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Tantalum-based nanoparticles (TaNPs) have emerged as promising tools in cancer management, owing to
their unique properties that facilitate innovative imaging and photothermal therapy applications. This review
provides a comprehensive overview of recent advancements in TaNPs, emphasizing their potential in
oncology. Key features include excellent biocompatibility, efficient photothermal conversion, and the
ability to integrate multifunctional capabilities, such as targeted drug delivery and enhanced imaging.
Despite these advantages, challenges remain in establishing long-term biocompatibility, optimizing
therapeutic efficacy through surface modifications, and advancing imaging techniques for real-time
monitoring. Strategic approaches to address these challenges include surface modifications like
PEGylation to improve biocompatibility, precise control over size and shape for effective photothermal
therapy, and the development of biodegradable TaNPs for safe elimination from the body. Furthermore,
integrating advanced imaging modalities—such as photoacoustic imaging, magnetic resonance imaging
(MRI), and computed tomography (CT)—enable real-time tracking of TaNPs in vivo, which is crucial for

clinical applications. Personalized medicine strategies that leverage biomarkers and genetic profiling also
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Accepted 6th October 2024 hold promise for tailoring TaNP-based therapies to individual patient profiles, thereby enhancing

treatment efficacy and minimizing side effects. In conclusion, TaNPs represent a significant advancement
in nanomedicine, poised to transform cancer treatment paradigms while expanding into various
biomedical applications.
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1 Introduction

Cancer remains one of the most formidable challenges facing
modern medicine, with its complex nature demanding inno-
vative approaches for diagnosis and treatment.' In recent years,
nanotechnology has emerged as a promising frontier in the
fight against cancer, offering unprecedented opportunities to
revolutionize both imaging and therapeutic modalities.>™
Among the myriad nanoparticles explored for their potential in
cancer management, tantalum-based nanoparticles have

“Department of Research Outreach, Rubber Research Institute of Nigeria, Iyanomo,
Benin City, Nigeria. E-mail: larylans4u@yahoo.com

*Laboratory Department, Covenant University Medical Centre, Canaan land, KM 10,
Idiroko Road, Ota, Ogun State, Nigeria

‘Department of Chemistry, Wichita State University, 1845 Fairmount, Box 150,
Wichita, KS 67260-0150, USA

“Department of Chemistry, Michigan Technological University, 1400 Townsend Dr,

Houghton, MI 49931, USA

‘Department of Pharmaceutical Sciences, Southern Illinois University, Edwardsville, 1
Hairpin Drive, Edwardsville, IL 62026-001, USA

fUniversite Paris-Cite, 4 Avenue de ['observatoire, 75006 Paris, France

<Department of Clinical Research and Vetenary, Vetplace Animal Hospital Lagos,
Nigeria

"Department of Health, Human Performance, and Recreation, 155 Stadium Drive,
Arkansas 72701, USA

‘Department of Chemistry, Federal University of Technology Owerri, Nigeria
JPharmacist at Saint Louis Catholic Hospital Owo Ondo State, Nigeria

*Department of Chemistry and Biochemistry, Brigham Young University Provo, Utah,
USA

© 2024 The Author(s). Published by the Royal Society of Chemistry

garnered significant attention for their unique physicochemical
properties and multifaceted applications in enhanced imaging
and photothermal therapy. Nanoparticles exhibit distinct
properties compared to their bulk counterparts due to their
high surface area-to-volume ratio and quantum effects at the
nanoscale,”” making them promising candidates for various
biomedical applications, including drug delivery, imaging, and
theranostics.*° In cancer therapy, nanoparticles offer targeted
delivery of therapeutic agents to tumor sites, minimizing off-
target effects and enhancing treatment efficacy. Their ability
to accumulate preferentially in tumors through passive
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targeting (enhanced permeability and retention effect) or active
targeting strategies further enhances their utility in
oncology."»"* Moreover, nanoparticles can be functionalized
with targeting ligands, antibodies, or peptides to achieve
specific interactions with cancer cells, enabling personalized
medicine approaches.™

The development and application of tantalum-based nano-
particles represent a paradigm shift in the landscape of cancer
diagnosis and treatment."” These nanoparticles, character-
ized by their high atomic number and biocompatibility, exhibit
exceptional properties that makes them well-suited for various
biomedical applications. In particular, their ability to serve as
multimodal contrast agents for enhanced imaging and as
agents for targeted photothermal therapy holds immense
promise for improving cancer patient outcomes.””* Tantalum-
based nanomaterials, with their high photothermal conversion
efficiency and compatibility with imaging modalities such as
computed tomography (CT) and photoacoustic imaging (PAI),
have shown great potential in targeted tumor ablation and real-
time tracking of therapeutic progress, offering a dual-function
strategy that significantly enhances therapeutic precision.

The quest to develop effective contrast agents for imaging
modalities has been a longstanding endeavour in oncology.
Traditional imaging techniques such as X-ray computed
tomography (CT) and magnetic resonance imaging (MRI) rely
on the use of exogenous contrast agents to enhance tissue
contrast and delineate pathological lesions.””* However,
conventional contrast agents often suffer from limitations such
as poor specificity, short circulation times, and potential
toxicity. In this context, tantalum-based nanoparticles offer
a compelling solution, leveraging their high X-ray attenuation
coefficient and tunable surface properties to provide superior
imaging contrast and resolution.”»*® Furthermore, their
compatibility with emerging imaging modalities such as pho-
toacoustic imaging (PAI) holds promise for non-invasive, high-
resolution imaging of deep-seated tumors.***

Beyond their role as contrast agents, tantalum-based nano-
particles exhibit remarkable potential in photothermal therapy
(PTT), a minimally invasive approach for cancer treatment. PTT
relies on the selective conversion of optical energy into heat by
nanoparticles upon exposure to near-infrared (NIR) light,
leading to localized hyperthermia and subsequent tumor abla-
tion.”** The unique optical properties of tantalum-based
nanoparticles, coupled with their ability to accumulate prefer-
entially within tumor tissues, make them ideal candidates for
targeted PTT. By precisely controlling the distribution and
intensity of NIR light, clinicians can achieve selective destruc-
tion of cancerous cells while minimizing damage to
surrounding healthy tissue, thereby offering a promising alter-
native or adjunct to conventional cancer therapies.”®

As tantalum-based nanoparticles continues to undergo
rigorous preclinical and clinical evaluation, it is imperative to
assess their safety, efficacy, and translational potential in cancer
management. Moreover, ongoing research efforts are focused
on refining nanoparticle synthesis techniques, optimizing
surface functionalization strategies, and exploring novel thera-
peutic combinations to further enhance their performance in
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imaging and therapy.'®"” By addressing these challenges and
capitalizing on the unique properties of tantalum-based nano-
particles, researchers aim to realize their full potential as
versatile tools in the personalized and precision-oriented
approach to cancer treatment.

In light of these developments, this review aims to provide
a comprehensive overview of the development and application
of tantalum-based nanoparticles for enhanced imaging and
photothermal therapy in cancer treatment. By synthesizing and
critically evaluating existing literature, this review seeks to
elucidate the current state-of-the-art, identify key challenges
and opportunities, and delineate future directions for
advancing tantalum-based nanoparticles towards clinical
translation. Through this collective effort, tantalum-based
nanoparticles stand poised to make significant contributions
to the field of oncology, offering new hope and possibilities in
the relentless pursuit of conquering cancer.

2 Synthesis methods of tantalum-
based nanoparticles

Tantalum-based nanoparticles have emerged as promising
candidates for various biomedical applications, including
cancer imaging and therapy.*»*® The synthesis of these nano-
particles encompasses a range of methods, each offering
unique advantages and limitations. This section provides an
overview of the synthesis methods for tantalum-based nano-
particles, including chemical precipitation, the sol-gel method,
and other notable approaches. The advantages, limitations, and
considerations associated with each method are discussed,
along with recent advancements in synthesis methodologies
and their implications for nanoparticle properties.

2.1 Sol-gel method

The sol-gel method is a versatile and widely utilized technique
for the synthesis of tantalum-based nanoparticles, offering
precise control over nanoparticle properties through a series of
controlled chemical reactions.** In this method, tantalum
alkoxide precursors, typically tantalum ethoxide or tantalum
isopropoxide, undergo hydrolysis and condensation reactions
to form a sol, which is then subjected to subsequent steps of
drying and  calcination to yield tantalum-based
nanoparticles.>**

One of the primary advantages of the sol-gel method lies in
its ability to finely tune nanoparticle properties. Through care-
ful control of precursor concentration, solvent composition,
and processing conditions, researchers can adjust various
parameters to achieve desired nanoparticle characteristics.*>*
This fine-tuning capability enables precise control over particle
size, morphology, and surface characteristics, allowing for the
tailoring of nanoparticles to meet specific application
requirements.***

The sol-gel method offers the potential for precise control
over particle size, morphology, and surface characteristics. By
modulating parameters such as precursor concentration, reac-
tion temperature, and reaction time, researchers can influence

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05732e

Open Access Article. Published on 23 October 2024. Downloaded on 02/10/2025 15:43:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Fig.1 TEMimagesand SAED pattern (inset) of dense Ta,Os films at different magnifications (a) 40 000 x and (b) 150 000 x (Reproduced from ref.

43 with permission from Springer Nature copyright [2024]).

the nucleation and growth of nanoparticles, leading to the
formation of uniform and well-defined structures.***” This level
of control is particularly valuable in biomedical applications,
where the properties of nanoparticles play a crucial role in
determining their performance in diagnostics and therapy.

The sol-gel method offers numerous advantages, yet it also
has certain limitations. One major challenge is the multi-step
process and the intricate chemistry involved, which require
careful optimization to consistently obtain desired nanoparticle
characteristics.*® Each stage—hydrolysis, condensation, drying,
and calcination—demands precise control over reaction
parameters to prevent issues such as particle aggregation or
phase impurities. Furthermore, the synthesis process may
necessitate specialized equipment and expertise, increasing
both complexity and cost.>*** When utilizing the sol-gel method
for nanoparticle synthesis, several considerations must be
taken into account. It is crucial to optimize reaction parameters
to achieve reproducible results, which involves meticulous
attention to factors such as temperature, pH, and reaction time.
The choice of solvents, catalysts, and stabilizing agents can also
significantly affect nanoparticle properties, highlighting the
necessity for careful planning and systematic optimization
throughout the synthesis process.***

In a nutshell, the sol-gel method represents a powerful
approach for the synthesis of tantalum-based nanoparticles
with tailored properties for various applications. While it offers
advantages such as precise control over nanoparticle charac-
teristics, researchers must navigate challenges such as complex
chemistry and specialized equipment requirements. By care-
fully considering and optimizing reaction parameters, solvents,
and catalysts, researchers can harness the full potential of the
sol-gel method to develop tantalum-based nanoparticles with
enhanced performance and efficacy in cancer treatment and
other biomedical applications.

For example, the synthesis of tantalum-based nanoparticles
using the sol-gel approach has been explored in recent research
efforts, aiming to harness the unique properties of these
nanoparticles for various biomedical applications, including
cancer imaging and therapy.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In the study conducted by Georgiev et al. (2020), the
synthesis of tantalum oxide (Ta,Os) nanoparticles using the sol-
gel technique is detailed, with a focus on tailoring the refractive
index for potential applications in optical detection of volatile
organic compounds (VOCs).** The researchers aimed to intro-
duce mesoporosity into the thin films to modulate their
refractive index, employing a soft templating approach utilizing
various co-polymers, specifically Pluronics, as structure-
directing agents.

The tantalum sol was synthesized from TaCls as a precursor
and ethanol as a solvent, followed by spin-coating deposition to
fabricate the thin films. Subsequent annealing at 320 °C facili-
tated the formation of the tantalum oxide lattice while decom-
posing the organic templates, thus introducing the desired
mesoporosity. Transmission electron microscopy (TEM) was
utilized to investigate the morphology of the films. Dense films
exhibited a smooth surface with nanoscale pores, while porous
films displayed a more irregular surface with mesoscale pores
ranging from 5 to 8 nm (see Fig. 1). The concentration of the
organic templates significantly influenced the porosity, with
higher concentrations yielding more prominent and uniform
pores. Selected area electron diffraction (SAED) confirmed the
amorphous status of both dense and porous films, consistent
with previous findings in the literature regarding Ta,Os
samples. Energy dispersive X-ray spectroscopy (EDX) analysis
revealed uniform distribution of tantalum and oxygen across
the films, indicating close-to-stoichiometric composition.

Overall, this study demonstrated the successful synthesis of
tantalum oxide nanoparticles with tunable refractive index
using the sol-gel technique, offering insights into the influence
of organic templates on film morphology and porosity (see
Fig. 2). These tailored structures hold promise for applications
requiring precise optical properties, particularly in VOCs
detection, thereby showcasing the versatility and potential of
sol-gel synthesized tantalum-based materials.

In a Previous study by Ohishi et al. (1992), the growing
interest in the sol-gel method for producing dielectric thin
films with high dielectric constants has been highlighted.*
Tantalum oxide (Ta,Os) films have emerged as promising
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Fig.2 TEM images of porous Ta,Os films prepared with addition of 5% organic template of copolymers PE6200 (a), PE6400 (c), PE6800 (e) and
PE9400 (g) and 20% of PE6200 (b), PE6400 (d), PE680O (f) and 15% of PE9400 (h); size distribution of the pores of Ta,Os templated with 5%
PE9400 (i) and 15% PE9400 (j). (Inset): typical SAED (selected area electron diffraction) pattern. The bar is 20 hm (ref. 43) (Reproduced from ref. 43
with permission from Springer Nature copyright [2024]).
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Fig. 3 Synthetic procedure of Ta,Os films prepared by the sol—gel method using photo-irradiation (Reproduced from ref. 44 with permission
from Elsevier copyright [2024]).
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Fig. 4 Cross-section of Ta,Os thin film prepared by the sol-gel
method using photo-irradiation (Reproduced from ref. 44 with
permission from Elsevier copyright [2024]).

candidates for insulators in various electronic devices such as
LSI devices, electroluminescent devices, and film capacitors due
to their large dielectric constant.

The paper reported a novel process for fabricating Ta,Os
films using a combination of the sol-gel process and photo-
irradiation. This method enabled the deposition of thin films
on substrate surfaces at low temperatures, expanding the range
of feasible fabrication conditions. Remarkably, the electric
characteristics of these Ta,Os films closely matched those of
films prepared using conventional techniques such as sputter-
ing and chemical vapor deposition.

Fig. 3 illustrated the thin film deposition process on the
substrate surfaces, demonstrating the feasibility and practi-
cality of the proposed method. Moreover, Fig. 4 presents
a scanning electron microscope (SEM) photograph revealing the
cross-section of a Ta,0s film prepared using this innovative
process. Notably, the film exhibits a fine structure with uniform
thickness, and the presence of minute Au-Pd particles forming
a metallic coating for conductivity enhancement is evident. One
notable observation is the absence of columnar structures
typically found in Ta,Os films prepared by sputtering methods,
indicating a distinct advantage of the proposed sol-gel-based

View Article Online
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approach in achieving more uniform and controlled film
morphologies.

Overall, this study highlighted the efficacy of the sol-gel
method combined with photo-irradiation for fabricating Ta,Os
films with desirable electrical properties and structural char-
acteristics, offering potential advancements in the development
of electronic devices requiring high-quality dielectric thin films.

Giil et al. (2020) conducted a study focusing on the synthesis
and characterization of tantalum oxide (Ta,05) powders via the
sol-gel method (see Fig. 5) and the investigation of Ta,Os
coating ability onto AZ91 Mg alloy surfaces.*” The research
aimed to explore the potential of Ta,Os as a coating material for
biomedical applications, considering its excellent corrosion
and wear resistance, as well as biocompatibility.

The study involved the preparation of Ta,Os solutions using
the sol-gel method, which were subsequently utilized for both
powder production and coating processes. AZ91 Mg alloy was
chosen as the substrate due to its low density and mechanical
properties similar to bone. However, surface treatments were
necessary to ensure the alloy's mechanical integrity in biological
environments over extended periods. The morphologies of the
samples were examined using scanning electron microscopy
with energy-dispersive spectroscopy (SEM-EDS) and X-ray
diffraction (XRD). Additionally, the study showcased the
microstructure of the Ta,Os5 coatings, highlighting the presence
of cracked regions and changes in coating morphology over
multiple cycles of coating application (see Fig. 6).

Interestingly, each coating cycle formed coating islands of
varying sizes, with larger islands observed in subsequent cycles.
This phenomenon was associated with changes in the coating
solution content throughout each cycle. Furthermore, the
addition of acetic acid to the solution was found to significantly
reduce cracks in the coating structure, suggesting its suitability
for optimizing the coating morphology. The dried Ta,Os
powders were analyzed using combined thermogravimetry-
differential thermal analysis (TG-DTA) to characterize their
thermal properties. The coating ability of the tantalum oxide
layer on the AZ91 Mg alloy surface was thoroughly discussed,
emphasizing the importance of adding an optimum amount of
deflocculating chemicals to optimize surface morphology.

Overall, the study contributes valuable insights into the sol-
gel synthesis of Ta,Os; nanoparticles and their potential
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Fig. 5 Preparation of sol—gel solution and the steps for powder producing and coating processes (Reproduced from ref. 45 with permission

from Springer Nature copyright [2024]).
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Fig. 6 SEM images of Ta,Os-coated AZ91 Mg alloy (a) C;, (b) C,, and (c) Cs (Reproduced from ref. 45 with permission from Springer Nature

copyright [2024]).

application as coatings for AZ91 Mg alloy surfaces. The research
sheds light on the challenges and considerations associated
with optimizing the coating process and highlighted avenues
for further refinement in biomedical applications. Further
investigation into the optimization of coating parameters and
their impact on coating integrity and performance could pave
the way for enhanced biomedical applications of Ta,Os
coatings.

In addition to the synthesis of tantalum oxide nanoparticles,
researchers have explored various tantalum-based nano-
structures, including hybrids, doped materials, composites,
and coatings on other metals. Examples of these advancements
encompass nickel tantalum oxide nanoparticles, tantalum-
based photocurable hybrids, tantalum-doped ZnO nano-
particles, tantalum-incorporating silica hybrids, nanocrystal-
line potassium tantalum oxide, nanocrystalline mixed
tantalum-zirconium carbide, tantalum sulfides, among others.
These innovative approaches, achieved through the sol-gel
technique, have yielded materials with significantly enhanced
properties. Such advancements hold promise for a wide range
of applications, from electronics to catalysis, owing to their
tailored structures and improved performance characteristics.
For example, in a study conducted by Liu et al. (2018), tantalum
carbide (TaC) nanopowders were synthesized via a novel
method combining the sol-gel and spark plasma sintering (SPS)
processes.* Tantalum pentachloride (TaCls) and phenolic resin
served as the sources of tantalum (Ta) and carbon (C), respec-
tively, resulting in gels of Ta-containing chelate with good
uniformity and high stability.

The synthesis process involved the preparation of gels fol-
lowed by pyrolysis at 800 °C to obtain carbon-coated tantalum
pentoxide (Ta,O;) structures. Subsequent heat treatment via
SPS facilitated the rapid formation of TaC nanoparticles at
relatively low temperatures. The study investigated the effects of
the C/Ta molar ratio in the raw materials and the heat treatment
temperature on the properties of the synthesized powders.

The results revealed that increasing the C/Ta molar ratio
from 3.75 to 4.25 led to a decrease in the synthesis temperature,
oxygen content, and average crystallite size of the TaC powders.
Additionally, varying the heat treatment temperature from
1400 °C to 1600 °C resulted in a reduction of oxygen content,
albeit accompanied by an increase in the mean crystallite size
from 30 to 100 nm. The SEM images presented in Fig. 7 depicts
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Fig. 7 SEM images of the powders prepared at different C/Ta molar
ratios by SPS at 1500 °C for 5 min: (a) C/Ta = 3.75, (b) C/Ta = 4.00, (c)
C/Ta=4.25, (d) C/Ta =4.50 (Reproduced from ref. 46 with permission
from Elsevier copyright [2024]).

the particle size distributions of the powders prepared at
different C/Ta molar ratios, showcasing relatively homogeneous
distributions with pronounced reductions in particle size as the
C/Ta molar ratio increased. This phenomenon may be attrib-
uted to the presence of free carbon among crystalline grains,
acting as a diffusion barrier to prevent particle growth.

Fig. 8, on the other hand, illustrates FESEM images of
powders synthesized at a C/Ta molar ratio of 4.25 at different
temperatures. The increase in temperature from 1400 °C to
1600 °C resulted in a visible increase in particle size from 30 to
100 nm, indicating particle growth at elevated temperatures.
Notably, TaC powders synthesized at a low C/Ta molar ratio of
4.25 at 1500 °C exhibited an average particle size of approxi-
mately 50 nm and a low oxygen content of about 0.43 wt%.

Overall, the sol-gel approach combined with SPS presents
a promising method for synthesizing tantalum-based nano-
particles with tailored properties. By systematically exploring
the effects of precursor composition and heat treatment
conditions, researchers aim to optimize nanoparticle charac-
teristics for enhanced performance in various biomedical
applications, including cancer imaging and therapy.

Phani & Santucci (2001) reported the successful synthesis of
crack-free, dense, and transparent tetragonal NiTa,Og thin films

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FESEM images of powders synthesized at the C/Ta molar ratio of 4.25 at different temperatures: (a) 1400 °C, (b) 1500 °C, (c) 1600 °C
(Reproduced from ref. 46 with permission from Elsevier copyright [2024]).

using a sol-gel approach.*” Their study highlighted the forma-
tion process of NiTa,O¢ phase, revealing its complete tetragonal
structure on silicon substrates at specific annealing tempera-
tures. Structural and morphological evolution of the thin films
were thoroughly characterized using grazing incidence X-ray
diffraction (GIXRD), tapping mode atomic force microscopy
(TMAFM), and X-ray photoelectron spectroscopy (XPS), eluci-
dating the growth mechanism and phase stability. In a similar
vein, Phani & Santucci (2007) extended the sol-gel synthesis to
produce dense tetragonal Fe,Ta,Og thin films. Their investiga-
tion delved into the structural evolution of Fe,Ta,Og phases
under varying annealing conditions, shedding light on the
formation mechanisms and phase transitions. By employing
advanced characterization techniques such as GIXRD and
tapping mode atomic force microscopy, they provided valuable
insights into the morphological properties and structural
stability of the thin films.

Oubaha et al. (2011) introduced a novel hybrid organic-
inorganic sol-gel material based on tantalum ethoxide and 3-
trimethoxysilylpropylmethacrylate, aimed at fabricating optical
waveguides and three-dimensional structures.”® Their study
showcased the versatility of sol-gel techniques in photonics
applications, demonstrating the successful fabrication of
single-mode waveguides and stable three-dimensional wood-
pile structures. By correlating material composition with optical
performance, they highlighted the importance of precise
control over material formulation for achieving desired device
functionalities. Richard et al. (2018) investigated the effects of
Ta doping on the crystallinity and electrical properties of ZnO
nanoparticles synthesized via sol-gel methods.* Their study
revealed enhanced crystallinity and reduced resistivity in Ta-
doped ZnO nanoparticles, indicative of improved electrical
conductivity. By combining experimental measurements with
first principles calculations, they provided comprehensive
insights into the structural and electronic properties induced by
Ta doping, offering valuable guidance for optimizing doping
strategies in semiconductor materials. In a complementary
study, Koshevaya et al. (2023) explored the doping of tantalum
oxide (Ta,Os) nanoparticles with rare earth elements (REEs) to
fine-tune their structural, optical, and electrochemical proper-
ties.®® By employing sol-gel and solvothermal synthesis
approaches, they obtained tantalum oxide powders with

© 2024 The Author(s). Published by the Royal Society of Chemistry

different textures and systematically studied their luminescent
properties. Their findings revealed the potential of Ta,Os
nanoparticles as wide-spectrum luminescent materials, with
tailored luminescence properties achieved through REE doping.

Each study contributes valuable insights into the synthesis,
characterization, and potential applications of tantalum-based
materials synthesized via sol-gel techniques. Phani & Santucci
(2007) showcased the synthesis of different tantalum-based
oxides, emphasizing phase control and film quality.”” Oubaha
et al. (2011) demonstrated the versatility of sol-gel synthesis in
photonic applications,*® while Richard et al. (2018) highlighted
the doping effects on semiconductor properties.* Koshevaya
et al. (2023) extended the exploration to luminescent properties,
offering promising avenues for optoelectronic applications.*

In summary, these studies collectively underscored the
versatility and significance of sol-gel synthesis in tailoring
tantalum-based nanoparticles for various applications, ranging
from thin film coatings to photonic devices and luminescent
materials. Advanced characterization techniques and theoret-
ical simulations have complemented experimental efforts,
providing valuable insights into the structural, morphological,
and optical properties of these nanoparticles. Continued
research in this field holds promise for further optimizing
synthesis parameters and unlocking novel material function-
alities for diverse technological applications.

Furthermore, other studies have also synthesized tantalum-
based nanoparticles using the sol-gel approach:

Blanc et al. (2006) introduced a novel acrylate-modified silica
incorporating tantalum synthesized via a sol-gel route.>® By
depositing thin films and subsequently photo-polymerizing
them through UV irradiation, they demonstrated the fabrica-
tion of micron-thick coatings with tunable refractive indices by
varying tantalum concentration. These coatings exhibited good
transparency in the blue range of the optical spectrum, making
them suitable for integrated optics applications. Simonenko
et al. (2015) explored the synthesis conditions of refractory
tantalum-zirconium carbide using a sol-gel method.*> By
controlling synthesis parameters such as temperature and
exposure time, they were able to manipulate the phase
composition and oxidation resistance of the resulting carbide
materials, which is crucial for their performance in high-
temperature applications. Zhou et al. (2014) investigated non-
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hydrolytic sol-gel synthesis for the preparation of tantalum
sulfide (TaS,) materials.”® By reacting tantalum halides with
thio-ethers, they demonstrated the direct synthesis of crystal-
line TaS, at low temperatures, offering a promising alternative
to traditional high-temperature methods. This approach
allowed for the tuning of crystallite sizes and the selective
preparation of different TaS, modifications, expanding the
range of tantalum sulfide materials accessible via sol-gel
synthesis.

Celikbicak et al. (2013) developed a tantalum-based sol-gel
material for the selective enrichment of phosphopeptides from
complex biological samples.> By incorporating polyethylene
glycol (PEG) into the sol-gel structure, they improved the
material's chemical and physical properties, enhancing its
performance in phosphopeptide enrichment compared to
conventional tantalum oxide materials. This study demon-
strated the potential of sol-gel-derived materials for bio-
analytical applications, highlighting their versatility beyond
traditional material synthesis. Rechberger et al. (2017) demon-
strated the synthesis of amorphous indium tantalate nano-
particles via a non-aqueous sol-gel method, followed by
annealing to produce crystalline nanoparticles and assembly
into aerogel monoliths.”® These nanoparticle-based aerogels
exhibited high surface areas and mechanical stability, making
them promising candidates for photocatalytic applications.
However, the degradation of methylene blue showed limited
success, indicating the need for further optimization of their
photocatalytic properties.

Overall, these studies illustrate the versatility and potential
of sol-gel synthesis for the preparation of tantalum-based
materials with tailored properties for various applications,
ranging from optics to catalysis and biotechnology. Further
research in this field holds promise for the development of
advanced materials with enhanced performance and
functionality.

2.2 Hydrothermal/solvothermal synthesis

The synthesis of tantalum-based nanoparticles through hydro-
thermal or solvothermal methods stands at the forefront of
nanomaterial research, offering unparalleled control over the
fabrication process and resulting properties.***” In hydro-
thermal synthesis, aqueous solutions serve as the reaction
medium, allowing for the precise manipulation of reaction
conditions such as temperature, pressure, and pH. Conversely,
solvothermal methods utilize organic solvents, offering flexi-
bility in tuning reaction parameters to achieve desired nano-
particle characteristics.>®

These synthesis routes enable the creation of tantalum-
based nanoparticles with tailored sizes, shapes, and composi-
tions, which are crucial for optimizing their performance in
diverse applications. For instance, in catalysis, the morphology
and surface structure of nanoparticles play a pivotal role in
catalytic activity and selectivity.”® Similarly, in energy storage
systems such as batteries and supercapacitors, nanoparticle
size and morphology significantly impact charge storage
capacity and cycling stability. Moreover, tantalum-based
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nanoparticles synthesized via hydrothermal or solvothermal
routes exhibit promising potential in biomedical applications,
including drug delivery, bioimaging, and tissue engineering.*’
The ability to finely tune nanoparticle properties ensures
compatibility with biological systems while maximizing thera-
peutic efficacy.”®

By further exploring and refining hydrothermal and sol-
vothermal synthesis techniques, researchers can unlock new
opportunities for advancing tantalum-based nanomaterials.
Continued efforts in this area hold the potential to revolutionize
various industries, addressing critical challenges and driving
innovation in fields ranging from catalysis to biomedicine.

For example, Kominami et al. (2001) explored the synthesis
of tantalum(v) oxide (Ta,Os) powders through solvothermal
reactions and subsequent evaluation of their photocatalytic
properties.”® The authors synthesized Ta powders via a sol-
vothermal reaction of tantalum pentabutoxide (TPB) in toluene
at varying temperatures (473-573 K) in the presence of water.

At lower temperatures (473 and 523 K), they obtained Ta
powder with a large surface area, characterized by X-ray
diffraction (XRD) patterns showing no clear peaks of crystal-
lites, indicative of amorphous structure. However, at 573 K,
crystalline b-phase Ta was obtained. Moreover, post-calcination
of the amorphous Ta at 973 K induced crystallization into the b-
phase, suggesting a structural transformation under high
temperature.

The authors then investigated the photocatalytic production
of hydrogen from 2-propanol in aqueous solution using these
Ta particles. Interestingly, they found that the as-synthesized
amorphous and crystalline b-phase samples exhibited negli-
gible rates of hydrogen evolution, while crystalline b-phase
samples formed by post-calcination showed higher activity.
This observation underscores the influence of crystallinity on
the photocatalytic activity of Ta,Os. Furthermore, the authors
explored the photocatalytic decomposition of organic
compounds by mineralization of acetic acid under aerated
conditions. They observed that solvothermal Ta exhibited
a higher rate of formation compared to other Ta samples,
indicating the importance of synthesis method in dictating
photocatalytic performance.

In addition, the study delves into the role of water in the
crystallization process, highlighting its significance in the
formation of crystalline b-phase Ta. The authors found that the
presence of water, fed into the autoclave and dissolved in
toluene during the process, played a crucial role in the crystal-
lization of amorphous Ta into the desired phase. Moreover, the
authors examined the crystal growth behaviour, observing
predominant growth along the (001) crystal plane in the sol-
vothermal process, which was further enhanced with prolonged
reaction time. Fig. 9a and b presented TEM photographs of Ta-1
and Ta-4, respectively, depicting agglomerates of very small
particles. These images provide visual insight into the
morphology of the synthesized Ta particles, underscoring the
effectiveness of the solvothermal method in producing fine
particles.

Generally, Kominami et al. (2001) presented a comprehen-
sive investigation into the synthesis and photocatalytic activity
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of Ta,05 powders, shedding light on the influence of synthesis
parameters and crystallinity on their performance.** Their
findings contribute to the understanding of photocatalytic
materials and may have implications in various environmental
and energy-related applications.

Gompel et al. (2014) study investigated the synthesis of alkali
metal tantalates using hydrothermal methods, revealing the
pH-dependent changes in nanoparticle morphology.*® The
authors demonstrated the synthesis of nanosized Ta,Os rods
and MTaO; cubes (M = Na, K, Rb) under varying pH conditions,
revealing distinct morphological transformations (see Fig. 10).
Notably, acidic conditions (pH 3 and 4) led to the formation of
Ta,0s nanoparticles, characterized by a mixture of small nee-
dles and agglomerates. Conversely, near-neutral pH values (7

L J

20nm

Fig. 9 TEM photographs of Ta-1 (a) and Ta-4 (b and c) (Reproduced
from ref. 59 with permission from Royal Society of Chemistry copy-
right [2024]).
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and 8) yielded rod-shaped nanoparticles with improved dis-
persity and minimal agglomeration. At higher pH values (12
and 13), cube-shaped nanoparticles were synthesized, high-
lighting the pH-dependent morphological evolution facilitated
by hydrothermal synthesis.

The TEM images provided visual evidence of the synthesized
nanoparticles’ morphologies, with distinct shapes observed
under different pH conditions. Nanorods, cubes, and parallel-
epipeds were obtained depending on the pH of the reaction
medium, underscoring the versatility of hydrothermal synthesis
in tailoring nanoparticle morphology (see Fig. 11). Additionally,
the influence of base cations (Na, K, Rb) on nanoparticle shape
and size distribution was elucidated, with potassium and
rubidium hydroxides yielding cubic nanoparticles with slightly
broader size distributions compared to sodium hydroxide.

NaOH
%m%l/L“)

3 0.5
4 1

7 5

8 10
9 15
1 100
1 400

W N

Fig.10 Displays transmission electron microscopy (TEM) images (a—q)
depicting tantalum oxide nanoparticles at various pH levels: (a) pH 3,
(b)pH 4, (c)pH 7, (d) pH 8, (e) pH 9, (f) pH 12, and (g) pH 13. Additionally,
(h) presents the pH values of the reaction mixtures prior to hydro-
thermal treatment, as determined by NaOH concentration (Repro-
duced from ref. 60 with permission from Royal Society of Chemistry
copyright [2024]).
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Furthermore, X-ray diffraction analysis revealed the crystal-
line phases present in the synthesized nanoparticles, confirm-
ing the formation of Ta,Os at acidic pH values and defect-
pyrochlore-type tantalic acid (HTaO3) at higher pH values. The
crystallinity and composition of the synthesized nanoparticles
were found to be pH-dependent, with variations observed in
crystallite size and phase composition. Despite challenges in
resolving the exact crystal structure and composition of the
synthesized nanoparticles, the study provided valuable insights
into the role of pH in controlling nanoparticle morphology and
composition.

In a nutshell, Gompel et al. (2014) investigation highlighted
the utility of hydrothermal synthesis in synthesizing alkali
metal tantalates with tunable morphologies, offering opportu-
nities for tailored applications in photocatalysis and materials
science.”” The pH-dependent synthesis approach provides
a versatile platform for engineering tantalum oxide and tanta-
late nanoparticles with desired properties, paving the way for
further exploration in diverse fields requiring nanomaterials
with controlled morphology and composition.

In the study by Das & Ganguli (2013), tantalum-based oxide
nanoparticles were synthesized using a template-free hydro-
thermal method under optimal alkaline conditions and suitable
temperature.® The synthesized nanocubes of cadmium tanta-
late and cadmium niobate showed significantly higher photo-
catalytic activity compared to the same oxides obtained by the
solid-state method. The hydrothermal synthesis was carried
out at a much lower temperature (600 °C) than the solid-state
method (1000 °C), resulting in the evolution of nanocubes
with an edge size of approximately 15 nm. The X-ray diffraction

Fig.11 TEM images of the nanoparticles yielded with different bases at
different pH values. (a) pH 7 with KOH, (b) pH 7 with RbOH as the
precursor base and (c) KOH and (d) RoOH as precursor bases both at
pH 12 (Reproduced from ref. 60 with permission from Royal Society of
Chemistry copyright [2024]).
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(XRD) patterns of the synthesized nanoparticles indicated the
formation of pure phases of Cd,Ta,0, and Cd,Nb,O,, and the
average crystallite size was found to be 20 nm and 25 nm,
respectively. The pure phases of Cd,Ta,O, and Cd,Nb,O, were
stabilized in the cubic phase at high alkali content. The role of
alkali concentration, reaction time, and temperature in the
synthesis process was thoroughly investigated to optimize the
formation of monophasic cadmium tantalate and cadmium
niobate phases.

The study also included the refinement of the crystallo-
graphic parameters of the synthesized nanoparticles using the
Rietveld method, indicating a good quality fit. It was observed
that the presence of alkaline hydroxylated Ta-Cl ionic groups
under strongly alkaline conditions played a key role in stabi-
lizing the phases of Cd,Ta,0O; and Cd,Nb,O,. The hydrothermal
method conducted at 180 °C for 48 hours, followed by calci-
nation at 600 °C for 8 hours, yielded nanocubes of Cd,Ta,0;
and Cd,Nb,0O; with sizes ranging from 15 to 30 nm. This
method resulted in a larger specific surface area compared to
solid-state synthesis, which is crucial for enhancing the pho-
tocatalytic efficiency of the nanoparticles. Furthermore, the
optical properties and specific surface area of the synthesized
nanocubes were investigated, demonstrating their potential for
improved photocatalytic activity. In summary, the study
successfully optimized the reaction parameters, leading to the
formation of smaller-sized nanoparticles with increased specific
surface area and improved photocatalytic performance.

The synthesis of tantalum pentoxide (Ta,Os) nanorods was
carried out by Li et al. (2015) using hydrothermal methods with
polyethylene glycol (PEG) as a guiding agent.®> The resulting
nanorods were extensively characterized using various tech-
niques, including X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), as
well as diffuse reflectance ultraviolet-visible (UV-vis) and pho-
toluminescence spectroscopies. The study also investigated the
effects of crystallization duration and the Ta,05/Sr(OH), ratio
on the morphology of the synthesized nanoparticles and
proposed a growth mechanism.

The presence of PEG and Sr(OH), during the hydrothermal
synthesis significantly affected the morphology of the resulting
Sr(OH), nanostructures. In the absence of PEG, irregular
nanoparticles of varying sizes were formed, indicating the
further growth of Ta,O5 during the hydrothermal treatment in
the Sr(OH), solution. Conversely, when both Sr(OH), and PEG
present, homogeneous nanorods with controlled
morphology were obtained. The X-ray diffraction patterns of the
products revealed that phase-pure Ta,Os was obtained under
specific hydrothermal conditions, and the presence of Sr(OH),
also influenced the crystal phase of the product. Additionally,
the UV-vis diffuse reflectance spectra showed that all samples
exhibited similar UV absorption edges with negligible shifts,
indicating that the Ta,O5 products were n-type semiconductors
and potentially photocatalytically active under UV irradiation.
The study also explored the effects of crystallization duration
and the Ta,0s5/Sr(OH), ratio on product morphology, finding
that the crystallization duration significantly influenced the
morphology, resulting in Ta,Os nanoparticles with different

were
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length-to-diameter ratios. The Ta,05/Sr(OH), ratio also affected
the morphology and crystal phase of the product, with nano-
particles of mixed phases obtained at certain ratios.

The growth mechanism of Ta,Os nanorods was proposed
based on the findings, indicating that polyethylene glycol (PEG)
played a crucial role in controlling the nucleation and growth of
the nanorods. The proposed mechanism involved the dissolu-
tion and hydroxylation of Ta,Os in the presence of Sr(OH),
under hydrothermal conditions, with PEG adsorbing onto the
resulting intermediates and favoring the formation of elongated
nuclei, thus leading to the formation of one-dimensional (1D)
nanorods. Overall, the study provided valuable insights into the
hydrothermal synthesis of Ta,Os nanorods and the factors
influencing their morphology, crystal phase, and growth
mechanism.

Hsieh et al. (2014) conducted an extensive study on the
hydrothermal synthesis of tantalum-based pyrochlore nano-
particles combined with indium hydroxide, resulting in nano-
composites with remarkable photocatalytic properties under UV
light.®* The synthesis involved reacting tantalum sources with
indium salts under high-temperature aqueous conditions,
producing well-defined nanoparticles with distinct morpho-
logical and compositional characteristics. Scanning electron
microscopy (SEM) analysis revealed that the samples primarily
consisted of 30-40 nm octahedral-shaped nanoparticles,
alongside a few larger particles (400-700 nm) identified as
indium hydroxide (In(OH);). Transmission electron microscopy
(TEM) further confirmed the single-crystalline nature of these
nanoparticles, displaying clear lattice fringes corresponding to
the (111) planes of pyrochlore. Additionally, dispersed clusters
of In(OH); were observed on the nanoparticles.

Inductively coupled plasma mass spectrometry (ICP-MS)
indicated that the nanoparticles underwent extensive
potassium/proton exchange during acid treatment, resulting in
different K/In/Ta ratios before and after treatment. The struc-
tural analysis revealed that the nanoparticles possessed a defect
pyrochlore structure (A,B,O¢) rather than an ideal pyrochlore
structure (A,B,0), with TEM images showing non-uniform
contrast indicative of extensive defects. Thermal gravimetric
analysis (TGA) and proton nuclear magnetic resonance (*1H
NMR) confirmed the presence of crystallization water and
exchanged protons, respectively. The compositional analysis
suggested that higher hydrothermal temperatures resulted in
materials with more indium and fewer potassium, highlighting
the influence of temperature on defect concentration and
stoichiometry.

The synthesized nanocomposites displayed exceptional
photocatalytic properties, absorbing UV light with main
absorption edges around 270 nm, corresponding to band gaps
of 4.6-4.8 eV. Among the samples, the acid-treated TIM-190-A
exhibited the highest hydrogen (H,) evolution rate of
5.82 mmol ¢ ' h™" from a 10 vol% methanol aqueous solution,
significantly outperforming the benchmark sodium tantalate
(NaTaOs3). In terms of overall water splitting, TIM-190-A ach-
ieved a remarkable H, evolution rate of 357.7 mmol g~' h™*,
more than twenty times higher than NaTaO;. These results

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

underscored the superior photocatalytic efficiency of the
tantalum-based pyrochlore nanoparticles.

When compared to other photocatalysts like Degussa P25
TiO,, Ta,0s5, and NiO-loaded SrTiO;, TIM-190-A demonstrated
exceptional performance, with the H, evolution rates of these
benchmarks being significantly lower. Moreover, the catalysts
maintained their activity and structural integrity throughout
prolonged photocatalytic reactions, consistently producing
stoichiometric amounts of H, (or CO) and O,, which high-
lighted their stability. This study by Hsieh et al. (2014) show-
cases the potential of tantalum-based pyrochlore nanoparticles
for sustainable energy applications, emphasizing the effective-
ness of defect engineering and precise compositional control in
enhancing photocatalytic performance.®

In another study, Rafique et al. (2019) developed hydrophilic
NaYF,: Yb**/Er** nanoparticles (NPs) through a straightforward
hydrothermal method, yielding lanthanide-doped upconver-
sion (UC) materials with varied morphologies and crystal pha-
ses.®* The synthesis parameters, including reactant
concentrations, NaF concentrations, and reaction times, were
meticulously optimized to influence the size, shape, and crys-
talline phase of the UCNPs. Scanning electron microscopy
(SEM) revealed that adjusting the NaF concentration had
a notable effect on the nanoparticle morphology. For instance,
spherical nanoparticles were produced at a 1.0 M NaF concen-
tration, with sizes ranging from 69.83 to 76.70 nm as the NaF
volume increased from 7.5 to 9.0 mL. Conversely, decreasing
NaF concentration to 0.5 M resulted in aggregated, irregular
shapes, while increasing NaF volume to 9.0 mL led to more
regular spheres of 67.93 nm size. These findings indicate that
NaF concentration is critical in determining nanoparticle shape
and size.

Further experiments at higher reactant concentrations (0.2
M) demonstrated that smaller, uniformly shaped nanoparticles
(52.77 nm) could be synthesized with 1.0 M NaF and 7.5 mL
volume. Increasing NaF volume to 9.0 mL, however, produced
larger, less homogeneous nanoparticles (87.97 nm). The
formation of fine, bitter gourd-shaped nanoparticles was
observed at 0.25 M NaF and 7.5 mL volume, with significant
variations in length and width when the NaF volume was
increased. X-ray diffraction (XRD) analysis showed that the NaF
content significantly influenced the crystalline phase of the
nanoparticles, with different NaF concentrations resulting in
various phases, such as a-NaYF,, B-NaYF,, and YF;. This phase
variation correlated with changes in nanoparticle shape and
suggested that phase transitions contribute to structural
defects.

Further experiments explored the impact of hydrothermal
reaction time and dopant ion concentrations on nanoparticle
size, homogeneity, and crystalline phase. SEM images and XRD
patterns indicated that reaction times and increased Er’*
concentrations significantly influenced particle size and phase
transitions from cubic to hexagonal phases, with longer reac-
tion times yielding larger particles with enhanced hexagonal
phase intensity.

In summary, the study by Rafique et al. (2019) demonstrated
that careful optimization of synthesis parameters, such as
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reactant and NaF concentrations and reaction time, can effec-
tively control the morphology and crystalline phase of NaYF,:
Yb**/Er** upconversion nanoparticles. The ability to tailor these
properties makes these UCNPs promising candidates for
various applications requiring precise control over nanoparticle
characteristics.

2.3 Synthesis of tantalum-based nanoparticles via
magnetron sputtering approach

The synthesis of tantalum-based nanoparticles via the magne-
tron sputtering approach presents a sophisticated and scalable
method to produce high-quality nanoparticles with controlled
size, composition, and morphology.®* Magnetron sputtering is
a type of physical vapor deposition technique that relies on the
ejection of atoms from a target material, in this case, tantalum,
due to the impact of energetic ions generated from an argon
plasma.®” This method is favoured for its ability to produce
uniform and pure nanoparticles, which are essential for a range
of advanced applications.®®

In magnetron sputtering, a high-purity tantalum target is
utilized. The process can be carried out using either direct
current (DC) or radio frequency (RF) magnetron sputtering,
with RF sputtering being particularly advantageous for insu-
lating targets or when precise control over the deposition
process is required.®*”® The choice of sputtering gas, typically
argon, is critical due to its inert nature and appropriate atomic
mass, which ensures effective momentum transfer during the
collision process.”” The pressure of the sputtering gas,
generally maintained between 1 to 10 mTorr, significantly
influences the mean free path of the sputtered atoms and the
overall deposition rate.”

The power applied to the magnetron is another crucial
parameter that affects the ion energy and sputtering rate.
Higher power levels can enhance the deposition rate but may
also lead to increased substrate heating, which needs to be
carefully controlled.”®” Substrate temperature plays a vital role
in determining the nucleation and growth kinetics of the
nanoparticles. By adjusting the substrate temperature,
researchers can tailor the physical properties of the nano-
particles to meet specific requirements.”

The synthesis process begins with the preparation of the
tantalum target, ensuring it is free from surface contaminants.
The sputtering chamber is evacuated to a base pressure of
around 10”7 torr to minimize impurities.””””® Once the chamber
is sufficiently evacuated, argon gas is introduced, and a plasma
is ignited by applying a voltage to the magnetron. The unique
magnetic field configuration of the magnetron traps electrons
near the target surface, maintaining a high-density plasma that
efficiently sputters tantalum atoms from the target.” These
atoms travel through the chamber and condense into nano-
particles. The size and distribution of the resulting nano-
particles can be finely controlled by adjusting the sputtering
parameters, such as gas pressure, power, and substrate condi-
tions.” The nanoparticles can be deposited directly onto
a substrate or collected in a liquid medium, depending on the
intended application. Future research aims to optimize the
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synthesis parameters to tailor the properties of tantalum-based
nanoparticles for specific applications, explore the potential of
hybrid nanostructures, and scale up the production process for
industrial use.” The magnetron sputtering approach thus offers
a promising pathway for the synthesis of high-performance
tantalum-based nanoparticles with diverse and impactful
applications.”®

For example, the synthesis of tantalum oxynitride (TaO,N,)
thin films is crucial for various applications due to their unique
optical and electronic properties. In a study by Lertvanithphol
et al. (2019), the films were synthesized using a magnetron
sputtering system with two different techniques: conventional
reactive sputtering and reactive gas-timing (RGT).*® The
conventional reactive sputtering technique involves the simul-
taneous introduction of reactive gases, oxygen and nitrogen,
during the sputtering process of a tantalum target. This steady
method results in the formation of TaO,N,, films with properties
closely resembling those of tantalum oxide (TaO), primarily due
to the consistent incorporation of oxygen and nitrogen.

On the other hand, the reactive gas-timing (RGT) technique
alternates the introduction of oxygen and nitrogen gases during
sputtering. This alternation enhances nitrogen incorporation
by closing the oxygen supply and immediately switching to
nitrogen. The RGT method allows the sputtered atoms to
maintain relatively high particle energies, reducing collisions
and enabling a higher nitrogen concentration. Consequently,
this leads to variations in the optical properties of the films, as
the nitrogen concentration can be effectively controlled by
adjusting the timing of gas introduction.

Spectroscopic ellipsometry (SE) was employed to measure
the optical properties of the films over the range of 0.75-5.0 eV
at a 70° incident angle. The optical model based on the Tauc-
Lorentz function was constructed to extract the properties of the
films, revealing homogeneous growth with distinct optical
characteristics depending on the deposition technique. Field-
emission scanning electron microscopy (FE-SEM) confirmed
the homogeneous growth and structural consistency of the
films with the proposed model (Fig. 12). Furthermore, glazing-
incident X-ray diffraction (GI-XRD) analysis showed that all
the films were completely amorphous, consistent with the high
binding energy of tantalum atoms, which prevents crystalliza-
tion without substrate heating or bias.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the elemental composition and chemical states within the
films. The results indicated a higher nitrogen content in the
films synthesized using the RGT method, as evidenced by
a significant N 1s peak at 396 eV, which was absent in the films
produced by conventional sputtering. This confirmed that the
RGT technique successfully incorporated nitrogen into the
oxynitride films. The N K-edge X-ray absorption spectroscopy
(XAS) measured in total fluorescence yield (TFY) mode further
elucidated the nitrogen chemical states, showing a single peak
at 400.6-400.9 eV in RGT films, which suggested effective
nitrogen incorporation and hybridization with tantalum and
oxygen.

The optical properties of the films, including the refractive
index and extinction coefficient, were significantly influenced
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Fig. 12 (a—d). FE-SEM in cross-sectional view film morphologies of
the prepared samples. (e) The film thicknesses obtained from both
techniques (Reproduced from ref. 68 with permission from Elsevier
copyright [2024]).

by the deposition technique. Films produced by the RGT
method exhibited higher refractive indices and extinction
coefficients compared to those made by conventional sputter-
ing, indicating enhanced optical density and absorption. The
optical band gap (E,) of the films was determined using Tauc
plots, revealing that RGT films had lower band gaps (2.17 eV for
5:60 timing, 2.88 eV for 15:60 timing) compared to the
conventional films (4.21 eV). This tunability of the band gap
through oxygen timing highlighted the versatility of the RGT
method in modifying film properties.

The study demonstrated the superior ability of the RGT
method to control nitrogen incorporation, resulting in films
with higher refractive indices and lower band gaps, which are
beneficial for various optoelectronic applications. The findings
align with previous research showing that nitrogen content
significantly affects the optical properties of TaO;N, films.
However, the RGT technique offers a more efficient approach to
nitrogen incorporation compared to other advanced sputtering
methods, such as high-power impulse magnetron sputtering
(HiPIMS).

The study by Lertvanithphol et al. (2019) effectively illus-
trated the synthesis of tantalum oxynitride thin films using
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magnetron sputtering, comparing conventional reactive sput-
tering and the innovative reactive gas-timing technique.®® The
results emphasize RGT's superior ability to tune optical prop-
erties by controlling nitrogen incorporation, providing valuable
insights for designing advanced materials for optoelectronic
applications. Future research could further optimize gas timing
parameters and explore the use of other reactive gases to
enhance the material's potential applications.

Baker et al. (2022) successfully synthesized tantalum sub-
oxide nanoparticles using reactive direct-current (DC) magne-
tron sputtering.®® The composition of the films was controlled
kinetically by varying chamber pressure and deposition rate,
maintaining a constant Ar-5%0, gas mixture. The resulting
films had oxygen contents from 46% to 71%, achieving stoi-
chiometric Ta,Os at higher oxygen levels.

The synthesized films were X-ray amorphous, indicating
a lack of crystallinity, and SEM analysis confirmed smooth,
uniform surfaces. Electrical resistivity varied over seven orders
of magnitude, with a sharp transition at 55% oxygen content:
lower oxygen films exhibited metallic conduction, while higher
oxygen films showed semiconducting behaviour due to acti-
vated tunnelling. The mass density of the films decreased with
increasing oxygen content, attributed to the lower density of
tantalum oxide and the presence of porosity in higher oxygen
content films.

Temperature-dependent measurements and Hall effect data
revealed a significant drop in carrier density with increasing
oxygen content, especially at low temperatures, indicating
a transition from metallic to insulating behaviour. Overall, the
study demonstrated precise control over the synthesis and
properties of tantalum suboxide nanoparticles, making them
suitable for advanced applications like hohlraums in magne-
tized inertial confinement fusion.

Cristea et al. (2021) explored the synthesis of tantalum-
titanium oxynitride (TaTiON) thin films through DC reactive
magnetron co-sputtering.®® The synthesis was carefully
controlled by varying the Ti and Ta target currents, which
ranged between 0.00 and 1.00 A, while maintaining a constant
sum of 1.00 A for the two currents. The deposition was per-
formed under a —50 V bias voltage at a substrate temperature of
100 °C, with a reactive gas flow consisting of nitrogen and
oxygen in a constant N,/O, ratio of 85%/15%.

The structure and properties of the resulting films were
found to depend significantly on the elemental composition.
Single metal oxynitrides (TaON and TiON) exhibited a low
degree of crystallinity, while the co-sputtered films were
predominantly amorphous. The TaON film demonstrated the
highest hardness (14.8 GPa), whereas the TiON film had
a significantly lower hardness (8.8 GPa). Co-sputtered films
showed intermediate hardness values. The oxygen content in
the films increased notably when the Ti concentration exceeded
that of Ta, influencing both the optical and electrical properties.
The sheet resistivity of the co-sputtered films was strongly
dependent on the O/(Ta + Ti) atomic ratio.

Further structural analysis using grazing incidence XRD
revealed that the single-metal oxynitrides (TaON and TiON) had
certain degrees of crystallinity, whereas co-sputtered films were
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amorphous. The presence of characteristic diffraction peaks
suggested that the TaON film was polycrystalline, forming face-
centered cubic (fcc) TaN, likely doped with some oxygen.
Conversely, the TiON film displayed peaks corresponding to the
rutile phase of TiO2_22, indicating a predominance of oxide
formation over nitride, due to the higher O/Ti ratio compared to
N/Ti.

Mechanical property analysis showed a variation in inden-
tation hardness and elastic modulus depending on the applied
target currents. Hardness values ranged from ~7 GPa to
~15 GPa, and the indentation elastic modulus ranged from
~70 GPa to ~220 GPa. These properties were linked to the
oxygen content promoted by higher Ti target currents. Addi-
tionally, coatings with high hardness and low elastic modulus
exhibited improved fracture toughness, as indicated by higher
H/E and H3/E2 ratios.

Adhesion and wear behaviour were evaluated through
scratch and tribometer tests. Films with higher Ta content,
particularly the TaON film, demonstrated better adhesion and
higher critical loads for delamination. Interestingly, the TiON
film, despite its lower thickness, showed adequate wear resis-
tance, attributed to its ductility and amorphous nature. The
study highlighted the potential of tailoring the composition and
structure of TaTiON films to achieve desired mechanical and
electrical properties for various applications.

Furthermore, Singh et al. (2014),° Beline et al. (2019),** Baker
et al. (2022),*° and Rudolph et al (2017)* have conducted
comprehensive studies on the synthesis of tantalum-based
nanoparticles (TaNPs) using a magnetron sputtering
approach, each contributing unique insights to the field.

Singh et al. (2014) meticulously explored a gas-aggregated
magnetron sputtering system, beginning with the sputtering
of tantalum atoms from a target that aggregate into nano-
particles within the gas phase.® These size-selected, amorphous
nanoparticles are then deposited onto a substrate, initially
forming a monolayer. As deposition continues, multi-layered
structures form through nanoparticle coalescence. Upon expo-
sure to ambient air, the tantalum-based nanoparticles oxidize,
resulting in a core-shell structure with a metallic tantalum core
and a tantalum oxide shell. The metallic core is approximately
3 nm in diameter, surrounded by a 2 nm thick oxide shell. High-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and grazing incidence X-ray
diffraction (GIXRD) confirm the amorphous nature of the
films. Additionally, atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM) reveal a highly porous struc-
ture, with surface roughness increasing upon oxidation. X-ray
photoelectron spectroscopy (XPS) analysis demonstrates
a graded oxidation profile from tantalum pentoxide (Ta,Os) at
the surface to metallic tantalum deeper within, providing
a gradation in oxidation states advantageous for specific
applications.

Building on these findings, Beline et al. (2019) refined the
deposition parameters of magnetron sputtering to synthesize
tantalum oxide (Ta,Oy) films on commercially pure titanium
(cpTi).** They systematically evaluated the structural and optical
properties, morphology, roughness, elemental composition, and
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surface energy of these films. By varying the oxygen flow rates
and other deposition parameters, they produced Ta,O, films with
differing thicknesses and structures, ranging from amorphous to
crystalline (specifically the PB-Ta,Os phase). Optical analysis
revealed regular and large-amplitude interference oscillations,
indicating that the films had high optical homogeneity.

The crystalline B-Ta,Os coatings, in particular, exhibited
increased roughness and surface energy, which positively
influenced pre-osteoblastic cell spreading and morphology.
These coatings demonstrated biocompatibility, making them
suitable for biomedical applications. Importantly, compared to
cpTi, the tantalum oxide films did not increase bacterial adhe-
sion, further underscoring their potential utility in medical
devices where both biocompatibility and resistance to bacterial
colonization are crucial.

In a related study, Baker et al. (2022) synthesized tantalum
suboxide films with varying oxygen content using reactive
direct-current magnetron sputtering.®* This method involved
controlling the composition kinetically by adjusting the
chamber pressure and deposition rate while keeping the
working gas mix constant. The resultant films were X-ray
amorphous, displaying significant variation in electrical resis-
tivity across seven orders of magnitude. Notably, the dominant
conduction mechanism shifted from metallic to activated
tunnelling when the oxygen content exceeded approximately 55
at%, which was marked by a sharp increase in resistivity and
a corresponding decrease in carrier density at low temperatures.
This study highlighted the critical influence of oxygen content
on the electrical properties of tantalum suboxide films and
demonstrates the ability to tailor these properties through
precise control of the sputtering parameters.

Further extending the application of magnetron sputtering,
Rudolph et al. (2017) conducted an in-depth exploration into the
synthesis of TazNs using a magnetron sputtering technique,
which was notably enhanced with an axial magnetic field.* This
innovative approach aimed to guide ionic species more precisely
onto the growing film, thereby optimizing the deposition
process. The introduction of the axial magnetic field was crucial
in achieving a high degree of crystallinity within the Ta;Nj5 films,
a significant improvement over the amorphous content that
typically characterizes conventionally sputtered films.

The enhanced ion-assisted growth not only improved the
crystallinity but also contributed to the formation of a highly
nanostructured surface. This surface was densely populated
with grains, which are essential for increasing the active surface
area. The dense grain population is beneficial for various
applications, especially for solar water splitting, where the
increased surface area can enhance light absorption and cata-
Iytic efficiency. By using this method, Rudolph et al (2017)
effectively demonstrated that modifying the conventional
magnetron sputtering setup with an axial magnetic field can
lead to superior structural and morphological properties in
Ta;N;5 films.*® This advancement underscores the potential for
fine-tuning sputtering parameters to achieve desired material
characteristics, paving the way for improved performance in
practical applications such as solar energy conversion and other
photoactive technologies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Overall, magnetron sputtering emerges as a versatile method
for synthesizing tantalum-based nanoparticles and films,
offering control over structural, morphological, and electrical
properties. Each study highlights different aspects and potential
applications, from biomedical coatings to advanced materials for
fusion energy and solar water splitting. The ability of this
synthesis method to produce both amorphous and crystalline
structures, along with tailored porosity and oxidation profiles,
underscores its potential in various technological domains.

In addition to well-established methods like the Sol-Gel
Method, hydrothermal/solvothermal approaches, and magne-
tron sputtering, several other techniques have been instru-
mental in synthesizing tantalum-based nanoparticles.®**
Chemical vapor deposition (CVD) stands out for its ability to
deposit thin films or nanoparticles by chemical reactions in the
vapor phase, ensuring precise control over composition and
film thickness.**** This method is favoured in applications
requiring uniform and conformal coatings of tantalum
compounds, though careful parameter optimization is essential
to avoid by-products and ensure substrate integrity**** Elec-
trodeposition offers another robust approach, leveraging elec-
trochemical processes to deposit tantalum-based nanoparticles
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from solution onto conductive substrates. It excels in scalability
and allows fine-tuning of nanoparticle size and morphology by
adjusting deposition parameters such as voltage and solution
composition. This makes electrodeposition ideal for producing
dense, pure coatings suitable for electronics and catalysis.**"**

Laser ablation provides a non-contact method to produce
tantalum-based nanoparticles by vaporizing a target material
with a high-energy laser in controlled environments. It offers
precise control over nanoparticle size, shape, and crystallinity
without introducing contaminants from solvents or chemicals.*
Gas-phase condensation, meanwhile, involves the condensation
of vapor-phase precursors onto a substrate under controlled
conditions, yielding nanoparticles with uniform size distribu-
tions and high purity.*** Solvated metal atom dispersion (SMAD)
is effective for producing colloidal nanoparticles by solvating
tantalum atoms in a liquid matrix and subsequently reducing
them to form well-defined nanoparticles.*®* Finally, ball milling
mechanically grinds tantalum precursors with grinding balls,
facilitating nanoparticle formation through mechanical alloying
and reduction reactions.”®* These diverse synthesis methods
underscore the versatility in tailoring tantalum-based nano-
particles for applications spanning biomedical devices to

Table 1 Advantages and disadvantages of various synthesis methods for tantalum-based nanoparticles

Synthesis method Advantages

Disadvantages

Sol-gel method

Scalable. Versatile
Hydrothermal/solvothermal

Environmentally friendly
Magnetron sputtering

Allows for control over composition and
morphology. Suitable for producing
nanocomposites. Low-temperature processing.

High purity of synthesized nanoparticles. Scalable
for industrial production. Able to control

nanoparticle size and morphology.

Precise control over film thickness and

Requires careful control of processing
conditions to avoid phase separation or
unwanted crystallization. Long processing
times. Limited to certain compositions
High temperatures and pressures required.
Slow reaction kinetics. Complex control over
reaction conditions

Equipment costs can be high. Limited to

Chemical vapor deposition (CVD)

Electrodeposition

Laser ablation

Gas-phase condensation

Solvated metal atom dispersion
(SMAD)

Ball milling

composition. High deposition rates. Suitable for
thin film coatings. Can produce uniform and
conformal coatings

Precise control over film thickness, composition,
and uniformity. High purity coatings. Suitable for
complex shapes and large-scale production

Scalable and cost-effective. Allows for precise
control over nanoparticle size and morphology.
High purity of coatings. Simple operation

Precise control over nanoparticle size and shape.
High purity without chemical additives. Suitable for
various materials and complex compositions
Uniform nanoparticle size distribution. High purity
of synthesized nanoparticles. Scalable for large-
scale production. Minimal contamination

Produces colloidal nanoparticles with controlled
size and shape. Scalable. Low-cost precursor
materials. Versatile for various metals

Scalable. Simple and low-cost equipment. Allows
for control over nanoparticle size and morphology.
Suitable for a wide range of materials

© 2024 The Author(s). Published by the Royal Society of Chemistry

certain substrate sizes and shapes.
Challenges in scaling up for large-area
coatings

Requires high temperatures and vacuum
conditions. Hazardous precursor chemicals.
Complex equipment and maintenance
requirements

Limited to conductive substrates. Deposition
rate dependent on current density.
Electrolyte chemistry must be carefully
controlled

Expensive equipment. Limited to small
batch production. Energy-intensive process.
Potential for particle aggregation

Requires precise control over vapor phase
conditions. Limited to specific nanoparticle
compositions. Complex handling of
precursor gases

Requires careful control over reduction
conditions. Limited to specific solvent
systems. Potential for agglomeration of
nanoparticles

Mechanical energy input may lead to
contamination. Requires long milling times.
Particle size distribution may not be uniform
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advanced materials in electronics and energy technologies, each
method offering distinct advantages in controlling nanoparticle
properties critical for specific applications.®»** Table 1 shows the
advantages and disadvantages of various synthesis methods for
tantalum-based nanoparticles.®*-**

3 Multimodal imaging applications

3.1 Utilization of tantalum-based nanoparticles as X-ray
contrast agents in computed tomography (CT) and other
imaging modalities

Tantalum-based nanoparticles (TaNPs) have emerged as
promising contrast agents for various imaging modalities due
to their unique physical and chemical properties. In computed
tomography (CT), TaNPs are particularly valuable because of
tantalum's high atomic number (Z = 73), which provides strong
X-ray attenuation. This characteristic makes TaNPs excellent
candidates for enhancing image contrast in CT scans, allowing
for more precise visualization of anatomical structures and
pathological conditions.*

The utilization of TaNPs in CT imaging involves synthesizing
nanoparticles that are biocompatible and stable within the
biological environment.”® Surface modifications, such as
coating with biocompatible polymers or functionalizing with
targeting ligands, are often employed to improve the nano-
particles’ stability and targeting capabilities.” These modifica-
tions help TaNPs to accumulate preferentially in the tissues of
interest, such as tumors, thereby enhancing the contrast in the
CT images.**

Beyond CT, TaNPs are being explored for use in other
imaging modalities such as magnetic resonance imaging (MRI),
optical imaging, and photoacoustic imaging. In MRI, although
tantalum is not inherently magnetic, it can be combined with
other magnetic materials to create composite nanoparticles that
serve as dual-modal imaging agents.””*® For optical imaging,
the strong light absorption properties of tantalum can be
exploited to enhance image contrast. In photoacoustic imaging,
TaNPs can convert absorbed light into sound waves, providing
high-resolution images of tissues based on their optical
properties.”>*°

For example, in the study by Bonitatibus et al. (2010), the
primary focus was on the imaging potential of water-soluble
tantalum oxide nanoparticles (TaO, NPs) with diameters
=6 nm as X-ray contrast agents for computed tomography (CT)
imaging and other modalities.** This research sought to over-
come the limitations of traditional iodine-based contrast agents
by leveraging tantalum's superior X-ray attenuation properties,
particularly at higher diagnostic energies.

The nanoparticles demonstrated enhanced image contrast
compared to iodine at equivalent molar concentrations across
the diagnostic X-ray spectrum. This advantage was especially
evident at higher X-ray energies, where tantalum's K-edge
absorption provided a more consistent image contrast profile
than iodine-based agents, which tend to show decreased
attenuation with increasing X-ray energy. Such properties
position tantalum oxide nanoparticles as highly effective
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candidates for improving CT imaging resolution and diagnostic
accuracy.

In vivo validation involved administering the nanoparticles
intravenously to rats, followed by imaging with a clinical 64-
slice CT scanner. The imaging results highlighted excellent
temporal resolution and a dynamic distribution of the contrast
agent from the vena cava to the arterial system. Furthermore,
the rapid clearance of tantalum oxide nanoparticles from the
bloodstream indicates their suitability for real-time imaging
applications, minimizing potential long-term retention issues
within the body.

The study concluded by emphasizing the promising role of
tantalum oxide nanoparticles as next-generation X-ray contrast
agents, showcasing significant advantages over traditional
iodine-based agents in terms of imaging performance and
biocompatibility. Future research should focus on comprehen-
sive safety evaluations and clinical trials to validate their efficacy
and safety for routine medical use.

In a different study carried out by Oh et al. (2011), tantalum
oxide nanoparticles (TaO, NPs) were explored as cost-effective,
bioinert nanoprobes for high-performance X-ray CT
imaging.'* The synthesis of uniformly sized TaO, NPs was
achieved using a microemulsion method, which allowed for
precise control over particle size through variations in ethanol
content. The surface modification of these nanoparticles was
accomplished via a simple in situ sol-gel reaction using various
silane derivatives. This modification facilitated the attachment
of functional moieties such as polyethylene glycol (PEG) and
fluorescent dyes, enhancing the biocompatibility and multi-
functionality of the nanoparticles. The PEG coating provided
antifouling properties, ensuring long circulation times in vivo,
while the fluorescent dye enabled bimodal imaging capabilities,
combining fluorescence with X-ray CT imaging.

The performance of TaO, NPs in CT imaging was thoroughly
evaluated. The nanoparticles exhibited a linear increase in
Hounsfield units (HU) with concentration, demonstrating
superior contrast enhancement compared to traditional iodine-
based agents. In vivo studies highlighted the efficacy of TaO,
NPs in X-ray CT angiography, where they provided bright, well-
resolved images of blood vessels, heart, liver, spleen, and
kidneys with prolonged circulation times (Fig. 13). Additionally,
the PEGylated nanoparticles showed no significant cytotoxicity,
as confirmed by MTT assays, and minimal in vivo toxicity, as
evidenced by histological analyses and serum liver function
tests. Beyond CT, the bimodal imaging capability of TaO, NPs
was showcased in sentinel lymph node mapping, where the
nanoparticles facilitated both fluorescence and X-ray imaging,
aiding in precise tumor metastasis detection and image-guided
surgery (Fig. 14). The study concluded that TaO, nanoparticles
hold significant potential for various medical applications,
including angiography and metastasis detection in liver and
lymph nodes, due to their excellent imaging performance,
biocompatibility, and multifunctional capabilities.

Torres et al. (2012) investigated the potential of metal-
containing nanoparticles, specifically core-shell tantalum
oxide (TaO) nanoparticles, as X-ray contrast media for CT
imaging.'”® Their study aimed to achieve reduced radiation
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Fig. 13 In vivo X-ray CT imaging. (a and b) Serial CT coronal views of a rat following injection of 1 mL of PEG-RITC-TaO, solution (840 mg kg ™}
into the tail vein. (a) Heart and liver (coronal view cut along the yellow dotted line in (c)). (b) Spleen, kidney, and inferior vena cava (coronal view
cut along the white dotted line in (c)). (c) 3D-renderings of in vivo CT images reveal the ventral (top) and lateral (bottom) sides of the heart and
great vessels. The images were obtained immediately after injection (Reproduced from ref. 102 with permission from American Chemical Society
copyright [2024]).

Fig. 14 Sentinel lymph node mapping and resection. (a) In vivo CT volume-rendered (upper left) and maximum intensity projections (MIP)
images (upper right and lower panels) of the sentinel lymph node of the rat were obtained 2 h after intradermal injection of 100 pL of PEG-
RITCTaO, solution (210 mg mL™Y) in both paws. The yellow circles and arrows indicate the locations of the lymph nodes. (b) White light
photographs (upper panels) and fluorescence images (lower panels) of the rat injected intradermally with 100 pL of PEG-RITC-TaO, solution in
both paws. Lateral views of the rat 2 h after injection show highly intense red emission from the lymph node and injected part (left and middle).
Arrows and circles indicate the putative axillary sentinel lymph nodes and injection point, respectively. Sentinel lymph nodes of the two rats
dissected by bimodalimage-guided surgery (right) (Reproduced from ref. 102 with permission from American Chemical Society copyright
[2024]).
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dose, increased contrast, and improved visualization of smaller
anatomical features. The authors synthesized size-fractionated
TaO nanoparticles and evaluated their biodistribution, blood
half-life, organ retention, and histopathology in preclinical
settings.

The fractionated TaO nanoparticles were injected at both the
anticipated clinical dose and three times that dose to assess
their biological performance. The results demonstrated that
improved control over the size of 2-
diethylphosphatoethylsilane-TaO nanoparticles significantly
reduced the retention of injected tantalum. In vivo and in vitro
CT imaging studies revealed differences in short-term bio-
distribution in the kidney when comparing the TaO nano-
particles to small-molecule iodinated contrast media.
Furthermore, the study provided preliminary data on new
imaging applications utilizing “Ta-only” imaging through
multienergy CT image acquisition.

In a nutshell, Torres et al (2012) highlighted that size-
fractionated core-shell TaO nanoparticles, with a well-defined
particle size distribution, possess several essential characteris-
tics for clinically viable vascular imaging compounds.'® These
nanoparticles show promise in advancing multienergy CT
imaging applications, potentially offering more detailed and
accurate imaging with reduced radiation exposure.

Wang et al. (2013) explored the utilization of tantalum oxide
(TaO,) nanoparticles as X-ray contrast agents in CT imaging,
demonstrating their superior performance compared to tradi-
tional iodine-based agents.'** The TaO, nanoparticles maintain
consistent X-ray attenuation across clinically relevant energy
levels (100-140 kVp), providing enhanced image clarity and
diagnostic accuracy.

Integrating these nanoparticles into hydrogel microparticles
allows for controlled size and shape, optimizing their use in
medical imaging. The hydrogels offer biocompatibility and
potential for targeted delivery, enhancing the effectiveness of
the contrast agents. In vivo studies showed significant vascular
contrast enhancement with PEGylated TaO, nanoparticles,
which is crucial for visualizing blood vessels and diagnosing
vascular diseases.

TaO, nanoparticles offer several advantages over iodine-
based agents, such as maintaining consistent attenuation at
higher energy levels and presenting a lower risk of adverse
reactions like allergies and nephrotoxicity. This makes them
safer for a broader range of patients. Furthermore, the potential
for functional imaging with TaO, nanoparticles, due to their
stable attenuation properties, adds another layer of diagnostic
capability.

The study also highlighted the potential application of TaO,
nanoparticles in other imaging modalities, such as dual-
modality techniques combining CT with MRI or PET. These
multimodal contrast agents can provide complementary infor-
mation, enhancing diagnostic capabilities. For instance, func-
tionalized TaO, nanoparticles could offer simultaneous CT and
MRI imaging or carry radiolabels for PET imaging, providing
detailed insights into disease processes.

Wang et al. (2013) discussed future prospects, including
scaling down the fabrication technique to produce hydrogel
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nanorods with controlled size and elasticity.*** This could lead
to more sophisticated contrast agents capable of precise tar-
geting and controlled therapeutic release. Nanoscale hydrogel
particles could navigate complex vascular structures, providing
high-resolution images at the cellular level and enabling tar-
geted theranostic applications.

In summary, Wang et al. (2013) presented tantalum-based
nanoparticles as a promising alternative to iodine-based
contrast agents in CT imaging, with superior attenuation
properties, enhanced safety, and potential applications in
multimodal imaging and theranostics.

In 2014, Freedman et al. conducted a compelling study
exploring tantalum oxide (Ta,Os) nanoparticles as novel X-ray
contrast agents for micro-computed tomography (uCT)
imaging of articular cartilage.'” These nanoparticles, ranging
in size from 5 to 10 nm, feature distinct surface charges and
were synthesized using different ligands with varied end func-
tional groups. The study employed pCT to visualize articular
cartilage, demonstrating effective detection of cartilage defects
in a human cadaver joint. The synthesized nanoparticles
exhibited preferential uptake around the defect sites, high-
lighting their potential utility for targeted imaging within
cartilage structures. Furthermore, the study evaluated a non-
toxic cationic nanoparticle contrast agent in an in vivo murine
model, further emphasizing the importance of surface charge in
optimizing nanoparticulate agents for targeting both the
surface and interior zones of articular cartilage.

In another study by Jin et al. (2014), a nanotheranostic agent
was developed for bimodal imaging-guided photothermal
ablation of tumors. This involved encapsulating tantalum oxide
(TaO,) nanoparticles within polypyrrole (PPy) nanoparticles to
enhance both X-ray CT and photoacoustic (PA) imaging capa-
bilities in vivo.'* The composite nanoparticles were designed to
passively accumulate at tumor sites during circulation, enabling
effective imaging and subsequent photothermal therapy upon
near-infrared laser irradiation. This dual-modal approach
underscores the potential of these nanoparticles as versatile
contrast agents for enhancing diagnostic accuracy and thera-
peutic efficacy in tumor imaging and treatment.

Additionally, Jin et al. (2015) expanded on this work by
developing multifunctional theranostic tantalum oxide nano-
particles (TaO,NPs)."” These nanoparticles were engineered for
actively targeted delivery, pH-responsive drug release, and
bimodal imaging employing fluorescence and CT imaging
modalities. The study demonstrated the nanoparticles’
biocompatibility, efficient drug release in acidic environments,
prolonged circulation in the bloodstream, superior tumor-
targeting capabilities, and enhanced therapeutic outcomes.
The multifunctional nature of TaO,@Cy7-DOX-PEG-HA NPs
highlighted their potential as robust contrast agents for
simultaneous fluorescence and X-ray CT imaging, alongside
their promise in personalized cancer detection and treatment
strategies.'”’

In 2016, Fitzgerald et al. aimed to develop and evaluate
a proposed computed tomography (CT) contrast agent utilizing
carboxybetaine zwitterionic (CZ) coated soluble tantalum oxide
(TaO) nanoparticles (NPs)."® Their investigation included

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05732e

Open Access Article. Published on 23 October 2024. Downloaded on 02/10/2025 15:43:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

comparing the CT imaging performance of CZ-TaO NPs against
conventional iodinated agents in live rats, alongside in vitro and
in vivo assessments. The study demonstrated that CZ-TaO NPs
provided significantly improved image contrast in CT scans
compared to iodinated agents. Moreover, these nanoparticles
exhibited no adverse effects upon injection in healthy rats and
were efficiently cleared via urine, suggesting their potential
suitability for widespread clinical CT imaging applications.'*

Collectively, these studies underscore the diverse and
promising applications of tantalum oxide nanoparticles in
biomedical imaging. From enhancing the visualization of
specific biological structures like articular cartilage to serving as
efficient contrast agents for multiple imaging modalities,
tantalum oxide nanoparticles continue to show significant
potential in advancing diagnostic accuracy and therapeutic
interventions in medicine.

In the study by Dai et al (2017), tantalum-based nano-
particles, specifically tantalum carbide (Ta,C;) MXene-based
composite nanosheets, have been effectively utilized as
contrast agents for various imaging modalities, particularly X-
ray computed tomography (CT).** The high atomic number of
tantalum (Z = 73) and its significant X-ray attenuation coeffi-
cient make it an ideal candidate for CT imaging. When incor-
porated into the MnO,/Ta,C; composite nanosheets, tantalum
provides excellent contrast-enhanced CT imaging capabilities.
The study demonstrated that these composite nanosheets
exhibited significantly improved brightness and enhanced
Hounsfield units (HU) values in CT images, indicating a strong
linear relationship between HU values and tantalum concen-
tration (Fig. 15a and b). This enhancement was notably higher
than that achieved with clinically used iodine-based contrast
agents, underscoring the superior performance of the tantalum-
based agents.

Further in vivo investigations involved injecting MnO,/Ta,Cs-
SP composite nanosheets into mice bearing 4T1 tumors. The
results showed significant contrast enhancement in the tumors,
as evidenced by the increase in HU values post-injection. This
suggests that the composite nanosheets are promising candi-
dates for in vivo contrast-enhanced CT imaging, providing
detailed anatomical and functional information with high
spatial resolution and deep tissue penetration (Fig. 15c-e).

In addition to CT imaging, the study explored the use of
these nanosheets in magnetic resonance imaging (MRI). The
manganese oxide (MnO,) component of the composite nano-
sheets responds to the tumor microenvironment, enabling T1-
weighted MR imaging. Manganese, a biocompatible element,
offers a safer alternative to gadolinium-based agents commonly
used in clinical MRI. The MnO, functionalization allows the
nanosheets to exploit the mildly acidic and glutathione-rich
conditions of the tumor microenvironment, leading to pH-
responsive and GSH-sensitive MRI contrast enhancement. In
vitro tests confirmed the increase in relaxivity (r1) and corre-
sponding brightening effects of T1-weighted MR images under
these conditions, which were further validated through in vivo
imaging of tumor-bearing mice, showing significant signal
enhancement post-injection.
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The photothermal conversion capabilities of the MnO,/
Ta,C; composite nanosheets also enabled their use in photo-
acoustic (PA) imaging. The study reported a linear relationship
between PA signal intensity and tantalum concentration,
demonstrating effective contrast enhancement for PA imaging.
In vivo PA imaging further validated the performance of these
nanosheets, showing clear acoustic emission signals and
enhanced imaging of tumor tissues upon laser pulse
illumination.

Overall, the Dai et al. (2017) study highlighted the multi-
functional capabilities of tantalum carbide MZXene-based
composite nanosheets as versatile contrast agents.'” These
nanosheets not only enhance CT imaging due to the high X-ray
attenuation properties of tantalum but also provide responsive
MRI contrast and effective PA imaging capabilities, making
them highly valuable for comprehensive cancer theranostics.

In a separate study, Liu et al (2017) introduce tantalum
sulfide (TaS,) nanosheets (NSs) as a versatile nanoplatform
designed not only for cancer therapy but also for enhancing
computed tomography (CT) imaging capabilities.*® Tantalum,
known for its biocompatibility and high X-ray attenuation
coefficient, forms the core of TaS, NSs, making them highly
effective as CT contrast agents. The primary focus of the
research revolves around TaS, NSs' ability to provide robust CT
imaging contrast, a critical requirement in clinical diagnostics
for visualizing anatomical structures and detecting pathological
conditions with precision. The study demonstrates that TasS,
NSs exhibit a linear increase in Hounsfield units (HU) with
concentration across different X-ray spectra (100-140 kvp),
indicating their capability to enhance image contrast effectively.

Moreover, in vivo experiments conducted in PC3 tumor-
bearing mice highlight the prolonged circulation and
enhanced CT signals observed in tumors following intravenous
administration of TaS, NSs. This finding underscores the
potential of TaS, NSs not only as imaging agents but also for
imaging-guided therapeutic interventions. The ability to capi-
talize on the enhanced permeability and retention (EPR) effect
in tumors further positions TaS, NSs as promising tools for
personalized cancer treatment strategies. The study revealed
the dual functionality of TaS, NSs, serving both as therapeutic
agents for NIR-mediated hyperthermia and as diagnostic tools
for CT imaging. This multifunctional approach not only
enhances diagnostic accuracy but also opens avenues for
combining imaging with targeted therapies, potentially
improving patient outcomes.

Looking forward, further advancements in the synthesis and
functionalization of TaS, NSs could optimize their imaging
performance and therapeutic efficacy in clinical applications.
Future research may focus on refining these nanosystems to
achieve tailored diagnostic and therapeutic outcomes, paving
the way for their integration into mainstream medical practice.

Freedman et al. (2014) conducted pioneering research into
the synthesis and characterization of tantalum oxide (Ta,Os)
nanoparticles as novel X-ray contrast agents specifically tailored
for micro-computed tomography (uCT) imaging of articular
cartilage.'® The nanoparticles, sized approximately 5-10 nm,
were engineered to possess distinct surface charges by
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(@) In vitro CT images and (b) CT contrasts of MnO,/Ta;C3-SP composite nanosheet solutions and iopromide solutions at varied

concentrations (0.1, 0.3, 0.6, 1.3, 2.5, 5.0, and 10 mg mL~* with respect to Ta and |, respectively). (c) Schematic of in vivo CT imaging by using
MnO,/Ta,Cs-SP composite nanosheets as the contrast agents. (d) In vivo CT contrasts of tumor tissue before and after i.v. administration of
MnO,/TasCs-SP composite nanosheets. (e) In vivo 3D reconstruction CT images (left) and contrast images (right) of mice before and after i.v.
administration of MnO,/Ta;C3-SP composite nanosheets (20 mg kgfl, 100 pL) for 2 h (Reproduced from ref. 109 with permission from American

Chemical Society copyright [2024]).

employing different ligands as end functional group