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ABSTRACT

In recent years, the fabrication of biomimetic electrospun membranes has represented a promising approach for
bone tissue engineering. In this study, electrospun composite fibers based on polyhydroxybutyrate (PHB) and
different amounts of niobium oxide were developed, and the influence of NbyOs on physicochemical and bio-
logical properties was investigated. Electrospinning conditions were optimized, yielding nearly bead-free,
randomly oriented fibers. SEM analysis revealed that NbyOs affected fiber size, reducing their diameters by
approximately 16 %, whereas it did not influence membrane wettability, suggesting that the particles were
embedded within the polymer matrix. FTIR-ATR analysis revealed physical interactions between NbyOs and
PHB, mainly involving the amorphous phase. Furthermore, the incorporation of an increasing amount of NbyOs5
decreased PHB crystallinity and significantly enhanced tensile strength and Young’s modulus, the latter reaching
a value of 85.50 + 0.15 MPa for PHB-NbyOs 94/6 w/w (PHB-Nb6), three times that of pure PHB. Hydrolitic
degradation study suggested that the presence of oxide slightly reduced membrane degradation rate in the early
stage. All oxide-containing membranes showed no toxicity to hBMSCs and exhibited osteoinductive potential,
with concentration-dependent increases in mineralization and ALP activity, peaking with PHB-Nb6. Finally, qRT-
PCR analysis showed upregulated expression of osteogenic differentiation-related genes in hBMSCs cultured with
PHB-Nb membranes.

1. Introduction

scaffold must accelerate bone formation while supporting remodelling
to maintain bone quality [4]. In recent years, Guided Bone Regeneration

Injuries to bone tissue are widespread and result from several factors,
including accidents, congenital diseases, and increased fragility associ-
ated with aging [1]. Bone tissue can heal naturally under normal
physiological conditions in cases of minor injuries; however, in the case
of large fractures involving surrounding tissues, natural bone remodel-
ing alone is not sufficient [2]. In recent decades, tissue engineering has
become a promising strategy for repairing damaged tissues and restoring
their natural functions [3]. As for bone regeneration, an effective
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(GBR) membranes have become widely used for bone tissue regenera-
tion, offering efficient cell adhesion and proliferation to enhance bone
defect repair [5-7]. These membranes must exhibit not only adequate
mechanical properties to conform to the areas of bone defects, but also
excellent biocompatibility and a suitable biodegradation profile to
support cell growth and tissue reconstruction [8]. Moreover, they must
allow for gas exchange while slowly degrading in the body as cell
regeneration takes place and is replaced by regenerated tissue [9]. GBR
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membranes have garnered significant attention due to their high simi-
larity to the extracellular matrix (ECM), as well as their high porosity
and specific surface area, which promote cell growth and proliferation
[10]. Compared to traditional scaffolds, the fibrous structures provide
superior conditions for large-scale cell growth, highlighting the need for
innovative approaches to design more bioactive fibrous materials.
Among the various techniques employed to fabricate GBR membranes,
electrospinning has garnered increasing interest and attention for ap-
plications in fields such as tissue engineering and drug delivery. Elec-
trospun fibers can create 3D biomimetic structures with a multi-layered
configuration and controlled pore sizes, mimicking the extracellular
matrix of the human body [11]. Additionally, this approach enables the
controlled incorporation of bioactive agents, thereby enhancing their
capacity to promote bone regeneration. The porous structure of elec-
trospun matrices facilitates the diffusion of nutrients and cell migration,
contributing to the formation of new bone tissue.

The selection of material for the matrix development plays a key role,
as it directly influences the properties and performance of the electro-
spun fibers. Different materials can be employed for this application,
such as polymers, ceramics, and composite substances. Since natural
bone is a complex inorganic-organic nanocomposite, the development of
biomimetic composite biomaterials has emerged as an auspicious
approach for bone tissue engineering applications [12,13]. Hydrox-
yalkanoates, derived from microorganisms, are promising materials due
to their ability to form stable electroactive solutions and their ease of
processing into nanofibers via electrospinning [14]. Moreover, they
possess biocompatibility and biodegradability, making them even more
attractive for use in biomedical applications [15]. Polyhydroxybutyrate
(PHB) is particularly promising among polyhydroxyalkanoates (PHA)
due to its specific properties and suitability for applications in bone
tissue engineering [16]. Recent studies have demonstrated that PHB has
superior mechanical properties when compared to other polymers for
similar applications [17]. In addition, the modulus of elasticity of PHB is
0.14 GPa, which is within the range of natural bone (0.1-23.0 GPa) [18].
PHB possesses inherent piezoelectric properties [19,20] which are
increasingly recognized for their significant role in promoting tissue
regeneration and enhancing the healing and functional recovery of
critical biological systems such as the heart, bones, and nervous tissues
[21]. Also, PHB exhibits non-toxic and degradable properties, and its
degradation products are biocompatible [22]. Some of these products,
such as D-3-hydroxybutyrate, are present in the natural components of
human blood plasma [23]. Furthermore, its gradual degradation aligns
with the formation of new bone tissue. This ensures a temporary me-
chanical support until full regeneration is achieved. However, PHB
mechanical performance and osteocompatibility are still limited, high-
lighting the need for further advancements in bone tissue engineering
using these polymers. The combination of organic matrices and bioac-
tive inorganic particles could be a promising candidate for biomedical
applications [24,25].

Niobium pentoxide (NbyOs) has been recognized as an excellent
material for biomedical applications due to its biocompatibility and
positive interactions with the human body [26]. Moreover, it can
enhance cell adhesion, differentiation, and proliferation [27], facilitate
the growth of hydroxyapatite crystals [28], and increase alkaline
phosphatase activity [29]. Comparative studies on the biological per-
formance of NbyOs have revealed significantly higher mitochondrial
activity, cell proliferation, and in vivo osteointegration rate compared to
titanium and stainless steel as implant materials [30,31].

A few reports exist on the preparation of composites based on PHB
and niobium oxides. For instance, Heitmann et al. incorporated nano-
structured niobium oxyhydroxide into PHB films to develop a recyclable
photocatalytic material active under UV and visible light. FTIR-ATR and
SEM analyses showed that the particles were uniformly dispersed and
formed fine agglomerates within the PHB matrix [32]. In a subsequent
study, the same authors investigated how different preparation methods
influenced the morphology, nanoparticle dispersion, and thermal
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properties of PHB/niobium oxyhydroxide nanocomposites [33].

However, to the best of our knowledge, no detailed study has yet
focused on the fabrication of electrospun PHB fibers containing
niobium-based fillers. In this context, the present study aims to develop
novel bioactive electrospun composite scaffolds based on PHB and
NbyOs for bone tissue engineering applications. The incorporation of
Nb;Os is intended to enhance the mechanical properties of the mem-
branes while imparting bioactivity. Scaffolds with different concentra-
tions of Nb,Os were investigated to comprehensively assess the effects of
particles on the size, morphology, physico-mechanical, and thermal
properties of the electrospun fibers. Additionally, a biological evaluation
was conducted to evaluate the potential applications of these fibers in
bone tissue engineering.

2. Experimental
2.1. Materials

Niobium oxide powder, kindly provided by Brazilian Company of
Metallurgy and Mining- CBMM (Brazil), was used. PHB in powder form
(Mw = 223 kDa, Tm = 175 0.3 °C, Mw/Mn = 1.23) was supplied by
Biomer (Germany). N,N-dimethylformamide (DMF) was sourced from
Aldrich used without further purification. Human Bone Marrow-Derived
Mesenchymal Stem Cells (hBMSCs) were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in
complete growth medium (GM) a-Minimum Essential Medium (a-MEM)
supplemented with 10 % (v/v) fetal bovine serum (Sigma-Aldrich,
Milan, Italy), 100 U/mL of penicillin, and 100 pg/mL of streptomycin
(Sigma-Aldrich) at 37 °C under a humidified 5 % CO, atmosphere.
Filtered D-Phosphate Buffered Saline (PBS), (Euroclone) was used for
niobium oxide release analysis.

2.2. Preparation and characterization of Nb2Os particles

The average size of NbyOs particles was investigated by field emis-
sion scanning microscopy (SEM, QUANTA200, FEI, The Netherlands).

The powder was then treated in a PM 100 Planetary Ball Mill (Retsch
GmbH, Haan, Germany) equipped with a 250 cm® zirconia jar loaded
with 250 zirconia balls (0.5 cm in diameter) for 2 h at 400 rpm to obtain
finer NbyOs particles. Dispersions of milled NbyOs particles
(0.004 mg L—1) were prepared by sonication in DMF and in deionized
water, using a Sonics Vibracell VC505 Ultrasonicator, for 50 min at 30 s
intervals (amplitude of 20 %). Particle size distribution and zeta po-
tential were determined by dynamic light scattering (DLS) using a
Malvern® Zetasizer Nano instrument. All measurements were per-
formed in triplicate.

2.3. Preparation of solutions for electrospinning

A 9 % (w/v) PHB solution in CHCls/DMF (9:1) was prepared. Spe-
cifically, PHB was dissolved in CHCls at 55 °C for 1 h, after which DMF
was incorporated into the solution at room temperature.

For the development of hybrid fibers, a NbyOs dispersion in DMF,
obtained as described in Section 2.2, was added to the PHB solution and
stirred for 30 min at room temperature. Different amounts of NbyOs
particles (1, 3 and 6 wt% with respect to PHB) were incorporated into
the PHB solution, resulting in the following code formulations: PHB,
PHB-Nb1, PHB-Nb3, PHB-Nb6.

2.4. Electrospinning conditions

Each solution (3 mL) was placed in a syringe coupled with a 26-G
stainless steel needle. The fibers were obtained using an NF 500 —
Mecc Co equipment. Ltd setup. Each solution (3 mL) was placed in a
syringe coupled with a 26-G stainless steel needle. The fibers were ob-
tained using an NF 500 — Mecc Co equipment. Ltd setup. The fibers were
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collected on a plate covered with an aluminum foil for 2 h using a
voltage of 20 kV, feed rate of 0.5 mL/h, working distance of 30 cm
(distance between the collector and the needle), relative humidity of
~37 % and ambient temperature (~25°C).

2.5. Physico-chemical and mechanical characterization of membranes

2.5.1. Morphological analyses (SEM)

Morphological analyses of particles and fibers were performed by
field emission scanning microscopy (SEM, QUANTA200, FEI, The
Netherlands) with a 3.5 nm resolution at 30 kV (high vacuum). Before
analysis, the samples were coated with a gold-palladium (Au-Pd) alloy
using a Baltec Med 020 Sputter Coater System (Balzers AG, Balzers,
Liechtenstein). The average fiber diameter distribution was determined
using ImageJ software (National Institutes of Health, Bethesda, USA),
based on micrographs taken from randomly selected areas (n = 40
fibers).

2.5.2. Contact angle measurements

The wettability of PHB/NbyOs fibers was evaluated using a Micro-
Drop® (First Ten Angstroms Inc., Italy) contact angle meter associated
with a high-speed framing camera. A drop of water (4 pl) was deposited
on the surface of the fibers at room temperature by a syringe. The
contact angle (0) was determined using an FTA1000 Manual Drop Shape
Analysis Software 2.0 version (FTA Inc. Portsmouth, Virginia, USA). It is
defined as the angle between the investigated surface and the tangent
from the edge of the water drop. Results represent the average values
obtained from four measurements for each sample.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR-ATR)

FTIR-ATR spectra of neat and composite PHB-based fibers were ac-
quired using the attenuated total reflection (ATR) mode, with a Thermo
Fischer Scientific Nicolet 6700 equipped with a universal-ATR acces-
sory. Spectral analysis was conducted under ambient conditions of room
temperature and humidity. Each spectrum comprised 32 scans in the
range region of 600-4000 cm ™! (resolution of 4 cm™?).

2.5.4. Thermal analyses (DSC)

Thermal properties of fibers were evaluated by using TA DSC-Q2000
differential scanning calorimeter, equipped with a TA instrument DSC
cooling system. Samples of 3 mg were heated from —20-250 °C at 10 °C
min~! and maintained at that temperature for 2 min; then, they were
cooled to —20 °C at 10 °C min~'. After a 2 min isothermal stage at —20
°C, the samples were reheated to 250 °C at the same rate. The process
was conducted under a flow of nitrogen gas of 30 mL/min. The crys-
tallinity degree (y.) of the prepared scaffolds was calculated by the
following equation:

AH,,
% = ——=x100
X (%) N

m

Where AH,,is the heat of melting (J/g) and AHS is the heat of melting of
100 % crystalline PHB, which corresponds to 146 J/g [34]. The glass
transition temperature was identified as the peak of the maximum ob-
tained using the first derivative method.

2.5.5. Wide-Angle X-ray Diffraction (WAXD) analysis

Wide-angle X-ray diffraction (WAXD) patterns for electrospun PHB
and its composites were obtained using a PANalytical PW3040,/60
X’Pert PRO MPD diffractometer. The measurements were conducted in
Bragg-Brentano geometry with the instrument operating at 45 kV and
40 mA. A high-power ceramic X-ray tube (model PW3373/10 LFF)
equipped with a copper (Cu) anode served as the radiation source.
Diffraction data were collected using Ni-filtered Cu Ko radiation (A =
0.15418 nm), at a continuous scan rate of 0.04° per second over a 20
range from 5° to 50°. The degree of crystallinity (yc) is the ratio of the
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total area under the resolved crystalline peaks to the total area under the
unresolved X-ray scattering curve [35].

2.5.6. Tensile tests

Mechanical characterization of membranes was performed through
tensile tests using an Instron 5564 test machine on rectangular-shaped
specimens. An elongation rate of 5 mm/min was employed throughout
the tests with a load cell of 100 N. The thickness of each sample was
measured in three different locations using a digital micrometer. All
tests were performed at ambient temperature. Seven specimens of each
sample were tested, and average values were considered.

2.5.7. Invitro degradation studies

The hydrolytic degradation of membranes was evaluated by in vitro
tests in phosphate-buffered saline (PBS) medium. Samples of around
10 mg (30 mm x 40 mm), immersed in 10 mL of PBS (pH 7.4) at 37 °C,
were withdrawn and washed with distilled water at fixed times. After
gently drying them with filter paper, they were carefully weighed for
water uptake measurements (Eq. 1). Then, they were dried in a vacuum
oven at room temperature for 72 h and weighed again to assess the
weight loss (Eq. 2). All the experiments were performed in triplicate.

Wo — Wy
— X

Weight loss(%) = 100 1)
Wo
Water uptake(%) = w x 100 2
0

Where W)y corresponds to the initial weight of dry samples, while Wy
and Wy, represent the wet and dry weight at any given time,
respectively.

SEM observation and DSC analysis were performed on dry samples at
the end of the investigation period (120 days) of immersion.

2.5.8. Release of Nb ions

To determine the concentration of released Nb ions, PHB-Nb1, PHB-
Nb3, and PHB-Nb6 membranes (1 cmx1 cm) were placed in PBS, and
the release kinetics were performed at constant temperature (37 °C). The
concentration of Nb ions was measured after every 24 h for 5 days of
immersion using an inductively coupled plasma atomic spectrometer
(Shimadzu ICPE-9800, Shimadzu Italy, Milan) configured with a water
ignition mode and a mini torch. The spectrometer was operated at a
radio frequency power of 1.20 kW with gas flow rates of 10.00 L/min for
the plasma gas, 0.60 L/min for the auxiliary gas, and 0.70 L/min for the
carrier gas. The exposure time was set to 30 s with an axial view di-
rection. The emission lines of niobium measured were 309.418 nm,
316.340 nm, and 313.079 nm. For sample analysis, 1 mL of medium was
diluted with 4 mL of HNO3 7 %

2.6. Biological characterization

2.6.1. Cells culture

BMSCs were cultured in growth medium (GM) under standard con-
ditions. For osteogenic differentiation, the cells were incubated in
osteogenic induction medium (OIM), consisting of GM enriched with
100 nM dexamethasone, 10 mM f-glycerophosphate (Sigma-Aldrich),
and 50 pg/mL ascorbic acid (Sigma-Aldrich). The medium was refreshed
every three days.

2.6.2. Biocompatibility

Before cell seeding, the electrospun scaffolds were sterilized by
20 min of ultraviolet (UV) exposure and subsequently rinsed with PBS.
The scaffolds were then positioned at the bottom of tissue culture plate
wells, and cells were seeded onto them using growth medium (GM).
Cell-scaffold interactions were evaluated by performing a CCK-8 assay,
following the manufacturer’s instructions. Lactate dehydrogenase
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(LDH) released into the growth medium, as a consequence of cell
membrane damage, was quantified according to the method described
by Valentino et al. [36]. The capability of scaffolds to support cell
adhesion was investigated using scanning electron microscopy (SEM,
QUANTA200, FEI). After 14 days, cells were fixed with 2.5 % Glutar-
aldehyde for 1 h, washed twice with PBS for 30 min and then dehy-
drated through a graded series of ethanol, vacuum dried, mounted onto
aluminum stubs, and ultimately sputter coated with gold.

2.6.3. Alkaline Phosphatase (ALP) Activity

To examine the osteogenic differentiation potential of the electro-
spun membrane, hBMSC cells were cultured in the presence of PHB,
PHB-Nb1, PHB-Nb3, and PHB-Nb6 materials for 1, 7, 14, and 28 days in
GM or OIM. ALP activity was determined as reported by Calarco et al.
[37], testing hBMSC lysate with and without osteogenic induction. Data
were normalized based on the total protein content of each sample. Each
experiment was performed in quadruplicate and shown as the mean +
standard deviation (S.D.).

2.6.4. Alizarin red assay

Calcium precipitates within cells were detected through alizarin red
staining. Cells (1 x105/well) were seeded in a 12-well plate in the
presence of electrospun membranes and cultured with or without oste-
ogenic induction medium for 28 days. Then, cells were washed twice
with PBS and fixed in 4 % formaldehyde in PBS for 15 min at room
temperature (RT). Subsequently, cells were washed with water before
being stained in 1 % Alizarin Red S solution (Sigma-Aldrich) for 30 min
at room temperature with gentle shaking. The remaining dye was
washed out through washes with tap water, and cells were observed
under an optical microscope. Moreover, Alizarin Red staining was
quantified by measuring the absorbance of the eluted stain at 550 nm
using a spectrophotometer and normalizing it to the total protein
content.

2.6.5. Expression of osteogenic-related genes (RT-PCR)

The multipotent nature and differentiation potential of hBMSCs were
validated using reverse transcription-polymerase chain reaction (RT-
PCR). For osteogenic differentiation, cells were cultured at 5 x 103
cells/well in 6-well plates until 50 % confluence. Then the GM was
replaced with OIM and/or PHB-Nb1, 3, and 6 as described previously.
The cultures were maintained for 3 weeks before Real-time PCR anal-
ysis. Total RNA was extracted from cell cultures using TriFast reagent
(EuroClone, Milan, Italy) according to the manufacturer’s protocol. The
synthesized cDNA was used as a template to evaluate the target genes
using specific primers: type I collagen (ColIA1), transcription factor Sp7,
also called osterix (OSX), alkaline phosphatase (ALP), runt-related tran-
scription factor 2 (RUNX2), osteopontin (OPN), and osteocalcin (OCN ).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was consid-
ered the housekeeping gene used for normalization. Table 1 shows the
primer sequences used. Relative markers expression ratio was calculated
based on the comparative threshold cycle C; method (2*4CT). All re-
actions were run in triplicate and were normalized to the housekeeping
genes.

Table 1
Primers used for qRT-PCR.
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2.6.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism software,
version 8 (GraphPad Software, San Diego, CA, USA). Data are presented
as mean + standard deviation (S.D.). One-way ANOVA followed by
Tukey’s post hoc test was used to assess statistical significance, which
was defined as p < 0.05. Results are based on three independent ex-
periments, each carried out in at least duplicate.

3. Results and discussion
3.1. NbyOs particles

The average diameter of Nb,Os particles was preliminarily evaluated
through SEM analysis, and the size distribution was determined by using
Image J (Figure S1). The particles exhibited an average size of 44 pm.
They were then treated by ball milling, and the obtained size distribu-
tion was investigated using DLS. Ball milling is a widely used method for
reducing particle size. However, parameters such as milling duration
and solvent presence can significantly impact the final particle di-
mensions. Typically, this process yields particles smaller than 200 nm,
which may tend to form stable agglomerates or adhere to larger particles
[38]. To separate these coarse particles, they were dispersed in DMF and
subjected to sonication. DLS analyses were performed immediately after
sonication to prevent sedimentation [39] and to evaluate both particle
size and zeta potential. A size distribution centered at 657.0 £+ 0.3 nm
was observed, indicating that sub-micron particles were successfully
obtained through the ball milling process. Additionally, an average zeta
potential of —42 mV was measured. This value is consistent with the
literature and confirms the formation of a stable colloidal dispersion of
the solids in the suspension [40].

3.2. Preparation of electrospun PHB-based fibers

Several electrospinning conditions were tested to optimize the pro-
duction of PHB-based fibers. Different voltages, spinning distances, and
feed rates were investigated to form a stable Taylor cone and solution
jet, thereby obtaining uniform and continuous fibers. It was observed
that by applying a voltage of 20 kV, at a 30 cm distance between col-
lector and spinneret and using a feed rate of 0,5 mL/h, nearly bead-free,
randomly oriented PHB-based fibers with different Nb;O5 content were
successfully produced. The values of voltage, flow rate, and spinneret-
collector distance were kept constant for all the experiments.

3.2.1. Morphological analysis (SEM)

The influence of NbyOs on the fiber morphology was studied by SEM
(Fig. 1). Neat PHB fibers exhibited a relatively homogeneous surface and
uniform size along the fiber axis, except for the presence of some
ellipsoid or spherical polymer grains, with an average diameter of 1.010
=+ 0.105 pm. As reported in literature, the slight nonuniformity can be
attributed to the low conductivity of the PHB solution that, in its turn,
affects the solution jet during the process and therefore the fiber
morphology [41]. The presence of niobium pentoxide at 1 and 3 wt%
affected the fiber size, reducing their diameters by approximately 16 %,
likely due to the effect of particles on the solution conductivity. N2Os is
well recognized for its outstanding electronic properties and has been

Gene Accession number Forward Primer (5'-3") Reverse Primer (5'-3")

RUNX2 NM_001015051.4 AGCCAGGTTCAACGATCTGA TAGCTCTGTGGTAAGTGGCC

ALP NM_000478.6 CAGATGCCAACTTCCCACAC GGTCCCCTTTCTTGCAGTTG
Sp7/0SX NM_152860.2 CCCTCCCTTTTCCCACTCAT TGGGCAGACAGTCAGAAGAG
COL1A1 NM_001173467.3 TAAGTCCCTTTCTGCCCGTT ATTTGGGAAGGAGTGGAGGG
OCN NM_000088.4 GCGCTACCTGTATCAATGGC AACTCGTCACAGTCCGGATT
OPN NM_000582.3 TTTCACTCCAGTTGTCCCCA GGATGTCAGGTCTGCGAAAC
GAPDH NM_001256799.3 TAGCGGCTAGCGGTAT CGGGGCTATGGCTAGCTAGCTTTC
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Fig. 1. SEM micrographs along with histograms showing the size distribution of PHB, PHB-Nb1, PHB-Nb3, PHB-Nb6 fibers, calculated by ImageJ software (fiber

number = 40).
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extensively utilized in both microelectronic and optoelectronic appli-
cations [42,43]. Therefore, the presence of a low amount of NbyOs
slightly alters the morphology of the fibers by enhancing solution con-
ductivity, leading to more homogeneous and nearly defect-free fibers
compared to the PHB ones. As reported in literature [44], particles
dispersed in DMF are more concentrated in the fiber core because of the
highest boiling point of DMF. During the electrospinning process, CF
evaporates immediately, and DMF is concentrated in the bulk, where
most of the particles remain [45]. However, by increasing Nb,Os con-
centration up to 6 wt%, the overall effect of particles on fiber
morphology was completely different: a rough surface and some irreg-
ularities in the fiber shape were noticeable, and the average diameter is
similar to that of the PHB fibers. This evidence suggested that the effect
of increased conductivity was counteracted by the higher amount of
Nb,Os particles, which tend to agglomerate into larger clusters, despite
the rigorous sonication procedures used in this work, resulting in
rougher fiber surfaces and reduced uniformity [46].

3.2.2. Water Contact Angle (WCA)

Contact angle measurements of electrospun fibrous mats are crucial
for tissue engineering applications, as they provide insight into surface
wettability and hydrophilicity. These properties significantly impact cell
adhesion, proliferation, and differentiation, processes that are essential
for tissue development and integration. Plain PHB fibers exhibited a
contact angle of 126.5 + 0.6°, according to a very hydrophobic surface.
Notably, the addition of NbyOs particles did not significantly affect WCA
which remained at 126.8 4+ 0.4°, 128.3 4+ 0.2° and 126.9 + 1.1° for
PHB-Nb1, PHB-Nb3 and PHB-Nb6, respectively. This result suggested
that the inorganic particles were likely either embedded within the

a)
;\? W
[0 W
(8]
C
o
=
(7]
=
©
= ——PHB
—— PHB-Nb1
e PHB-ND3
e PHB-Nb6
2800 2900 3000 3100
Wavenumber (cm™)
100
c)
<
S 90
{
o
IS
(2]
G
= 801 = PHB
—— PHB-Nb1
e PHB-Nb3
—— PHB-Nb6
70 . : .
1760 1740 1720

Wavenumber (cm™)

b)

d) 100

Materials Today Communications 49 (2025) 114177

fibers or present at the surface in amounts insufficient to affect surface
wettability of hybrid fibers, as initially suggested by SEM analysis [47].

3.2.3. FTIR-ATR analysis

Fig. 2a and b show the FTIR-ATR spectra of pure PHB and PHB/
NbyOs electrospun membranes.

The PHB spectrum showed bands between 3100 and 2900 cm ™!
relative to the symmetrical stretching of the CH3 group, along with
bands from 1460 to 1380 cm ! associated with asymmetric stretching of
CHj and CH, groups. Moreover, in the region between 1300-1100 cm ™!
bands relative to C-O-C in both crystalline (i.e., 1274 and 1226 em ™)
and amorphous (i.e., 1261 and 1180 cm™!) phases were detected. Peaks
appearing in the range 1700-1650 cm ' are related to carbonyl
stretching vibrations of PHB ester groups [32]. In particular, two major
C=O0 stretching bands were detected at 1746 and 1720 cm™!, corre-
sponding to the amorphous and crystalline states, respectively [48]. This
evidence suggested a semicrystalline nature of the electrospun fibers.
The spectra of PHB/NbyOs with different niobium oxide content
exhibited a comparable band pattern. Unfortunately, the presence of
Nb,Os particles could not be detected since most of its typical vibration
frequencies (e.g., 640 cm™ ascribed to the symmetric stretching of
Nb-O-Nb, and the shoulder peak at 853 cm™, corresponding to the
asymmetric stretching of Nb=O0, are masked by signals related to PHB
[48]. A deconvolution of PHB bands in the carbonyl region was per-
formed for all the samples to assess the effect of inorganic particle
presence on their position and shape (Figure S2). Indeed, these groups
play a crucial role in the organization of polymer crystals, and their
corresponding signals are often used to investigate the intramolecular
and intermolecular interactions they are involved in [49]. Figs. 2¢ and
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2d show an overlapping of deconvoluted peaks at 1746 cm™! (C=0
amorphous) and 1720 ecm™! (C=O0 crystalline) for PHB and its com-
posites, respectively. The relative intensity of amorphous and crystalline
C=O bands suggested that all the samples were predominantly
composed of a crystalline structure, with only a minor amorphous
component. In addition, comparing these peaks across different formu-
lations, it was possible to observe a smooth enlargement and a slight
shift to lower wavenumbers of the band at 1746 cm ™ in the presence of
increasing niobium concentration, reaching 1740 cm™! in the case of
PHB-Nb6. In contrast, any significant shift was detected for the peak
around 1720 cm™'. The vibrational frequency of a functional group is
primarily influenced by the force constant and the mass of the atoms
involved. Any interaction with these groups can modify their electron
distribution, which in turn reduces the force constant and causes the
peak to shift to lower frequencies. Therefore, this evidence suggested
that physical interactions between the inorganic filler and the polymer
matrix primarily involve the amorphous phase of PHB, which, being less
ordered and stable, is more susceptible to interactions with niobium
oxide [50].

3.2.4. Thermal analysis (DSC)

The DSC thermograms of the heating run of pure PHB and PHB-Nb
systems are reported in Fig. 3a and b, respectively. The thermal pa-
rameters are collected in Table 2. A single melting peak was evident for
all the samples in the region between 172 and 176 °C. In particular, PHB
scaffold presented Ty, picked at 175.0 °C. The melting temperature of
the PHB/NbyOs composites did not undergo any changes, indicating
that their crystal size remained similar to that of pristine PHB.

The crystallinity degree (y.) for PHB was 69.9 %, the incorporation
of 1, 3 and 6 wt% of NbyOs in the PHB matrix decreased y. of 1, 5 and
10 %, indicating inhibition in the formation of stable nuclei for
consolidation and growth of the crystallites. The addition of various
fillers to the polymer matrix can result in either an increase or a
reduction in the polymer’s crystallinity [27,51]. Ho et al. demonstrated
that the incorporation of 1 and 5 wt% of magnetite particles reduces the
PHB and PHBV crystallinity of about 7 and 14 %, respectively, attrib-
uting this behaviour to physical hinderance of the filler to the proper
arrangement of polymer chains [52].

As seen in Table 2, the Ty increased with the increase of NbyOs
amount as a consequence of the reduced mobility of the macromolecular
chains. DSC results confirmed physical interactions between the inor-
ganic filler and the amorphous phase of PHB, as suggested by FTIR-ATR
analysis.
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Table 2
Thermal properties of PHB-based membranes before and after 4 months of im-
mersion in PBS at 37 °C. Evaluation was performed in the first heating run.

Sample Before immersion After immersion
Ty T AHp, Ae Tm AHp, Ae
(Q9)] (9] J/8) (%) 0 J/g) (%)
PHB 56.8 175.0 101.5 69.9 175.6 105.7 72.4
PHB-Nb1 57.4 174.6 101.4 69.4 174.2 110.4 73.2
PHB-Nb3 58.3 175.5 97.0 66.4 175.4 102.3 70.1
PHB-Nb6 58.8 174.9 91.8 62.9 174.4 101.2 69.3

3.2.5. WAXD analysis

Poly(3-hydroxybutyrate) (PHB) can crystallize into two distinct
forms: the a-form and the f-form. The a-form typically forms when PHB
is cooled from the melt and features an orthorhombic unit cell structure
with a 3+ helical chain conformation [52]. In contrast, the p-form
emerges when tensile stress is applied to the oriented a-form, resulting
in polymer chains adopting an almost planar zigzag arrangement.
However, the exact crystal structure of the f-form remains unclear [53].
It is also important to note that the transition between these forms is not
complete; even under strong tension, both a- and p-forms are present up
to the point of material failure [54]

X-ray diffraction patterns of electrospun PHB (Fig. 4) show peaks
consistent with those found in the literature [55], corresponding to the

©n, 21, PHB
A —— PHB-Nb!
LI, 1 (040), — PHB-Nb3
(020), 101, —— PHB-Nb6
(e

o

]
]
1), L l
] ]
I 1
] ]
1 I
]

(a.w.)

30 35

Fig. 4. Wide angle X-ray diffractograms for PHB and PHB/Nb,Os composites.

Wig

—PHB

——PHB-N1
—— PHB-N3
——PHB-N6

b)

001

o First der. heat flow (W/g-°C) 0

IR R TR

T
0 52 54 56 58 60 6

64

——T ———T S
50 100 150

Temperature (°C)

T

Temperature (°C)

Fig. 3. DSC thermograms for pure PHB and PHB/Nb,Os electrospun scaffolds. (a) First heating run; (b) First derivative of thermogram for T determination.



A.R. de Matos Costa et al.

(020), (110), (021), (101), (111), (121), and (040) planes of the a-phase
crystal lattice [56]. Incorporating Nb20Os into the PHB matrix did not
alter the unit cell structure but did reduce the material’s degree of
crystallinity. This is evidenced by the presence of an amorphous halo in
all the composite samples. Specifically, the crystallinity index of pure
PHB was 62 %, which dropped to 49 % in the PHB/Nb1 sample and
further declined to 35 % in both PHB/Nb3 and PHB/Nb6 composites,
also in agreement with the trend found by DSC measurements. Similar
results were found by adding to PHB sugarcane bagasse fibers and cel-
lulose nanofibrils [57,58].

3.2.6. Mechanical properties

Table 3 reports the Young’s modulus, the tensile strength and the
elongation at break of electrospun PHB and PHB/Nb,Os composites.

The addition of NbyOs significantly affected the mechanical prop-
erties of electrospun PHB mats. Tensile strength progressively increased
with a higher filler percentage. The highest tensile strength was
observed when at 6 wt% NbyOs, with two-fold increase compared to
PHB fibers. Similarly, the Young’s modulus increased with filler content
reaching 85.50 + 0.15 MPa for PHB-Nb6 which is approximatively
three times the value observed for the pure PHB. Majerczak et al. [59]
reviewed PHB composites with a wide variety of fillers to find trends
between the filler type, crystallinity and mechanical properties. The data
obtained from the literature do not provide conclusions about the effect
of the degree of crystallinity on the tensile properties of PHB-filler
composites. In fact, the mechanical properties are influenced by the
fraction of amorphous and crystalline phases, but also by the interfacial
regions, the nature of the filler, and the microstructure. The observed
enhancement in tensile strength and Young’s modulus, despite the
reduced crystallinity, can likely be attributed to the reinforcing effect of
Nb2Os particles. These particles act as rigid fillers and, through adequate
interfacial adhesion with polymer matrix, enhance stress transfer,
thereby compensating for the loss of crystalline domains [60,61].
Interestingly, the increase in modulus was more pronounced at higher
filler concentration, probably due to the effect of particles agglomera-
tion [62]. At 3 and 6 wt% of Nb,Os, agglomerates become more prev-
alent and contribute significantly to the material stiffness. Finally, the
elongation at break increased across all compositions. This behavior
may be related to the failure mechanism, which involves particle-matrix
debonding and the formation of large voids that coalesce during matrix
fibrillation, as reported in literature [63].

3.3. Hydrolytic degradation

The hydrolytic degradation of the membranes was evaluated by
soaking samples in PBS (pH 7.4) at 37 °C. After 120 days, membranes
(which could still be handled) were withdrawn, washed with distilled
water, and dried for both SEM observation and DSC analysis.

Fig. 5a shows SEM micrographs of scaffolds along with the size dis-
tribution of fibers. All the samples retained the original fibrous
morphology with no significant changes detected on their surfaces,
which remained homogeneous and smooth. No disintegration of

Table 3
Mechanical properties of PHB electrospun membranes without or with different
concentrations of Nb,Os.

Young’s Tensile strength at break Elongation at break
modulus (MPa) (%)
(MPa)
PHB 32.71 £+ 0.02 1.5+0.1 50.9 £ 19.1
PHB- 33.83 + 0.08 2.0+0.3 66.3 + 28.2
Nb1
PHB- 45.92 + 0.03 2.3+0.1 63.7 £7.2
Nb3
PHB- 85.50 + 0.15 3.3+0.3 93.1 £13.6
Nb6
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individual filament or short segment was noticeable. This evidence
indicated that the neutral pH used in the study did not accelerate the
degradation of fibers, which proceeds slowly under these conditions and
takes longer than the investigation period [64]. Only neat PHB exhibited
a slight decrease in the average fiber size, from 1.010 + 0.105 pm to
0.753 £+ 0.091 pm following the immersion in PBS, while a slight in-
crease was observed for the hybrid fibres. Even if it is often reported that
the increased amorphous content in PHB accelerates its degradation,
many other factors affect the degradation kinetics in the case of
polymer-composites scaffolds [65]. The presence of filler, for example,
can influence the autocatalysis process, often associated with scaffolds
produced from aliphatic polyesters, water uptake (as found in our work),
and diffusion, thus counteracting PHB acidic degradation. This finding
suggests a weak influence of the filler on hydrolytic degradation in the
early stage of degradation (i.e., 120 days).

During the degradation period, samples were weighed at prefixed
times, both in the dry and wet states, to monitor weight loss and water
uptake, respectively. In addition, the pH of the degradation medium was
measured at the beginning and at the end of the investigation period.
The weight of the dry samples showed no significant variation during
the investigation period. Only a decrease of around 2 % was observed
for all the analyzed samples. Fig. 5b shows the water uptake as a func-
tion of immersion time. In the first 20 days, no significant weight vari-
ation was detected. After that time, a weight increase was observed for
all the samples till a plateau was reached, with PHB showing the highest
water uptake ability. Although composite fibers typically have lower
crystallinity and theoretically greater swelling ability than pure PHB
membranes, the particles embedded within the polymer matrix may
hinder PBS from penetrating the polymer network, thereby reducing
swelling and slowing hydrolytic degradation [27,66]. The pH was
measured, and it remained constant along the whole degradation assay,
around 7.4 [29]. Although the degradation of PHB ultimately produces
the biocompatible 3-hydroxybutyric acid, the very slow degradation
probably prevented the release of low-molecular-weight acidic com-
pounds that could have altered the pH of the medium [67].

The thermal properties of the membranes after 120 days of soaking
in PBS were assessed using DSC and compared to those of freshly pre-
pared scaffolds, as shown in Table 2. PHB exhibited a semicrystalline
behaviour across all samples, even after immersion in PBS. The melting
temperature remained unchanged during the entire immersion time,
while all samples showed a slight increase in AHp,, resulting in a modest
rise in crystallinity. The small increase in crystallinity is likely due to a
slight selective degradation of the amorphous fraction, which leads to a
partial reorganization of the polymer chains in the crystalline regions.
However, these results indicated that the microstructure of PHB scaf-
folds remained largely unaffected during the investigated period [64].

3.4. Biocompatibility and Nb ions release

Before designing a new biomaterial for tissue engineering, it is
crucial to ensure that it poses no risk when implanted in the body.
Therefore, in vitro biocompatibility tests and cell morphology analysis
were performed to assess the ability of PHB/Nb,Os to interact safely and
effectively with biological systems. As shown in Fig. 6a, CCK-8 assay
demonstrated that Nb ions concentration did not affect hBMSCs meta-
bolic activity at all time points. In addition, the low LDH level in the cell
supernatant confirmed the absence of cell membrane damage (Fig. 6b).
Morphological analyses of cells cultured on electrospun scaffolds show
that hBMSCs are able to colonize and adhere to all the substrates,
adopting a spreading morphology, indicative of robust attachment
(Figure S3). Cell filopodia extending along the fibers could be observed
on all types of nanofibrous scaffolds. These findings align with previous
studies indicating that niobium exhibits lower cytotoxicity, both in vitro
and in vivo, compared to other metal ions [68,69].

The release of Nb ions was measured to evaluate the potential of
electrospun membranes in promoting an osteogenic phenotype in
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mesenchymal stem cells, including their ability to support mineraliza-
tion and alkaline phosphatase activity. As shown in Fig. 6¢, the con-
centration of Nb ions released at 37 °C increased during the immersion
period for all analyzed samples. As expected, Nb ion concentration
released from PHB-Nb6 was higher than that for PHB-Nb1 and PHB-Nb3
at each time point. In particular, the Nb ion concentration in the medium
after 5 days of immersion was 5.39 + 0.21 x 10~%mol L™! for PHB-Nb1,
7.38 £ 0.29 x 10 ° mol L™* for PHB-Nb3, and 9.98 + 0.32 x 10~° mol
L~! for PHB-Nb6. Since the biodegradation of PHB is much slower than
the timescale of the experiment, it can be assumed that only the Nb
located closer to the surface of the fibers was rapidly released. Obata
et al. demonstrated that the bioactivity of NbyOs was related to the Nb
ion concentration present in culture medium [70]. Indeed, ALP activity
was higher in cells cultured in medium containing 3 x 10~ M Nb with
respect to Nb-containing media or standard medium, regardless of
whether the medium was supplemented with osteogenic factors. Similar
trends were reported for yttrium, silicon, and zinc ions [71-73].

3.5. Osteoinductive potential

The incorporation of NbyOs into biomaterials has been explored for
its ability to stimulate osteogenic cell functions and promote bone tissue
regeneration, both in vitro and in vivo [59].

In this context, the osteogenic capability and molecular mechanisms
of the PHB-Nb membranes were assessed using ALP activity, alizarin red
staining, and qRT-PCR analyses. As shown in Fig. 7a, alizarin red
staining on day 21 revealed that hBMSCs cultured in the presence of
electrospun fibers exhibited larger calcified nodules with respect to the
control, inducing mineralization of the matrix. As expected, calcium
deposits increased in a concentration-dependent manner, with the
higher mineralization in the presence of PHB-Nb6 membrane. Quanti-
tative results supported the microscopic findings (Fig. 7b).

Consistently, the ALP activity of hBMCS cells cultured on Nb-
containing membranes increases with increasing NbyOs content
compared to those cultured in GM (CTL group), albeit in the absence of
osteogenic supplementation. (Fig. 7c). ALP is a widely accepted early
indicator of osteogenic differentiation; therefore, elevated ALP activity
suggests that mesenchymal cells are progressing toward an osteogenic
lineage.

Cells cultured in the presence of OIM were used as a positive control.
b) Quantification of Alizarin red staining. The result was the represen-
tative of three different experiments. Statistically significant variations
# p <0.05, ## p <0.01, and ### p < 0.001 versus CTL. ¢) Semi-
quantitative analysis of ALP activity of cells cultured in the presence of
Nb-containing membranes at days 1, 7, 14, 21, and 28. PHB was used as
a negative control. The result was representative of three different
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experiments. Statistically significant variations * p < 0.05, **p < 0.01
and *** p < 0.001 versus PHB. qRT-PCR analysis was carried out to
evaluate the impact of Nb-containing fibers on genes associated with the
osteogenic differentiation of mesenchymal stem cells (Fig. 8). In com-
parison with the CTL group, hBMSCs grown in the presence of PHB-Nb
membranes showed an upregulated expression of all osteogenic
differentiation-related genes examined for 21 days. In particular, the
expression level by the cells cultured on PHB-Nb6 and PHB-Nb3 is
comparable to that of cells cultured in the presence of OIM.

The obtained results are in line with those reported in the literature.
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Tan et al.[74] demonstrated an outstanding bioactivity of niobium in
vitro, which is able to promote MC3T3-E1 cell adhesion, proliferation,
and osteogenic differentiation without negatively affecting cell viability.
Moreover, their study indicated that Nb implants could accelerate
fracture healing more effectively than Ti6Al4V implants, as shown in a
rat femur fracture model. The authors also found that the osteogenic
effects of Nb were mediated through the activation of the PIK/Akt3
signaling pathway.

Marins et al. produced poly(lactic acid) nanofibers incorporated with
niobium pentoxide nanoparticles, showing that the resulting
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membranes effectively enhance cell proliferation without compromising
the wettability, porosity, or mechanical properties of the membranes
[751.

In a separate study, the same authors developed composite mem-
branes composed of polycaprolactone-gelatin-hydroxyapatite with
varying concentrations of niobium pentoxide particles (PGHAND). Cell
metabolism assays confirmed that the niobium-infused membranes were
non-toxic and promoted cell proliferation and differentiation more
effectively than the controls, highlighting their potential for bone tissue
engineering applications.

4. Conclusions

In this work, composite fibers based on polyhydroxy butyrate and
different amounts of niobium oxide were successfully prepared by
electrospinning, and the effect of various concentrations of NbyOs on
physico-chemical and biological properties was investigated. The elec-
trospinning process was optimized to produce nearly bead-free,
randomly oriented fibers. The influence of NbyOs on the fiber
morphology was investigated using SEM, highlighting that the presence
of niobium significantly reduced the diameters of the fibers, probably
due to the effect of inorganic particles on the solution conductivity. By
measuring the water contact angle, it was demonstrated that the filler
did not affect membrane wettability, suggesting that the particles were
embedded within the polymer matrix. FTIR-ATR analysis indicated the
presence of physical interactions between Nb2Os and PHB, primarily
affecting its amorphous phase. Additionally, increasing Nb2Os content
reduced PHB crystallinity while significantly improving its mechanical
properties. Notably, the Young’s modulus for PHB-Nb6 reached 85.50
+ 0.15 MPa, three times higher than that of pure PHB. The hydrolytic
degradation study showed that the presence of niobium oxide slightly
slowed the degradation rate of the membranes in the early stages, as
PHB degradation occurs over a much longer period than the duration of
the study. Biocompatibility tests on hBMSCs confirmed the non-toxicity
of all samples. Nb-containing membranes exhibited osteoinductive po-
tential, as demonstrated by alizarin red staining and ALP assays, which
revealed concentration-dependent increases in mineralization and ALP
activity, with the highest levels observed for PHB-Nb6. Additionally,
qRT-PCR analysis revealed upregulated expression of osteogenic
differentiation-related genes in hBMSCs cultured with PHB/Nb,Os
membranes.
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