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Abstract

Niobium (NDb), a transition metal recognized for its chemical stability, corrosion resistance, and potential in biocompatible
materials for biomedical use. Despite its advantages, its technological applications remain underexplored. In this context,
the present study aims to broaden the applications of niobium by synthesizing and functionalizing nanostructured niobium
oxide with distinct natural antioxidants, including ascorbic acid, tannic acid, and quercetin. This approach is based on
the synergistic properties of these biomolecules, which exhibit antimicrobial, antifungal, and anticancer properties. When
combined with the inherent properties of niobium, this strategy is expected to produce unprecedented and innovative nano-
structured systems for biomedical purposes. Non-functionalized and functionalized samples were characterized regarding
their electrical charge properties, morphology, structure, and crystallinity using techniques such as Zeta potential analysis,
Scanning-Transmission Electron Microscopy, Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spec-
troscopy, Fourier Transform Infrared Spectroscopy, Raman Spectroscopy, and X-ray Diffraction. The results indicate the
successful formation of nanostructured materials based on hydrated niobium pentoxide, a characteristic that was preserved
even after functionalization with the antioxidant compounds. Cell viability assays demonstrated that samples functional-
ized with antioxidants exhibit reduced interference with cell viability compared to their non-functionalized counterparts.
Furthermore, the nanostructured systems were evaluated for their antibacterial properties, demonstrating both bactericidal
and antibiofilm activities against Escherichia coli ATCC 25922. The synthesis and functionalization of nanostructured
niobium materials, as proposed in this study, present a promising strategy for expanding the application of niobium in
pharmaceutical and nutraceutical fields.
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1 Introduction

Niobium (Nb), a transition metal known for its excellent
chemical stability, corrosion resistance, and biocompatibil-
ity, has emerged as a promising material for diverse appli-
cations, particularly in the biomedical field. Although its
technological potential remains largely untapped, niobium’s
unique properties, including high thermal and electrical con-
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[3]. Despite the established use of niobium in industrial
sectors particularly in metallurgy (e.g., ferro-niobium alloy
production), its potential integration into advanced biomed-
ical technologies remains largely underexplored.

Recent studies have shown that niobium-based materi-
als exhibit low cytotoxicity and promising antimicrobial
properties, suggesting their potential in applications rang-
ing from wound healing to dental materials [1, 2, 4-9]. In
this context, nanostructured niobium oxide has stood out
for its particular characteristics and potential applications in
pharmaceutical products, biomaterials and other biomedi-
cal areas. However, a gap remains in the development of
niobium-based nanoparticle systems, particularly those that
integrate the metal’s inherent properties with bioactive com-
pounds. In this sense, the present study proposes innovative
and applied research that aims to explore the bioactivity of
pure and functionalized nanostructured niobium oxide, with
distinct natural antioxidants: ascorbic acid (AA), tannic acid
(TA), and quercetin (QUE).

These antioxidant compounds exhibit a wide range of
biofunctional properties, including activity against neu-
rodegenerative diseases, cancers, and bacterial infections
[10-18]. They differ significantly in molecular size, elec-
trostatic properties, and water solubility. Despite this, they
share common challenges in achieving effective therapeutic
and/or nutraceutical applications, primarily due to their low
bioavailability. This limitation arises from their suscepti-
bility to degradation in physiological environments, poor
absorption, and ineffective targeting [19—23]. These limita-
tions have persisted since their initial discovery [20, 23],
but nanotechnology has emerged as a promising strategy for
overcoming them. It offers the potential to protect the active
compounds, enable controlled release, enhance absorption
within the organism, and reduce production costs of formu-
lations [23-33]. In this context, the strategy adopted in the
present study advances the application of niobium-based
technologies while facilitating effective incorporation of
these biomolecules for healthcare applications.

For this, niobium oxide-based nanostructures were
synthesized using the hydrolysis method [34-37]. This
approach is widely employed for the production of metallic
oxides due to its simplicity, cost-effectiveness, scalability,
energy efficiency, and ability to produce high-purity and
homogeneous final materials [38—41]. These advantages
make the hydrolysis method a practical and efficient choice
for the synthesizing niobium oxide nanoparticles, espe-
cially when a cost-effective and efficient process is required
for technological and industrial applications. The result-
ing nanostructures were immersed in solutions containing
the antioxidants and, then submitted to a comprehensive
characterization, including Zeta potential analysis, Trans-
mission Electron Microscopy (TEM), Scanning Electron
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Microscopy (SEM) coupled with Energy Dispersive X-ray
Spectroscopy (EDX), Fourier Transform Infrared Spectros-
copy (FTIR), Raman Spectroscopy, and X-ray Diffraction
(XRD), to investigate the morphology, structure, and elec-
trical properties of the synthesized materials. Additionally,
the bioactivity of both functionalized and non-function-
alized niobium oxide samples was evaluated through cell
viability assays and antibacterial tests. The results demon-
strated promising outcomes, including low toxicity, as well
as significant bactericidal and antibiofilm activities against
Escherichia coli ATCC 25922. The findings of this study
highlight the potential of niobium-based nanostructured
materials as multifunctional platforms for a broad spectrum
of biomedical applications. These results pave the way for
the development of novel therapeutic strategies that inte-
grate the unique physicochemical properties of niobium
with the bioactivity of natural antioxidants. This work not
only broadens the scope of niobium utilization in advanced
technological applications, but also has significant implica-
tions for both pharmacological and nutraceutical sectors.

2 Experimental
2.1 Materials

Niobium pentachloride, tannic acid, ascorbic acid, quer-
cetin, and other reagents were purchased from high-grade
analytical suppliers.

2.2 Synthesis of nanostructured Niobium oxide

Nanostructured niobium oxide (Nb-nano) was synthesized
by dissolving the precursor (NbCls) in deionized water at
25 mg mL ", Upon dissolution, the yellow powder imme-
diately turned white. The mixture was kept under mag-
netic stirring for 24 h at room temperature. Subsequently,
the resulting white solid was separated by centrifugation at
4000 rpm for 15 min, washed thoroughly deionized water,
and dried in an oven at 80 °C [36, 37]. At the end of the
process, the material was ground and weighed.

2.3 Functionalization of Niobium nanostructures

The non-functionalized material was synthesized as
described in Sect. 2.2. Subsequently, 15 mL of deionized
water was added to the material. Then, AA and TA (diluted
in 1 mL of deionized water) and QUE (diluted in 1 mL of
absolute ethanol), at 2% of the Nb-nano mass, were added
to the nanostructured niobium oxide solution during a
10-minute ultrasonic bath. The mixtures were magnetically
stirred for 24 h at room temperature and protected from
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light. The obtained solids were separated by centrifugation
at 4000 rpm for 15 min, washed thoroughly deionized water,
and dried at 80 °C [42, 43]. At the end of each process, the
materials were ground and weighed, obtaining three nano-
structured systems: Nb-AA, Nb-TA, and Nb-QUE.

2.4 Optical and structural characterizations of
functionalized and non-functionalized Niobium
nanostructures

Ultraviolet-visible spectroscopy (UV-Vis) was employed
to evaluate the spectroscopic properties of the synthesized
nanostructured systems, both functionalized and non-func-
tionalized. UV-Vis scans were conducted using a UV-Vis
spectrophotometer (Shimadzu UV 1800, Shimadzu Cor-
poration, Kyoto, Japan) in the wavelength range of 190 to
500 nm. The samples were prepared at a concentration of
2 mg mL™" and subjected to ultrasonic bath treatment for
1 h to enhance the dispersivity of the systems. All spectra
were recorded at final concentration of 0.26 mg mL ™. Infra-
red Spectroscopy with Fourier Transform (FTIR) measure-
ments were performed on a spectrophotometer ALPHA 11
(Bruker Corporation, Massachusetts, USA) ranging from
4000 to 400 cm™', with a resolution of 4 cm™ [37]. Raman
scattering measurements were performed at room tem-
perature using a homemade confocal microscope, with the
samples being excited with a 532 nm diode laser (Cobolt /
08) focused on a spot of 1 pm with a power of 2 mW. The
signal was dispersed by a 75 cm spectrometer and detected
by a Silicon CCD (Andor Shamrock/Idus). X-ray diffraction
(XRD) technique was used to investigate the crystallinity of
the obtained materials. XRD analyses were performed on
XRD-6100 diffractometer (Shimadzu Corporation, Kyoto,
Japan) with a Cu Ka radiation source, operating at 40 kV
and 30 mA, at angles between 5° < 20<80°, with a rate of
1°/min and a step size of 0.01° [34].

2.5 Morphological characterizations of
functionalized and non-functionalized Niobium
nanostructures

The morphology and chemical composition of each sam-
ple were analyzed using Scanning Electron Microscopy.
For this purpose, a JEOL-JSM7001F electron microscope,
equipped with an energy-dispersive X-ray spectrometer
(EDX) in SE (secondary electrons) and BSE (backscattered
electrons) modes was used, operating at a voltage of 20 kV
[44]. For the analysis, all samples were metalized with gold
nanoparticles to ensure better electronic conduction of the
studied systems and consequently higher resolution micro-
graphs. The morphology of the nanostructures was also
analyzed by Scanning-Transmission Electron Microscopy

(STEM), using a FEI Magellan 400 L, Scanning Electron
Microscope (SEM) with a Field Emission Gun (FEG)
source, operating at 30 kV, equipped with a STEM detec-
tor. Prior to STEM observation, the samples were diluted in
ethyl alcohol and then subjected to an ultrasonic bath to dis-
perse the nanostructures which were subsequently deposited
in a carbon-coated Cu-grit. Micrographs were taken with
the Bright-Field (BF) and Dark-Field (DF) modes using the
STEM detector and also using a Secondary Electron (SE)
detector.

2.6 Charge properties of functionalized and non-
functionalized Niobium nanostructures

Zeta potential measurements were performed using a Zeta-
Sizer Nano ZS90 equipment (Malvern Instruments Ltd,
UK) to verify the stability and surface charge of the syn-
thesized systems. For analysis, the samples were diluted in
deionized water (1% Tween 80) and treated in an ultrasonic
bath. The measurements were performed using DTS 1060
cuvettes (Malvern) equipped with gold electrodes, employ-
ing Doppler velocimetry experiments to determine the zeta
potential [32, 45].

2.7 Evaluation of the toxicity of functionalized and
non-functionalized nanostructures

2.7.1 Cytotoxicity tests

Following synthesis, both the functionalized and non-func-
tionalized materials, as well as the isolated antioxidants,
were exposed to UV irradiation (254 nm) for 30 min fol-
lowed by immersion in a water bath at 63°C for 60 min to
ensure sterility. Subsequently, they were resuspended in
DMSO at a final concentration of 5 mg mL™' and subjected
to ultrasonic bath for 15 min to ensure complete dissolution
of the nanomaterial. Biological assays were then performed.

The evaluation of cell biocompatibility was conducted
in accordance with the guidelines outlined in the regulatory
standard ISO 10993-5:2009 [46]. VERO-CCLS1 cells were
plated in 96-well plates (10* cells/well) and incubated for
24 h in an atmosphere at 37 °C and 5% CO,. Then, the cells
were placed in contact for 24 h with different concentrations
of niobium-based nanoformulations (0-500 pg ml™"), and
subjected to the neutral red uptake test. The concentration of
isolated antioxidants corresponds to 2% of the concentration
of the associated nanostructures. This assay promotes the
staining of lysosomes in viable cells and consequently pro-
vides a quantitative estimate of the number of viable cells.
The cell viability was assessed by measuring absorbance at
540 nm using a microplate reader (ThermoPlate TpReader,
USA). The percentage of viability was calculated relative to
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untreated control cells. All tests were performed in triplicate
and in independent experiments to ensure reproducibility.

2.7.2 Interference of nanostructured systems on bacterial
growth and biofilm formation

The influence of both the antioxidants and the nanostruc-
tured systems on bacterial growth was evaluated using the
broth microdilution technique. Different concentrations
(2,500 to 156.25 pg mL ™) of niobium-based nanostructures
or pure antioxidants (equivalent to 2% of its correspond-
ing nanostructure concentration (50 to 3.125 pg mL ™) were
added (50 pL) to 96-well plates containing BHI broth (2x
concentration; 50 pL). Suspensions of stationary-phase
Escherichia coli culture (10° CFU/mL; 10 pL) were added
to the plates, and incubated at 37 °C for 24 h under aerobic
conditions. Uninoculated BHI broth was used as negative
control and medium inoculated only with the bacterium as
positive growth control. The minimum inhibitory concen-
tration (MIC) was defined as the lowest concentration at
which bacterial growth was completely inhibited [47].

The minimal bactericidal concentration (MBC) of the
antioxidants and the niobium-based nanostructures was
determined following the MIC tests by transferring aliquots
(5 pL) from wells with concentrations equal to or greater
than the MIC onto plates containing BHI medium, in the
absence of nanostructured systems/bioactive compounds.
The plates were incubated at 37 °C for 24 h under aerobic
conditions. The MBC was defined as the lowest concentra-
tion that prevented growth after subculturing in the absence
of the test agent [48].

The ability of Escherichia coli to form biofilms in the
absence and presence of the niobium-based nanostructures
or the antioxidants was evaluated in polystyrene micro-
plates using the crystal violet method. Briefly, stationary
phase bacterial suspensions (0.5 McFarland; 10 puL) were
added to 96-well plates already containing BHI broth (2x;
50 uL). Subsequently, each material was added at final con-
centration ranging from 2,500 to 156.25 pg mL™!, with the
concentrations of the isolated bioactive compounds corre-
sponding to 2% of the respective nanostructured concentra-
tions (50 pL), and the microplates were incubated at 37 °C
for 24 h, under aerobic conditions. After this period, the
microplates were treated with methanol (75%; 15 min), and
after methanol evaporation, crystal violet solution (2%; 150
pL) was added. The microplates were maintained at room
temperature for 15 min; the formed crystals were solubi-
lized with ethanol (95%; 150 puL). The absorbance was mea-
sured at 540 nm in a microplate reader [49].
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2.7.3 Statistical analysis

Statistical analysis was performed using Excel for Windows
(Microsoft, USA) and GraphPad Prism® software version
8.0 (GraphPad, Inc., La Jolla, CA, USA). The results were
analyzed based on the standard data distribution, demon-
strating a Gaussian distribution. Therefore, the results were
analyzed using ANOVA with Dunn’s post hoc and expressed
as mean and standard deviation. Differences were consid-
ered statistically significant when p<0.05.

3 Results and discussion
3.1 Optical and spectroscopic characterization

The optical properties of the synthesized niobium-based
materials were investigated using UV-Vis spectroscopy. To
enhance solubility and dispersion, the samples were sub-
jected to ultrasonication in a solution of deionized water
and Tween 80 (1%), addressing their low intrinsic solubil-
ity. This approach aligns with previous methods by Odzak
et al. [50] and Studer et al. [51] for dispersing and dissolv-
ing metal oxides in deionized water or water/Tween mix-
tures. Figure 1 illustrates the UV-Vis spectral behavior of
the synthesized niobium-based materials, revealing a shoul-
der around 265 nm and a prominent peak near 310 nm,
which are consistent with the spectral features of niobium
pentoxide (Nb,Os) as reported by Chen et al. [52]. This
spectral profile is attributed to both the crystalline Nb2Os
phase and the amorphous hydrated niobium oxide phase,
Nb,O5-nH,0, as described by Fuchigami and Kakimoto
[53]. For the functionalized structures also shown in Fig. 1,
the spectral pattern of the non-functionalized niobium sam-
ple remains largely preserved, maintaining the core charac-
teristics of niobium pentoxide. However, samples Nb-AA
and Nb-TA display a slight blue-shift in maximum absor-
bance, while Nb-QUE exhibits distinct peaks characteris-
tic of QUE. Specifically, Nb-QUE shows two absorption
maxima: the first, between 300 and 400 nm, corresponds
to the cinnamoyl system associated with the conjugation of
ring B and the carbonyl of ring C; the second, between 240
and 300 nm, corresponds to the benzoyl system associated
with conjugation between ring A and the carbonyl of ring
C [54]. The variations in maximum absorbance observed
across samples are likely due to the differences in the bio-
active agents used, as well as resulting variations in nano-
structure size and morphology [55]. Smaller particle sizes,
as observed in the functionalized samples, can contribute to
the observed blue-shift effect [52]. Differences among the
functionalized systems may also arise from the solubility
properties of the antioxidants; for example, QUE, due to its
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Fig. 1 UV-Vis spectra of the non- 1.00
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low water solubility, may exhibit a stronger surface asso-
ciation with niobium oxide compared to more hydrophilic
compounds. Additionally, the absence of specific bands for
TA and AA could result from overlapping absorbance bands
between niobium and these bioactives. The higher concen-
tration of metallic material and the rinsing steps during syn-
thesis may also have influenced these spectral variations.
In summary, these findings confirm the effectiveness of the
synthesis method in producing niobium-based materials and
demonstrate that the functionalization process successfully
preserved the core optical properties of niobium pentoxide.

The FTIR technique was used to obtain information
about the structural parameters of functionalized and non-
functionalized samples, as it allows the identification of
specific and/or characteristic functional groups, as well as
associated molecular interactions. Figure 2 displays the
FTIR spectrum of the non-functionalized (Nb-nano) and
the respective functionalized samples (Nb-AA, Nb-TA, and
Nb-QUE). For Nb-nano (black lines), the band at 3048 cm™!
(Region A) may correspond to stretching vibrations of O-H
bonds in water molecules incorporated in the sample [56],
while the band at 1608 cm™ (Region B) is probably asso-
ciated with their bending vibrations [57, 58]. The band at
904 cm™ (Region C) can be attributed to the vibrations of
Nb=0O bonds [37, 59, 60], whereas the band at 542 cm™!
(Region D) corresponds to Nb-O vibrations [37, 57]. The
shoulder around 500 cm ™! observed in the FTIR spectra is
consistent with findings reported by Skrodczky et al. [37].

T
300

T T T

T T T
350 400 450

Wavelength (nm)

500

While these authors do not associate it to any specific vibra-
tional mode, Ferraro et al. shows that this region may be
related to interactions between transition metallic oxides
and water molecules [61]. The bands at 1230 and 1154 cm ™!
can be attributed to residual organic components present in
the material synthesis [57, 62]. Given that these results are
consistent with those reported in FTIR spectra of hydrated
niobium pentoxide-based materials [37, 56, 63], the charac-
teristics of the Nb=0, Nb-O, and O-H bonds provide strong
evidence supporting the identification of the material syn-
thesized in this study as hydrated niobium oxide (or niobic
acid), Nb,Os-nH,0. The FTIR spectra of the functional-
ized samples are also presented in Fig. 2(A—C), along with
the spectra of the respective antioxidants in their isolated
forms: AA (Fig. 2A), TA (Fig. 2B), and QUE (Fig. 2C). In
general, Nb-AA, Nb-TA, and Nb-QUE exhibit similar pat-
terns to the non-functionalized material. However, slight
differences can be observed in the spectra of each function-
alization. Notably, there is evidence of the persistence and
even intensification (for Nb-AA) of the bands associated
with C—O bond vibrations, along with the emergence of
new bands corresponding to the bending vibrations of C—H
bonds and C=C vibrations of aromatics groups, particularly
in the case of Nb-QUE [62, 64]. The bands observed in the
regions between 1600 and 1400 cm™ and 1300-1000 cm™
are indicative of the successful incorporation of bioactive
compounds into the nanostructures, thereby confirming the
functionalization of the materials with the antioxidant agents
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Fig. 2 FTIR spectra of the non-functionalized sample
(Nb-nano) and the samples functionalized with (A) AA (Nb-
AA), (B) TA (Nb-TA), and (C) QUE (Nb-QUE), along with
the spectra of their respective antioxidants in isolated form
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ascorbic acid (AA), tannic acid (TA), and quercetin (QUE).
A similar observation was reported by Shah et al. [42] dur-
ing the functionalization of iron oxide nanoparticles with
gallic acid, as well as during the subsequent use of querce-
tin (QUE) for magnetite functionalization [43]. While the
literature is well-established with regard to the synthesis of
niobium-based nanostructured materials for electrical and
optical applications, their exploration for biomedical pur-
poses has only recently begun to garner increasing scientific
interest. For instance, Brum et al. [65] reported the green syn-
thesis of niobium nanoparticles using pecan nutshell extract
(Carya illinoinensis) to evaluate its antioxidant activity. In
their study, the ATR-FTIR spectrum of the resulting Nb,O
nanoparticles displayed a band near 1000 cm ™, attributed to
the C—O stretching vibrations of phenolic and polyphenolic
compounds present in the extract, an observation that is in
agreement with the findings reported here. Green synthesis
typically employs natural biological extracts or superna-
tants as reducing agents in place of conventional chemi-
cal reagents. These biological sources are rich in enzymes,
amino acids, proteins, and flavonoids, which contribute to
the reduction of metal ions and promote nanoparticle for-
mation. In contrast, the present study utilizes bioactive
compounds after the synthesis step, with the aim of promot-
ing the surface functionalization of the nanostructures with
well-known antioxidant agents. This strategy is intended to
enhance the biological potential of the resulting materials.
This methodological difference explains the greater number
of infrared absorption bands associated with organic com-
pounds observed in our samples, as compared to the results
reported by Brum et al. [65], and underscores the novelty
of the approach adopted in this work. To the best of our
knowledge, this is the first study to report the synthesis of
niobium-based nanostructures functionalized with bioac-
tive compounds. Furthermore, the results indicate that the
functionalization process does not alter the fundamental
structural characteristics of the synthesized material, as also
corroborated by the UV—Vis spectroscopy data.

Raman spectroscopy was employed to further comple-
ment the structural characterization of the synthesized
materials, with the results presented in Fig. 3. All samples
exhibit broad bands, indicative of an amorphous or poorly
crystalline structure [66]. Both functionalized and non-
functionalized materials display a band near 215 cm !,
attributed to the bending mode of Nb—O-Nb bonds [37,
66], while the band at approximately 650 cm ™! corresponds
to the stretching mode of Nb—O—Nb bonds [66]. Addition-
ally, the bands between 800 and 1000 cm™! are associated
with Nb=0O bonds in distorted structures, likely result-
ing from the coordination of water molecules [37]. These
spectral characteristics were similarly observed in hydrated
niobium pentoxide-based materials, as demonstrated by

Skrodczky et al. [37], Bousada et al. [63], Jehng and Wachs
[67], and Lebarbier, Houalla and Onfroy [68]. Functional-
ization induced variations in the Raman spectra, with the
emergence of new bands. For Nb-AA, a new band around
1624 cm™! is attributed to the stretching mode of C=C
bonds in ascorbic acid (AA) [69, 70]. Similarly, for Nb-TA,
a new band near 1608 cm ™! is associated with the stretch-
ing mode of C=0 bonds in the benzene ring of tannic acid
(TA) [71]. In the case of Nb-QUE, the Raman spectrum
reveals a new band around 1583 cm™!, corresponding to the
stretching mode of the C=0 bond in the carbonyl group,
alongside two additional bands at approximately 1488 and
1344 cm™!, which are linked to the bending mode of O—H
bonds in quercetin (QUE) [43, 72]. These spectral varia-
tions align with the results obtained from FTIR analysis,
indicating that the functionalization process did not sig-
nificantly alter the fundamental structure of the materials.
Additionally, it also indicates the presence of bioactive
compounds, demonstrating the successful functionalization
of the materials.

The crystallinity of the obtained materials was investi-
gated using X-ray diffraction (XRD). The results are dis-
played in Fig. 4, which presents the XRD patterns of the
non-functionalized and functionalized samples. It is possi-
ble to observe the presence of two broad diffraction peaks at
approximately 25° and 54°, which are consistent with those
reported by Marin et al. [36], Fan et al. [34], and Rodrigues
[60] for hydrated niobium pentoxide (Nb,OsnH,0). The
absence of well-defined diffraction peaks is characteristic
of amorphous materials [36, 37, 52, 57, 60, 65], and it also
can be attributed to particles with extremely small sizes, as
reported by Skrodczky et al. [37]. Similar XRD patterns
were obtained for the Nb-nano samples functionalized with
AA, TA, and QUE. Nb-AA exhibits a slight peak around
18°. For Nb-TA and Nb-QUE, no significant changes are
observed in their XRD patterns when compared to the non-
functionalized material. Consistent with the findings of
Shah et al. [42, 43], our results demonstrate that the func-
tionalization did not alter the phase of niobium oxide. All
synthesized materials exhibited low crystallinity, indicating
an amorphous structure.

3.2 Morphological characterization

A morphological characterization of the synthesized
materials was conducted using scanning (SEM) and trans-
mission electron microscopies (TEM). Figure 5A displays
the SEM micrograph obtained for the non-functionalized
Nb-nano. The figure clearly shows that the obtained mate-
rial is composed of agglomerates of particles with nano-
metric dimension, similar to those reported by Rodrigues
[60] for Nb,Os-nH,0 synthesized from metallic niobium.
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Fig. 3 Raman spectra of the non-functionalized sample (Nb-nano) A Nb
and the samples functionalized with (A) AA (Nb-AA), (B) TA (Nb- ( ) =naro o
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Fig.4 X-ray diffraction (XRD)
patterns of the non-functionalized
sample (Nb-nano) and the
samples functionalized with AA
(Nb-AA), TA (Nb-TA), and QUE
(Nb-QUE)

Intensity (a.u.)
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—— Nb-TA
—— Nb-AA
—— Nb-nano

v (C)! (D)’

26 (°)

B Map Sum Spectrum
No I

Weight % 70%

Nb La1 O Ka1

Fig.5 (A) SEM image of the Nb-nano sample. (B) EDX spectrum of the analyzed sample, in which (C) is niobium and (D) is oxygen. Magnifica-

tion: 10,000x

In the referenced study, samples were synthesized using
the reverse microemulsion method, and TEM analy-
sis revealed the presence of agglomerates smaller than
50 nm. However, individual particle sizes could not be
distinctly identified. Figure 5(B-D) presents the chemical
composition analysis obtained through Energy Dispersive

X-ray Spectroscopy (EDX), based on the micrograph
exhibited in Fig. SA. This result reveals the chemical ele-
ments present in the sample, along with an estimation of
their concentration in atomic weight%. This data contrib-
utes to confirming the synthesis of a material based on
an oxide of niobium. The presence of chlorine (Cl) must
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Fig. 6 (A) SEM image of the Nb-nano sample functionalized with QUE, Nb-QUE. (B) EDX spectrum of the analyzed sample, in which (C) is
niobium, (D) is oxygen, and (E) is carbon. Magnification: 10,000x

Fig.7 STEM images in SE mode of the Nb-nano samples: (A) non-functionalized and functionalized with (B) AA, (C) TA, and (D) QUE, magni-
fication of 100,000x; and (E) non-functionalized and functionalized with (F) AA, (G) TA, and (H) QUE, magnification of 500,000x

be attributed to trace amounts of the precursor material
(NbCls) which remained in the sample despite the wash-
ing process.

The SEM micrograph of the Nb-nano functionalized
with QUE is shown in Fig. 6A, exhibiting a morphologi-
cal appearance similar to that of the non-functionalized Nb-
nano. Nanometric-scale agglomerates are again observed,
although the exact shape of the synthesized material cannot
be distinctly defined. However, it can be noted that the func-
tionalization process did not affect the morphological char-
acteristics of the material. Figure 6B-E display the chemical

S N

..............

composition obtained via EDX for the analyzed region of
the sample. In addition to niobium and oxygen, significant
amounts of carbon and trace amounts of copper are present.
The copper signal is likely due to the tape used in the sample
holder during SEM analysis. The carbon signal is attributed
to the QUE molecules [43], reinforcing the success of the
functionalization process. The absence of chlorine may be
linked to the additional washing steps applied to the func-
tionalized samples compared to the non-functionalized
ones. This behavior was consistently observed across all
antioxidants studied.
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Fig. 8 Zeta Potential ({) measure- 0
ments of the non-functionalized
sample (Nb-nano) and the
samples functionalized with AA
(Nb-AA), TA (Nb-TA), and QUE -5 -
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STEM analysis was conducted on both functionalized
and non-functionalized samples, with the corresponding
images shown in Fig. 7. This analysis also reveals the pres-
ence of clusters of nanosized particles at the nanoscale,
regardless of the functionalization process, where indi-
vidual particles are not distinctly identified. This result is
consistent with findings in the literature for hydrated nio-
bium pentoxide obtained by the same methodology [34, 36,
37]. Furthermore, it was not possible to observe significant
variations between functionalized and non-functionalized
materials, nor even to establish a standard for the size of the
clusters. However, the sample of the material functionalized
with QUE (Fig. 7H) allowed for particle size estimation
using ImagelJ software, revealing diameters on the order of
30 nm (white arrow). This is slightly smaller than the crys-
talline niobium pentoxide nanoparticles obtained by thermal
decomposition [73].

3.3 Charge properties

Figure 8 presents the zeta potential values for both non-
functionalized and functionalized samples when dispersed
in water. These data offer valuable insights into the sur-
face charge characteristics of the synthesized materials, as
well as their stability in aqueous dispersions. A higher zeta
potential indicates stronger electrostatic repulsion between
the nanostructures, which promotes better dispersion and
minimizes aggregation in aqueous environments [32, 74].
Our results demonstrate that the non-functionalized sample

T T
Nb-AA Nb-TA Nb-QUE

(Nb-nano) exhibited an anionic nature with an average
zeta potential of -17.6 mV. This value contrasts with those
reported by Kumari and colleagues, who observed zeta
potentials lower than —10 mV [74] and below —5 mV [75]
for synthesized crystalline Nb,Os. In our study, the materi-
als displayed more negative zeta potential values, especially
for the functionalized Nb-nano samples. Functionalization
appears to enhance electrostatic repulsion, thereby reducing
agglomeration and improving system stability. This is sup-
ported by the zeta potential values observed: -24.8 mV for
Nb-AA, -24.1 mV for Nb-TA, and —27.8 mV for Nb-QUE.
This trend is consistent with the anionic nature of natural
antioxidants at neutral pH [33]. These results may be attrib-
uted to the presence of bioactive compounds on the surface
of the functionalized nanostructures, in line with the metal—
antioxidant complex formation proposed by Barreto et al.
[76], wherein hydroxyl groups on the surface of hydrated
nanostructured niobium facilitate the attachment of func-
tional moieties [43]. Therefore, the greater adsorption on
the material’s surface, the more negative the zeta potential
value becomes [32]. However, it is important to note that
the variation in zeta potential is not directly proportional to
the net electric charge of the bioactive compounds, which at
pH 7.4 are Qup = -1, Qpp =-1.5, and Qqyp = -0.7 [33]. This
suggests that other factors may contribute to this variation,
such as the amount of groups available for hydrogen bond
formation and the differing solubilities of the bioactives,
with AA and TA being hydrophilic compounds, while QUE
is hydrophobic. The low solubility of quercetin was also

‘ml @ Springer
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Fig.9 Cell viability assay in Vero
CCL-81 cells in the presence of
Nb-nano and its functionalized
forms: (A) AA, (B) TA, and (C)
QUE, each accompanied by its
respective isolated bioactive
compound. The concentration of
isolated antioxidants corresponds
to 2% of the concentration of

the associated nanostructures.
Symbols: a p<0.05 versus
control group; * p<0.05 between
Nb-nano and Nb-functionalized
forms
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Fig. 10 Cell viability assay in Vero CCL-81 cells in the presence of
Nb-nano, Nb-AA, Nb-TA, and Nb-QUE at concentrations of (A)
62.5 pgmL ™! and (B) 125 pg mL™!. Symbol: * indicates a statistically
significant difference (p <0.05) between the different nanostructures

used to justify the intensity of its absorption bands in the
results obtained during the spectrophotometric characteriza-
tion of the synthesized materials (see 3.1 section). Together,
these results strongly suggest that the solubility character-
istics of the bioactive compounds play a significant role in
optimizing the functionalization process. Thus, the experi-
mental approach employed in this study provides evidence
that, among the functionalized materials, those containing
quercetin (QUE) exhibit the highest antioxidant concentra-
tion compared to those functionalized with other bioactive
compounds. This may be attributed to a favorable balance
among molecular size, solubility, net charge, and hydrogen-
bonding capacity, which collectively promote metal-ligand
complex formation.

3.4 Cellular cytotoxicity of the synthesized
nanostructures

In order to investigate the cytotoxicity of functionalized
and non-functionalized niobium nanostructures, a biologi-
cal study was carried out to evaluate the impact of differ-
ent concentrations of these nanostructures on the viability
of Vero CCL-81 cells in vitro. The results presented below
express the percentage of cell viability in relation to the
untreated control. Figure 9 presents the results of cell viabil-
ity assay in Vero CCL-81 cells in the presence of Nb-nano,
its functionalized forms and their respective isolated bio-
active compounds: AA (Fig. 9A), TA (Fig. 9B), and QUE
(Fig. 9C). The results show that the isolated antioxidants
exhibit no cytotoxic effects at the tested concentrations,
whereas the non-functionalized nanostructures (Nb-nano)
display significant cytotoxicity at concentrations equal to or
above 62.5 pg mL™!. However, after functionalization with
antioxidants, the Nb-AA, Nb-TA and Nb-QUE nanostruc-
tures demonstrate significant reduction in cell viability only
at concentrations equal to or above 125 pg mL™". This effect

Table 1 Minimum inhibitory concentration (MIC) and minimum bac-
tericidal concentration (MBC) of the nanostructured systems against
Escherichia coli ATCC 25922

Nanostructured system MIC (ug mL ™) MBC (pg mL ™)
Nb-nano 1,250 2,500
Nb-AA 1,250 2,500
Nb-TA 625* 2,500
Nb-QUE 625* 2,500

*demonstrate statistical differences (p<0.05) regarding the non-
functionalized material (Nb-nano)

may be attributed to the availability of bioactive sites on the
surface of the nanostructures, which can interact with cell
membranes. Given that the synthesized materials contain
a significantly higher proportion of niobium relative to the
antioxidant compounds, it is evident that, as the concentra-
tion increases, the cytotoxic effects associated with niobium
begin to predominate in the overall biological response of
the material.

Figure 10 exhibits the effects of nanostructures on the
viability of Vero cells at the concentrations most relevant
to this study, specifically those at which the activity of the
functionalized nanostructures is enhanced compared to Nb-
nano. At 62.5 pg mL™! (Fig. 10A), a significant difference
was observed only between Nb-nano and Nb-QUE. How-
ever, when these results are compared with the data obtained
in the absence of nanostructures (Fig. 9) at the same concen-
tration, it becomes evident that the reduction in cell viability
occurred exclusively with the non-functionalized material.
At the higher concentration of 125 pg mL™!' (Fig. 10B),
both Nb-TA and Nb-QUE exhibited significant differences
relative to Nb-nano by demonstrating higher cell viability
in comparison to the non-functionalized material. In this
sense, our results indicate that the cytotoxic effects asso-
ciated with the functionalized materials (Nb-AA, Nb-TA,
and Nb-QUE) were only evident above 125 pg mL ™. These
findings highlight the potential of functionalized nanostruc-
tures to improve biocompatibility by mitigating the cyto-
toxic effects related to non-functionalized niobium oxide.
There are several mechanisms that may be involved in the
reduction of cell viability; however, the first step for appli-
cations in biological systems is the evaluation of cytotoxic
effects in vitro. The results presented here are consistent
with other studies that explored the potential biological
application of Nb,Ojs in the modification and improvement
of different materials, which demonstrated good biocompat-
ibility and low cytotoxicity in their findings after niobium
functionalization [1, 2, 4-9]. Dsouki and colleagues [77]
conducted an in vivo study to investigate the cytotoxic,
hematological and histological effects of niobium pentox-
ide in Swiss mice and their results suggest that Nb may be
associated with acute inflammation but not with cell death.
Inflammatory and pathological processes, such as cancer,
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vascular diseases and arthritis, are associated with excess
free radicals and reactive oxygen species that react with
biologically active molecules and result in cellular damage
and consequent homeostatic imbalance [78]. In contrast,
antioxidant substances can neutralize, inhibit or delay the
deleterious action of free radicals [79, 80]. Thus, our set of
data on cellular cytotoxicity suggests that the biofunction-
alization of niobium with antioxidant molecules interferes
less with the viability of fibroblasts, making it a promising
tool to be explored.

3.5 Interference of nanostructured systems on
bacterial growth and biofilm formation

The MIC and MBC values for the nanostructured systems
evaluated on E. coli ATCC 25922 are shown in Table 1. The
assays with the isolated bioactive compounds were con-
ducted with concentrations varying from 50 to 3.125 pg
mL™!, equivalent to 2% of its corresponding nanostructure
concentration (2,500 to 156.25 pg mL™"). At the concentra-
tions evaluated, the antioxidant compounds did not exhibit
inhibitory effects, and therefore, their MIC and MBC val-
ues could not be determined. Nanostructured niobium oxide
showed MIC of 1,250 pg mL™'. Nb-TA and Nb-QUE equally
inhibited the growth of E. coli after 24 h of incubation,
with recorded MICs of 625 pg mL™!. Regarding Nb-AA,
the MIC values recorded were twice (1,250 pg mL™!) as
high as those observed for the other functionalized nano-
structures. The values observed for MBC for all the nano-
structured systems (non-functionalized and functionalized)
were 2,500 pg mL L. It can be concluded that functional-
ized material showed higher ability to antagonize bacterial

@ Springer o5
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growth when compared to the non-functionalized system,
especially considering the antioxidants tannic acid and
quercetin, as shown by the lower values for MIC (p<0.05).
These results are in line with those obtained for the niobium
pentoxide thin films (Nb,Os) deposited on the surface of a
Ti-6Al-4 V alloy, which showed antibacterial action against
Staphylococcus aureus [4]. Similar effects have also been
observed for other metal oxide nanoparticles functionalized
with quercetin (QUE) and gallic acid [42, 43]. However,
differences between the activity against Gram-positive and
Gram-negative bacteria should be expected, considering
the differences in their cell walls and the hypothesis that
the activity of these nanostructures is associated with the
destruction of membrane integrity [42, 43].

Biofilms are defined as structured microbial communities
adhered to a solid surface and embedded in a polysaccha-
ride matrix. Biofilms can be formed on natural or artificial
surfaces, causing a series of problems, from the fouling
of water processing equipment to persistent in vivo infec-
tions. An estimated 80% of chronic microbial infections in
humans are thought to involve biofilm formation and per-
sistence. Furthermore, biofilms are intrinsically linked with
antimicrobial resistance to drugs, since the dense structure
of the biofilm limits to antimicrobial agents, often result-
ing in treatment failure and recurrence of biofilm-related
infections. Given this challenge, the development of novel
strategies for biofilm prevention and management is critical.
E. coli is a classic model for evaluating in vitro antibiofilm
properties of a compound [81-83]. In order to assess the
biological potential of the synthesized nanostructures, we
evaluated the interference of the systems on biofilm forma-
tion by E. coli. Both functionalized and non-functionalized
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niobium-based nanostructures effectively inhibited biofilm
formation by E. coli, in a dose-dependent manner (Fig. 11).
Even at the lowest concentrations evaluated (156.25 pg
mL ™), the antibiofilm activity of all nanostructured systems
was maintained, and a reduction in biofilm formation rang-
ing from 48.93 to 71.54% was observed when compared
to the positive control (biofilm formed in the absence of
nanostructured systems) (p<0.05). In comparison to the
non-functionalized material, Nb-AA showed a significant
increase in the potential to inhibit biofilm formation by E.
coli (p<0.05) (Fig. 11). Regarding the isolated antioxidants,
their activity was assessed at concentrations equivalent to
2% of those used in the corresponding nanostructures. At
these concentrations (50 to 3.125 pg mL "), the compounds
showed no inhibitory effect on biofilm formation.

Our findings support the hypothesis that the function-
alization of niobium-based nanostructures with natural
antioxidants imparts significant bioactive properties to the
material, thereby broadening the potential applications of
niobium in the biomedical field. The promising antibacte-
rial activity observed highlights the novelty and effective-
ness of these bioactive-surface materials, distinct from
conventional encapsulated systems, and underscores their
potential as advanced therapeutic platforms. Future inves-
tigations need to be focused on elucidating the underlying
mechanisms of their biological activity, with the goal of
fully harnessing the functional potential of these innovative
nanostructured materials for future biomedical applications.

4 Conclusions

To the best of our knowledge, this is the first time that
niobium nanostructures functionalized with bioactive
compounds have been synthesized and subjected to bio-
functional testing. The present study successfully demon-
strated the synthesis and functionalization of nanostructured
amorphous niobium pentoxide (Nb,O5'#H,0) pure and
functionalized with natural antioxidants, including ascor-
bic acid, tannic acid, and quercetin. The functionalized and
non-functionalized materials were characterized regarding
their optical, spectroscopic, and morphological properties.
The biofunctional properties of synthesized materials were
also investigated. Cell viability assays demonstrated that
antioxidant-functionalized samples exhibited significantly
lower interference with cell viability compared to the non-
functionalized ones. Antibacterial and antibiofilm activities
against Escherichia coli highlight that the functionalization
of the nanostructured niobium systems with the antioxidants
in this study contributes to promoting their biological activ-
ity. These findings underscore the promising potential of
niobium-based nanomaterials to be used in pharmaceutical

and nutraceutical applications, offering a novel approach to
leverage the synergistic properties of niobium and natural
antioxidants for innovative biomedical solutions.
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