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Scaffolds designed for tissue engineering must meet multiple criteria, including mechanical performance
matching particular tissue properties. One of the strategies to improve electrospun scaffolds strength is the
incorporation of ceramic nanoparticles. In this work, the effect of the addition of hydroxyapatite (HA) and ti-
tanium dioxide (TiO2) nanoparticles on tensile strength, elongation and toughness of poly (3-hydroxybuty-rate-
co-3-hydroxyvalerate (PHBV) based fibers was tested. Samples morphology along with chemical composition and
particles distribution were characterized by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR). Mechanical properties of PHBV-based
electrospun scaffolds were correlated with the nanoparticles’ distributions examined via microscopy analysis
to understand the failure mechanism of composite fibers. We observed a significant improvement of mechanical
properties of composites containing HA nanoparticles compared with solely PHBV fibers. Notably, 3 times higher
tensile strength and strain at failure, followed by 16 times improved toughness, was correlated with homogenous
distribution of HA nanoparticles with an average area of aggregates reaching 0.11 pm2. At the same time, two
times larger TiO, aggregates were irregularly formed along PHBV fibers and caused deterioration of their me-
chanical properties. We showed the relevant strategy of particle distribution in fibers that are able to tailor

mechanical properties by controlling the size and distribution of ceramic fillers in hybrid scaffolds.

1. Introduction

In tissue engineering, scaffolds are considered materials replacing
extracellular matrix (ECM), providing mechanical and structural sup-
port for cell attachment, proliferation and tissue development. Proper
3D architecture and interconnected porosity are crucial to ensure nu-
trients and metabolites flow and allow cells migration and colonization
of the entire scaffold. This supportive structures can additionally serve
as carriers for drugs and other active compounds to induce desired
cellular responses [1,2]. However, in guiding initial cell adhesion, for-
mation of attachment points and further tissue development essential
are scaffold’s surface and bulk properties [3,4]. Tailoring material
stiffness can improve durability, facilitate scaffold handling and plays a
material-instructive role regulating cellular processes [5]. Actomyosin

* Corresponding author.
E-mail address: ustachew@agh.edu.pl (U. Stachewicz).

https://doi.org/10.1016/j.compositesb.2022.110011

allows cell sense material rigidity and adopts cytoskeleton organization,
focal adhesion sites formation and other biological processes related to
successful in vitro tissue formation [6]. Importantly, cell-material in-
teractions are dynamic and mutual. Physicochemical properties of the
scaffold affect cell phenotype, differentiation and migration, but cells
can also exert forces on the material [7,8]. Therefore, scaffold stiffness,
rigidity and mechanical performance in cell culture conditions are
essential parameters to be considered while designing tissue scaffolds.
Scaffolds should represent proper characteristic for each specific
tissue creating a microenvironment that, together with growth factors,
will lead to correct tissue regeneration. ECM of most tissues is based on
collagen in the form of fibrous structures [9]. Similarly organized ma-
terials, serving as tissue scaffolds, could be produced by electrospinning
[10], where a polymer solution is pushed through the nozzle with a
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controlled flow rate. The potential difference between nozzle and col-
lector is a driving force for fibers formation. Droplet formed at the tip of
the nozzle after overcoming surface tension under the influence of
applied voltage is stretched to form fibers deposited at the collector [11,
12]. Adjusting parameters during solution preparation, electrospinning
settings, ambient conditions and postprocessing allow obtaining fibers
and mats with desired morphology and properties [13]. Towards con-
trolling of mechanical properties of scaffolds obtained by electro-
spinning, various strategies are exploited, including fibers orientation
[14], diameter [15,16], porosity [17,18], core-shell structures [19],
composites of two fiber types [20], or addition of ceramic particles
[21-25].

Biodegradable poly (3-hydroxybuty-rate-co-3-hydroxyvalerate)
(PHBV) belonging to polyhydroxyalkanoates (PHAs) synthetized by
bacteria [26,27] can be processed via electrospinning and it has been
studied for multiple biomedical applications: bone tissue regeneration
[4,25,28], atopic skin treatment [27], antibacterial wound dressings
[29,30], drug delivery systems [31]. PHBV is frequently combined with
ceramic particles for biological purposes of improved in vitro cell
growth (hydroxyapatite (HA), bioactive glass) or antibacterial activity
(titanium dioxide (TiOy), zinc oxide (Zn0)) [22,23,32,33]. An addi-
tional advantage of such hybrid structures is the increase of mechanical
properties of relatively weak electrospun PHBV fibers [34]. Several
strategies of preparing hybrid organic-inorganic PHBV-based scaffolds
were tested: blend electrospinning [4], simultaneous electrospinning of
polymer fibers and electrospraying of particles [35], soaking in simu-
lated body fluid (SBF) [36]. The reinforcement effect of hard ceramic
filler within polymer fibers is related to their concentration [21,25] as
well as integration between two phases [35]. A small amount of up to
several wt% of particles in polymer matrix improves the mechanical
performance of electrospun scaffolds, which is often related to their
homogenous distribution [37,38]. Presence of nanoparticles in the final
composite depends on suspension stability before processing. Nano-
particles’ dispersion is stabilized by electrostatic repulsion concerning
the permanent charges on their surface. Additionally, in non-aqueous
systems the colloidal stability is controlled by steric repulsion induced
by adsorbed layers [39]. Zeta potential is a valuable indicator of
colloidal stability of suspensions, with high absolute values conferring
stability and low absolute values denoting the predominance of the
attractive forces between the particles and the tendency to aggregate
[40]. However, the exact distribution of the nanoparticles within fibers
is rarely studied, and it is still challenging. Mainly transmission electron
microscopy (TEM) on individual fibers is used, which is limited to the
fiber diameter and may not represent an entire scaffold [38]. Impor-
tantly, TEM imaging of composite structures is applied to fibers with
diameter below 1 pm to obtain the required transparency for electron
beam [41,42]. For the higher fiber diameters different imaging methods
should be employed. Other approach to visualize the distribution of
ceramic additives within polymer network is energy dispersive X-ray
(EDS) mapping, however for beam sensitive samples this method may
introduce artifacts due to sample drift and deformation.

As the interest in hybrid biomaterials is growing a clear under-
standing of reinforcing composites strategies is required [43]. Incorpo-
rating nanoparticles in electrospun fibers often increase their stiffness
[44,45], improving their biocompatibility and cell responses in tissue
regeneration processes [8,46,47]. For this study, we selected the most
used nanoparticles for bone regeneration scaffolds such as HA due to
their proven bioactivity [25] and antibacterial TiO5 [48]. Furthermore,
the strength of composite fibers is strongly correlated with the concen-
tration of nanoparticles, their sizes and distribution within the polymer
matrix [32,35,49]. Therefore, we investigate the effect of HA and TiO»
nanoparticles on the mechanical properties of electrospun PHBV fibers
concerning their dispersion and aggregation in produced fibers. Using
the advanced microscopy techniques based on secondary and back-
scatter electrons and energy dispersive X-ray spectroscopy, we verify the
effect of nanoparticles type and their distribution in fibers on the
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strength, fracture, and toughness of the electrospun scaffolds in the
random orientation of fibers for medical applications.

2. Materials and methods
2.1. Sample preparation - electrospinning

We electrospun four types of samples using PHBV (Helian Polymers,
The Netherlands, M,, = 450,000 g mol!) solely and mixed with hy-
droxyapatite (HA) nanoparticles (particles size <200 nm, Sigma-
Aldrich, UK) or titanium dioxide — TiO, nanoparticles (particles size
<100 nm, Sigma-Aldrich, UK) or combination of both to prepare blend
solutions. Different samples prepared for this study were named: PHBV,
PHBV+HA, PHBV+TiO3 and PHBV+HA+TiOs. The primary solution of
PHBV was prepared by dissolving 8 wt% in chloroform and dime-
thylformamide (DMF) v/v 9:1 by stirring on a heating plate (IKA, Ger-
many) at a constant speed of 1000 rpm and temperature of 45 °C for 4 h.
Solutions containing nanoparticles were additionally homogenized in an
ultrasonic bath (Sonorex Bandelin, Germany) for 10 min prior to stirring
and for 15 min before electrospinning. The concentration of nano-
particles in PHBV solutions was 1 wt% for HA and TiOs if one type of
nanoparticles was added, and for the nanoparticles’ mixture, it was 0.5
wt% of each nanoparticles type. Electrospinning was performed using a
set-up with a climate control chamber (IME, The Netherlands), at RH =
40% and T = 25 °C. We kept all the same electrospinning parameters for
all solutions: applied voltage of 17 kV, needle-collector distance of 20
cm, the flow rate of 0.1 ml min . For mechanical testing, samples were
deposited in random orientation for 4 min on specially designed paper
frames with laser-cut rectangular (20 x 8 mm) holes mounted on the
rotation drum (rotation speed of 10 rpm) [18].

2.2. Fibers’ morphology and nanoparticles distribution analysis

The morphology of the obtained samples was investigated using
scanning electron microscopy (SEM, Merlin, Zeiss, Germany) at 2 kV and
100 pA by secondary electrons (SE) detector. Samples were coated with
8 nm Au layer by a rotary pump sputter coater (Q150RS, Quorum
Technologies, UK). The average fiber diameters (Df.ayg) Were measured
from 100 fibers from SEM images using the ImageJ software (v. 1.51j8,
USA) and presented in the form of histograms. The presence of nano-
particles was confirmed by energy dispersive X-ray spectroscopy (EDS)
using a detector (Brucker, Germany) and point analysis at 8 kV and
1000 pA. To study nanoparticles distribution as-received samples were
imaged by SEM (Phenom ProX, Thermo Fisher Scientific, USA) equipped
with backscattered electrons (BSE) detector at accelerating voltage of
10 kV. Next, SEM images were thresholded (intermodes, B&W) and
binarized using ImageJ, which was also applied to determine the
average particle area from 500 measurements using the particle analysis
option.

To confirm the chemical composition of all electrospun samples,
Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy
(ATR-FTIR) was performed using Nicolet™ iS™ 5 FTIR Spectrometer
(Thermo Fisher Scientific, USA) with the diamond crystal. During
measurements, the spectra were 64 repeated over the wavenumber

range 400-2000 cm ™, with resolution 1 cm™!.

2.3. Mechanical testing

Mechanical properties of scaffolds were verified using a tensile
module equipped with a 1 N cell (B.1708.A, Kammrath& Weiss, Dort-
mund, Germany), at an extension rate 20 pm-s—1 at T = 24 °Cand RH =
35%. The stress was calculated as a force measured by the tensile
module to the initial cross-sectional area of the electrospun fiber scaf-
folds. Cross-sections of fibers deposited on paper frames were imaged by
SEM; based on 5 measurements, the average thickness was calculated for
each material. Toughness was determined by integrating each of the
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stress-strain curves. The average maximum stress, toughness, strain at
maximum stress and at failure were calculated from 3 tests for each
material type. The morphology of uncoated samples after stretching was
studied by SEM using a BSE detector, while details of fractured fibers
were visualized by SE detector on coated samples.

3. Results and discussion

3.1. Morphology of fibers, nanoparticles distribution and chemical
analysis

With all four types of PHBV based solutions, we produced randomly
oriented smooth fibers, as shown in Fig. 1. The average fiber diameter
(Dt.avg) for solely PHBV sample was 2.49 um. Generally, the addition of
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ceramic nanoparticles resulted in increased fiber diameter. For
PHBV+HA, the increase was up to 75%, the D5y reached 4.32 pm, for
PHBV+TiO, the increase was 17%, and D.ayg was 2.92 pm, while for
PHBV+HA+TiO the increase was only 6% and Dgayg was 2.64 pm.
PHBV fibers with the addition of ceramic nanoparticles have locally
visible morphological changes compared to uniform PHBV fibers
without them.

In Fig. 1, we can notice the nanoparticles agglomerations that are
visible as beads-like structures, especially in the case of samples con-
taining TiO2 (Fig. 1 e, g). Notably, the presence of ceramic fillers within
fibers structure differs between the samples, in both distribution and
sizes of agglomerates, which is indicated by the measured nanoparticles
area, see Fig. 2. HA nanoparticles are homogeneously distributed within
the structure of the fibers forming small aggregates with an average size
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Fig. 1. SEM micrographs (SE) of electrospun fibers morphology and corresponding histograms presenting fiber diameters for samples: a, b) PHBV; ¢, d) PHBV+HA; e,

f) PHBV+TiO,; and g, h) PHBV+HA+TiO,.
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Fig. 2. SEM micrographs (BSE detector, uncoated samples) showing the distribution of particles within fibers: a) PHBV+HA; b) PHBV+TiOo; ¢) PHBV+HA+TiO,,
and d) column chart showing the average area of nanoparticles aggregates in fibers.

area of 0.11 pm? mostly entirely covered by PHBV polymer. TiO5 tend
to form larger aggregates with average area of 0.22 pm2. Nanoparticles
distribution within fibers is less homogenous, in many cases, massive
aggregates exceeding an area of 1 pm? are present at fibers surface, as we
can see in Fig. 2 b. Samples containing both nanoparticles have an
average size area of aggregates reaching 0.14 pm? and two models of
large and small aggregates distributed within the fibers. Interestingly, in
the PHBV+HA-+TiO, sample, both nanoparticles did not mix; they were
often present as separate agglomerates as shown by EDS analysis (Fig. 3
e-g).

By EDS we confirmed the presence of HA and TiO, in PHBV fibers
using the point-by-point local analysis. At the same time, the FTIR
measurements indicated the presence of the nanoparticles in the entire
volume of all types of samples, see Fig. 4. FTIR analysis allowed us to
identify characteristic peaks for all compounds in our electrospun
samples. The predominant signal is from PHBV, with intense peak
characteristic for a crystalline form of the polymer at around 1719 cm ™!
associated with the C=O0 stretching [50]. Furthermore, various aliphatic
C-H vibrational bands were observed in the range of 1227-1473 cm™!
and 825-980 cm’l, while C-O vibration bands were recorded at 1181,
1129, and 1055 cm ! [25,33]. Fibers with HA addition had distinct
peaks at 569 and 602 cm ™! related to P-O stretching [25]. In the spectra
of sample PHBV+TiO,, we observed a broad absorption band between
500 and 800 cm ' associated with the presence of TiO, particles and
indicated as Ti-O and Ti-O-Ti bridging stretching [51]. For sample
PHBV+HA+TiO, containing both types of particles, but in lower
quantities, as the particles in the PHBV solution had to be adjusted, the
peaks and regions characteristic for additives are also present at the
lower intensity level.

3.2. Mechanical properties

Tensile tests of electrospun PHBV scaffolds showed a relatively low
mechanical performance with the tensile strength of 82 kPA, see all the
stress-strain characteristics in Fig. 5. PHB polymers are brittle, and only
by copolymerizing the PHB homopolymer with the HV monomer, they
gain elasticity [52]. The weak mechanical performance of PHBV fibers
was even 50% reduced to the average stress of 41 kPA when TiOy
nanoparticles were added, see Table 1. The highest tensile stress was
obtained in the samples with the HA addition, reaching 215 kPa for
PHBV+HA and 244 kPA for PHBV+HA+TiO,.

PHBYV fibers break easily during the tensile tests at many locations
along the individual fiber. In Fig. 6 a, b, the fractured PHBV fibers show
a clear cross-section with almost sharp borders. The cracks and notches
are visible in many places on the fibers indicating a brittle characteristic
of PHBV. The addition of ceramic nanoparticles in all configurations
improved the ductility of scaffolds as the strain at failure was 3 times
higher for PHBV+HA-+TiO; and about 5 times higher for PHBV+HA and
PHBV+TiO, samples. Similarly, Kim et al. [17] observed the transition
of PMMA fibers from brittle structures to ductile by a well-controlled
electrospinning process and the formation of nanoporous morphology
on fiber surface.

The homogenous distribution of HA nanoparticles increased the
diameter of PHBYV fibers, followed by the improved mechanical perfor-
mance, by the significantly higher maximum tensile strength and elon-
gation, see Fig. 5. Next, in Fig. 6 ¢, we show a sausage-like structure with
the characteristic thickening of PHBV-+HA fibers at the places where the
breakage starts. It causes fibers’ elongation at the place where the crack
appears in the form of stretch marks, see Fig. 6 d. Here, the small ag-
gregates of HA nanoparticles acted as barriers in crack propagation. The
reinforcement of electrospun fibers has been studied previously,
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Fig. 3. SEM micrographs (SE) with marked points of chemical elements analysis and corresponding EDS spectrum: a, b) PHBV+HA; ¢, d) PHBV+TiOq; e, f,

) PHBV+HA+TiO,.

indicating that nanoparticles in low concentrations improve mechanical
properties. At the same time, agglomerations can weaken their me-
chanical performance by creating defect-like structures in fibers [21].
Another critical characteristic is nanoparticles distribution and the
interface between nanoparticles and polymer matrix that can provide
appropriate load transfer during tensile stretching. In blend electro-
spinning, when polymer solution contains a high particle concentration,
agglomerations often occur. These agglomerations depend on the
dispersion steps used in the preparation methods prior to fiber produc-
tion. Evidently, the dispersion of the nanoparticles in the polymer so-
lution affects their distribution in the produced fibers. The obtained

clusters of the nanoparticles within fiber are often local stress concen-
tration regions leading to the faster breakage of fibers, which is deteri-
orating mechanical properties of electrospun scaffolds [21,25]. The
strength of the binding between particles and polymer fibers also affects
the mechanical performance of the composite. In the case of blend
electrospinning particles are mainly surrounded by polymer and provide
improvement in load transfer [25]. In contrast, sputtered particles are
weakly integrated with fibers, often only decorating their surface and
can contribute to the decreased mechanical strength of the scaffold [35].
The other observed toughening mechanisms of electrospun fibers are
multiple necking and crazing visible on PHBV+HA fibers (Fig. 6 c),
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Fig. 5. Stress-strain curves of electrospun scaffolds: a) PHBV; b) PHBV+HA; c¢) PHBV-+TiOy; and d) PHBV+HA+TiO,.

Table 1
Mechanical properties of electrospun scaffolds calculated from all the
measurements.

Sample Tensile Strain at max  Strain at Toughness W
strength Stress €max failure &¢ [MJm 23]
o [kPa] [%] [%]
PHBV 82 +17 3.0+£0.8 23+ 3 0.75 + 0.15
PHBV+HA 215 + 28 142 £5.1 112 £ 15 12.17 + 19.50
PHBV+TiO, 41+6 4.7 + 3.8 127 £ 3 1.39 + 0.25
PHBV+HA+TiO, 244 + 62 11.3 + 2.6 73+ 16 8.58 + 0.62

contributing to energy absorption [53]. Interestingly, PHBV+TiOy
scaffolds were even weaker than solely PHBV polymer ones. The fiber
breakage often happened at large aggregates of TiO, nanoparticles, as
observed on the fibers shown in Fig. 6 e, f. The accumulation of TiO4
nanoparticles significantly decreased tensile strength of PHBV+TiOy
scaffolds. Here, the nanoparticle clusters worked as structural defects, as
a similar effect was observed for fibers with beads [16]. For the samples
with both types of nanoparticles (PHBV+HA+TiO») the tensile strength

was the highest. Here, we noticed several crack propagation mecha-
nisms with multiple necking and breaking points at high particles con-
centration regions (Fig. 6 g, h). These combinations of fibers
deformation, allowed to increase fracture resistance for hybrid PHBV
scaffolds. Among all tested samples the highest toughness was measured
for PHBV+HA, 12.17 MJm ™3, giving the 16 times increase in compari-
son to PHBV sample as indicated in Table 1.

Indeed, the mechanical properties of polymer composites depend on
the polydispersity of the reinforcement fractions [54]. However, in the
electrospun membranes, the interactions between fibers in random
orientation [55] and the adhesion between them [56] increase their
fracture toughness and cause stress delocalization in the network. The
failure mechanism depends on the strength of the individual fibers [57],
their size [58], the parameters used in electrospinning [18,59] and the
polymer solution composition. The fibers interaction, especially be-
tween fibers with the agglomerated nanoparticles, also created the
interlocking system, resulting in the network’s damage [37]. In many
natural and bioinspired polymeric materials, the mechanical properties
are the synergetic effect of stress dissipation by including stiffer rein-
forcement components in the composites [60,61].
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Fig. 6. SEM micrographs of fractured electrospun fibers after mechanical testing: a) PHBV (BSD, coated); b) PHBV (SE, coated); c) PHBV+HA (BSE, uncoated); d)
PHBV+HA (SE, coated); e) PHBV-+TiO, (BSE, uncoated); f) PHBV+TiO; (SE, coated); g) PHBV+HA+TiO, (BSE, uncoated); h) PHBV-+HA+TiO; (SE, coated).

Considering the differences in HA and TiO2 nanoparticles distribu-
tion, even the polymer-ceramic blends for electrospinning and the pro-
duction were similar. Interestingly, the zeta potential of the
nanoparticles varies. Zeta potential in pH 7.4 for HA nanoparticles
(same as solvents mixture used in this work) is approximately —20 mV
[40]. The relatively high negative potential for HA nanoparticles sug-
gests a low tendency to their aggregation. In contrast, TiO;

nanoparticles (anatase and rutile mixture, like in our study) are nearly
neutral for the same pH. Additionally, the relatively high polydispersity
index value contributes to increased nanoparticles aggregation [62].
This property indicates that the dispersion of nanoparticles depends not
only on the preparation method of composites and the sizes of nano-
particles but their surface properties, such as zeta potential.

The accumulation of nanoparticles reduces the interfacial
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interactions with the polymer matrix, thus weakening the interfacial
strength between them and decreasing the load transfer abilities of
produced composite fibers [21]. In fibrous composite, the interfaces are
essential to enhance mechanical performance [63]. The internal struc-
ture of polymer fibers, including core-shell structures, can be controlled
by the polymer and solvent selection in electrospinning [64]. The
core-shell systems are also used to reinforce individual fibers [19] and
all membranes [65]. The versatility of electrospinning gives a lot of
possibilities to create hybrid fibers often used as scaffolds for tissue
regeneration, which underlines the importance of understanding the
structure-properties and structure-function relationships for designing
biomaterials.

4. Conclusions

This work showed the importance of ceramic nanoparticles distri-
bution and aggregate size effect on the mechanical properties of PHBV-
based electrospun scaffolds. The rigid structure obtained in the
PHBV+HA sample due to small aggregates of nanoparticles homoge-
neously dispersed in the polymer fibers improved fracture toughness 16
times compared to unmodified PHBV fibers. While the addition of TiO2
in our system caused the deterioration of tensile strength by large par-
ticles aggregated working as local defect sides weakening fibers. Various
advanced imaging techniques were applied to analyses the nanoparticles
distribution in electrospun scaffolds and to understand the reinforce-
ment mechanism in electrospun fibers, which has many fundamental
implications in the tissue engineering. Importantly, we showed that
designing hybrid fibrous scaffolds with the primary goal of biological
activity of the structure resulting from ceramic filler we should consider
their effect on mechanical properties.
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