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Abstract In this study we report on the bioactive
response of self-assembled niobium oxide microstructures
when immersed in a supersaturated solution emulating
mineral content in blood. The structures were formed via
electrochemical anodization in an electrolyte comprised of
HF and NaF. The slow oxide formation kinetics associated
with the presence of NaF in the electrolyte enabled
microscopic examinations during microstructure evolution
as shown via scanning electron microscopy (SEM).
Apparently the slow growth kinetics encourage the devel-
opment of bioactive sites on the microstructures, as these
structures induced mineral formations. On the other hand,
microstructures grown in the absence of salt were inef-
fective mineral nucleators. Analysis of nucleated mineral
deposits was performed using X-ray diffraction and Raman
spectroscopy. Both long-range and short-range order
experiments verified the nucleated mineral phase was
hydroxyapatite (HAP). Further characterization of the
mineral phase was observed using SEM and revealed
effective nucleation sites were predominantly isolated to
loci on the ordered microbodies as opposed to locations
lying within the amorphous strata.
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Introduction

Apatites are important calcium phosphorous minerals
comprising the major constituent in bone and teeth [1, 2].
When biological apatite in the body becomes damaged or
severely weakened, synthetic options in the form of bio-
materials [3, 4] are employed either as a substitution or to
stimulate recovery through bond formation with the living
tissue [5, 6]. Since the first documented clinical implant
procedure in the 1750’s [6], over 245,000 hip and knee
replacements [4] and over 100,000 dental implants [7] are
preformed annually in the US. This number is likely to
continue to rise due to the natural aging of large and small
populations as well as inherent problems associated with
existing implants, such as aseptic loosening [8] and
mechanical failure [9]. To help improve implant perfor-
mance and functionality [9], as well as expedite bone-
repair and healing times [7], advanced biomaterials
exhibiting greater nucleation capability are required [10,
11]. Typically, these biomaterials embody metals [12],
bioactive glass [13], glass ceramics [14], and functional-
ized metal oxides [11].

With respect to metal oxides, the dielectric properties
and chemical stability and inertness provide for extensive
applications ranging from electronic [15—-17] and optical
[18, 19] devices to bioactive coatings on orthopedic
implant materials [11, 20]. Still new applications may
evolve when metal oxides are tailored to specific geome-
tries such as ribbons [21], tubes [22, 23], and webs [24].
And while metal oxides can be formed through various
methodologies [15, 21, 24, 25], anodization offers an
efficient and relatively inexpensive method of producing
structured metal oxides such as titania [22] and zirconia
[23] nanotubes for use as potential microanalytical tools
[26], for example.
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In the present study we present new details regarding
the nucleation and growth of niobium oxide microcones
formed in situ by electrochemical anodization in an HF
electrolyte containing NaF. And, while the resulting
Nb,Os microcones bearing sub-micronsized tips have
potential in point-source [27], sensing [28], and catalysis
[29] applications, we show the ceramic also manifests
biological advantages by commanding a strong bioactive
response when immersed in a supersaturated solution
emulating a physiological fluid. Instead of an ion-
exchange process serving to nucleate mineral, a process
that apparently contributes to the nucleation efficiency of
Bioglass [13] and functionalized metal oxides [30], the
present microstructures appear to possess meso and
nanoscale nucleation sites formed through the self-
assembly of crystalline microcones. Furthermore the
resulting bioactivity is realized only when salt is present in
the electrolyte. Therefore, details regarding the self-
assembly of crystalline niobium oxide microcones dem-
onstrated in this work provides for a simple and powerful
way to develop highly structured materials with broadly
impacting applications.

Experimental methods
Anodization of niobium foil

Formation of niobium oxide is described as follows. 99.8%
pure niobium foil 0.25 mm thick was purchased from
Aldrich and HF acid (48% assay) was obtained from Fisher
Scientific. The niobium metal was rinsed with acetone and
ethanol and cut into one centimeter wide strips. The acid
was diluted with the appropriate amount of deionized water
to achieve a concentration of 2.5 wt.% HF. The HF(aq)
solutions contained NaF salt (Aldrich) ranging between
100 and 250 mg. Anodization of the niobium metal was
driven by a Sorensen DLM 300-2 power supply connected
to copper and niobium metal electrodes. The electrodes
were positioned in a Nalgene beaker that contained
100 mL of magnetically agitated electrolyte and was
maintained at 35 °C. A 20 V potential was employed to
stimulate oxide development. Under these conditions
changes in current were observed throughout anodization,
indicating oxide rate forming processes and steady-state
conditions. In an electrolyte solution containing 100 mg
NaF the duration of anodization lasted up to 90 min at
35 °C. The anodized foil was then removed from the
electrolyte and rinsed thoroughly with distilled water.
Small squares several millimeters in size were sectioned
from the niobium foil and placed aside for biomimetic
studies.
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Preparation of simulated body fluid

To test for bioactivity, we immersed the anodized niobium
foil in a supersaturated solution based on a well-established
simulated body fluid (SBF) that mirrors results from in
vivo studies [31]. The ion concentrations used in this work
(25 mM Ca*, 1.0 mM HPO;, 5.0 mM K*, 1.5 mM
Mg?*, 1504 mM Na*, 153.0 mM CI", 42 mM HCO;3,
0.5 mM SO}() emulate the content found in human blood
plasma. The reagents (Fisher Scientific) used to obtain the
formulation are as follows: 0.368 g CaCl,-2H,0, 0.136 g
KH,PO4, 0.296 g KCl, 8.307 g NaCl, 0.445 g Na,COs3,
0.094 g MgCl,, and 0.06 g MgSO, were dissolved in 1 Lof
deionized water. The fluid was buffered with trishydr-
oxymethyl aminomethane and adjusted to a pH of 7 with
HCI. The solution was stored at 4 °C for over four weeks
and showed no visible signs of precipitation. Multiple
2 x 2 mm?® squares were cut from the anodized foil and
placed in individual vials containing 15 mL SBF, covered
with parafilm and placed in an oven at 37 °C.

Characterization

Characterization of microscopic oxide and mineral mor-
phology was performed in high vacuum mode using a
JEOL JSM-5310LV scanning electron microscope (SEM).

X-ray diffraction (XRD) patterns of niobium oxide,
hydroxyapatite (HAP) reference (hydroxyapatite Bio-Gel
HTP Gel, Bio-Rad Laboratories), and niobium oxide
immersed in the SBF were collected on a Siemens 5000
automated powder diffractometer with a 0.02° 20 step-size
operating at 40 kV/30 mA. Using Bruker EVA software,
oxide patterns were fingerprinted to orthorhombic Nb,Os
(JCPDS card # 27-1003).

Raman spectroscopy was performed using a Raman
spectrometer model T64000 (HORIBA Jobin Yvon).
Spectra were generated from a 514 nm laser source
impinging on the samples at an intensity of 50 mW for
50 s. For consistency, the HAP reference material exam-
ined by Raman spectroscopy was the same as that used in
X-ray diffraction.

Results and discussion

We begin by discussing the development of the self-
assembled bioactive ceramic. Characterization of micro-
scopic oxide was performed using scanning electron
microscopy (SEM). The progression of the resulting oxide
produced by anodizing niobium foil at 20 V in an elec-
trolyte solution comprised of 2.5 wt.% HF(a) and 100 mg
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Fig. 1 Progression of ceramic
microcone self-assembly. (a)
Top view SEM image showing
early self-assembly of niobium
oxide fibers after 20 min
anodization in 2.5 wt.%

HF + 100 mg NaF solution. (b)
Continued self-assembly driven
by oxide thickness-dependent
evolution of current field rings
after 35 min anodization. (¢)
Densification of microcones
(cross-sectional view) at steady-
state after 70 min anodization

NaF is shown in the SEM images in Fig. 1. Due to rapid
oxidation sourced by a constant potential, the morphology
of the initial oxide phase is amorphous and is well-
described by existing models [32, 33], where adsorbed
water and hydroxyl anions react with interstitial niobium
ions at the interface to form the new disordered phase.
After some time (e.g. ~ 20 min at 35 °C), however, the
semblance of some ordered structure in the form of oxide
fibers up to 10 pm long evolves from the amorphous oxide
background as observed in Fig. la. The relatively high
transport number of oxygen during anodization [34] sug-
gests the evolution of these structures most likely develops
from an oxygen diffusion-limited [33] secondary growth
process. Since the oxide and metal are both soluble in
HF(aq) [32], defects, grain boundaries and cracks in the
niobium foil subsequently become more pronounced, cre-
ating wider pathways to allow interstitial ions lying within
the bulk niobium foil to readily react with the faster dif-
fusing oxygen ions [35] within the amorphous strata.
Prolonged anodization (e.g. ~ 35 min at 35 °C) creates
additional structures, many of which appear to converge
with one another, forcing protrusions from the foil plane as
shown in Fig. 1b. Comparison between Fig. la and b
shows the ordered oxide appears to develop step-wise in
concentric rings, beginning with a ‘center’ and gradually
expanding outward. The center may be defined as high
concentrations of defects and/or grain boundaries that
approximate sub-micron to micronsized points [36]. The
corresponding circular (due to 2-D constraints of the foil)
fields, the diameter of which is modulated by amorphous
oxide thickness at fixed potential, apparently stimulate

structure development through promotion of mobile inter-
stitial niobium ions within the bulk foil to the oxide
surface. As both the oxide and foil thin over the anodiza-
tion period due to HF dissolution, the current field strength
evolves under potentiostatic conditions, becoming more
extensive (i.e. additional field rings develop), thereby
stimulating new self-assembly. When steady-state is
attained, the rate of oxide formation approximates the
dissolution rate and the field strength stops evolving. These
processes are validated experimentally by monitoring cur-
rent versus time. At steady-state, self-assembly continues
within the range of the limited field, resulting in a time-
dependent densification of microconical structures with
meso and nanoscale tips like those images in the cross-
sectional view Fig. 1c. Within this image the cross-sec-
tional views of the broken structures in the lower right-
hand corner further reveal microcone densification while
the slightly out-of-focus structures visible within the depth-
of-field suggest patterned arrays of microbodies may be
produced according to both random and inflicted (e.g. by
scratching, cutting, or etching the foil surface) defects.
Such densification of microconical structures shown in
Fig. 1c has not been realized previously for niobium oxide
or other metal oxides.

Recently we have discussed the preparation conditions
of fully developed self-assembled microstructures like that
in Fig. Ic [37]. However, the microcones formed in this
work differ markedly in several ways due to the apparent
sensitivity in electrolytic conditions. For example, Nb,O5
crystal sizes and morphology are strongly influenced by the
presence of salts (e.g. NaF or NaH,PO,) in the HF(aq)
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electrolyte during anodization [38]. The purpose of adding
salt to the electrolyte was to impart control on the self-
assembly by limiting the flux of oxygen contributing to
oxide formation [34, 35] through the coordination of water
molecules to Na*. Kinetically, relatively longer anodiza-
tion times were required to attain microcone structures of
the same size in the absence of salt, which likely bears on
the long-range ordering of the oxide. As a direct result of
the present work, the addition of NaF also permits an
assessment into the possible mechanism of oxide nucle-
ation and growth as discussed above and shown in Fig. 1.

The discussion regarding the presence of salt in the
electrolyte during anodization has important ramifications
to biological applications since microcones developed in an
HF electrolyte without NaF did not exhibit bioactivity
when immersed in a simulated body fluid (SBF) as shown
in Fig. 2a. The lack of mineral growth may be surprising
since the microcones manifest large surface area sites,
defects, and coarseness, aspects that have been known to
assist in mineral nucleation from supersaturated fluids.
When anodized in the presence of NaF (Fig. 2b), however,
the self-organized microcones heterogeneously nucleated
Ca-P mineral and is a most interesting result of this work.
At this point, however, we point out that X-ray energy
dispersive analysis did not reveal evidence of Na incor-
poration into the ceramic microstructures; therefore the
microstructures were not predisposed to nucleation of
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Fig. 2 X-ray diffraction patterns of Nb,Os formed in the absence of
NaF and immersed in the simulated body fluid (a), formed in the
presence of NaF (b) and immersed in the simulated fluid (c), and of
the HAP reference material (d). For clarity, asterisks are shown in (c,
d) to indicate HAP near 26° and 32°
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mineral through Na functionalization. Additional features
in the Fig. 2c Nb,Os XRD pattern after an eight-day
immersion in SBF marks the presence of a new phase. The
peaks centered about 26° and 32° were assigned to
hydroxyapatite (HAP) when compared to the crystalline
HAP reference pattern shown in Fig. 2d. The lattice mis-
match between the Nb,Os (001) (i.e. ~ 22.6°) and HAP
(002) (i.e. ~ 26°) crystal faces was calculated to be as low
as 1.1%. Such close lattice matching implicates epitaxy as
a possible factor in the heterogeneous nucleation of HAP.
The relatively broad lineshapes tentatively assigned to
HAP in Fig. 2c indicate the presence of a polycrystalline
phase comprised of small crystals; in order to unambigu-
ously identify and build support for mineral assignment,
the short-range order was probed using Raman spectros-
copy. The Raman spectra for the HAP reference and an
HAP-capped ceramic sample are presented in Fig. 3.
Within the 800-1200 cm™' range, the pronounced reso-
nance near 960 cm™' is characteristic of the P-O stretch in
the PO, tetrahedra of HAP [2]. The marked coincidence of
the two spectra provides strong short-range evidence for
HAP assignment and corroborates the indexing from X-ray
diffraction.

The SEM images in Fig. 4 reveal substantial mineral
growth after eight days immersion in a physiological fluid
emulating the content found in human blood plasma.
Remarkably, HAP appears almost exclusively on the self-
organized structures, either partially or fully covering the
ceramic microbodies as shown in Fig. 4a, b. This indicates
the rough, amorphous oxide layer does not embody effec-
tive HAP nucleators. These observations coupled with the
dense coverage near the center of Fig. 2b where the
number of nearest neighbors is high suggest the micro-
structures manifest multiple heterogeneous nucleation sites
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Fig. 3 Identification of mineral phase. Raman spectra of HAP
reference powder (a) and of mineral phase nucleated on Nb,Os
ceramic after immersion in SBF for eight days (b). The vibrational

response centered 960 cm™' confirms presence of HAP
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Fig. 4 Bioactive response of
self-assembled microcones in
SBF. SEM images of self-
assembled ceramic showing
exclusivity of HAP nucleation
to microcones (a, b) and extent
of HAP formation when
microcones evolve in close
proximity (c)

as shown in Fig. 4a. The quality of the site, however, is
likely modulated by the self-assembly process shown in
Fig. 1. The relatively sparse mineral development on the
microcones away from the center suggests the importance
of connectivity and is further supported in Fig. 4c: beneath
the extensive mineral layer, the underlying ceramic terrain
can be described as a microscopic mountain range. Again it
is obvious that the visible amorphous strata near the top of
the image bear no indication of potential primary nucle-
ation sites. The impressive HAP coverage blanketing the
200 pm-long ceramic chain and tapering near the cone-
plain edges further stresses the necessity and effectiveness
of the self-assembled microbodies in primary nucleation.
Such massive HAP deposits on Nb,Os contrasts signifi-
cantly with that formed on Biolgass [13, 39] and
functionalized metal oxides [11, 30] with similar immer-
sion times, while implicating improved tissue bonding and
expedited healing times.

Here we note that HAP growth was still observed when
the microcones were pulverized using a mortar and pestle
and immersed in the simulated fluid; thus, the meso and
nanoscale sites created through the self-assembly process
presumably manifest effective nucleation centers while the
microscopic conical geometry does not appear critical for
mineral nucleation. Additionally, when microcones were
formed in the absence of NaF, apparently the rapid self-
assembly precluded the development of effective nucle-
ation sites, as no HAP nucleation was observed. These
observations underline the sensitivity and influence of the
self-assembly process on material properties, such as bio-
activity, at the meso and nanoscales.

Conclusion

In conclusion, we presented insight into the nucleation
and growth of Nb,Os microstructures in an HF electro-
lyte containing NaF formed via electrochemical
anodization. Interestingly, microstructures formed in the
absence of salt did not effectuate mineral nucleation.
Apparently, the controlled growth produces effective
nucleation sites at the meso and nanoscales and may be
related to the self-assembled arrangement of Nb,Os
crystals during anodization, a possbility we are currently
investigating. Regardless of the mechanism, however,
this is the first time a non-functionalized, highly ordered
metal oxide has nucleated mineral from a simulated fluid
emulating the mineral content found in blood. These
results may bear on the future development of innovative
biomaterials.
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