gation, texture, and crystalline structure, among others
(Navrotsky 2004). Jiang et al. investigated nucleation of hy-
droxyapatite in the presence of CS to show that the latter
organic molecule provides a lower nucleation barrier to pre-
cipitation of the inorganic phase due to molecular recognition
between the organic matrix and the inorganic precursors
(Jiang et al. 2005). In this case, formation of the mineral does
not require supersaturation, which is the force that drives pre-
cipitation. In an extensive review, Meldrum and Colfen de-
scribed how nature controls the morphology and structure of
minerals (Meldrum and Colfen 2008).

Materials such as bone, nacre, and silica diatoms are just a
few examples of complex hierarchically structured natural
materials emerging at ambient conditions. Inspired by these
structures, scientists have synthesized organic–inorganic hy-
brid particles with controlled hierarchical structures by mim-
icking the biomineralization process (Cai and Tang 2008; Xu
et al. 2008; He et al. 2009). To this end, biological macromol-
ecules have been used to assemble inorganic particles through
biomimetic methodologies, including emulsions (Szcześ
2009), reverse emulsions (Tai 2008), confined spaces
(Gautier et al. 2007; Stephens et al. 2011), and self-
assembled polymeric systems (Cruz and Ramos 2016). In
these studies, numerous kinds of organic matrixes can be used,
including, for example, polyelectrolytes (Falini et al. 1994),
block copolymers (Colfen et al. 2001), surfactants (Lin et al.
1994), proteins (Chiu et al. 2012), and polysaccharides
(Nogueira et al. 2016).

Biomimetic strategies are more versatile than those which
involve controlling the physical properties of inorganic mate-
rials only. A number of studies have shown that the organic
matrix can also guide the nucleation and growth of the
inorganic phase by changing surface properties. Wang et al.
(2006) synthesized hydrophobic calcium carbonate (CaCO3)
vaterite (the thermodynamically most unstable mineral phase
of CaCO3) nanoparticles through a biomimetic approach in
the presence of oleic acid, to obtain hydrophobic CaCO3

nanoparticles with a hybrid structure. Oleic acid molecules
associate with Ca2+ by interfacial recognition, which leads
the mineral phase to precipitate. The authors found that the

organic matrix not only induces nucleation and growth of
CaCO3 nanoparticles, but also changes surface wettability
from hydrophilic to hydrophobic. The crystalline structure
and morphology and the hydrophobic character of the
surface of nanoparticles depend on the concentration of oleic
acid. Chen et al. (2010) synthesized hydrophilic CaCO3 nano-
particles using PE glycol phosphate. Like Wang et al. (2006);
Chen et al. (2010) verified that organic molecules guide nu-
cleation and the growth of nanoparticles and coat the surface
of these particles, to produce hydrophilic structures.

The versatile LbL technique (Fig. 2) has also been
employed to precipitate biomimetic nanoparticles (Caruso
1998; (Wu and Zhang 2012). The LbL technique is based on
the deposition of multilayers of opposite charge, or it can be
mediated by covalent and hydrogen bonds. This technique
allows the hydrophilic and hydrophobic character of nanopar-
ticles to be controlled by modification of the surface. Other
methods, such as the adsorption of polymeric dispersant, can
be used to control the hydrophobic and hydrophilic character
of a material in order to improve the interaction of the nano-
particles with the physiological medium, proteins, and cells
(Cyster et al. 2005).

The specific surface properties of a nanoparticle account
for the adsorption of proteins, cellular interactions, and host
responses (Walkey et al. 2012). Upon contact with the phys-
iological environment, these materials interact first with bio-
molecules and ions and then with cells (Walkey et al. 2012).
Due to their large surface area, and consequently high surface
energy, nanoparticles tend to agglomerate and adsorb proteins,
giving rise to a Bcorona^ on the surface of the nanoparticles
(Saptarshi et al. 2013). This Bcorona^ will dictate the new
surface properties of the material and hence its stability in
physiological media (Saptarshi et al. 2013). The characteris-
tics of the surface of the particles will strongly influence the
spatial orientation of the amino acid residues in the adsorbed
proteins and subsequent biological events,such as blood cir-
culation, coagulation, and internalization (Saptarshi et al.
2013).

Although nanomaterials have been increasingly applied in
living systems, investigations on the relationship between the
physicochemical properties of these nanomaterials and their
effect on biocompatibility are still lacking (Zhu et al. 2013).
The chemical composition of the surface of nanoparticles af-
fects hydrophilicity, which is one of the main factors related to
the ability of nanoparticles to interact with biomolecules and
cells (Verma and Stellacci 2010). A number of studies have
shown that proteins adsorb onto hydrophilic surfaces mainly
via electrostatic attraction, whereas their adsorption onto hy-
drophobic surfaces is driven by increased entropy assigned to
the random orientation of proteins on this kind of surface
(Kondo and Mihara 1996; Malmsten 1998). Zhu et al.
(2013) investigated how the hydrophobicity of the surface of
nanoparticles affects the spatial orientation of amino acids in
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adsorbed proteins. According to these authors, compared to
proteins adsorbed on hydrophilic surfaces, the methyl groups
of proteins adsorbed onto hydrophobic nanoparticles are more
randomly oriented despite the higher amount of protein, which
suggests denaturation. Saha and Das (2009) showed that the
amount of basic and acidic functional groups on the surface of
nanoparticles influences the adsorption of proteins more than
the hydrophobic/hydrophilic character of the nanoparticles.
These authors synthesized hydrophilic nanoparticles based
on malachite, which has a basic nature that prompts an addi-
tional acid–base interaction between the nanoparticles and
bovine serum albumin (BSA), to verify the higher adsorption
of protein even at a pH higher than the isoelectric point of the
nanoparticles. This result differs from those observed for hy-
drophilic inorganic oxide nanoparticles like magnetite and
TiO2, where a lower amount of BSA adsorbs onto the
surface at a pH higher than the isoelectric point. Gustafson
(2015) reported that nanoparticles modified with hydrophobic
molecules cause oxidative stress in cells. Liang et al. (2007)
modified the surface of magnetite nanoparticles with chitosan
to enhance hydrophilicity and colloidal stability. Adsorption
of BSA onto the modified nanoparticles also increases as a
consequence of higher hydrophilicity. The shape of nanopar-
ticles is also an important factor. TiO2 nanorods and nanotubes
adsorb proteins from human plasma in different ways (Deng
et al. 2009). A faster proliferation of osteoblasts on TiO2 nano-
tubes has been attributed to the morphology of the tubes,
which resembles the fibril arrangement of collagen in bone
tissue (Suwandi et al. 2015).

Surface charge plays a key role in the biological perfor-
mance of nanomaterials and drives their electrostatic interaction
with proteins, cells, and biological fluids (Albanese et al. 2012).
In this context, ionizable groups, such as acidic and amine
groups, are often applied to modulate the charge of nanoparti-
cles in order to generate negatively and positively charged sur-
faces, respectively (Mendes 2008). Experimentally, the surface

charge of nanoparticles can be evaluated by measuring the zeta
potential by means of electrophoretic mobility. Differently
charged nanoparticles display appreciably distinct cellular be-
havior. For example, phosphate groups from lipids provide cell
membranes with negative charge (Papahadjopoulos and Miller
1967). Positively charged nanoparticles generally exhibit a
higher cellular binding and cellular uptake ability than negative-
ly charged nanoparticles (Cho et al. 2009). Patil et al. (2007)
showed that electrostatic interactions are the driving force be-
hind the adsorption of proteins and cellular uptake in the case of
Ce2O3 nanoparticles. The positive zeta potential of nanosized
Ce2O3 samples favor the adsorption of albumin, whereas neg-
ative zeta potential favors the uptake of nanoparticles by cells.

The target application must be carefully evaluated before
the physical and chemical properties of a nanomaterial are
tailored. For example, when the goal is to obtain a
nanomaterial to regenerate bone tissue, migration of proteins
toward the surface of the nanomaterial is mandatory to obtain
adequate cellular response (Wei and Ma 2004). In this case,
biocompatibility will be dictated by the adsorption of proteins
on the surface and subsequent cell migration, attachment, and
differentiation. On the other hand, if the final goal is to obtain
a drug-delivery system, the migration of proteins toward the
surface of the nanoparticles can lead to aggregation, and the
nanomaterial will be cleared by macrophages before it reaches
the target tissue (Buzea et al. 2007). Therefore, in this specific
example, it is necessary to modify the surface of the
nanomaterial to increase the circulation of proteins, thereby
avoiding their adsorption (Storm et al. 1995).

Hu et al. (2007) studied how the size of hydroxyapatite
nanoparticles impacts the bioactivity of this mineral. These
authors found that smaller nanocrystallites stimulate prolifer-
ation of the bone marrow mesenchymal stem cells.
Nevertheless, predicting how nanoparticles will interact with
physiological media is a difficult task, which leads to diver-
gent results due to a lack of accurate physicochemical

Fig. 2 Layer-by-layer (LbL)
multilayers are easily created by
alternate and consecutive adsorp-
tion of oppositely charged poly-
mers on a surface. This can be
achieved by immersing the sur-
face (a particle or a planar sub-
strate) in a solution containing the
desired polymer, followed by a
washing step, to release weakly
adsorbed molecules. The second
layer is deposited by immersion in
a solution of the oppositely
charged polymer. To build the
multilayers, immersion/washing
cycles are repeated as many times
as desired
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characterization (Sapsford and Russ Algar 2013). Although
several studies have shown that compared to crystalline parti-
cles amorphous phosphate nanoparticles display enhanced
bioactivity, Tang’s group demonstrated that most of these
studies do not consider the size of the particles when different
crystalline structures are compared (Hu et al. 2007). Tang’s
group therefore synthesized amorphous and crystalline phos-
phate nanoparticles with the same size distribution to verify
different results and found that crystalline phosphates affect
the proliferation of osteoblasts more significantly than do
amorphous calcium phosphates (Cai et al. 2007).

Despite countless studies on the physicochemical proper-
ties of nanomaterials and their biological response, to date we
have been unable to come to a general conclusion on how size,
shape, and surface chemistry influence the way nanomaterials
and physiological media interact (Mu et al. 2016). Many stud-
ies have failed to accomplish complete characterization of the
nanoparticles, providing the scientific community with un-
clear results (Lynch and Dawson 2008). Awell-characterized
system is mandatory for improved understanding and control
of the biological responses of nanoparticles according to the
desired applications (Barabási and Oltvai 2004).

Biomimetic modification of the surface of Ti

Pure Ti and its alloys are widely used as bone and dental
implants due to their excellent mechanical properties and high
chemical stability. Nevertheless, the inert surface of Ti and its
alloys (considered to be due to the formation of a thin oxide
layer) results in poor implant–tissue contact. The latter in turn
leads to low osteointegration and to the formation of a fibrous
tissue, a process which culminates in implant failure. Different
methodologies have been proposed tomodify the surface of Ti
in order to improve osteointegration (Liang et al. 2015;
Velasco-Ortega et al. 2016).

Several studies have highlighted how the physical and
chemical surface properties of Ti implants are important, in-
cluding composition, topography, roughness, wettability, and
surface free energy (Lampin et al. 1997; Costa and Maquis
1998; Elias et al. 2008; de Souza et al. 2014; Cruz and Ramos
2016). Roughness is a very important parameter for implants
because it induces cell differentiation and enhances
osteointegration (Buser et al. 2004; Rupp et al. 2006). Many
methods to make the surface of Ti rougher have been de-
scribed, including acid etching, plasma spraying,
sandblasting, and electrochemical corrosion (Liang et al.
2015; Ferreira Ribeiro et al. 2016; Hotchkiss et al. 2016;
Velasco-Ortega et al. 2016). Most studies have stated that
higher roughness causes higher cell adhesion (Wang et al.
2013; Shibata and Tanimoto 2015; Velasco-Ortega et al.
2016). Wang et al. (2013) studied the roughness of the surface
of Ti at three different levels, i.e., smooth, micro, and micro/

nanostructured surfaces, respectively, and found higher adhe-
sion and proliferation of osteoblasts with increasing rough-
ness. Velasco-Ortega et al. reported that roughness and topog-
raphy are the two factors which influence the success of Ti
implants the most. These authors also reported that rougher
surfaces stimulate cells to differentiate into osteoblasts
(Velasco-Ortega et al. 2016.) Kikuchi et al. (2005) demon-
strated that microtopography determines activation of human
blood platelets as compared to calcium phosphate-modified Ti
surface (2005). On the other hand, some studies have reported
that cell adhesion does not depend on roughness (Ferreira
Ribeiro et al. 2016; Kaliaraj et al. 2016). Ferreira Ribeiro
et al. (2016) did not observe any differences in terms of bac-
terial adhesion and proliferation on acid-etched and laser-
irradiated Ti samples characterized by different roughness.
Goriainov et al. (2014) reported that a surface characterized
by moderate roughness leads to good cell attachment and
elicits relatively better interfacial response, which is beneficial
to integration of the implant. These authors observed that a
smooth/slightly rough surface hinders cell adhesion, whereas
a highly rough surface gives rise to excessively distant peaks,
which harms cellular nutrition (Goriainov et al. 2014).

The oxide layer on the surface of the implant can undergo
hydrolysis in aqueous medium to form pH-dependent species.
A negatively charged surface is important for positive cellular
responses (Han et al. 2016). Liang et al. (2015) investigated
cell adhesion to a novel electrochemically micro/nanotextured
surface. These authors reported that samples with a TiO2 layer
generated by anodization displayed higher wettability and sur-
face free energy than samples that had not been treated by
anodization. As expected, the authors verified that a more
hydrophilic surface provides higher cell adhesion and prolif-
eration (Liang et al. 2015).

The hydrophilicity of a surface not only accounts for the
initial binding of proteins and macromolecules, it also influ-
ences the orientation and conformation of these molecules on
the surface. This step drives cell attraction and adhesion be-
cause it activates receptors at the outer cell membrane (Gittens
et al. 2014; Goriainov et al. 2014; Han et al. 2016). Using this
knowledge, researchers have proposed biomimetic modifica-
tions that use naturally occurring species and methods that
improve mainly the chemical properties, but also the physical
properties, of the surface of Ti to favor implant–tissue contact.
Among the methodologies employed for this purpose is mod-
ification of the surface of Ti with biomolecules, such as fibrin
fibers, collagen, dopamine, LbL films, and Langmuir–
Blodgett films (Tejero et al. 2014; Chou et al. 2015; Cai
et al. 2016; Cruz et al. 2016), and with biominerals, such as
like calcium phosphates and CaCO3 (de Souza et al. 2014;
Cruz et al. 2016). Many methodologies involve the use of
biomolecules and biominerals as the organic framework and
inducers, respectively, to precipitate hydroxyapatite. The
methodological procedure consists of dipping the modified
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titanium in a solution called simulated body fluid (SBF) that
simulates the concentrations of the ions in human
plasma(Kokubo et al. 1990).

Sánchez-Treviño et al. (2016) studied the self-assembled
films of alkyl phosphonate as a coating on the surface of Ti
to promote the growth of hydroxyapatite and to improve cell
adhesion. These authors observed that this modification in-
creases roughness and decreases the contact angle. They also
reported that these changes, mainly higher hydrophilicity, un-
derlie the better cell adhesion of these films as compared to
that of pure Ti. Biopolymers like fibrin fibers and collagen can
attach to the surface of Ti by simple physical adsorption or
covalent binding, or they can be trapped on the surface of Ti
by electrochemical methods, and so on (Tejero et al. 2014).
Cai et al. (2016). described an antifouling Ti surface based on
host–guest interactions. These authors covalently anchored
dopamine derivatives to Ti as host molecules and used a
zwitterionic and a hydrophilic polymer as guest molecules.
They found that the contact angle of the modified Ti surface
decreased relative to pure Ti, although adsorption of proteins
and bacteria diminished due to the antifouling properties.
Chou et al. (2015) investigated a modification technique that
employs oxidized dopamine as an interlayer between a LbL of
heparin/collagen. According to these authors, compared to
pure Ti, the contact angle of the modified surface increases
after modification, affording a less hydrophilic surface while
promoting hemocompatibility. These authors showed that the
combined effect of oxidized dopamine with several multi-
layers of biopolymer affects cell adhesion positively even on
a hydrophobic surface (Chou et al. 2015). This result indicates
that a more hydrophilic surface does not always lead to better
adhesion of cells or proteins, which also depends on the chem-
ical properties of the species attached to the surface (Chou
et al. 2015, Cai et al. 2016).

Langmuir–Blodgett (LB) films can also be used to create a
biomimetic lipid membrane on metallic surfaces (Fig. 3). LB

films are molecularly organized matrixes composed of amphi-
philic molecules arranged in a bidimensional membrane that
resembles the structure and composition of biological plasma
membranes (Caseli et al. 2015). Spreading a solution of an
insoluble amphiphilic molecule on an aqueous subphase
causes the molecule to adsorb at the air–liquid interface.
This process can be studied with the aid of a Langmuir trough
(Fig 3a), which measures changes in liquid surface tension (γ)
resulting from the adsorption of molecules at the air–liquid
interface. A movable barrier can reduce the interfacial area
by causing the amphiphilic molecules to condense at the in-
terface. After reaching a specific state of condensation, these
molecules can be transferred to solid supports by passing the
support vertically through the air–liquid interface to produce
LB films where the number of layers depends on immersion
and withdrawal cycles (Fig. 3b). The proper choice of the
amphiphilic molecule and ionic composition leads the
resulting organic matrix to act as a framework for the crystal-
lization of biominerals (Fig. 3d).

Besides containing lipids, LB films can carry ions and oth-
er molecules during formation of the matrix (de Souza et al.
2014; Cruz et al. 2016; Ruiz et al. 2017). Cruz et al. (2016)
recently developed a method that consists of transferring
dihexadecyl phosphate (DHP) with Ca2+ ions by the LB tech-
nique and exposing the film to a CO2-rich atmosphere, with
the aim to generate CaCO3 on the surface of the matrix and to
stimulate further growth of the hydroxyapatite therein.
According to these authors, these modifications result in a
rougher and more hydrophilic surface as compared to pure
Ti, and viable osteoblasts reveal improved recovery of surface
cells (Cruz et al. 2016). Ruiz et al. (2017) used LB films to
deposit collagen fibers on the surface of Ti and to induce
precipitation of hydroxyapatite. These authors showed that
this modification enhances cell viability due to increased wet-
tability, surface free energy, and roughness (Ruiz et al. 2017).
De Souza et al. (2014) provided evidence that surfaces with

Fig. 3 a, b Representation of a
Langmuir trough used to study
the behavior of insoluble
amphiphilic molecules at the air–
liquid interface (a) and to build
Langmuir–Blodgett (LB) films
(b). c, d The resulting LB film (c)
exhibits a structure and composi-
tion that resembles the structure
and composition of biological
plasma membranes (d) and can be
used as a biomimetic system to
mediate crystallization of
biominerals
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comparable roughness but different composition induce dif-
ferent responses from osteoblasts. In their study, sand-blasted
Ti presented lower cell viability than to hydroxyapatite-
modified Ti (de Souza et al. 2014). This result indicates that
initial contact of the cell with biomimetic coatings is
important.

In addition, roughness and wettability are both extremely
important for biocompatibility and osteointegration of Ti
implants. Tejero et al. (2014) explained that it is difficult to
separate the contribution of these two parameters to the final
implant material . Wenzel’s equation relates roughness with
wettability,

cosθW ¼ r cosθY ;

where r is the average roughness, θW is the measured contact
angle, and θY is the Young contact angle for an ideal smooth
surface (Wenzel 1936; Wolansky and Marmur 1999). This
equation shows that increased roughness reduces the contact
angle, which means that a more hydrophilic surface arises.
However, Wenzel’s equation cannot be applied to general sur-
faces originating from several modifications along the years
(Rodríguez-Valverde 2008; Yamaguchi et al. 2014; Jardim
et al. 2016).

Development of super-wettable bioinspired materials

The focus of this section is the recent advances in
bioinspired, extremely wettable surfaces for biomedical
applications. Surface wettability is an important property
for plants and other living organisms because it affects
photosynthesis, absorption of water, infection with path-
ogens, and other physiological processes (Liu et al.
2014). For this reason, naturally occurring materials
with unique properties of surface wettability (such as
lotus leaves, rice leaves, peanut leaves, red rose petals,
cicada wings, butterfly wings, mosquito compound eyes,
fly eyes, gecko feet, nepenthes pitcher plants, Salvinia
molesta floating leaves, desert beetles, spider silk, cac-
tus, and fish scales, among others) have long served as
sources of inspiration to scientists and engineers (Liu
et al. 2014; Shin et al. 2016). Extreme wetting proper-
ties, i.e., superhydrophobicity and superhydrophilicity
(two terms used to describe incongruous behavior of
water on a solid surface), can be found in living species
(Drelich et al. 2011).

Superhydrophilic and superhydrophobic behaviors have
attracted considerable attention because they may help to fur-
ther out understanding of how nature solves engineering prob-
lems. A better understanding could, in turn be the basis for
obtaining materials and surfaces with potential applications in
industry, agriculture, and daily life, such as in self-cleaning

fabrics, anti-fog windows, anti-corrosive coatings, and drag-
reduction systems, among others (Nosonovsky and Bhushan
2008; Liu et al. 2014; Shin et al. 2016).

Among these applications, self-cleaning surfaces have
attracted much interest for both reasons of fundamental re-
search and practical applications (Liu and Jiang 2012). Lotus
leaves are one of the most promising bioinspired self-cleaning
surfaces. Lotus roots are embedded in muck, but the leaves of
this plant are seemingly never dirty. Water droplets fall onto
and roll off of the leaves, and rainwater washes dirt from the
lotus leaves. Therefore, these leaves can accomplish self-
cleaning, which is known as the lotus effect. Liu et al. (
2010) reviewed several studies that explain the self-cleaning
mechanism of lotus leaves on the basis of micropapillae that
have diameters ranging from 5 to 9 μm and are randomly
distributed on the surface of lotus leaves. Each papilla con-
tains fine branch-like nanostructures with a diameter of ap-
proximately 120 nm. Multiscaled structures form air pockets,
resulting in a smaller contact area between the surface of lotus
leaves and water droplets. Hydrophobic three-dimensional
epicuticular waxes with a tubular structure also exist on the
surface of lotus leaves. In addition, Liu et al. (2012) reported
that cooperation of surface micro- and nanoscaled hierarchical
structures and hydrophobic epicuticular waxes confers a high
water contact angle and small sliding angle of approximately
160° and 2°, respectively, giving rise to superhydrophobic and
low-adhesion characteristics (Nosonovsky and Bhushan
2008; Liu and Jiang 2012). Superhydrophilicity is another
wetting behavior of solid surfaces defined by their static con-
tact angle (Koch and Barthlott 2009). Surfaces are termed
superhydrophilic when the contact angle is <10°; surfaces
with a contact angle of >10° and <90° are termed hydrophilic
(Liu et al. 2010).

Inspired by superwettable biomaterials, researchers have
proposed a great number of innovative strategies to fabricate
novel and advanced materials by tailoring the geometric struc-
ture and chemical composition of surfaces (Drelich et al.
2011; Liu and Jiang 2012; Liu et al. 2014). Shin et al.
(2016) stated that the non-wetting behavior of water droplets
on superhydrophobic surfaces is governed not only by topog-
raphy, but also by its combination with surface chemistry. In
their study Nosonovsky and Bhushan (2008) discussed the
role(s) of roughness and hierarchical structure in
superhydrophobicity. Their experiments showed that both hi-
erarchica l and non-hierarchical surfaces can be
superhydrophobic, suggesting that roughness itself has an im-
portant part in superwettable properties but that hierarchical
structure, while beneficial, is not mandatory. Moreover, in
their study, Nosonovsky and Bhushan (2008) noted that
roughness is more important than low surface energy because
an extremely low surface energy is not necessary to achieve
superhydrophobicity. In certain cases, even initially hydro-
philic surfaces can exhibit superhydrophobicity after
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roughening. Therefore, roughness is the central property for
bioinspired superhydrophobic surfaces.

Amongthedifferentareasofapplicationofsuperhydrophobic
surfaces,Shinetal.(2016)excelledintheirworkontheengineer-
ing of surface wettability by manipulating chemical properties
and structure to elucidate biomedical applications ranging from
high-throughputcellcultureplatformstobiomedicaldevices.For
implantedmedical devices to be applied in biomedicine, unde-
sired biological matter must be prevented from adhering to the
surfaceoftheimplant.Itiscrucialthatthesurfacepossessantibac-
terialpropertytopreventinflammationoftheimplanteddeviceor
contaminationduringcell/tissueculture.Toeliminateorsubstan-
tially reduce the extent of bacterial attachment, intensive efforts
havefocusedonthefabricationofantibacterialsurfacesbasedon
bioinspired superhydrophobic or superhydrophilic surfaces
(Hasanetal.2013;Shinetal.2016).However,despitealltheefforts
todatetoapplybioinspiredsurfacesinthebiomedicalfield,these
surfaces are still in the early stages as compared to their conven-
tionaluseinotherindustries.Anumberofcriticalissuesneedtobe
addressed for the wide use of bioinspired surfaces as advanced
biomedicalplatforms.Forexample,thedurabilityandlong-term
stability of surfaces with extreme wetting properties must be
improved.

Surface modifications that lead to superhydrophobicity

Ma and Hill (2006) emphasized that it is important that mate-
rials for biomedical applications display a non-wettable char-
acter. In this section, we highlight a number of studies that
contextualize both chemical and physical methods for the
modification of the wetting properties of biomaterials.
Antibacterial surfaces have been developed by different strat-
egies that are used to modify surface chemistry (Hasan et al.
2013), including modification of the surface by immobiliza-
tion of an antimicrobial agent, functionalization of the surface
with an antimicrobial agent, and derivatization (these ap-
proaches involve the introduction of positively charged coat-
ings with a long, hydrophobic chain, such as alkylated PE
amines or of a functional group via polymerization, covalent
linkages, and/or plasma treatment).

There are many examples of superhydrophilic and
superhydrophobic antibacterial surfaces. Wang et al. (2017) de-
veloped a novel {2-(dimethylamino)-ethyl methacrylate-co-2-
methacryloyloxyethyl phosphorylcholine [p(DMAEMA-co-
MPC]} brush that had been chemically modified with 1-
bromo-heptane and exhibited low roughness, high
hydrophilicity, and bactericidal function. Hasan et al. (2015) fab-
ricated a nanostructured Bsuper-surface^ by using a simple recipe
based on deep reactive ion etching of a silicon wafer. The
resulting topography consists of nanopillars with height of
4 μm and diameter of 220 nm as well as random inter-pillar
spacing and resembles the surface topographical features of the
wings of a dragonfly. This surface is superhydrophobic and has a

static water contact angle of 154.0° and contact angle hysteresis
of 8.3°. It kills bacterial cells because the sharp surface
nanopillars rupture the bacterial cell membrane.

In terms of chemical and physical modifications, the
study of Whitehead et al. (2005) is noteworthy. These
authors used ion beam sputtering technology to coat
silicon wafers and wafers attached to nucleopore® fil-
ters (Whatman plc, GE Healthcare, Little Chalfont,
UK) and quantifoils with Ti. This technique produces
irregularly spaced, but regularly featured surface pits
measuring 0.2 and 0.5 μm as well as regularly spaced
pits with regular diameters of 1 and 2 μm. The authors
found that only the contact angle of the surfaces mea-
suring 1 and 2 μm are significantly different from the
smooth surfaces of Ti (Whitehead et al. 2005). They
also showed that the dimension of surface defect is
important to the size of the cell and its subsequent
retention. Ma and Hill (2006) highlighted that tech-
niques to develop superhydrophobic surfaces, such as
the ones mentioned above, can be divided into two
categories, namely, making a rough surface from a ma-
terial with low surface energy and modifying a rough
surface with a material with low surface energy. In the
first case, compounds such as fluorinated polymers and
poly(dimethylsiloxane) (PMDS) (silicones) have been
widely used to develop superhydrophobic surfaces be-
cause they have extremely low surface energy. For ex-
ample, Singh et al. (2005) reported a simple and effective way
to achieve superhydrophobic nanofibers of poly[bis(2,2,2-
trifluoroethoxy)phosphazene] by electrospinning solutions in
tetrahydrofuran, methylethyl ketone, and acetone. According
to these authors, hydrophobicity varies as a function of the
diameter of the fiber and of surface morphology, with contact
angles relative to water ranging from 135° to 159°. Extremely
high hydrophobicity results from a combination of fluorinated
surface with inherent surface roughness. These same authors
(Singh et al. 2005) also obtained superhydrophobic surfaces
by developing two PMDS templates using a nanocasting
method. These authors showed that, despite the distinct
composition and consequent different surface energy of the
lotus leaf and the PDMS replica, the positive PDMS template
surprisingly has the same surface structures and almost the
same superhydrophobicity as the lotus leaf. Ma et al. (2005)
proposed another way to exploit the low surface energy of
PDMS, namely, by developing a superhydrophobic membrane
composed of fibers of the block copolymer poly(styrene-b-
dimethylsiloxane) (PS-PDMS) with diameters ranging from
150 to 400 nm. The authors attributed the resulting
superhydrophobicity to combined effects of surface enrichment
in siloxane and roughness (Ma et al. 2005; Ma and Hill 2006).
They also highlighted that flexibility, breathability, and the free-
standing feature of the membrane are of particular interest in
areas such as textile and biomedical applications.
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Other compounds can also be employed to obtain
superhydrophobic surfaces (Ma and Hill 2006;
Nosonovsky and Bhushan 2008). Lu et al. (2004) pro-
duced a highly porous superhydrophobic PE surface
from an organic material, which enabled them to con-
trol crystallization. Inspired by the combination of two
amazing natural abilities, the superhydrophobic proper-
ty of lotus leaves and the adhesiveness of mussel
protein, Zhang et al. (2012) synthesized silver nanopar-
ticles. These authors highlighted that a clever choice of
core materials paves the way for new applications in
the medical and biological fields. By modifying a
rough surface with a material of low surface energy,
Ma and Hill (2006) noted that methods leading to
superhydrophobic surfaces are mostly one-step, simple
processes although they are always limited to a small
set of materials. Etching and lithography, sol–gel process-
ing, LbL, and electrochemical deposition are examples of
these processes (Ma and Hill 2006; Nosonovsky and
Bhushan 2008).

In terms of etching, which is a straightforward and effective
way to make rough surfaces, Teshima et al. (2005) produced
ultra-water-repellent polymer sheets from a nanotexture on the
surface of a substrate consisting of PET to achieve a transpar-
ent material. Using lithography, a well-established technique
to create periodic micro/nanopatterns with a large area,
Abdelsalam et al. (2005) studied the wettability of structured
gold surfaces formed by the electrodeposition of monolayer
templates of closely packed uniform submicrometer spheres.
These authors explained that the thickness of the gold layer
deposited through the template controls the depth of the pores
and the topography of the surface and influences the apparent
contact angle of the surface with water, consequently increas-
ing the thickness of the porous film relative to the radius of the
pores. In this study, the contact angle increased from 70° to
>130°, even though gold itself is hydrophilic. Consequently,
the study of Abdelsalam et al. (2005) is an example of how a
hydrophilic surface can be changed to a hydrophobic surface
purely by controlling the topography of the surface.

Both the energy and the roughness of a surface can
be controlled by using colloidal silica particles and
fluoroalkylsilane in the sol–gel technique (Hikita et al.
2005). In this technique, monomers are transformed into
a colloidal solution (sol) that will act as a precursor for
the formation of a complex network of particles (gel)
(Hench and West 1990). The LbL technique can also be
used to develop surfaces with super-wettability. Lopez-
Torres et al. (2015) reported a nanocoating process at
ambient temperature that provides the required level of
roughness for a material to display superhydrophilic and
superhydrophobic behavior without the need to use
nanoparticles. The authors fabricated a superhydrophilic
nanocoating by using poly(allylamine hydrochloride)

(PAH) and poly(sodiumphosphate) (PSP) with different
numbers of bilayers. Nanofilms with >20 bilayers exhib-
ited a contact angle close to 0°. After functionalization
with 1H,1H,2H,2H–perfluorodecyltriethoxysilane, the
films were transformed into hydrophobic coatings with
contact angle of 165° for the 40-bilayer film (Lopez-
Torres et al. (2015).

Electrochemical deposition has been extensively used to
prepare super-wettable nanocoatings through low-cost, repro-
ducible, and fast methods (Si and Guo 2015). One of the main
advantages of this methodology is the possibility to produce
surfaces with different morphologies and a precise control of
the structure at the micro- or nanoscale. Han et al. (2005)
proposed manufacturing lotus leaf-like superhydrophobic
metal surfaces from a simple electrochemical reaction of Cu
or Cu–Sn.

In light of the last two methodologies mentioned
herein, LbL can also be combined with electrochemical
deposition to prepare superhydrophobic surfaces. Shi
et al. (2005) proposed combining these two techniques
to develop a superhydrophobic coating on gold threads
to mimic the legs of water striders.

Application of superhydrophobicity in the biomedical
field

Application of superhydrophobic surfaces in the biomedical
field entails more than just obtaining antibacterial materials. In
the field of bone regeneration, Lima et al. (2013, 2015) ob-
tained hybrid materials by immobilizing fibronectin and cells
onto biomimetic superhydrophobic surfaces. Huang et al.
(2015) fabricated coatings consisting of superhydrophobic an-
atase TiO2 nanotubes on 316 L stainless steel, with the aim to
reduce adhesion/activation of platelets and to improve resis-
tance to corrosion.

However, superhydrophobicity can impair the regen-
eration of bone tissue. Alves et al. (2009) verified that
surfaces which repel water may prevent adhesion and
proliferation of bone marrow-derived cells. With re-
spect to other applications in the biomedical field,
Desrousseaux et al. (2013) noted that biofouling of
medical devices generally causes adverse complica-
tions, such as thrombosis, infection, and pathogenic
calcification. These authors assumed that modification
of the surface of silicone, a material that is widely
employed in medical applications, encounters undesir-
able Bhydrophobic recovery,^ which results in a deteri-
oration of surface engineering. They consequently pro-
posed developing a material with opposite behavior
toward superwettability in order to obtain a substrate
with excellent bioinertness upon exposure to solutions
containing bacteria, proteins, and lipids (Desrousseaux
et al. 2013). Based on these studies, it is clear that

692 Biophys Rev (2017) 9:683–698



there are cases requiring materials with a wettable
character, or superhydrophilicity.

The authors of a number of other studies have compared
superhydrophobic and superhydrophilic surfaces. Ishizaki
et al. (2010) investigated the physicochemical properties of
superhydrophobic, superhydrophilic, and superhydrophobic/
superhydrophilic surfaces, with the aim to verify that cells
adhered and proliferated on both superhydrophobic and
superhydrophilic surfaces. Nevertheless, these authors found
that constant contact was necessary to facilitate cell division
and proliferation on the superhydrophobic surface. In the
same study, they also examined the adsorption behavior of
proteins on flat hydrophobic and hydrophilic surfaces to ob-
serve whether a higher amount of protein adsorbed onto the
flat hydrophilic surface (Ishizaki et al. 2010). Therefore, if we
consider biomedical applications, exploring surface modifica-
tion strategies that result in superhydrophilic surfaces is
essential.

Surface modifications that lead to superhydrophilicity

Research into superhydrophilicity has emerged in the last few
years. The number of publications has increased significantly
since 2000, just after the boost in the number of published
studies on superhydrophobic surfaces. These studies are now
moving toward several possible applications and toward the
commercialization of different products and devices (Drelich
et al. 2011).

Roughening of the surface of hydrophilic materials has
been conducted to improve adhesion in composites, biocom-
patibility in implant devices, and spreading of liquids. Drelich
et al. ( 2011) highlighted that, at least theoretically, any natural
or synthetic material can be converted to a superhydrophilic
material by chemical treatment and mechanical roughening on
the basis of the same principles and techniques mentioned
above for the development of superhydrophobic surfaces.

Among inorganic materials, the use of TiO2 (Nakata
et al. 2010) and ZnO (Wu et al. 2011) is noteworthy.
These two oxides have been widely studied due to their
photoinduced self-cleaning ability (Drelich et al. 2011;
Nakata et al. 2011; Wu et al. 2011; He 2015). Ganesh
et al. (2012) used electrospinning to develop a photo-
catalytic, superhydrophilic, transparent, porous TiO2 film
consisting of rice-shaped nano/mesostructures deposited
on glass substrates. In turn, Wang et al. (2014)
employed the sol–gel spin-coating technique to produce
a superhydrophilic Cu-doped TiO2 thin film with excel-
lent anti-fogging behavior. The wide availability and
low cost of SiO2 motivated Kou and Gao (2011) to
design a strategy to synthesize nanohybrids consisting
of graphene oxide coated with silica nanoparticles.
Their procedure provided a material with an excellent
hydrophilic nature and potential direct application as a

general kind of building block to construct large-area
superhydrophilic surfaces on arbitrary substrates through
the simple drop-coating method (Kou and Gao 2011).

Besides the use of inorganic materials, we can highlight the
use of polymers, which are attractive materials for
superhydrophilic coatings. Improving the hydrophilicity of
polymeric surfaces typically requires oxidation, which must
also affect the roughness of the surface or must be performed
in conjunction with surface roughening (Drelich et al. 2011).
Agrawal et al. (2014) used argon ion to modify the surface of
nanocomposite polymer membranes, with the aim to diminish
bacterial cell adhesion and to increase wettability. Zogbi et al.
(2014) applied an electron beam to obtain a superhydrophilic
composite consisting of vertically aligned multi-walled car-
bon nanotubes and hydroxyapatite on a pure Ti alloy
substrate. Chen and Su (2011) introduced –COOH groups
on the surface of poly(lactic acid) nanofibers with cationized
gelatin in order to improve compatibility of the polymer with
chondrocytes.

Application of superhydrophilicity in the biomedical field

According to Drelich et al. (2011), superhydrophilic
coatings have also attracted the interest of researchers
in the field of biomedical engineering. These authors
emphasize that both polymers and inorganic compounds
can be used to make more biocompatible and hydrophil-
ic implantable materials. Superhydrophilic coatings are
also becoming applicable in antifouling, antimicrobial,
and/or biologically active surfaces that perform tasks
other than imparting lubricity and reducing friction.
For example, biomedical applications of polymers in-
clude the development of lenses and catheters (Kim
et al. 2008; Babcock et al. 2013). To avoid adverse
clinical events due to the adhesion of bacteria to these
materials, researchers have prepared biologically non-
fouling surfaces to which proteins, lipids, and cells do
not adhere. For this reason, applied research on surface
modification should be substantially tied to the purpose
of rendering the surface of coatings superhydrophilic. In
addition, superhydrophilic coatings, which provide better
lubricity than superhydrophobic coatings, are interesting
in terms of fabricating catheters, which require low fric-
tion to facilitate their handling within the patient’s vas-
culature. In the case of lenses, wearer comfort and
better biocompatibility are achieved through wetting of
the coating with tear fluid, which allows lenses to move
relatively freely on the eye. Cui et al. (2014) developed
low-fouling surfaces for biomedical applications. These
authors verified that substrate-independent, low-fouling
surfaces produced by immobilization of mussel-inspired
polydopamine coatings and zwitterionic glutamic acid-
and lysine-based peptides on substrates like noble
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metals, metal oxides, polymers, and semiconductors re-
sult in promising materials for various applications, in-
cluding biosensing and drug delivery (Cui et al. 2014).

The importance of superhydophilicity to the design of three
dimensional (3D) scaffolds for application as orthopedic im-
plants and in tissue engineering is worth highlighting (Lai
et al. 2010). Specific studies in this area have concentrated
on improving the bioactivity and biocompatibility of core ma-
terials used in orthopedic applications, such as Ti-based alloys
(Oh et al. 2005; Mohan et al. 2012; Madhan Kumar and
Rajendran 2013) and polymers (Gentile et al. 2012;
Kunjukunju et al. 2013; Ma and Tang 2014). These studies
have focused on coatings containing biomimetic calcium
phosphate bioactive layers or on chemical modifications
that enhance formation of hydroxyapatite on the surface
of biomaterials upon contact with the bone tissue (Baker
et al. 2006). In the study of Oh et al. (2005), the ver-
tically aligned TiO2 nanotube array fabricated on the
surface of a Ti substrate became bioactive after treat-
ment with a solution of NaOH, thereby inducing the
growth of hydroxyapatite in SBF. Nanostructures accel-
erate the kinetics of hydroxyapatite formation signifi-
cantly because they induce the nucleation and growth
of a nanoscaled hydroxyapatite phase. However, the bi-
ological properties of coated implants and scaffolds de-
pend not only on the chemical composition of the coat-
ing but also on its structure (Drelich et al. 2011). An
ideal coating should resemble the structure of natural
bone, which favors cell anchoring and cell culture and
should be a run-through 3D structure (Drelich et al.
2011). Another point is that superhydrophilicity favors
deposition of Ca-based bioactive coatings on biomate-
rials (Lai et al. 2010). This is an important property to
explore during the development of 3D structures of ma-
terials for application as orthopedic implants and tissue
engineering scaffolds (Wu et al. 2008). Kizuki et al.
(2015) used the sol–gel process to modify the substrate
polyetheretherketone, a polymer that is widely employed
in spinal fusion devices in orthopedic implants, with a
bioactive and superhydrophilic TiO2 coating. This mod-
ification added bone-bonding properties to the substrate
and demonstrated that positively charged TiO2 facilitates
the formation of apatite in SBF within a short period.
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