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Abstract: Nanostructured porous silica coatings were synthe-

sized on titanium by the combined sol–gel and evaporation-

induced self-assembly process. The silica-coating structures

were characterized by X-ray diffraction, transmission electron

microscopy, scanning electron microscopy, and nitrogen

sorptometry. The effect of the nanoporous surface on apatite

formation in simulated body fluid, protein adsorption, osteo-

blast cell adhesion behavior, and osteogenic differentiation

of human bone marrow mesenchymal stem cells (hBMSCs)

is reported. Silica coatings with highly ordered sub-10 nm

porosity accelerate early osteoblast adhesive response, a

favorable cell response that is attributed to an indirect effect

due to the high protein adsorption observed on the large-

specific surface area of the nanoporous coating but is also

probably due to direct mechanical stimulus from the nano-

structured topography. The nanoporous silica coatings, par-

ticularly those doped with calcium and phosphate, also

promote the osteogenic differentiation of hBMSCs with spon-

taneous mineral nodule formation in basal conditions. The

bioactive surface properties exhibited by the nanostructured

porous silica coatings make these materials a promising

alternative to improve the osseointegration properties of tita-

nium dental implants and could have future impact on the

nanoscale design of implant surfaces. VC 2013 Wiley Periodicals,

Inc. J Biomed Mater Res Part A: 102A: 37–48, 2014.
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INTRODUCTION

Titanium implants are used widely in the dental, maxillofa-
cial, and ear–nose–throat fields as well as in orthopedic
surgery. The ultimate goal of a prosthetic-implantological
treatment is to obtain a life-long secure anchoring of the
implant in the native surrounding bone. The success and
lifetime of dental implants are largely dependent on the
degree of osseointegration at the metal–bone interface.1

Numerous studies have shown that the early events of bone
healing around implants are related to their long-term clini-
cal success.2,3 Titanium and its alloys are the most com-
monly used load bearing implant materials, as these metals
possess excellent mechanical properties, biocompatibility,
and corrosion resistance. Still, titanium does not possess the
capacity to establish the formation of a tight chemical bond
with bone tissue. It is well known that the surface rough-
ness of implants affects the rate of osseointegration and bio-

mechanical fixation.4 Microroughness (1–10 lm) maximizes
the interlocking between mineralized bone and implant
surface.5,6 The suggestion that micrometer level surface
topography results in greater accrual of bone at the implant
surface is supported by some clinical evidence.7,8 However,
microrough surfaces have been generally interpreted as bio-
compatible with limited ability to directly affect the initial
fate of surrounding tissues, that is, the ability to enhance
bone formation or to prevent bone resorption.9 The use of
nanotopographical modifications on the implant surface to
induce intrinsic osteoinductive signaling of the surface-
adherent cells is another approach of current interest. Exist-
ing data supporting the role of nanotopography suggest that
critical steps in osseointegration can be modulated by nano-
scale modification of the implant surface.10–13 Such changes
alter the implant’s surface interaction with ions, proteins
(i.e., adsorption, configuration, bioactivity, etc.) and cells.
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These interactions can favorably influence molecular and
cellular activities and alter the process of osseointegration.

Several techniques and approaches are used currently to
produce nanotopographic modifications of endosseous
implants.14 Some of these approaches involve physical
methods of compaction of ceramic particles to yield surfaces
with nanoscale grain boundaries,15 chemical treatments,16

sandblasting/acid etching,17 optical lithography,18 galvano-
static anodization,19 crystal deposition,20 and monolayers to
expose functional end groups that have specific functions.21

A limitation of some of these methods is that they are ran-
dom processes, so it is hard to control the uniformity and
distribution of nanostructures on the implant surfaces. The
synergetic coupling between soft matter physical chemistry
and inorganic or hybrid sol–gel chemistry has opened new
possibilities for advanced control of nanoscale topography.
These novel materials offer a high degree of versatility in
terms of structure, texture, and functionality.22 Self-assem-
bly is a general phenomenon which is well known and is
used in nanoscience to produce ordered structures using
well-defined nano-objects.23 In particular, colloids self-
organize into ordered layers during evaporation of the
solvent; this process is commonly known as evaporation-
induced self-assembly (EISA). Sol–gel processing coupled
with the EISA technique opened the possibility of rapid pro-
duction of patterned nanoporous materials in the form of
films.24,25 EISA involves nanotexturation via the liquid depo-
sition of condensable inorganic precursors in the presence
of micelle-forming surfactants.26 Such a method is simple,
cheap, scalable, and gives high reproducibility without
expensive, specialized equipment. Nanoporous silica films
prepared by the sol–gel/EISA technique were applied for
the first time on a titanium surface by Gomez-Vega et al.27

This silica coating exhibited the capacity to form apatite
when soaked in simulated body fluid (SBF), and this is
attributed to the nanoporous structure and to the presence
of abundant silanol groups. However, no further studies
have been reported to confirm the effect of the nanopores
on apatite formation by comparison with appropriate con-
trol surfaces. In addition, it has not been reported whether
these highly ordered nanoporous structures can affect the
adhesive and osteogenic behavior of bone-forming cells.
Some studies show that topographic features, such as pil-
lars, islands, or pits with an interfeature or z-scale dimen-
sion greater than 50–60 nm impair focal adhesion and cell
response.28–31 Conversely, decreasing the interfeature dis-
tance or z-dimension below 50 nm or increasing it to the
microscale facilitates stem-cell adhesion and functional dif-
ferentiation.32,33 However, there is insufficient information
about the effect of uniformly nanometer-sized pores smaller
than 10 nm, and how these nanostructures with unique sur-
face properties can influence extracellular protein adsorp-
tion and consequently cell behavior.

In the present work, highly ordered nanoporous silica
coatings were synthesized on titanium surfaces by the sol–
gel/EISA technique. The effect of the sub-10 nm nanostruc-
tured porosity of the silica coatings on apatite formation in
SBF, protein adsorption, osteoblast cell adhesion behavior,

and osteogenic differentiation of human bone marrow mes-
enchymal stem cells (hBMSCs) is reported.

MATERIALS AND METHODS

Synthesis of silica coatings on a titanium surface
Silica coatings were prepared on sheets of Ti6Al4V titanium
alloy (Zimmer Dental) using the EISA sol–gel technique.
Titanium sheets (15 mm � 15 mm � 1 mm) were sanded
with silicon carbide paper (800 grit) and cleaned ultrasoni-
cally with acetone and ethanol before use. The coating sol
solutions were prepared using both the amphiphilic triblock
copolymer Pluronic P123 (P123; EO20PO70EO20, Mw ¼
5800; Aldrich) and poly(ethylene glycol) (Mw ¼ 600, PEG)
as pore structure-directing agents (SDAs). Briefly, 3.7 g of
tetraethyl orthosilicate (98%; Aldrich) were prehydrolyzed
in a solution containing 20 mL of ethanol (95%) acidified
with 0.5 mL of HCl 0.5 N (pH 2.0) under vigorous stirring
at room temperature for 20 min. This prehydrolyzed silica
solution was added to a solution containing 2 g of the SDA
dissolved in 20 mL of ethanol. The resulting solution was
then submitted to an aging period at room temperature for
24 h with stirring, and films were prepared by slip coating
on the titanium sheets. Essentially nonporous silica (NPS)
coatings were prepared as control, using the same proce-
dure described above, but without the addition of SDA to
the ethanol solvent.

Silica coatings doped with calcium and phosphate ions
were also prepared. The calcium and phosphate content in
the silica coating was chosen using the composition of mes-
oporous bioactive glasses as reference.34 For this purpose,
0.34 g of triethylphosphate (Aldrich, 99.8%) and 0.49 g of
Ca(NO3)2�3H2O (Sigma-Aldrich) were dissolved in the prehy-
drolyzed silica solution, and the procedure described above
was followed.

For the slip-coating procedure,35 the titanium sheet was
suspended in an inverted position with a pair of tweezers
attached to a clamp fixed loosely enough to a stand to allow
rotation of the tweezers. The polished side was brought in
contact with the silica sol. The titanium sheet was kept in
this half-immersed position for 20 s, slipped away horizon-
tally by rotating the tweezers, and then dried in a vertical
position for 40 s. The silica coatings were kept for 24 h at
35�C, and then calcined by heating at a rate of 0.5�C/min to
400�C, holding that temperature for 4 h to remove the SDA.

Characterization of the silica coatings
The unmodified and silica-coated titanium surfaces were
examined by scanning electron microscopy (SEM; Zeiss,
DMS 940) after coating the surfaces with gold. The struc-
tural order of the porous silica coatings was analyzed by
low-angle X-ray diffraction (XRD) within a 2y range of 0.5–
5�. XRD patterns were collected on a Siemens D 5000 dif-
fractometer using CuKa radiation at a scanning speed of
0.2�/min. The porous nanostructure was examined by high-
resolution transmission electron microscopy on a FEI-Tecnai
G2 F20 S-Twin high-resolution transmission electron micro-
scope equipped with a field emission gun operating at an
accelerating voltage of 120 kV. Plan-view film specimens
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were prepared by removing the silica films from a titanium
sheet and suspending them in ethanol. This suspension was
then dispersed on a holey carbon film supported by a cop-
per grid. Textural characterization of silica films was carried
out by N2 adsorption at 77 K in a Micromeritics ASAP 2010
sorptometer. The specific apparent surface areas (Sg) were
calculated using the Brunauer–Emmett–Teller equation, and
the micropore volume (Vo) by the Dubinin–Radushkevich
equation applied to the experimental data obtained from N2

adsorption isotherms. Pore diameter was estimated from
the pore size distribution curves obtained by the Barrett–
Joyner–Halenda method.

In vitro bioactivity assays
The ability of the silica coatings to induce the formation of
apatite was assessed in acellular SBF, which has inorganic
ion concentrations similar to those of human extracellular
fluid. The SBF solution was prepared according to the pro-
cedure described elsewhere36 using the standard ion com-
position (Naþ 142.0 mM, Kþ 5.0 mM, Mg2þ 1.5 mM, Ca2þ

2.5 mM, Cl� 147.8 mM, HCO3
� 4.2 mM, HPO4

2� 1.0 mM,
and SO4

2� 0.5 mM). The fluid was buffered at physiological
pH 7.4 at 37�C with tri-(hydroxymethyl) aminomethane and
hydrochloric acid. The unmodified and silica-coated titanium
sheets (1.5 cm2) were individually soaked in 20 mL of SBF
in polyethylene containers at 36.5�C using a thermostatic
bath. After incubation for a designated time period, the sam-
ples were removed from the SBF, rinsed with distilled water,

and dried at 60�C. Apatite mineralization on the surfaces
was also analyzed by SEM with a Jeol JSM 5410 microscope
equipped with energy-dispersive X-ray spectroscopy (EDX).

Cell culture
Human osteoblastic osteosarcoma cell line (SaOS-2) was
used to evaluate cell adhesion and morphology on the
silica-coated titanium surfaces. Approximately 50 � 103

cells in 1 mL of Dulbecco’s modified Eagle medium (DMEM;
Invitrogen Life Technologies) were seeded on the titanium
sheets (10 mm � 10 mm). The medium contained 10% fetal
bovine serum (FBS GIBCO), 50 IU/mL penicillin, and
50 mg/mL streptomycin. The cell suspension was seeded on
sterilized titanium samples and incubated at 37�C in a
humidified air atmosphere containing 5% CO2. Cells that
adhered on the surfaces after 2 h of incubation were exam-
ined by SEM. For this purpose, adherent cells were fixed in
2.5% glutaraldehyde, then progressively dehydrated in etha-
nol, dried in supercritical CO2, and finally coated with gold
for SEM observation. The viability of the osteoblast-like cells
on the surfaces was evaluated using the 3-(4,5-dimethylthia-
zol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay according to the protocol provided
by the manufacturer (CellTiter Aqueous One Solution cell
proliferation assay kit from Promega). MTS assays were per-
formed in quadruplicate after 2, 7, 9, and 14 days of cell
culture. Briefly, after 2 h of incubation with the MTS reagent
in a humidified 5% CO2 atmosphere, the medium was

FIGURE 1. Scanning electron microscopic images of (a) unmodified titanium surface, and coated surfaces with (b) NPS, (c) PEG, (d) P123, and

(e) CaP-P123 films. (f) Cross-section of P123-coated titanium surface.
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collected from the samples and absorbance was measured
at a wavelength of 490 nm using an ELISA microplate
reader (Tecan Infinite F-50).

The osteogenic differentiation of hBMSCs on the tita-
nium surfaces was also evaluated. hBMSCs, 1 � 103/cm2,
were seeded on the titanium surfaces and maintained in
basal culture medium (DMEM supplemented with 10% FBS,
100 IU/mL penicillin, and 100 lg/mL streptomycin). The
medium was changed every 3–4 days. After 10 days of cul-
ture, mineralized nodule formation on the titanium surfaces
was examined by SEM and nodule composition analyzed by

EDX. Cells were also examined by epifluorescence micros-
copy. For this purpose, adherent cells were fixed in p-form-
aldehyde 4%–ethanol 9:1 for 30 s. Cell nuclei were stained
with Hoeschst 33342 0.2 lg/mL for 10 min. Images were
captured using a Niko Eclipse 50i Epi-Fluorescence
Microscope.

Alkaline phosphatase (ALP) activity was measured after
different times of cell culture, cells grown on the titanium
surfaces were fixed with 90% ethanol and 10% formalde-
hyde (37%) during 1 min, and then washed with PBS. The
fixed cells were incubated with 5 lM p-nitrophenol phos-
phate (Sigma) during 20 min at 37�C, and the p-nitrophenol
generated was quantified by reading the absorbance
at 405 nm on an ELISA microplate reader (Tecan Infinite
F-50).

Protein adsorption
Bovine serum albumin (Merck) and human plasma fibrino-
gen (Merck) were used as model proteins. Solutions con-
taining 0.4 mg/mL of protein were prepared in a pH 7.4
phosphate buffer (K2HPO4/KH2PO4 100 mM), and 1.5 mL of
protein solution was contacted with the titanium surface
(10 � 10 � 1 mm) in a 24-well cell culture plate, and then
incubated at 37�C for 6 h. The surfaces were then washed
with phosphate buffer to remove the nonadherent proteins.
Each sample was transferred to a 20 mL glass vial contain-
ing 1.5 mL of 2% sodium dodecyl sulfate solution, and sub-
sequently incubated at 37�C in a thermostatic bath for 12 h
to extract adhered proteins. Protein concentration was

FIGURE 2. XRD pattern of (a) CaP-NPS, (b) NPS, (c) CaP-PEG, (d)

PEG, (e) CaP-P123, and (f) P123 coatings.

FIGURE 3. HRTEM images showing the highly ordered nanoporous structures of (a) P123 and (b and c) CaP-P123 coatings.
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determined using the spectrophotometric Micro Bicincho-
ninic Acid Assay Kit (Thermo Scientific) according to the
manufacturer’s instructions.

RESULTS AND DISCUSSION

Preparation of silica coatings
Silica coatings using P123 and PEG as pore SDAs were syn-
thetized on the titanium surfaces. In addition, an essentially
NPS coating and the corresponding calcium- and phosphate-
doped coatings (CaP) were also prepared. Scanning electron
microscopic images (Fig. 1) taken on the different surfaces
show that uniform silica films were obtained on the metal
surface. In all cases, the silica layers were smooth and did
not exhibit microdefects. The thickness of the silica films
estimated from the SEM cross-section was about 1.5 lm
[Fig. 1(f)]. The nanostructural order of the silica coatings
was analyzed by XRD (Fig. 2). The XRD patterns of the
P123 film present the characteristic reflections correspond-
ing to a highly ordered hexagonal mesoporous silica

TABLE I. Textural Properties of Porous Silica Coatings

Sg

(m2/g)
dp

(nm)
Vp

(cm3/g)
Vo

(cm3/g)
Vm

(cm3/g)

NPS 1.7 – – – –
CaP-NPS 0.4 – – – –
P123 423 3.8 0.42 0.18 0.24
CaP-P123 411 4.7 0.5 0.18 0.38
PEG 467 2.3 0.19 0.19 0.00
CaP-PEG 688 2.3 0.32 0.30 0.27

Sg, specific surface area; dp, pore diameter; Vp, total pore volume;

Vo, micropore volume; Vm, mesopore volume.

FIGURE 4. Scanning electron microscopic images of titanium surfaces after 7 days of immersion in SBF: (a) unmodified titanium, (b) NPS,

(c) CaP-NPS, (d) P123, (e) CaP-P123, (f) PEG, and (g) CaP-P123 after 30 days of immersion in SBF. (h) EDX elemental analysis of CaP-P123 surface

after 7 days of immersion in SBF.
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structure,37 while PEG and NPS coatings exhibit no struc-
tural order. The incorporation of calcium and phosphate in
the P123 silica film (CaP-P123) produced a cubic porous
silica structure,38 as judged by the reflection from the (110)
plane at a 2y value of 1.8�. High-resolution transmission
electron microscopic (HRTEM) images (Fig. 3) show that
these self-ordered films consist of an array of uniform nano-
pore channels. Although the pore channels are preferentially
oriented parallel to the titanium surface, pore channels
aligned perpendicular to the substrate can be also observed,
particularly on the CaP-P123 film. The diameter of these
cylindrical pore channels estimated from HRTEM images is
around 4 nm. Textural characterization results of the silica
coatings (Table I) show that the ordered P123 silica coat-

ings have a specific surface area around 400 m2/g, and pore
diameter values of 3.8–4.7 nm, which match well those esti-
mated through HRTEM images. Although the PEG silica coat-
ings present no structural order, their surface area was as
high as 467–688 m2/g, which can be accounted for their
smaller pore diameter (2.3 nm) and consequently larger
micropore volume (0.19–0.30 cm3/g). The surface area of
the NPS coatings was very low and no porosity was
detected, confirming their essentially nonporous structure.

In vitro bioactivity assays
For a preliminary evaluation of the bioactivity of the silica-
coating surfaces, in vitro testing was performed in SBF.
Scanning electron microscopic images reveal a low degree

FIGURE 5. Scanning electron microscopic images of human osteoblast-like SaOS-2 cells adhered on titanium surfaces after 2 h of incubation: (a

and b) unmodified titanium, (c) NPS, (d) PEG, (e and f) P123, and (g) CaP-P123. High magnification showing the morphology of cells adhered on

(h) P123 and (i) NPS surfaces.
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of mineralization on the unmodified titanium (Ti) as well as
on the NPS-coated surface (Fig. 4). Although mineralization
is increased with the incorporation of CaP in the NPS coat-
ing, only small discrete mineral crystals are formed. In con-
trast, a higher degree of mineralization in terms of density,
extension and cluster mineral size can be seen on the surfa-
ces coated with the nanoporous silica films (P123, PEG),
which is increased with the incorporation of CaP [Fig. 4(f)]
and notably after 30 days of incubation [Fig. 4(g)]. Although
the mineral phase was not detected by XRD, EDX chemical

analysis [Fig. 4(h)] shows that this mineral layer has an
appreciable Ca and P content. This mineral layer may corre-
spond to either an amorphous calcium–phosphate layer or
to a crystalline apatite phase. The higher degree of minerali-
zation presented by the nanoporous surfaces (P123, PEG)
can be attributed to the large-specific surface area of these
silica coatings. High-surface free energy as well as the con-
centration of surface silanol groups are factors known to
favor the process of apatite nucleation and growth in SBF.39

Also, the composition used in the preparation of the CaP-
P123 coating should generate a mesoporous bioactive glass
material40 on the titanium surface, which has a proven abil-
ity to induce the formation of bone-like apatite in SBF.

Osteoblast cell adhesion
Although the SBF assay is a useful method for the prelimi-
nary evaluation of the potential bone-bonding ability of a
biomaterial,41 cell behavior studies generally provide a
more realistic information about in vivo bioactivity. Cell
adhesion behavior on the nanostructured surfaces was eval-
uated using SaOS-2 osteoblast-like cells. Scanning electron
microscopic images of adherent cells (Fig. 5) show differen-
ces in cell density and morphology on the surfaces with
different porous textures. The ordered nanoporous P123
surfaces [Fig. 5(e–h)] exhibited a density of adherent cells
significantly higher than that found on the Ti, NPS, and PEG
surfaces. Moreover, most of the osteoblast-like cells spread

FIGURE 6. Protein adsorption on the unmodified titanium surface

and on those coated with the nanostructured silica films after 6 h of

incubation in a 0.4-mg/mL protein solution.

FIGURE 7. Schematic representation of the effect of highly ordered porous silica nanostructure on ECM protein adsorption and cell adhesion

behavior. The absence of nanopores in the NPS surface decreases ECM protein adsorption and the amount of adhered cells, keeping the round

shape of the cells in early attachment stages. The high-specific surface area of the hexagonal/cubic nanostructured porous P123 surface

increases ECM protein adsorption and consequently the density of adherent cells. The nanoporous structure accelerates the cell attachment pro-

cess toward the spreading and flattening stages. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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well on the P123 surface, whereas cells adhered on the
other surfaces were mostly round in shape. According to
Rajaraman et al.,42 cellular adhesion and spreading occur
through four events: attachment, filopodial growth, cytoplas-
mic webbing (spreading), and flattening of the central mass.
The duration of these phases and their degree of overlap-
ping may vary between different substrates.43 In the present
study, the effect of nanoporous structures on cell adhesion
behavior can be observed by comparing the lamellipodial
morphology adopted by the cells on the P123 surface with
the round shape exhibited on the NPS surface [Fig. 5(h,i)].
These observations indicate that the nanoporous P123 sur-
face appears to accelerate the cell attachment process
toward the final spreading and flattening stages. Also, cell
adhesion is further increased on the CaP-P123 coating hav-
ing a bioactive glass chemical composition. The high density
of spreading cells on the P123-coated titanium surfaces can
be attributed to the high-specific surface area and larger
pore size of the P123 coatings. We hypothesize that high-
specific surface area accessible through larger pore sizes
increases the adsorption of extracellular matrix (ECM) pro-
teins, which are known to mediate cell attachment and pro-
liferation behavior.44 In order to verify this effect, the
adsorption of albumin and fibrinogen was studied on the
different surfaces. Figure 6 shows the amount of adsorbed
protein on the Ti- and silica-coated surfaces. It is seen that
the protein adsorption capacity of the large-surface area
ordered nanoporous coatings (P123, CaP-P123) is statisti-
cally higher than that of the other surfaces. Although the
PEG coating also has a large surface area (Table I), the PEG
structure has a smaller pore diameter (2.1 nm) which prob-
ably limits albumin (4 nm � 4 nm � 14 nm45) and fibrino-
gen (6.5 � 6.5 � 46 nm46) adsorption on the internal
surface. In addition, the protein adsorption process should
be favored on the highly ordered and uniform P123 nanopo-

rous structure compared to that taking place on the irregu-
lar and discontinuous PEG porosity.47 The relatively low
protein adsorption capacity exhibited by the NPS surface
shows that the presence of sub-10 nm porosity plays an
important role in the protein adsorption process. These pro-
tein adsorption results agree well with the cell adhesion
behavior exhibited by the surfaces, showing good correla-
tion between the amount of adsorbed proteins and the den-
sity of adherent cells. It is well known that cells adhere to
the substrate using integrin transmembrane complexes
(focal adhesion) with variable specificity for ECM proteins.48

Therefore, the concentration of ECM proteins on the implant
surface largely affects adhesive cell behavior as schematized
in Figure 7. The results of the current study show that the
highly ordered nanoporous silica coating with high surface
energy increases ECM protein adsorption and consequently
accelerates the osteoblast’s adhesive response on the tita-
nium surface. Quantitative MTS assays were also performed
to determine the metabolic activity of SaOS-2 cells cultured
on each surface for different incubation times (Fig. 8). In
general, no statistical differences were found between the
absorbance values of the silica surfaces with those of Ti and
the control (cells cultured in the absence of the materials),
indicating that the viability and proliferation of the osteo-
blast-like cells is not altered in contact with the silica coat-
ings prepared in this work.

hBMSC differentiation
Adhesion and spreading of cells on the implant surface are
the initial phase for cellular function, and surface implant
nanostructure may also affect the osteogenic differentiation
of stem cells. In order to investigate the nanostructure-influ-
enced cell differentiation effect, hBMSCs were cultured on
the different surfaces. Figure 9 shows the SEM and epifluo-
rescence images of the surfaces after 10 days of cell culture

FIGURE 8. Human osteoblast-like SaOS-2 cell viability (MTS) on the unmodified titanium surface and on those coated with the nanostructured

silica films at different culture times.

44 INZUNZA ET AL. SYNTHESIS OF NANOSTRUCTURED POROUS SILICA COATINGS



in the absence of osteogenic supplements. After this pro-
longed cell culture period, it can be seen that the hBMSCs
covered the entire surfaces, forming a dense and continuous
layer. Epifluorescence images show the cell nucleus, con-
firming the presence of cells in the smooth surface layer.
Scanning electron microscopic images reveal the formation
of an abundance of mineralized nodules associated with

cells grown on the nanoporous silica-coated surfaces [Fig.
9(c–e)]. Particularly, numerous nodules were formed on the
highly ordered P123 porous silica surfaces. It is interesting
to note, however, that no nodule formation was detected in
cultures on Ti control, and hardly any on the NPS surface
[Fig. 9(a,b)]. EDX chemical composition analysis [Fig. 9(i)]
shows that the mineralized nodules have high Ca and P

FIGURE 9. Scanning electron microscopic images of hBMSCs after 10 days of culture on titanium surfaces: (a) unmodified titanium—10 days,

(c) NPS—10 days, (d) PEG—10 days, (e) P123—1 days, (g) P123—10 days, (i) CaP-P123—10 days. (j and k) High magnification showing hBMSCs

associated with mineralized bone nodules on CaP-P123—10 days surface. Epifluorescence images showing the nuclei in the hBMSCs cultured

on: (b) unmodified titanium, (f) P123—10 days, and (h) CaP-P123. (i) EDX elemental analysis of the mineralized nodule. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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content, which may correspond to partially crystallized apa-
tite deposits or mineralized matrix vesicles produced during
the cell-mediated bone formation process.49,50 These nod-
ules were not observed after short-term (1 day) cultures
[Fig. 9(d)] or by using an acellular culture medium as con-
trol. Our preliminary observations indicate that the nano-
structured silica coatings promote the osteogenic differen-
tiation of hBMSCs in the absence of osteogenic supplements.
In addition, statistically significant higher ALP activity val-
ues were measured on the P123 and CaP-P123 nanoporous
surfaces at 7 days of culture (Fig. 10), confirming the favor-
able effect of these surfaces on the osteogenic differentia-
tion process. ALP activity is a differentiation marker that
commonly decline after ‘‘extensive’’ mineralization,51 which
can be observed after prolonged culture times. Osteogenic
differentiation of stem cells may be influenced through both
ECM protein changes and direct cell interaction with the
nanofeatured surface.52,53 In the present study, porous silica
nanostructure modifies ECM protein adhesion, but it can
also directly affect the stem cell differentiation process.
Increasing evidence indicates that mechanical signals from
nanostructured surfaces may be transmitted via integrins
through the cytoskeleton to the nucleus, affecting the
expression of bone-related transcription factors.54,55 In addi-
tion, bioactive glass-type CaP-P123 coating, through its ionic
dissolution products, can chemically drive hBMSCs along the
osteoblastic pathway,56,57 resulting in increased mineralizing
activity. The results of the present work show that silica
coating with highly ordered sub-10 nm porous structure
induces an enhanced osteogenic cell response, which could
promote faster and more reliable osseointegration of tita-
nium implants.

CONCLUSIONS

The sol–gel/EISA technique allows the preparation of uni-
form silica coatings with highly ordered hexagonal/cubic
porous nanostructure on titanium surfaces. The nanoporous
silica surface accelerates early osteoblast adhesive response,

which is attributed to the high ECM protein adsorption on its
large-specific surface area, but also probably to direct me-
chanical stimulus from the sub-10 nm topography. The nano-
porous silica surface, particularly that doped with calcium
and phosphate, also promotes the osteogenic differentiation
of hBMSCs with spontaneous mineral nodule formation in
basal conditions. The bioactive properties exhibited by the
nanostructured porous silica coatings may be used to
improve the osseointegration of titanium implants and have
future impact on the nanoscale design of implant surfaces.
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