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Cell-repelling structures are often required in biosensors, bioelectronics, and drug delivery systems, but
the search for satisfactory cell-repelling structures with good biocompatibility and long-term stability is
challenging. In this work, two types of quasi-aligned nanowire arrays (QANWA) with different surface
chemistry but similar surface topography, namely titanium carbideecarbon coreeshell (TiC/C) and
titania (TiO2), are fabricated on Ti6Al4V. Both QANWAs inhibit cell adhesion consequently leading to cell
apoptosis possibly due to disruption in the adhesion assembly. Other cell functions such as proliferation
and differentiation as monitored by extracellular matrix secretion and mineralization are also substan-
tially depressed. The cell-repelling property is related to the nanostructure but independent of the
surface chemistry and surface wettability. It is also not related to protein adsorption which is in fact
slightly enhanced on the nanowire arrays. The QANWAs can be modified to have a larger loading capacity
thereby enhancing the controlled release kinetics in drug delivery applications and to resist protein
adsorption resulting in better biosensor performance. This concept which can be readily extended to
other types of QANWAs and biomaterials has broad clinical potential.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Better understanding of the various interactions between cells
and biomaterials can expedite biomedical applications [1,2]. In
particular, adhesion and subsequent functions of cells are closely
related to the surface topography of biomaterials and so the proper
micro- and nanotopography can modulate cells/biomaterials inter-
actions [2]. Most of the studies have heretofore focused on factors
that enhance cells/biomaterials integration to for example, improve
osseo-integration between titanium implants and bones [2e5] and
developpolymer scaffolds in tissueengineeringapplications [6,7]. In
spite of recent progress, mechanisms dictating the various interac-
tionsbetween cells andnanostructures are still not fully understood.
Better understanding of the mechanisms, particular those pertain-
ing to negative effects such as cell repellence and apoptosis, can lead
to better surface nanotopography and biomedical devices.

Surface structures that repel mammalian cell adhesion and
survival have attracted increasing interest [8e12] because cell-
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repelling surfaces are required by many biomedical devices such as
those in drug delivery and blood contacting applications as well as
biosensors and bioelectronics. Besides cell repellence, high drug
loading capacity and controlled release are desirable for good drug
delivery, and protein resistance is required in order to keep the
surface of a biosensor clean. Lee and coworkers have reported that
zinc oxide (ZnO) nanorods with different surface chemistry (with
or without silicon dioxide coating) effectively reduce cell adhesion
and subsequent survival [8,9]. Brammer et al. have observed
strikingly suppressed cell and protein adhesion on silicon nanowire
arrays, suggesting that they can serve as good drug delivery carriers
due to the reduced probability of biofouling and drug release
impediments [10]. However, ZnO nanorods and silicon nanowires
are unstable and degrade gradually in a physiological environment
[13e15]. These drawbacks may stifle long-term in vivo and clinical
uses. Hence, fabrication of a better cell-repelling surface with good
biocompatibility and stability is important.

We have fabricated quasi-aligned nanowire arrays (QANWA)
composed of the titanium carbideecarbon coreeshell (TiC/C)
structure or titania (TiO2) on Ti6Al4V. The TiC/C and TiO2 nanowires
which have good biosensing properties have large potential in drug
carrier and delivery systems because of the potentially high loading
volume [10]. In order to achieve the normal functions of drug
delivery systems and biosensors in a physiological environment,

mailto:kfhuo@wust.edu.cn
mailto:kaifuhuo@cityu.edu.hk
mailto:paul.chu@cityu.edu.hk
mailto:paul.chu@cityu.edu.hk
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2010.07.036
http://dx.doi.org/10.1016/j.biomaterials.2010.07.036
http://dx.doi.org/10.1016/j.biomaterials.2010.07.036


L. Zhao et al. / Biomaterials 31 (2010) 8341e83498342
these structures must repel cell adhesion and have an anti-
biofouling surface. In this study, we report the cell-repelling
property of QANWAs on Ti6Al4V. The influence of the QANWAs of
TiC/C and TiO2 on protein adsorption and cell adhesion is investi-
gated by observing the response of osteoblasts which constitute
a representative anchorage-dependent cell type to elucidate the
mechanism of cell repellence.
2. Materials and methods

2.1. Fabrication of the TiC/C and TiO2 QANWAs

Coreeshell titanium carbide/carbon (TiC/C) QANWAs were fabricated by
a thermochemical process as described previously (submitted for publication). In
brief, Ti6Al4V foils (10 � 10 � 1 mm3, Goodfellow) were degreased ultrasonically in
acetone and ethanol sequentially, followed by polishing in a solution containing
H2O, HF, and HNO3 with a volume ratio of 5:1:4 for 5 min to remove the surface
native oxide. After rinsing with distilled water and drying under flowing nitrogen,
the Ti6Al4V foil was put on a ceramic substrate placed at the center of an alumina
tube in a horizontal tube furnace. The reactor was purged with argon several times
to remove residual oxygen and/or moisture before being heated to 800 �C under
argon. Acetone was subsequently introduced into the chamber together with argon
at a flow rate of 150 sccm. The thermochemical reactionwas conducted for 90 min at
800 �C and afterwards, the furnace was gradually cooled to room temperature under
argon to produce the TiC/C QANWAs. The as-synthesized TiC/C QANWAs could be
further transformed into TiO2 QANWAs by annealing in air at 650 �C for 60 min.
Fig. 1. SEM images of the (A) TiC/C QANWAs and (B) TiO2 QANWAs formed by annealing TiC
nanowire. (C) XRD patterns acquired from the TiC/C QANWAs (curve 1) and TiO2 QANWAs
The carbon shell was removed [16] and the TiC core was converted to single-crys-
talline TiO2 [17].

2.2. Surface characterization

Field-emission scanning electron microscopy (FE-SEM, FEI Nova 400 Nano) and
transmission electron microscopy (TEM, JEOL JEM-2100) were used to observe the
surface morphology of the specimens and structure of the nanowires, respectively.
X-ray diffraction (XRD, Philips X0 Pert Pro) was employed to show the crystallization
of samples. Micro Raman spectroscopy (Renishaw 2000) was conducted to deter-
mine the structure and water contact angle measurements were carried out by the
sessile-drop method (EasyDrop Standard, KRUSS) at room temperature.

2.3. Protein adsorption assay

A 1 ml droplet of Dulbecco’s minimum essential medium (DMEM, Gibco) con-
taining 10% bovine calf serum (BCS, Gibco) was pipetted onto each specimen placed
in 24-well plate. After incubation at 37 �C for 4 h, these disks were transferred into
new 24-well plates and washed with 1000 ml PBS thrice. Afterwards, 500 ml of 1%
sodium dodecyl sulfate (SDS) solutionwas added to thesewells and shaken for 1 h to
detach proteins from the disk surface. The protein concentrations in the collected
SDS solutions were determined using a MicroBCA protein assay kit (Pierce).

2.4. Cell culture

Primary rat calvarial osteoblasts were obtained by digestion of calvarial bone of
neonatal SpragueeDawley rats. The cells were cultured in DMEM supplemented
with 10% BCS and 1% penicillin/streptomycin and incubated in a humidified atmo-
sphere of 5% CO2 at 37 �C. Passages 2e5 were used in the experiments.
/C QANWAs in air at 650 �C for 60 min. The inset in (A) is the TEM picture of the TiC/C
(curve 2) and (D) Raman spectrum of the TiC/C QANWAs.



Fig. 2. Water contact angles on samples. **p< 0.01 compared to the flat Ti6Al4V control and ##p< 0.01 compared to the TiO2 QANWAs. The top panel shows the optical pictures.
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2.5. Cytotoxicity assay

The lactatedehydrogenase (LDH)activity in theculturemediawasusedasan index
of cytotoxicity. After 24 hof culturing, the culturemediawascollectedand centrifuged,
and the supernatant was used for the LDH activity assay. The LDH activity was deter-
mined spectrophotometrically according to the manufacturer’s instructions.

2.6. Cell morphology

After 3 days of culturing, the samples with attached cells were gently washed
with PBS and distilled water, fixed, and sputter coated with gold. The cell
morphology was observed by FE-SEM (JSM-6700F).

2.7. Cell proliferation

A 1 ml droplet of cell suspensionwas seeded onto each specimenwith a density
of 2 � 104 cells/ml and then cultured in DMEM containing 10% BCS. After 1, 4, and 7
Fig. 3. Protein adsorption onto specimens after 4 h of incubation in DMEM containing
10% bovine calf serum.
days, cell proliferation was assessed using the MTT assay. At the prescribed time
points, the specimens were rinsed three times with PBS gently and transferred to
a new 24-well plate. TheMTT solutionwas added and the specimens were incubated
at 37 �C to allow the formation of formazen which was then dissolved using
dimethyl sulfoxide (DMSO). The optical density (OD) was measured at 490 nm using
a spectrophotometer (Bio-tek).
2.8. Intracellular total protein synthesis and alkaline phosphatase activity

The cells were seeded on samples placed in 24-well culture plate with a density
of 2 � 104 cells/well. After 7 days of incubation, the cells were washed with PBS
thrice and lysed in 0.1% Triton X-100 through four freezeethaw cycles. The alkaline
phosphatase (ALP) activities of the samples were determined using a colorimetric
assay with an ALP reagent containing p-nitrophenyl phosphate (p-NPP) as the
substrate. The absorbance of p-nitrophenol was measured at 405 nm and intracel-
lular total protein content was determined using theMicroBCA protein assay kit. The
ALP activity was normalized to the protein concentration.
Fig. 4. Cytotoxicity assay by evaluating LDH activity in the culture media after 24 h
culture of osteoblasts on the specimens.



Fig. 5. SEM pictures display cell number and morphology on the specimen surfaces after an incubation period of 3 days: (A) TiC/C QANWAs; (B) TiO2 QANWAs; (C) flat Ti6Al4V. The
white arrows indicate the cells which appear to undergo apoptosis. (D) Cell proliferation after 1 and 4 days of incubation measured by the colorimetric MTT assay. **p< 0.01
compared to the flat Ti6Al4V control.
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2.9. Collagen secretion assay

Collagen secretion on the specimens was quantified using a method based on
Sirius Red staining as previously described [4]. Cells with a density of 2 � 104/well
were grown for 7 days, washed three times in PBS, andfixed in 4% paraformaldehyde.
After threewasheswith PBS, the constructswere stainedwith a 0.1% solution of Sirius
Red (Sigma) in saturated picric acid for 18 h. Afterwashingwith 0.1 M acetic acid until
no more red color eluted, images were taken. For the quantitative analysis, the stain
on the specimens was mixed with 500 ml of destain solution (0.2 M NaOH/methanol
1:1). The optical density at 540 nmwas then measured on a spectrophotometer.

2.10. Extracellular matrix mineralization

The extracellular matrix mineralization by cells on the specimens was evaluated by
Alizarin Red staining [4]. After incubation for 7 days, the cells were washed thrice with
PBSandfixedwith75%ethanol for1 h. The cell cultureswere stainedwith40 mMalizarin
red in distilledwater (pH4.2) for 10min at room temperature. Afterwards, the cellswere
washedwithdistilledwateruntil theywerenolongerredandthen imageswereacquired.
For the quantitative analysis, the stain was dissolved in 10% cetylpyridinum chloride in
10mM sodium phosphate (pH 7), and the absorbancewas measured at 620 nm.

2.11. Statistical analysis

The data were analyzed using the SPSS 14.0 software (SPSS, USA). A one-way
ANOVA test combined with a Student-Newman-Keuls post hoc test was used to
determine the level of significance. p< 0.05 was considered to be significant and
p< 0.01 was considered to be highly significant.

3. Results

3.1. Surface characterization of QANWAs

Fig. 1A depicts the SEM image of representative TiC/C QANWAs
revealing uniform nanowires on the Ti alloy substrate. The density of
the nanowires estimated from the SEM image is about 1.0� 108 cm�2.
The TEM image (inset in Fig. 1A) illustrates that the nanowires have
a coreeshell structure. The core has a uniform diameter of about
40e50 nm and the shell is about 15e20 nm thick. The nanowires have
asmoothsurfacewithdiametersof70e90 nmandlengthsuptoseveral
micrometers. The corresponding XRD pattern of the TiC/C QANWAs is
displayed inFig.1C (curve1). Themaindiffractionpeakscanbe indexed
to cubic TiC (JCPDS card: No 32-1383) except the peaks from the
substrate.TheTiC/CQANWAsshowthecharacteristicsRamansignalsof
TiC and C as shown in Fig.1D. The three Ramanpeaks at approximately
258, 421, and 606 cm�1 can be attributed to the vibration signals of TiC
[18,19]. The two strong peaks at 1345 cm�1 and 1588 cm�1 correspond
to the D and G bands of carbon, respectively [20]. After annealing in air
at 650 �C for 60 min, the samples turnwhite. The XRD pattern (curve 2
in Fig. 1C) suggests that TiC has been converted into single-crystalline
TiO2. The SEM image in Fig. 1B discloses that the nanowires retain the
quasi-aligned array configuration after the C shell has been removed
and the core has been converted from TiC to TiO2.

The water surface contact angles are shown in Fig. 2. The flat
Ti6Al4V surface (control) has awater contact angle of 49.25�. The TiC/
C QANWAs show superhydrophobicity with a water contact angle of
137.5�, whereas the TiO2 QANWAs display enhanced hydrophility
relative toTi6Al4Vwith awater contact angle of 17.2�. The changes in
the water contact angles stem from the surface chemistry.
3.2. Protein adsorption

The protein adsorbed from 10% bovine calf serum after 4 h of
incubation is assayed and the results are shown in Fig. 3. Although
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more protein appears to adsorb onto the QANWAs than Ti6Al4V
control, the difference is not statistical significant. There is no
appreciable difference in the amount of protein adsorbed on the
TiC/C and TiO2 QANWAs.
3.3. Cytotoxicity assay

The cytotoxicity indicated by the LDH activity in the culture
media after 24 h of incubation is assayed and the results are dis-
played in Fig. 4. The QANWAs show no obvious cytotoxicity
compared to the Ti6Al4V control.
3.4. Cell morphology

The SEM pictures in Fig. 5 show the cell morphology on the
QANWAs after 3 days of incubation. The cells attach and spreadwell
on the flat surface and after 3 days of culturing, the cells almost
completely cover the Ti6Al4V surface. There are many dense
lamellipodia and filopodia stretching out to anchor to the surface
forming good intercellular connection. In contrast, on the two
surfaces with QANWAs, there are only a few cells after 3 days and so
the cells cannot grow well on the nanowire surfaces. Compared to
the flat control surface, the cells on the QANWA are also much
smaller. Some cells on the TiC/C QANWAs are thin and long and
they cannot spread well and form solid adhesion. Poorly spreading
round cells can also be seen and some cells seem to have an
apoptosis appearance of division into small pieces. On the TiO2
QANWAs, more cells exhibit the apoptosis shape and the rest also
exhibit the poorly spring round shape.
Fig. 6. Intracellular total protein synthesis (top panel) and ALP activity (lower panel) of
osteoblasts on the samples after 7 days of incubation. **p< 0.01 compared to the flat
Ti6Al4V control.
3.5. Cell proliferation

The cell proliferation during 4 days of incubation is shown in
Fig. 5D. It is obvious that the QANWAs induce a dramatically
smaller cell number at days 1 and 4. While the cells proliferate well
on the Ti6Al4V surface, the cell number on the QANWAs does not
increase with incubation time suggesting impaired proliferation. In
fact, after 4 days of incubation, the cell number on the TiC/C or TiO2
QANWAs is only about 30% of that on the Ti6Al4V control.
3.6. Intracellular total protein synthesis and alkaline phosphatase
activity

The intracellular total protein synthesis and alkaline phospha-
tase activity are signs of cell synthesis ability and early differenti-
ation, respectively and so these two parameters are evaluated with
the results shown in Fig. 6. These two parameters are down-regu-
lated on the QANWAs. The intracellular total protein synthesis is
severely inhibited to 20% and 35% on the TiC/C and the TiO2 QAN-
WAs, respectively relative to the flat Ti6Al4V control. The intra-
cellular alkaline phosphatase activity is also depressed
dramatically, with a more obvious depression effect on the TiC/C
QANWAs to about 45% of that on the flat surface.
3.7. Collagen secretion

Collagen secretion quantified based on Sirius Red staining is
shown in Fig. 7. The optical pictures show that collagen secretion by
the osteoblasts is drastically reduced on the TiC/C and TiO2 QAN-
WAs. The collagen secretion on the two QANWAs is about 35e40%
of that on the flat Ti6Al4V surface.
3.8. Extracellular matrix mineralization

The extracellular matrix mineralization measured by Alizarin
Red staining is shown in Fig. 8. After 7 days of incubation, there are
already many mineralized nodules on the Ti6Al4V control. In
contrary, nearly no mineralized nodule can be observed on the two
types of QANWAs. The extracellular matrix mineralization on the
TiC/C and TiO2 QANWAs is about 30% of that on the flat surface.

4. Discussion

The experimental results suggest that the QANWAs dramatically
reduce cell adhesion, spreading, survival as well as late cell func-
tions such as matrix secretion and mineralization. These effects
stem from the QANWAs structure and do not appear to depend on
the surface chemistry and surface wettability. Besides, the cell-
repelling ability does not stem from reduced protein adsorption as
expected. Instead, a little more protein is found to adsorb onto the
QANWAs and this phenomenon also does not appear to depend on
the difference in surface chemistry. Our data indicate that these
QANWAs not only can be used in biosensors or drug releasing
systems due to their good biocompatibility, stability, and cell-
repelling property, but also provide a good platform to study the
effects of nanotopography, surface chemistry, and surface wetta-
bility on the biological performance. The latter can provide deeper
insight into the mechanisms of cell-repelling and lead to design of
better topography to systematically alter cell behaviors.

Anchorage-dependent cells such as osteoblasts need to attach to
the extracellular matrix for normal functions or else apoptosis will
occur [21,22]. The QANWAs hinder the adhesion of cells as shown



Fig. 7. Collagen secretion by osteoblasts after 7 days of incubation. The top panel displays the optical images: (A) TiC/C QANWAs; (B) TiO2 QANWAs; (C) flat Ti6Al4V. The lower panel
shows the colorimetrically quantitative analysis. **p< 0.01 compared to the flat Ti6Al4V control.
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by the SEM pictures that cells cannot attach to the nanowire
surfaces in a stable fashion and consequently spread poorly on
them. Actually, the SEM micrographs indicate many cells appear to
undergo apoptosis. Stable cell adhesion to an extracellular matrix
provides the signals needed for cell proliferation and differentia-
tion, and good cell proliferation ensures enough differentiated cells
in the following stage and good cell-to-cell interactions. All these
factors impact the quality and quantity of matrix deposition and
biomineralization. The poor cell adhesion and ensuing cell
apoptosis explain the small cell number, total intracellular protein
synthesis, extracellular matrix secretion, and mineralization. The
impeded cell adhesion and low cell survival and matrix deposition
finally give rise to a long-lasting anti-biofouling surface in a physi-
ological environment.

In order to rule out the possibility that the smaller cell numbers
on the two types of QANWAs may result from the potential toxicity
of the QANWAs, we evaluate the cytotoxicity of the QANWAs. The
LDH assay in the culture medium after 24 h of incubation shows
that the TiC/C and TiO2 QANWAs are non-cytotoxic as the Ti6Al4V
control, suggesting that the dramatically reduced cell numbers is
certainly due to the impeded cell functions rather than cytotoxicity.
Actually, C and TiO2 are generally considered to be non-cytotoxic
and stable and have in fact been adopted clinically [4,23e25]. Our
data suggest that the cell-repelling property of the QANWAs is not
due to cytotoxicity and these QANWAs are safe in vivo.

The cell attachment and spreading on biomaterials aremediated
by a highly complex structure called focal adhesion which is
a multi-protein, microscale assembly involving clustering of ligated
transmembrane receptor integrins on the nanoscale [26e29]. It has
been shown that the spacing between the integrin ligands is
important to integrin clustering and focal adhesion [30,31]. There is
more evidence that clustering of integrins to assembly requires that
the spacing between ligated integrins be less than 50e70 nm
[8,9,30e33]. Nanotopographies with spacings larger than 100 nm
inhibit cell adhesion [32e34]. In this present study, the nanowires
have a diameter of about 70e100 nm, while the distances between
nanowires vary from 200 nm to several microns. Hence, although
integrin clustering may occur on a single nanowire, the microscale
focal adhesion assembly is impaired because of the long distances
between nanowires. This mechanism has been adopted by many
researchers to explain cell repellence on different nano-
topographies [8,9,32,33,35]. The signals from the extracellular
matrix transduced via focal adhesion into the cell are very impor-
tant to cell functions and the shortage leads to eventual cell
apoptosis [22,29,36,37].

The cell behavior on biomaterials is strongly related to the
surface characteristics of which surface chemistry plays an impor-
tant role [1]. Here, we evaluate two types of QANWAs with the
same topography but different surface chemistry in order to
elucidate the mechanism of cell repellence. It is observed that both
types of QANWAs effectively prevent cell adhesion and growth in
spite of the difference in the surface wettability. Our results are
consistent with previous reports. For instance, nanowires [10],
nanorods [8,9], and nanoposts [12] which show similar structures
as our QANWAs but with different surface chemistry (SiO2 [8,10,12]
and ZnO [9]) have been observed to repel cell adhesion and
survival. It has also been reported that polymer rodswith diameters
of several to hundreds of nanometers [38] and titania pillars with
diameters of tens of nanometers [39] inhibit cell functions as their
lengths increase. These results indicate the surface structure, not
surface chemistry, is the primary factor affecting cell repellence.
Hence, other types of QANWAs with similar structures as those



Fig. 8. Extracellular matrix mineralization assayed by staining with Alizarin Red after 7 days of incubation. The optical pictures show the shape of mineralized nodules: (A) TiC/C
QANWAs; (B) TiO2 QANWAs; (C) flat Ti6Al4V. The widely distributed but relatively faint staining in (C) represents the mineralized nodules and the small but distinct staining in (B) is
not mineralized nodules but rather discoloration of the samples. (D) shows the colorimetrically quantitative analysis. **p< 0.01 compared to the flat Ti6Al4V control.
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reported here are expected to repel cell anchorage as well and this
technique can be extended to many other nanostructure and
substrate combinations.

Surface wettability is also believed to be an important factor in
cells/biomaterials interactions as it may influence the cell behavior
directly or indirectly by affecting protein adsorption. The surface
wettability of the QANWAs is related to the surface chemistry. The
TiC/C QANWAs have a superhydrophobic surface with a water
contact angle of 137.5� whereas the TiO2 QANWAs are more
hydrophilic relative to the flat Ti6Al4Vwith awater contact angle of
17.2�. The surface wettability of biomaterials is a complex issue and
affected bymany factors [40,41]. In this study, as they have the same
topography, the wettability difference between the TiC/C and TiO2
QANWAs can be attributed to the hydrophobic nature of amorphous
C and superhydrophilic property of anatase TiO2 after UV irradiation
[42]. The SiO2 nanowires and SiO2 coated ZnO nanorods have been
found to be superhydrophilic [8,10], and it can be inferred that the
SiO2 nanoposts should also be hydrophilic because of the same
surface chemistry and similar surface topography [12]. ZnO nano-
rods can be hydrophilic or hydrophobic depending on exposure to
light [43], but we cannot infer the wettability of ZnO nanorods
reported in Ref. [9] due to the complicated substrate preparation
procedures. Nonetheless, our study is believed to provide the first
evidence that the cell-repelling capability of nanowires has no
obvious relationship with surface wettability. There have been
efforts to obtain a cell-repelling surface by making the materials
surface hydrophobic as it is sometimes believed that a hydrophobic
surface can reduce protein adsorption. Compared to chemical
modification commonly conducted to create surface hydrophobicity
which may degrade gradually in a physiological environment, the
topographical technique ismore stable and long-lasting in achieving
long-term antifouling effects.
Protein adsorption on biomaterials is also considered to play
an important role in cells/biomaterials interactions. As afore-
mentioned, there is the speculation that cell repellence can be
achieved by designing surfaces that reduce protein adsorption.
However, as shown in this study, the QANWAs which show good
cell-repelling property do not reduce protein adsorption which is
even slightly enhanced on account of the larger surface area on
the QANWAs. In fact, similar results have been reported [8]. The
reason that higher protein adsorption does not compromise cell
repellence is because of the special structure of the vertically
aligned nanowires. There is enhanced protein adsorption on the
side surface of nanowires but the available ligation sites for cells
are still limited to the top area of nanowires. We suppose that
more protein can be accumulated among the nanowires even
filling the space among the nanowires without impairing cell
repellence. Our argument stems from that the formation and
growth of focal adhesion is driven by cytoskeletal forces [44,45]
and protein accumulation among nanowires may be too pliant
to support cell adhesion [46,47] as the underlying substrate is too
far away. This presumption is verified by the evidence that the
increase in the height of the islands correlates positively with the
cell-repelling property [38,39]. This is especially meaningful from
the perspective of drug delivery as we can accomplish a high
loading capacity for protein drugs while simultaneously keeping
the good cell-repelling property. It is of special interest to
modulate the protein adsorption and delivery kinetics via possible
means such as surface chemistry alteration, although protein
adsorption is not shown to be influenced by surface chemistry in
this study. More protein loading and controlled release may thus
be implemented, and at the same time for better performance in
drug delivery, protein adsorption which may compromise the
performance of biosensors can be prevented.
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5. Conclusion

TiC/C and TiO2 QANWAs are fabricated on Ti6Al4V alloy. The
TiC/C QANWAs show superhydrophobicity whereas the TiO2
QANWAs are more hydrophilic than the Ti6Al4V control. The two
types of QANWAs with different surface chemistry provide a plat-
form to study the contributions of surface nanotopography, surface
chemistry, and surface wettability to the cell-repelling property.
Our results indicate that both QANWAs impair cell adhesion
leading to cell apoptosis possibly by impeding the focal adhesion
assembly. Other cell functions such as proliferation and differenti-
ation as monitored by extracellular matrix secretion and mineral-
ization are also obviously inhibited. The cell-repelling property is
mainly ascribed to the structure of the QANWAs irrespective of the
surface chemistry and surface wettability, suggesting that QANWAs
are versatile structures that can be applied to different biomaterials
to endow the surfaces with cell-repelling properties. The cell-
repelling capability does not origin from reduced protein adsorp-
tion because our study reveals that protein adsorption is actually
slightly enhanced on the QANWAs probably due to the large surface
area on the nanowires. These QANWAs are promising in drug
delivery applications and also resist protein adsorption to enhance
the performance of biosensors.
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