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ABSTRACT

In the field of regenerative medicine, nanoscale physical cuing is clearly becoming a compelling determinant of cell behavior. Developing
effective methods for making nanostructured surfaces with well-defined physicochemical properties is thus mandatory for the rational design
of functional biomaterials. Here, we demonstrate the versatility of simple chemical oxidative patterning to create unique nanotopographical
surfaces that influence the behavior of various cell types, modulate the expression of key determinants of cell activity, and offer the potential
of harnessing the power of stem cells. These findings promise to lead to a new generation of improved metal implants with intelligent surfaces
that can control biological response at the site of healing.

Advances in nanotechnology underpin new and exciting
research with applications in regenerative medicine, particu-
larly in the area of biocompatible materials. Smart materials
now being developed not only can incorporate themselves
in the body but can also interact in predetermined ways with
their host.1 The biocompatibility of an implanted material is
determined primarily by its initial interactions at the tissue/
implant interface.2 Several surface properties can affect these
interactions, including composition, surface energy, rough-
ness, and topography.3,4 How these fundamental surface
features determine biological activity is an important question
that is just beginning to be answered. With proper control

and management, manipulation of surface features may hold
the key to developing innovative materials that not only are
easily accepted by the human body but can have a subsequent
functional effect.

Titanium (Ti) and its alloys are common biomaterials that
are widely used in orthopedic, dental, and cardiovascular
implants for multiple reasons. Most importantly, their native
surface layer of inert amorphous TiO2 confers excellent
biocompatibility.5 Surface modifications by techniques such
as sandblasting,6-8 machining,9-11 and chemical treatment
with acids12,13 have been used successfully to modify
topography at the microscale and to thereby stimulate cellular
and tissue response. However, such modifications are not
on the scale at which cells function. More recently, attention
has focused on nanoscale surface modifications to improve
biointegration, such as by creating specific nanogeometries
that selectively influence and control cellular behavior.14 On
the horizon lies the advent of new intelligent nanostructured
biomaterials with improved functionality, which is likely to
benefit the health sector substantially.
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Chemical patterning is a versatile and powerful way to
create functionalized nanostructured surfaces, with and
without superimposed microtopography. Most earlier work
has focused on nanoscale bumps, protrusions, and other
features created by techniques such as anodization,15,16

lithography (both photolithography and electron-beam li-
thography),17-19 polymer demixing,20 phase separation,21 and
evaporation.22 Irrespective of the exact morphology of the
features, nanostructuring has proven to have highly promising
effects on the activity of cells, which are known to respond
by modulating their adhesion, proliferation, migration, and
gene expression.23

Recently, our group demonstrated the use of chemical
oxidation to create reproducible nanopatterns on the surface
of commonly used biocompatible metals such as Ti and Ti
alloys.24-28 By simply immersing the Ti-based material in
an etching solution made by mixing concentrated sulfuric
acid (H2SO4, a strong acid) and aqueous hydrogen peroxide
(H2O2, an oxidant), it is possible to create a reproducible
spongelike network of nanopits on the surface. These surfaces
have been shown to have beneficial effects on both initial
and subsequent osteogenic (bone-forming) events in vit-
ro.24-26

The rationale for using H2SO4/H2O2 to nanotexture metals
was to permit simultaneous etching and oxidation of the
surface in a controlled manner.29 This method is effective,
but the range of nanoporosity achieved so far is narrow. In
this paper, we introduce five new bicomponent reagents for
nanotexturing, which extend the range of surface modifica-
tions that can be achieved by simple chemical oxidative
etching. These novel etchants were applied to various
implantable metals, and the physicochemical properties of
the diverse nanogeometries created were characterized. We
have also investigated how nanoscale physical cuing gener-
ated by surface texture modulates key determinants of cell
activity. The versatility of oxidative chemical nanopatterning
should make it possible to exert an influence on a broad
spectrum of cell types (including stem cells) that play key
roles in maintaining and restoring tissue structure and
functional integrity.

We systematically varied the acidity/basicity of the
etchants by examining the behavior of mixtures containing
trifluoromethanesulfonic (triflic) acid (CF3SO3H), sulfuric
acid (H2SO4), trifluoroacetic acid (CF3COOH), and am-
monium hydroxide (NH4OH). Simultaneously, we studied
the effect of various oxidants, including hydrogen peroxide
(H2O2), tert-butyl hydroperoxide ((CH3)3COOH), and am-
monium persulfate ((NH4)2S2O8). Using these new etchants,
we were able to create diverse nanogeometries on the surface
of biocompatible materials (Figure 1 and Figure S1 in
Supporting Information). For example, neat CF3SO3H, which
is orders of magnitude more acidic than H2SO4, was
combined with 30% aqueous H2O2 as the oxidant. The effect
of this mixture on Ti was to produce a spongelike network
of nanopores similar to the one obtained with the H2SO4/
H2O2 etchant (compare panels a and b of Figure 1 and S1).
Using a weaker fluorinated acid, CF3COOH, in conjunction
with 30% aqueous H2O2, gave a distinct nanopattern consist-

ing of nonuniform patches of nanopores extending across
the surface (Figure 1c). A basic oxidative etchant consisting
of concentrated aqueous NH4OH and 30% aqueous H2O2 also
proved to be very effective in nanopatterning the surface of
Ti. This etchant mixture resulted in a nanopattern exhibiting
large pits ranging in diameter between 50 and 100 nm. The
morphology of the pits differed markedly from those obtained
using acidic etchants; in particular, they appeared to be
shallower and possessed irregular polygonal shapes. Fur-
thermore, raising the percentage of peroxide in the etchant
mixture resulted in a corresponding increase of the pit
diameter.

These results show that varying the acidic (or basic)
component in mixtures containing H2O2 appreciably changes
the nanopattern on Ti surfaces. We also studied a series of
etchants with concentrated H2SO4 as the acidic component
but with varied oxidants, and we compared Ti surfaces
produced by exposure to these mixtures with the well-
characterized nanostructured surfaces obtained by using the
standard H2SO4/H2O2 mixture.28 For example, a 50% v/v
mixture of concentrated H2SO4 and water, mixed with equal
volumes of (CH3)3COOH, produced a nanotexture consisting
of pits and protrusions (Figure 1e). In addition, Ti disks
exposed to mixtures of H2SO4 and (NH4)2S2O8 showed
surfaces with microscale elevations and the smallest nanopits
produced by any of the etchants tested (Figure 1f).

The novel nanostructured surfaces obtained by controlled
chemical oxidation were subjected to detailed physicochem-
ical characterization. Atomic force microscopy confirmed that
the surfaces exhibited different roughness profiles (root mean

Figure 1. Characteristic SEM images of Ti surfaces nanostructured
by oxidative etching under conditions specified in the experimental
section (scale bar ) 100 nm).
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square values in the range of 10-200 nm on 5 × 5 µm2 and
5-15 nm on 1 × 1 µm2 scan areas), which is in agreement
with the observation of various surface morphologies by
scanning electron microscopy (Figure S1, Supporting Infor-
mation). The crystallinity of the oxide layer of the newly
obtained nanosurfaces was assessed by X-ray diffraction. No
peaks corresponding to either rutile or anatase phases of TiO2

were observed in the diffraction patterns of any samples,
including untreated polished controls. This indicates that the
chemical nanopatterning process does not alter the amor-
phous nature of the native TiO2 layer. In all cases, the
diffraction patterns showed only peaks corresponding to
R-Ti.30 On the other hand, Fourier-transform infrared (FTIR)
spectra (Figure S2a, Supporting Information) revealed an
overall thickening of the TiO2 layer, as seen from the increase
in the intensity of the peak in the Ti-O bond region (600
and 800 cm-1) for nanosurfaces obtained by using CF3SO3H/
H2O2, CF3COOH/H2O2, and H2SO4/(NH4)2S2O8 as etchants.
In sharp contrast, Ti surfaces treated with NH4OH/H2O2 and
H2SO4/(CH3)3COOH mixtures yielded FTIR spectra that
resembled those of untreated controls. We conclude that
immersion of Ti in these two mixtures leads to the creation
of oxide layers similar in thickness to the native layer. X-ray
photoelectron spectroscopy (XPS) confirmed the FTIR data
and identified TiO2 as the major surface species in all samples
studied. The Ti 2p core-level spectra showed the character-
istic doublet at 458.6 eV (Ti 2p3/2) and 464.3 eV (Ti 2p1/2)
attributed to Ti4+, the oxidation state in TiO2. In the case of
untreated controls and of samples etched with NH4OH/H2O2

and H2SO4/(CH3)3COOH, in which the oxide layer is
relatively thin, a Timetal peak arising from the underlying
metal was also detected (Figure S2b, Supporting Informa-
tion).

Previously, we have shown that treating Ti with H2SO4/
H2O2 removes surface contaminants and does not introduce
S from the H2SO4 etchant.29 However, XPS data revealed
that S can be incorporated in nanopatterned Ti surfaces when
H2SO4/(NH4)2S2O8 is used as the etchant. The presence of S

Figure 2. Comparative cell spreading number and proliferation profile of primary calvaria-derived osteogenic cells grown on control and
nanotextured Ti surfaces. (a) Stages of cell adhesion and spreading as visualized by epifluorescence of phalloidin (actin cytoskeleton) and
DAPI (nuclei) staining. (b) Proportions of cells in stages I-IV at 4 h postplating. (c) SEM images of cell spreading at days 3 and 12. (d)
Triple-labeled preparations with an anti-Ki-67 antibody (red fluorescence), phalloidin, and DAPI, showing the distribution of cycling cells.
(e) Cell proliferation index at days 1 and 4. Scale bars: (c) upper, center ) 100 µm; lower ) 25 µm; (d) ) 50 µm.

Figure 3. Immunolocalization of the matricellular proteins os-
teopontin (OPN) and bone sialoprotein (BSP) at early time points
in primary calvaria-derived osteogenic cells grown on control (a,
c) and nanotextured Ti surfaces (b, d). Note an expressive
enhancement of the extracellular accumulation of OPN at day 1
and BSP at day 4 for the nanostructured Ti surface. Scale bar: upper
) 50 µm; lower ) 800 µm.
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on the surface may have favorable effects on the growth and
repair of bone. The S dopant may yield CaSO4 in the
presence of tissue fluids, which is used in medicine as a filler
that promotes repair of osseous defects.31 Furthermore,
samples treated with etchants containing fluorinated acids
can also be doped with small amounts of trace elements such
as F. This element is used commercially to improve
osseointegration32 and is known to have bactericidal activity.
F-doped nanotextured surfaces prepared in this way may not
only be advantageous for improving bone integration of
implants, but their ability to control bacterial adhesion and
proliferation may lead to other medical applications in the
future.33

In addition to Ti, other metals and alloys are currently in
wide use in implantable medical devices, including tantalum
(Ta) and chromium cobalt molybdenum alloy (CrCoMo). By
selecting the appropriate etchant and varying temperature,
we found that simple chemical oxidative treatment was also
effective for various metals (Figure S3, Supporting Informa-
tion). These data suggest that suitable conditions can be found
to nanotexture all implantable medically relevant metals,
using oxidative patterning and appropriate choice of tem-
perature, concentration, and other experimental parameters.

An important focus of our work has been on the effect
that novel nanoporous surfaces produced by oxidative etching
can have on osteoblastic cells (bone) and fibroblastic cells.
Successful integration of an implant in bone depends on the
relative growth of these two cell types. Stimulation of
osteoblastic activity is essential for accelerating bone forma-
tion, and inhibition of fibroblastic cell growth is necessary
to prevent formation of a fibrous capsule surrounding the
implant, which weakens the bone-implant interface and can
ultimately lead to failure.34 In a recent report, we have shown
that Ti alloy surfaces, when nanostructured using the standard
H2SO4/H2O2 mixture, can promote the proliferation of
essential osteoblastic cells and simultaneously inhibit the

growth of unwanted fibroblastic cells.25 We have now taken
this observation further by comparing the effect of two
distinct surfaces obtained by oxidative patterning on gene
expression, cell adhesion, division, and differentiation.

Oxidative etching of Ti changes the physical characteristics
of the surface, as well as its chemistry. We expected the
combined effect of these alterations to influence cells in
contact with the surface. Cell culture studies revealed that
controlled nanopatterning has a series of interesting and
unexpected effects. In particular, we found that treatment of
Ti surfaces with H2SO4/H2O2 alters the adhesion, spreading
dynamics, and growth of primary osteogenic cells. At 30
min following plating, the cells exhibited a rounded appear-
ance, and there were more adherent cells on nanostructured
Ti than on untreated controls (data not shown). After 4 h of
culture, there was no significant difference in the number of
cells, but there was a significant increase in the proportion
of cells that had a spread morphology on the nanoporous
surface (stage IV, Figure 2a,b).35 After 3 days, there were
more cells on the treated surface, as revealed by scanning
electron microscopy (SEM), and after 12 days they showed
well-developed cellular processes with focal adhesions at the
extremities (Figure 2c). Labeling for the nuclear protein Ki-
67, a marker for the cell division cycle,36 showed that at
day 1 there were more Ki-67 positive cells on untreated
control Ti, but at day 4 a significant increase in the number
of cycling cells on nanotextured Ti was detected. The
differential in proliferative index from day 1 to day 4 was
about 120% for the nanostructured surface and only 67%
for the unetched control (Figure 2d,e). Extracellular ac-
cumulation of osteopontin (OPN) and bone sialoprotein
(BSP), two major bone matrix proteins,37,38 increased dra-
matically on the nanoporous Ti surface (Figure 3). Taken
together, these data indicate that osteogenic differentiation
is accelerated, and they also suggest that proteins are retained
or adsorbed more efficiently on the nanopatterned surface.

Figure 4. Macroarray analysis of gene expression for extracellular matrix and cell adhesion molecules by transformed UMR-106 (a, b) and
primary calvaria-derived osteogenic cells (c, d) grown for 3 days on a control polished Ti surface (a) and on nanotextured surfaces obtained
by etching with H2SO4/H2O2 (b, c) and with NH4OH/H2O2 (d). Nanotexture upregulates expression of certain genes implicated in cell
adhesion and migration (e, red circles in b and d). Green circles denote genes expressed by calvarial but not UMR-106 cells, highlighting
the difference between primary and transformed cells.
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Gene profiling using whole genome DNA microarrays has
recently been used to elucidate the molecular mechanisms
implicated in cellular response to nanomodified surfaces.39

Because such surfaces elicit broad gene responses, we have
opted to use chips that screen for limited gene sets associated
with extracellular matrix and cell adhesion molecules. For
surfaces etched with either H2SO4/H2O2 or NH4OH/H2O2,
genes associated with cell adhesion and migration (such as
integrin alpha-5 and hyaluronan) were significantly upregu-
lated, irrespective of the cell type screened (Figure 4).

Unlike etching Ti with H2SO4/H2O2, treatment with
NH4OH/H2O2 creates nanoporosity without increasing the
thickness of the native oxide layer. After 6 h of culture, there
was no significant difference between MC3T3-E1 osteogenic
cell growth on NH4OH/H2O2-treated surfaces and on controls,
indicating that the surface modifications have no effect on
cell adhesion (Figure 5a). After 3 days, however, there were
significantly fewer cells on the treated surface than on the

control, suggesting that etching retards growth of the cell
population (Figure 5a,b). This reduction in cell growth leads
to less mineral deposition after 14 days, as visualized by
staining with Alizarin red (Figure 5c). The growth of NIH3T3
fibroblastic cells, measured at 3 days, is also significantly
reduced following surface nanostructuring with NH4OH/H2O2

(Figure 5d,e). Future work will determine whether the
distinctly different cellular responses to the two oxidative
treatments (H2SO4/H2O2 and NH4OH/H2O2) arise from
differences in nanotexture, thickness of the oxide layer, or
both. Subsequent studies of cellular growth on Ti treated
with H2SO4/(CH3)3COOH, which creates a nanotexture
similar to that obtained with H2SO4/H2O2 but does not
thicken the native oxide layer, should help resolve the
individual contributions of the two parameters.

The striking ability of NH4OH/H2O2 to inhibit cell growth
creates attractive opportunities. For example, the key chal-
lenge in developing improved stents for cardiovascular
medicine is to control excessive cell growth, which eventu-
ally leads to the restenosis of vessels. An important feature
of our work is its demonstration that such selective cellular
generates controlled of nanotopography, with or without
microtexture or changes in the thickness of the native oxide
layer.

Harnessing the power of stem cells is a major challenge
that promises breakthroughs in many areas of regenerative
medicine. Physical characteristics of the extracellular matrix
have been shown to be important in stem cell lineage
specification,40 and there is now growing evidence that
nanoscale surface features can also guide their differentia-
tion.41 Stem cells are not abundant in adult tissues, and the
ability to promote their expansion would be highly beneficial.
Our studies show that nanoporous surfaces created by
chemical oxidation accelerate the growth of human umbilical
cord stem cells when compared with untreated Ti and glass
coverslips (Figure 6). The physicochemical cuing provided
by such surfaces increases expression of Ki-67, a marker of
cell proliferation. In addition, ongoing studies show that
nanoporosity upregulates expression of alkaline phosphatase
by umbilical cord stem cells, at least when grown in
osteogenic medium (data not shown). This suggests that
nanoporosity also has an effect on cell differentiation.

In conclusion, our results support the concept that physical
cues emanating from surfaces can influence cells, much like
biochemical signals. Moreover, our work establishes that
sophisticated signaling can be achieved by a simple chemical
oxidation. As stated by Ingber,42 it is now increasingly
recognized that cells are governed by the same architectural
principles that define the nonliving natural world, reaffirming
the importance of integrating chemistry and physics into cell
biology. At present, however, we still do not understand in
detail how nanostructured surfaces exert their effects, and
there are no simple ways to predict what influence a
particular nanoscale surface modification will have on cells.
Cellular distortion is well-known to cause reorganization of
the cytoskeleton and to trigger various signaling pathways
that are involved in determining the fate and morphogenesis
of cells.43 Signal transduction pathways that have been

Figure 5. (a-c) Cell growth profiles of MC3T3-E1 osteogenic cells
grown on untreated Ti surfaces and on surfaces etched with NH4OH/
H2O2. The surface features generated by this treatment limit cell
growth and the development of the osteogenic phenotype. Scale
bar ) 500 µm. (c) At 14 days of culture, Alizarin red staining for
mineral reveals abundant areas of calcification on the control surface
(left disk), but none is detected on the treated surfaces (right disk).
(d, e) Cell growth profile of NIH3T3 fibroblastic cells grown on
untreated Ti surfaces and on surfaces etched with NH4OH/H2O2.
(d) Evaluation of cell number by the MTT viability test. (e) SEM
image. These data show that surface features generated by this
treatment limit the growth of fibroblastic cells. Scale bar ) 100
µm.
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implicated in these activities include Rho GTPase, ERK
MAP, and Src kinase. In addition, physical interactions
between cells and extracellular matrix modulate formation
of stress fibers and focal adhesion complexes. In a similar
manner, nanostructured substrates may induce nanoscale
cellular distortions that sum up and cumulatively produce
enough strain to induce cytoskeletal reorganization, changes
in cell shape, and the triggering of various signaling
pathways. Upregulation of genes such as contactin-1, hy-
aluronan, and integrin-R5 observed in our macroarrays
certainly suggests an important effect on cell shape, motility,
and Rho intracellular signaling. However, the subject is
complex, and it remains necessary to correlate well-defined
surface characteristics with specific cellular effects. This
complexity is illustrated by a recent comparison of the effects
of periodic arrays of nanopores created by electron-beam
lithography with those of disorganized arrays of the same
nanopores, which showed that the haphazard arrangement
was better for stimulating the differentiation of human
mesenchymal stem cells into osteogenic cells.39 Consistent
with this observation, the nanoporosity generated by our
methods of chemical oxidation does not exhibit any apparent
order. Previous studies have addressed the issues of surface
chemistry, roughness, and morphology, but only on the
microscale. The conclusion of these studies is that the
beneficial influence of microtopography on osteogenic cell
activity actually results from chemical modification of the
surface rather than from topographic cuing.6 It must also be
noted that surface modifications also affect the adsorption
of proteins, which then secondarily alters cellular activity.44

Whether such effects arise from nanoscale features remains
to be determined and will require additional studies. Nev-
ertheless, it is likely that surface morphology and chemistry

will act in concert, and a better understanding of these
parameters and their interrelation is mandatory for the ra-
tional design of novel biomaterials. Learning how these
parameters determine the behavior of relatively simple
inorganic biomaterials such as metals provides an excellent
starting point for developing deeper knowledge of other
families of materials that are widely used in regenerative
medicine, such as polymers.
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