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ABSTRACT

Recent research efforts have increasingly concentrated on creating innovative biomaterials to improve bone tissue

engineering techniques. Among these, hybrid nanomaterials stand out as a promising category of biomaterials. In this

study, we present a straightforward, cost-efficient, and optimized hydrothermal synthesis method to produce high-purity

Ta-doped potassium titanate nanofibers. Morphological characterizations revealed that Ta-doping maintained the native

crystal structure of potassium titanate, highlighting its exciting potential in bone tissue engineering.
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1. Introduction

Recently, nanomaterials have garnered significant attention for
their applications in bone tissue engineering due to their unique
physicochemical properties. Implant materials can be enhanced by these
artificially designed nanostructures to better mimic the native
extracellular matrix, improve mechanical properties, support
osteoconductive conditions, control drug delivery release, increase
surface area and porosity, strengthen the cell-scaffold interaction, and

even improve X-ray imaging quality!'=.

Since bone is a natural bio-nanocomposite, it has been our goal to
develop functional nanoscale bone tissue substitutes that can be used to
repair, replace, or regenerate damaged or diseased bone. Regarding
recent studies on the impact of nanotechnology on orthopedic
applications, the key factors at the nanoscale, including grain size, pore
morphology, surface topography, surface area-to-volume ratio, surface
wettability, and the corresponding energetics, have been identified as
critical determinants for achieving superior performance!®. To this end,
there has been a prolific surge in the exploration, development, and



implementation of diverse nanomaterials and associated nanocomposites within the field of bone tissue
engineering!® %,

Titanium dioxide (TiO,) has attracted significant attention in recent times, primarily due to the
intersection of orthopedics and nanomaterial science. This surge in interest can be attributed to the well-
established understanding that Ti metal undergoes surface oxidation when exposed to atmospheric conditions,
culminating in the formation of a robust native TiO» layer on the external face. Techniques such as anodization
further enhance this process, leading to the development of a passivated surface coating that is biologically
compatible and osteogenic. Advancements in nanomaterial chemistry have been pivotal in this domain,
enabling the controlled assembly of TiO; structures, including nanofibers and nanotubes. Furthermore, specific
synthetic methods have been identified to produce titanate clusters that exhibit a layered structure, which is
conducive to apatite formation—the inorganic composite of native bone tissue. It’s also worth noting that
titanium dioxide has the ability to react and transform into titanate nanotubes or nanowires. This characteristic
has proven beneficial as it has been demonstrated to facilitate ion-exchange interactions with body fluids,
thereby supporting bone tissue growth. Specifically, when titanate materials are placed in simulated body fluid,
ionic exchange commences and encourages the generation of hydroxyapatite, a fundamental component of
natural bone. Nanomaterials chemistry has enriched this area of research, and many labs have investigated
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structurally controlling TiO, morphologies such as nanofibers and nanotubes!
approaches have been identified to produce titanate materials, which are distinguished by their clay-like lattice,
composed of edge-sharing TiOs octahedra interspersed with cationic entities!'®). This stratified structure is
particularly favorable for apatite formation in simulated body fluid (SBF). More specifically, the hydrothermal
reaction involving powdery TiO, minerals, such as rutile and anatase, with aqueous sodium or potassium
hydroxide solutions yields Na- or K-titanate nanotubes or nanowires, depending on reaction conditions. This
resulting ionic-layered structure serves a crucial role as a cationic reservoir. It aids in ion-exchange with cations
found in body fluids, thus autonomously maintaining cation equilibrium in situ, a process vital for bone tissue
growth. In an SBF environment, the concentration gradient between Na/K-titanate and calcium (Ca") prompts
the ion-exchange of monovalent Na* or K* ions with Ca?*. This sets the stage for a subsequent interaction: the
coordination of phosphate anions {i.e., (PO3)*", (HPOs)*", and (HoPO3) } from the body fluid with the titanate-
bound Ca?". The culmination of this interaction is the formation of hydrated calcium phosphate, or
hydroxyapatite, an essential building block of natural bone!'*!,

Tantalate-based nanomaterials have been demonstrated to be osteoconductive; however, their syntheses
have not become commercially viable for large-scale production!'*'6l. In one instance, tantalum-coated
polylactic acid (PLA) electrospun fibers were found to be more osteoconductive compared to bare PLA!'7,
Cell attachment, cell proliferation and preosteoblast differentiation were all improved in vitro!”. Congruently,
Ta-PLA led to expedited bone tissue formation and provided a conducive environment for osteocytes to thrive
in a rabbit calvarial defect model. Furthermore, an anodized layer of tantalum was added to a titanate nanotube-
coated substrate and was shown to enhance the matrix mineralization rate by 30% compared to a control
titanate-coated substrate!'*. The doped titanate has provided an alternative strategy to hybridize other
osteogenic elements (such as other valve metals: Zr, Nb, or Ta) into heterogenous nanostructures rather than
try and develop difficult and/or costly approaches to obtain pure species such as Tantalum oxide and Tantalum

17211 Through this hydrothermal doping process, we strive to promote the integration of
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osteogenic elements without incurring risks associated with surface coating delamination (e.g., an
inflammatory response to rogue metallic debris)!'”). To evaluate new Ta-doped nanomaterials for bone tissue
regeneration applications, we conducted a systematic nanosynthesis study to assess the feasibility of producing

long and pristine nanofibers of Ta-doped titanate. Tantalum doping optimization was corroborated using



characterization data from scanning electronic microscopy with an energy-dispersive elemental analyzer
(SEM-EDX) together with X-ray diffraction (XRD).

2. Materials and methods

2.1. Nanofiber synthesis

The Ta-doped potassium titanate nanofibers were prepared following a published protocol!!>!16:21:221 with
some modifications. Briefly, in a Teflon cup containing 50 mL water solution of 10 M KOH, 500 mg of TiO;
powder (Aeroxide P25) was added to the Teflon and stirred for about 5 min with a Teflon-coated magnetic
stirring bar on an electrical stirrer. Thereafter, Tantalum pentoxide powder (chemical grade, from Johnson
Matthey) was mixed with the KOH suspension for 24 h to form a mixture upon stirring. Here, the molar ratio
of Ta-dopant to Ti was widely varied from 1%—4%.

Next, the mixture containing Teflon cup was sealed in an autoclave container, heated in an oven at 240 °C
for 72 h and then allowed to cool to room temperature. The white powdery product was collected, water-
washed until pH = 7, and finally air-dried for characterization. To keep the nanofiber lattice intact, it is
important to do the water-washing step carefully, as detailed separately below.

2.2. Post synthesis washing

The fibers were formed as a slurry from the high alkalinity environment in the autoclave treatment. To
remove the residual KOH, the white slurry went through a well-controlled neutralization process. The
nanofiber slurry was first centrifuged for 5 min at 4000 rpm. The supernatant was decanted and then deionized
water was mixed to form another slurry with a lower KOH content, which was repeated until the supernatant’s
pH=7.

2.3. Characterization

The SEM-EDX analysis was carried out on the FEI Nova NanoLab 200 to assess nanofiber morphology
and chemical composition. Typically, the fiber sample was placed on an aluminum holder to let the sample
dry in air. Once dried, the holder was placed in a plasma sputtering coater with an Au target to coat the sample
surface with Au. The XRD was performed with the Rigaku MiniFlex II Desktop X-ray diffractometer using
monochromatized Cu-Ka (A = 1.5406 A) at 30 kV and 15 mA, in the range of 20 from 5° to 60° at a speed of
1°/min. to assess crystal structure.

3. Results and discussion

The Ta-doped potassium titanate nanofibers underwent self-assembly, forming a bone-mimetic bio-
scaffold structure upon desiccation as illustrated in Figure 1. These self-assembled nanowires created micro-
size porous structures, facilitating effective bone tissue adhesion to the bio-scaffold. Moreover, the increased
surface area provided by these structures enhances osteoblast cell adhesion.

At higher magnification (Figure 2(a)) under the SEM, the well-crystallized long nanofibers in self-
entangled sheets can be clearly seen, which is a characteristic of the successfully Ta-doped potassium titanate
nanofibers. The nanofibers length extends into the microns range whereas their width is typically under 50 nm.
Additionally, Figure 2(a) shows the relatively smooth surface of the high length to width ratio (or aspect ratio)
nanofibers, suggesting an optimal control over the nanowires’ nucleation and 1D-growth in nanoscale, which
is crucial for the Mo-dopant’s good distribution throughout the crystal lattice of all the nanowires from the
“one-pot” nanosynthesis.

In the Energy-Dispersive X-ray (EDX) map, the Ta dopants (Figure 2(d)) and Ti (Figure 2(c)) are evenly
distributed on the fibers. This uniformity in distribution suggests the dopant well-dispersed in the Ta-doped
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titanate nanowires, which indicates a quite precisely controlled nano-synthesis process. Theoretically, the
[TaOs] octahedron in the nanowire lattice is larger than the [TiOg] octahedral®!. However, the [TaOs] octahedra
are well-dispersed allowing for the structural distortion of each [TaOs] octahedron to not disrupt the lattice
structural continuity as suggested by the EDX mapping in Figure 2. In other words, the high dispersion of Ta
dopant in the nanofiber structure suggests the optimal doping conditions that support Figure 1.

The nanofiber crystal structure can be characterized using the XRD patterns (Figure 3). All the XRD
peaks of (200), (110), (310), (312), (404), and (020) can be assigned to the layered K,TisO15 titanate lattice
(JCPDS No. 40-0403). No residual impurity was detected, as evidenced by no extra peaks in the XRD pattern
due to the XRD detection limit, which indicates that the larger [TaOg] octahedron is well-doped in the titanate
crystal structure to maintain the lattice integrity and nanofiber structure.

Comparing the XRD pattern with against those without the doping (Figure 4(a)), the large Ta-dopant
increases the d-space between adjacent titanate sheets by shifting the XRD peak to d(200) = 8.1215 A (or a lower
2-theta angle at 26 = 10.89°) at 4% Ta-dopant. This is in contrast with the undoped nanofiber’s smaller d-space
of dpoo) = 7.7415 A at a higher 2-theta angle (20 = 11.43°). This interlayer spacing expansion is indicative of
Ta substitutional doping within the titanate lattice. More specifically, the ionic radius of Ta>* (73 pm) is larger
than that of Ti*" (53 pm) which leads to Ta’" species replacing Ti*" within the titanate lattice!*2).
Substitutional doping of larger ions within the native lattice increases lattice parameters and cell volume
resulting in shifts to lower diffraction angles!'®?*. Moreover, the doped samples’ XRD patterns show no
structural impurity. This is because all the XRD peaks are in the same width and can be indexed to that of

potassium titanate, matching what our lab reported in the literature beforel!*16),

Figure 2. The EDX mapping of the Ta-doped potassium titanate nanofibers. (a) The high-resolution SEM of Ta-doped potassium
with the yellow box for mapping. The EDX mapping showed that (b) K, (¢) Ti, and (d) Ta are evenly distributed on the titanate
nanofibers.
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Figure 4. (a) XRD analysis of Ta-doped potassium titanate nanofibers with (b) d-space value. (¢) and (d) schematics of Ta-dopant
impact on the titanate crystal structure.

Within the clay-like layered crystal structure of K-titanate nanofibers, the Ti*"-based [TiOs] octahedra
were partially substituted with the Ta>*-based [TaOs] octahedra by the deliberate doping of Ta. Sterically, the
volumetrically larger [TaOg] octahedra, in comparison to [TiOs], would preferentially orient themselves on the
nanofiber surface to minimize disruptions within the predominantly [TiOs] crystal lattice. Such surface-
localized [TaOg] entities have been identified as promoters of bone-tissue adhesion, as supported by prior
literature?®2"l, Moreover, the adjacent interlayer K™ cations in proximity to the [TaOs] within the K-titanate
nanofiber are inclined to undergo rapid substitution by Ca*" cations present in body fluids. This promotes the
rapid nucleation of hydrated calcium phosphates, notably hydroxyapatite, on the nanofiber surface, aligning
with observations made by other researchers in simulated body fluid (SBF) experiments!'*?%!. The strong
affinity between the hydroxyapatite layer and the foundational titanate nanofiber ensures persistent bone tissue
adhesion on the hydroxyapatite-coated nanofiber, establishing an ideal osteogenic and osteoconductive
environment!"3, As such, the enhanced surface properties of titanate nanofibers offer a synergistic strategy to
current practices, augmenting the osteoconductivity of bone scaffolds?*?°1. At its core, this study presents an



innovative and cost-effective method for integrating Ta (V) into the titanate nanofiber matrix, representing a
notable advancement in orthopedic nanomedicine.

4. Conclusions

Tantalum-doped potassium titanate nanofibers have been satisfactorily synthesized through a
straightforward hydrothermal method. To the best of our knowledge, this approach represents a novel
contribution, particularly within the domain of orthopedic nanomedicine. The nanofibers retained their
morphological, compositional, and crystalline attributes after doping, demonstrating the efficacy of the
hydrothermal method in facilitating crystal framework doping. Furthermore, the dopant concentrations were
carefully modulated to ensure no deleterious effects on the nanofiber’s lattice structure, a pivotal consideration
for preserving the nanofibers’ intrinsic properties for their intended applications. To evaluate the impact of this
material on bone tissue engineering, nanofibers with diverse Ta-dopant concentrations will be subjected to in
vitro and in vivo protocols, aiming to gauge their biocompatibility and osteogenic capacity. Ultimately, the
goal of this research is to identify the most effective Ta-doped titanate nanofiber composition to be used in
biomaterial matrices to improve the osteogenic properties of bone cement.

Understanding the impact of biocompatible transition metal doping on the physicochemical properties of
nanofiber-based bone implants is imperative for the design of biomaterials tailored to each distinct application.
The interactions between these doped nanofibers and bone cells will garner critical insights into their
prospective utility as candidates for bone tissue composites—a standard criterion in determining the
appropriateness of materials for clinical applications.

A progressive strategy stemming from this research is the doping of titanate nanofibers with dual oxide
dopants, potentially facilitating the investigation of a broadening spectrum of bone tissue composites
characterized by diverse physiological adaptability.

This approach empowers researchers to systematically investigate the effects of doping variations on the
material’s properties and efficacy. The insights derived from such studies are crucial for the fine-tuning of
these materials, optimizing them for targeted applications within bone tissue engineering and beyond.
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