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Electrospun Fibers of Polyhydroxyalkanoate/Bacterial
Cellulose Blends and Their Role in Nerve Tissue Engineering
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Caroline S. Taylor, Stefano Linari, Serena Danti, and Ipsita Roy*

Multimaterial blends are crucial for developing scaffolds for tissue

engineering. In this study, novel blend electrospun nanofibers are created by

combining short-chain length polyhydroxyalkanoates (SCL-PHAs),

medium-chain length polyhydroxyalkanoates (MCL-PHAs), and bacterial

cellulose (BC) using the electrospinning technique. The resulting fibrous

materials are characterized for their thermal properties, morphology, and

cytocompatibility with NG108-15 neuronal cells. The fabricated blend

nanofibers demonstrate good cytocompatibility, as indicated by trends in cell

viability and neurite outgrowth in NG108-15 cells. Importantly, the inclusion

of BC in the blend significantly improves the thermal stability of the polymer

matrix, as confirmed by thermogravimetric analysis. This study introduces the

concept of environmentally friendly and multifunctional materials,

highlighting their potential for diverse applications in various scientific

disciplines and industries, particularly in the field of nerve tissue engineering.
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1. Introduction

Pursuing advanced materials that are sus-
tainable, widely biocompatible, and ex-
hibit enhanced physical properties has
been a challenge in contemporary mate-
rial science.[1] In this context, individual
biopolymers often exhibit unique, desirable
properties; however, their inherent limita-
tions can restrict their practical utility. In re-
sponse to these challenges, innovative ap-
proaches such as blending have emerged as
effective strategies for maximizing the full
potential of these materials.[2,3]

Biocompatible nanofibers have gained
significant attention as advanced materials
in tissue engineering due to their unique
properties. These materials offer poros-
ity, high surface area, material versatil-
ity, and morphological similarities to the

natural extracellular matrix, promoting cell attachment and pro-
liferation, gaseous (O2, CO2) exchange, and nutrient transport.

[4]

Moreover, electrospun nanofibers’ physical and chemical char-
acteristics can be tailored by incorporating other materials and
bioactive substances for specific biological responses.[4,5] This
makes the nanofibers particularly appealing for peripheral nerve
regeneration, where they are expected to serve as outer tube
materials or offer guidance for regenerating nerves as internal
structures[6] and for wound healing applications.[4] Electrospin-
ning is one of the established methods for producing fibers and
can result in the production of fibers with diameters ranging
from the nanometer to themicrometer scale.[4,7,8] Pressurized gy-
rospinning is another well-known technique that can lead to the
efficient production of fibers of varying diameters.[9,12]

A wide range of natural and synthetic polymers have been
electrospun for various applications, including tissue engineer-
ing, wound dressing, and drug delivery.[5,10,12–14] Polyhydrox-
yalkanoates (PHAs) are natural biopolymers that are polyesters
of hydroxyalkanoic acids.[11] They are synthesized and stored in
the cytoplasm of numerous prokaryotes as granules.[2,15] PHAs
are typically produced through the fermentation processes, of-
ten in nutrient-limiting conditions.[16] These biodegradable poly-
mers are polyesters containing various monomeric units. The
composition of these units in each instance is regulated by
the bacterial metabolic pool and the substrate specificity of the
PHA synthase enzyme.[17] PHAs are categorized based on the
number of carbon atoms in the monomeric unit, with short-
chain length (SCL) PHAs having three to five carbon atoms and
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medium-chain length (MCL) PHAs containing six to thirteen
carbon atoms in their monomeric units.[15] PHAs have gained
attention in various biomedical applications, particularly in tis-
sue engineering and the development of medical devices. SCL-
PHAs, like poly(hydroxybutyrate) P(3HB), are known for their
brittleness, stiffness, high crystallinity, low elongation at break,
and high melting temperatures, and they are considered suit-
able for hard tissue engineering.[18–20] In contrast, MCL-PHAs
are elastomeric, characterized by their high ductility, exhibiting
over 300% elongation at break, and low glass transition tempera-
ture (Tg) (≈−35 °C or below), which is attributed to its MCL-alkyl
side-chains and its copolymeric composition.[4,21] These proper-
ties render MCL-PHAs a well-suited choice for medical applica-
tions involving soft tissues or those in direct contact with the skin,
such as wound dressings.[17,22,23] PHAs offer a wide range of de-
sirable characteristics, including biocompatibility, excellent sur-
face biodegradability profiles, the ability to modify mechanical
properties to match specific tissue or organ properties, and cost-
effective production from readily available carbon sources.[17]

To mitigate the inherent brittleness of SCL-PHAs, several stud-
ies have blended them with specific amounts of MCL-PHAs.
This approach aims to decrease the brittle nature of SCL-PHAs
and render them better suited for various tissue engineering
applications.[23,24]

Bacterial cellulose (BC) is a remarkable biomaterial produced
by acetic acid-producing bacteria such as Gluconacetobacter xyli-
nus. It is characterized by nanofibrils that are about a hundred
times thinner than those found in plant cellulose.[25] Its high
surface-area-to-volume ratio grants BC superb absorbent prop-
erties. It forms a porous crystalline polymer network that can
transform into macrofibers, offering exceptional tensile strength
and stiffness.[25,26] BC is intrinsically pure, requiring no exten-
sive purification processes. It has diverse physical attributes, in-
cluding high mechanical strength, high water-holding capacity,
biocompatibility, nanostructure, and chemical stability, making
it valuable in various applications, including tissue engineering,
biomedicine, nanofluidics, wearable devices, functional foods,
cosmeceuticals, and biocomposites.[26,27]

Despite recent progress in BC research, tissue engineering
has yet to fully exploit the potential of BC as a material. Cer-
tain inherent drawbacks of BC, including irregular pore config-
uration and slow degradation or non-degradability, particularly
under physiological conditions, are limiting factors in most tis-
sue engineering applications. Therefore, significant attention has
been directed towardmodifying and fine-tuning the properties of
BC to alignwith specific application requirements. One approach
to achieve this is by reinforcing BC with other materials to create
BC blends and composites, whether by in situ or ex situ modi-
fications, where its intrinsic chemical, physical, and mechanical
properties can be altered.[3]

Numerous studies have explored PHAs or blends and compos-
ites of their short-chain-length and medium-chain-length forms
with various modifications, yielding electrospun fibers with en-
hanced physical and biological characteristics.[4,6,28–34] Similarly,
research has been carried out to investigate pure BC nanofibers
and their blends and composites with diversematerials.[35–39] No-
tably, the development of solution-based blends combining BC
and PHAs for the fabrication of nano- or microfibers remains an
unexplored innovation.

Hence, this study explored, for the first time, the novel ap-
proach of fabricating a blend material that combines BC and
polyhydroxyalkanoates, both renewable and sustainable biocom-
patible polymers, each with their unique properties. An in-depth
characterization of the materials was conducted to understand
the chemical structure, surface properties, thermal properties,
and finally the protein adsorption and cytocompatibility of the
blends with respect to NG108-15 neuronal cells. The results ob-
tained in this work, for the first time, indicate that the blends are
highly suitable for nerve tissue engineering and possibly highly
promising materials for other tissue engineering and controlled
drug release applications.

2. Results and Discussion

2.1. Surface Morphology of the Electrospun Fibers by Scanning
Electron Microscopy (SEM)

Electrospinning of BC resulted in the production of continuous,
bead-free nanofibers, with an average diameter of 0.46 ± 0.13
μm (Figure 1A,D). Similarly, electrospinning a homogeneous
solution of BC and PHA blend led to the formation of uni-
form nanofibers, with an average diameter of 0.74 ± 0.28 μm
(Figure 1B,E). In contrast, when the PHA blend was electrospun
alone, the resulting microfibers displayed a larger average diam-
eter of 2.28 ± 0.45 μm (Figure 1C,F).
The SEM characterization in our current study revealed dis-

tinct fiber configurations with varying diameters for each ma-
terial. This study differs from previous studies such as those
carried out by Lizarraga-Valderrama et al (2019),[6] by exploring
the potential use of these materials as the outer components of
nerve guidance conduits (NGCs). Their cytocompatibility would
be a significant advantage, and the porous fibrous network would
allow the efficient exchange of nutrients and gases within the
NGCmicroenvironment, thereby enhancing nerve regeneration.
Hence, rather than individual, separate, and aligned fibers, we fo-
cused on creating a continuous sheet of fibers.
As the fiber density increased, the elastomeric MCL PHA-

containing fibers tended to fuse during the rapid evaporation
of the highly volatile chloroform as shown in Figure 1C. This
fusion phenomenon was absent in the BC/PHA blend sample.
It remains uncertain whether the utilization of the ionic sol-
vent, 1-Butyl-3-methylimidazolium acetate (BMIMAc), instead
of chloroform caused the prevention of this fusion, or if the
chemical interaction between the polymers and other factors,
such as physical proximity between the fibers, or solution con-
centration, contributed to this phenomenon. It is worth noting
that a similar issue was reported by Kalaoglu-Altan et al. (2021)
in their electrospinning of P(3HO-co-3HD), an MCL-PHA and
P(3HB). In the same studies, the authors reported suboptimal
results when employing ether-based solvents, leading to unfa-
vorable outcomes with low-quality fiber depositions marked by
wet and fused nanofibers and reduced porosity. Conversely, using
fast-evaporating solvents like chloroform and dichloromethane
produced a more porous nanofibrous membrane, although the
fibers retained their fused state. The authors emphasized the
importance of attaining an appropriate polymer concentration
to prevent post-deposition fiber fusion induced by residual sol-
vents. Careful consideration of the SCL/MCL-PHA ratio is es-
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Figure 1. SEM images A) BC, B) BC/PHAs, and C) PHAs showing the morphology of the continuous electrospun fibers. Graph presenting the frequency
distribution of fiber diameters observed in D) BC, E) BC/PHAs, and F) PHAs. Scale bar: 20 μm.

sential when electrospinning using the high evaporating sol-
vent system. An excessive amount of SCL-PHA can result in
the generation of brittle fibers and loss of elasticity, while an ex-
cess of MCL-PHA can lead to fibers fusion, especially in thicker
membranes.[4]

The limited solubility of cellulose in both water and typical or-
ganic solvents poses a significant challenge for its application in
electrospinning due to strongmolecular stabilization through hy-
drogen bonds, electrostatic, and hydrophobic interactions within
the fibrils.[36,40] However, several studies have explored the use
of solvent systems containing ionic liquids to dissolve cellulose,
such as N-methylmorpholine-N-oxide (NMMO), tetra(n-butyl)
ammonium hydroxide (TBAH)/Dimethyl sulfoxide (DMSO),
lithium chloride (LiCl)/dimethylacetamide (DMAc), (lithium hy-
droxide (LiOH)/urea, sodium hydroxide (NaOH)/urea, and 1-
butyl-3-methylimidazolium formate (BMIMFmO).[36,72–76] It has
also been well-documented that the modification of cellulose
derivatives significantly enhances their solubility in common
solvent systems. For instance, cellulose acetate, widely used
in electrospinning, can be dissolved in solvents like acetic
acid, acetone/DMAc, or acetone/DMF/water. High molecu-
lar weight hydroxypropyl methylcellulose resulted in homo-
geneous solutions in ethanol within the 1–6 w/w% concen-
tration range. Consequently, the functionalization of cellulose
plays a crucial role in the formulation of solutions suitable for
electrospinning.[36,41–44]

Chloroformwas used to dissolve neat PHAs, while a single sol-
vent system (BMIMAc/DMSO) in a ratio of 1:3, respectively, was
employed for both neat BC and BC PHA blends. This method
was essential for achieving optimal fiber formation for each ma-

terial, as chloroform is well-established for dissolving PHAs,[45,46]

while BMIMAc/DMSO proved to be an effective solvent for BC.
Although this choice of solventsmay influence fibermorphology,
the focus was on characterizing material composition, which is a
key factor in cell interactions. The successful production of uni-
form sheets across all compositions indicates that the choice of
solvent did not compromise scaffold’s biocompatibility. Future
research may explore solvent optimization for specific fiber mor-
phology or enhanced structural control.
Unlike many DMSO-based systems that use co-solvents like

tetrahydrofuran (THF) and dimethylformamide (DMF), where
lowmiscibility with DMSO in certain polymer solutions can lead
to phase separation and result in networked or bead-like fiber
morphologies,[7] the DMSO/BMIMAc combination used in this
study facilitated the formation of well-defined nanofibers. BMI-
MAc, an ionic liquid, enhances the solubility and uniformity
of solutions containing cellulose and other polymers that are
difficult to dissolve in common solvents.[47] This enhancement
could be attributed to its ability to disrupt polymer chain interac-
tions, particularly hydrogen bonding in polymers like BC, which
rely heavily on these interactions for structural cohesion.[47,48]

Consequently, BMIMAc promotes a more uniform polymer dis-
tribution, contributing to the stability of the electrospinning
jet and minimizing bead formation and the development of
network structures. Xu et al. (2008) demonstrated that incor-
porating DMSO into the 1-allyl-3-methylimidazolium chloride
(AMIMCl) during the electrospinning of cellulose resulted in
a significant reduction in solution viscosity, surface tension,
and polymer network entanglement, alongside an increase in
conductivity.[49] This combination fostered the formation of a sta-
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ble electrospinning jet.[49] Given the structural similarities be-
tween AMIMCl and 1-butyl-3-methylimidazolium acetate (BMI-
MAc) as imidazolium-based ionic liquids, it is likely that the
DMSO co-solvent used in our BMIMAc system produced com-
parable effects. These modifications in solution characteristics
likely facilitated the controlled formation of fibers, thereby min-
imizing defects and enhancing fiber uniformity. Additionally,
BMIMAc influences the rheological properties of the solution by
modifying viscosity and surface tension, both critical factors for
stable jet formation and fiber drawing.[48]

In the electrospinning process, the distance between the nee-
dle and the collector is a critical parameter, affecting themorphol-
ogy, diameter, and uniformity of the produced nanofibers.[50,51]

Generally, increasing this distance results in a reduction of fiber
diameter due to the longer time available for solvent evapora-
tion and the increased stretching of the polymer jet.[50,51] In con-
trast, shorter distances typically produce thicker fibers because
insufficient solvent evaporation occurs before the fibers reach the
collector.[50]

Moreover, the needle-to-collector distance influences the in-
stability of the electrospinning jet, often referred to as “whip-
ping,” which plays a significant role in the uniformity of fiber
diameter. At greater distances, the extended time for electro-
static interactions—such as electrostatic repulsion within the jet
and attraction to the collector—enhances fiber alignment and
promotes a more ordered nanofiber structure.[50,52] This align-
ment is particularly important for applications such as fabricat-
ing NGCs, where controlled fiber orientation provides essen-
tial cues for nerve regeneration. Conversely, shorter distances
can lead to increased variability in fiber diameter and less or-
dered fiber orientation.[50] Additionally, the use of fast rotating
mandrels can further facilitate the production of highly aligned
nanofiber structures.[52]

2.2. Characterization of Electrospun Fibers using Atomic Force
Microscopy

The evaluation of the electrospun fibers using Atomic Force Mi-
croscopy provided an understanding of their topography, sur-
face roughness, and adhesion characteristics (Figure 2). Surface
roughness, denoted by parameters average roughness (Ra) and
Root mean square roughness (Rq), revealed variations between
the samples. This analysis provides valuable insights into the
nanoscale properties of these polymers, crucial for cellular inter-
actions.
BC fiber surfaces exhibited the lowest surface roughness (Ra

= 3.27 nm, Rq = 4.82 nm), confirming their smooth surface char-
acteristics seen in SEM. The BC/PHA blend exhibited interme-
diate roughness (Ra = 10.6 nm, Rq = 14.2 nm,). As expected, the
PHA blend had the highest roughness (Ra = 64.4 nm, Rq = 79.7
nm), likely due to the presence of hydrophobic regions within the
MCL-PHAs.
Additionally, the study investigated the adhesion forces be-

tween the samples and the hydrophobic AFM tip. BC had the
lowest adhesion (average force = 3.3 nN), indicating moderate
adhesive properties with a small spread in the data. The BC/PHA
blend displayed intermediate adhesion (average force= 12.2 nN),
suggesting a stronger interaction with the AFM tip. Critically it

was clear that the data was so much spread most likely due to the
immiscible blend of SCL andMCL PHAs combined with BC and
indicated potential regions of phase separation. The PHA blend
showed the highest adhesion (average force = 30.5 nN), indicat-
ing the strongest adhesive characteristics. The adhesion charac-
teristics provide insights into the hydrophobic and hydrophilic
nature of the polymer surface, with stronger adhesion to the AFM
tip generally indicating greater hydrophobicity in that region.[53]

It is important to note, however, that stronger adhesion to the
AFM tip does not directly correlate with reduced cell attach-
ment, as such a conclusion would require measurements using a
cell-attached AFM tip. Nonetheless, when considered alongside
surface roughness data, the adhesion behavior appears to offer
strong indicative trends.
The higher surface roughness together with adhesive proper-

ties might enable better cell attachment.[53,54] These results cor-
relate to the smooth surface and low adhesion of cells observed
in the highly hydrophilic BC sample.[3] The BC/PHA blend, with
increased roughness due to PHA presence most likely due to the
SCL content, exhibited proportionally enhanced adhesion com-
pared to the BC-only sample.

2.3. Differential Scanning Calorimetry (DSC)

DSC analysis was conducted to explore the thermal behavior of
the polymeric fibers. In the PHA blend sample (50:50 (w/w %)
P(3HB)/MCL-PHAs blend), two distinct melting temperatures
(Tm) were observed at 49.35 °C (Tm1) and 165.39 °C (Tm2) at-
tributed to the presence of the two distinct components, MCL
PHAs and P(3HB), respectively. The small endothermic peak
observed at 49.35 °C (Tm1) suggests a complex interaction be-
tween the two polymers. According to the literature, this peak
may indicate the presence of a rigid amorphous fraction (RAF) in
the P(3HB) component,[55] although the melting behavior of the
MCL-PHA component is more likely to be the main contributor
due to its significant proportion (50 w%). MCL-PHAs typically
have a melting temperature of around 50 °C.[56] However, the
presence of P(3HB), which exhibits distinct crystallization behav-
ior (Tc of ≈50 °C upward),[55] could influence the crystallization
of MCL-PHA. This interaction could result in less perfect crys-
tallites or a change in the overall crystallinity of the MCL-PHA
component, leading to a smaller and potentially broader melting
peak. At Tm2, representing the melting temperature of P(3HB),
two distinct crystalline phases were observed in the sample, each
displaying itsmelting temperature, as depicted in Figure 4, hence
the presence of two peaks. The BC sample, on the other hand, ex-
hibited an endothermic peak at 97.06 °C. Although George et al.
(2005) have associated endothermic peaks occurring at (≈120 °C)
with the crystalline melting temperature of cellulose, and a glass
transition around 13.94 °C,[58] the peak observed in this study, at
≈100 °C, ismore likely to be attributed to the evaporation of water
trapped within the BC structure. This phenomenon is commonly
observed in cellulosic materials, and the relatively low thermal
event further supports this interpretation.[57] However, the peak
observed at 17.33°C possibly represents the glass transition tem-
perature (Tg) of BC.

[58,59]

Finally, the BC/PHA blend exhibited a broad endothermic
peak at ≈97.06 °C during DSC analysis. This peak is consis-
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Figure 2. A) Representative Atomic Force Microscopy surface topography micrographs including 3D renderings and adhesion maps. B) Adhesion
distribution histograms for Pure PHA (blend), PHA (blend)/BC, and Pure BC fibers samples, the adhesion indicates the adhesion properties of the
hydrophobic AFM tip to the polymer surface.
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Figure 3. Thermal properties of the electrospun fibers a) Blend PHAs b) BC/PHA, and c) BC obtained under − 70 °C and 200 °C heating conditions at
a rate of 20 °C min−1.

tent with the observed water evaporation peak in pure BC. The
absence of a specific Tm for the PHAs within the blend indi-
cates the possibility of interactions between BC and the PHAs.
These interactions may obscure the individual Tm of the PHA
components, as illustrated in Figure 3. Moreover, the DSC ther-
mogram of the BC/PHA blend displayed several small peaks
near 0 °C, which were not present in the pure polymers. These
peaks may arise from the formation of new localized environ-
ments or phases due to interactions between BC, PHB, and
MCL-PHA. These components may undergo thermal transitions
near 0 °C. The broad peak observed around 170.22 °C likely
signifies a distinct melting behavior that differs from the be-
havior of the individual polymers. The broadness of this peak
suggests a range of crystallite sizes and degrees of crystallinity
within the blend, which may be influenced by BC’s effect on
PHA crystallization. Alternatively, this peak may be attributed
to interactions or cross-linking between the components dur-
ing blending. These interactions could alter the thermal prop-

erties of the blend and result in a less well-defined melting
process.
Thermal analysis revealed endothermic peaks around 100 °C

for both BC and the BC/PHA blend. These peaks can be at-
tributed to the evaporation of water trapped within the BC ma-
trix. The amorphous MCL-PHA component of the blend showed
a melting temperature of ≈50 °C. In contrast, the highly crys-
talline P(3HB) demonstrated a distinct double-peak near 170 °C,
indicating the presence of well-defined crystalline domains and
suggesting an immiscible blend.

2.4. Thermogravimetric Analysis

Thermogravimetric analysis (see Figure 4) was also conducted to
assess the thermal stability and degradation characteristics of the
electrospun fibers. For BC, TGA revealed a characteristic thermal
profile, with a substantial proportion of its weight loss occurring
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Figure 4. TGA of the electrospun fibers weight % (left) and weight derivative % cycle (right). a) Blend PHAs b) BC/PHAs c) BC.

at≈360 °C, in line with the expected behavior of cellulose materi-
als. The PHA sample displayed a distinct thermal profile, featur-
ing a complete weight loss at 290 °C. In the case of the BC/PHA
blend, TGA revealed a deviation from the thermal characteristics
observed in the individual components. A distinct thermal degra-
dation was observed in one component of the blend at ≈231.13
°C, indicating a lower decomposition temperature compared to
the neat BC and PHA blends. Additionally, another component
of the BC/PHA blend exhibited degradation at 494.24 °C, which
is significantly higher than the corresponding temperature ob-
served in the neat polymers.
The thermal degradation behavior of the PHA blends analyzed

in this study was found to be lower than the decomposition tem-
peratures observed by Lukasiewicz et al., which were within the
range of 350–370 °C.[59] The results obtained show the unique
behavior of the blended sample, suggesting a strong interaction
between the BC and PHA components in the blend. Addition-
ally, George et al. (2005) reported a degradation temperature of
298.07 °C for native cellulose, while NaOH-treated BC demon-
strated enhanced thermal stability with a degradation tempera-
ture of 343.27 °C.[58]

2.5. Protein Adsorption by the Electrospun Fibers

The protein adsorption capacity of the electrospun fibers, namely
BC, BC/PHA, and PHAs was investigated (Figure 5). The
BC/PHA blend exhibited a slightly higher protein adsorption ca-
pacity (404 μg cm−2) than neat BC (396 μg cm−2) and PHA blends
(370 μg cm−2). However, these differences were not statistically
significant (p > 0.05), indicating comparable protein-binding
affinities across all three materials. While protein adsorption re-
mained similar, the BC/PHA blend demonstratedmarginally im-
proved cytocompatibility, suggesting that blending BC with PHA
modulates surface characteristics influencing cellular interac-

tions. As has been previously shown, cell adhesion is strongly de-
pendent on the presence of specific protein-binding sites.[60] The
observed improvement in cell adhesion likely results from the
interplay between BC’s hydrophilic nature and PHA’s hydropho-
bic domains, creating a chemically diverse interface with tailored
surface roughness that promotes better integrin-mediated cell at-
tachment. These findings suggest that the BC/PHA blend pro-
vides a more favorable substrate for cell adhesion, potentially en-
hancing overall biocompatibility.

Figure 5. Protein adsorption assay. The graph shows the results of protein
adsorption studies on the electrospun fibers, i.e., BC, the blend of BC and
polyhydroxyalkanoates and the polyhydroxyalkanoate blend.
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Figure 6. Cell viability (Resazurin fluorescence) of NG108-15 neuronal
cells cultured on individual electrospun fiber substrates and TCP. Cell via-
bility was determined at 1, 3, and 7 days. A two-way ANOVA with Tukey’s
multiple comparison tests was used to analyse the data (mean ± SD, n =

3 independent experiments *p< 0.05, **p< 0.01, ***p< 0.001 and ****p
< 0.001).

2.6. Metabolic Activity of NG108-15 Cells on the Electrospun
Fibers

The Resazurin assay was conducted to assess the metabolic
activity of cells on the different electrospun fibers over seven
days (Figure 6). The fluorescence measurements and their
corresponding standard deviations provide insights into cel-
lular metabolic responses: On Day 1, BC exhibited a higher
metabolic activity (1427.11 ± 522.6) as compared to PHAs
(1 167.33 ± 156.82) and was slightly lower than the TCP control
(1 507.22 ± 186.3). Remarkably, BC/PHA exhibited the highest
metabolic activity among the materials on Day 1, exhibiting a
fluorescence measurement of 2 604.0 ± 583.76, which demon-
strated a low, yet statistically significant difference compared
to the PHA sample. As the experiment progressed to day 3,
BC (2 433.22 ± 1 003.34) displayed slightly higher metabolic
activity compared to the PHA blend (2 377.9 ± 323.61) and
the TCP control (2 397.22 ± 539.44), while BC/PHA (2 792.56
± 385.84) continued to demonstrate the highest metabolic
activity among the materials. By Day 7, BC (2 717.67 ± 418.27)
showed the highest metabolic activity among the materi-
als, followed by the TCP control (1 995 ± 171.98), BC/PHA
blend (1 701.79 ± 167.24), and the PHA blend (1 777.78 ±

267.22). However, there was no statistical difference among the
samples.

2.7. Live/Dead Assessment of NG108-15 Neuronal Cells on
Electrospun Fibers

The Live/Dead assay was conducted to assess the cell viabil-
ity on different electrospun fibers after a seven-day culture pe-
riod (Figure 7). The cell populations, represented by live cells,
are summarized as follows, with mean values and standard de-

viations: On Day 7, BC fibers demonstrated a cell population
of 117.78 ± 69.62 of live cells, while bacterial BC/PHAs fibers
supported 143.1 ± 24.62 live cells. The PHA blend fibers sup-
ported 90.56 ± 16.41 live cells, and the TCP control supported
209 ± 26.55 live cells.

2.8. Assessment of Neurite Outgrowth of NG108-15 Neuronal
Cells on the Electrospun Fibers

In the assessment of neurite outgrowth, the electrospun fibers
displayed varying average neurite lengths, as shown in (Figure
8A–D). The BC fiber substrate exhibited an average neurite
length of 182± 12.93 μm. BC/PHA displayed a slightly longer av-
erage neurite length of 187.9 ± 4.35 μm, the PHA blends showed
a slightly shorter average neurite length of 162.57 ± 13.07 μm
(Figure 8E). The Tissue Culture Plastic (TCP) control had an aver-
age neurite length of 152.74 ± 33.9 μm. Comparatively, BC/PHA
exhibited the longest average neurite length among the electro-
spun fibers, while PHA blend, and TCP displayed slightly shorter
average neurite lengths. Furthermore, assessing the maximum
neurite lengths, the electrospun fibers exhibited varying capabil-
ities: BC supported a maximum neurite length of 254.63 ± 31.92
μmandBC/PHAblend demonstrated the longestmaximumneu-
rite length of 273.3± 36.21 μm. The PHA blend displayed amaxi-
mumneurite length of 250.65± 29.8 μm. The TCP control exhib-
ited a maximum neurite length of 207.58 ± 41.4 μm (Figure 8F).
BC is valued for its exceptional mechanical properties and in-

herent biocompatibility, which guided the decision to blend it
with PHAs. Its nanofibrillar architecture closely resembles the
extracellular matrix of native tissues, creating a favorable envi-
ronment for cell attachment, proliferation, and neurite exten-
sion, qualities essential for tissue regeneration.[27,28,71] The com-
bination of this nanofibrillar structure and hydrophilic nature
may enhance protein adsorption and cell adhesion. Blending BC
with hydrophobic PHAs results in a tunable material with con-
trolled degradation and mechanical flexibility, making it suitable
for neural applications. The thermal stability provided by BC, as
demonstrated in this study, is crucial for maintaining material
integrity during processing and sterilization, both of which are
vital for biomedical applications. Additionally, its high water ab-
sorbency supports nutrient diffusion and cellular viability within
nerve regeneration scaffolds, creating an optimal microenviron-
ment for Schwann cell survival and axonal growth, factors that
promote successful nerve repair.[61]

For biological activity, in our current investigations, the
BC/PHA sample displayed the highest cell metabolic activity un-
til day 3 of cell culturing. However, by day 7, the pure BC sam-
ple showed slightly higher metabolic activity, although this dif-
ference was not statistically significant. This variation could be
attributed to potential over-proliferation leading to reduced cellu-
lar activity in the BC/PHA sample, as evidenced by the Live/Dead
analysis. The BC/PHA blend also resulted in the longest average
and maximum neurite length, implying its ability to support ex-
tensive neural cell development. In summary, our cytocompati-
bility assessment, which included evaluations of cell metabolic
activity, cell viability, and neurite extensions, demonstrated that
the BC and PHA blend exhibited superior cytocompatibility, sug-
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Figure 7. Confocal micrographs of NG108-15 neuronal cells cultured on A) BC fibers, B) BC/PHA fibers, C) PHA blend fibers, and D) TCP. E) Graph
showing the cell populations that were alive on the fiber substrates on Day 7 of cell culture. Scale bar = 100 μm.

gesting that the BC/PHA blend provides a more conducive envi-
ronment for robust neural cell interactions and activity.
While we did not directly measure tensile strength in this

study, BC is recognized for enhancing the mechanical proper-
ties of polymer matrices. The successful electrospinning of the

BC/PHA blend into uniform nanofibrous scaffolds that incor-
porated the unique features of both polymers may indicate im-
proved structural integrity and compliance; it is also possible that
the electrospinning process itself further enhanced the blend’s
mechanical properties. Our primary focus in this study was to

Macromol. Mater. Eng. 2025, e00074 e00074 (9 of 14) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Confocal microscopy images of NG108-15 neuronal cells immunolabeled using 𝛽 III tubulin (red) and cell nuclei (blue). Cells were stained
after 7 days in culture on A) BC fibers, B) BC/PHA fibers, C) PHA fibers, and D) TCP. E) Graph showing the maximum neurite length achieved by the
individual samples. F) Graph showing the average neurite length achieved by the individual samples. Scale bar = 100 μm.
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establish the material’s biological compatibility and viability as
a scaffold. In addition to these, given BC’s limited degradation
in vivo, blending it with biodegradable PHAs may enable con-
trolled resorption. The degradation of PHAs can break down the
BC network, facilitating its eventual clearance. Future research
will, therefore, investigate methods to modify BC, such as oxi-
dation and cellulase pretreatment, to enhance its degradation in
vivo and study direct mechanical testing to quantify these im-
provements.

3. Conclusions

In conclusion, this study highlights the potential of blends com-
posed of BC and PHAs for applications in nerve tissue engi-
neering. This study successfully produced uniform and bead-
free nanofibers from pure BC and a BC/PHA blend using elec-
trospinning. The fiber diameters varied with composition: BC
yielded the thinnest nanofibers (≈0.46 μm), followed by the
BC/PHA blend (≈0.74 μm), and neat PHAs generated the thick-
est microfibers (≈2.28 μm). Also, morphological studies have
shown a distinct pattern in surface roughness. BC exhibited
the smoothest surface, PHA had the roughest surface, and the
BC/PHA blend displayed intermediate roughness. This obser-
vation aligned with the adhesion forces, which increased with
surface roughness, likely due to hydrophobic interactions. Ther-
mal analysis indicates that BC fibers possess excellent thermal
stability, with degradation primarily occurring around 360 °C,
which is consistent with the behavior of cellulose. PHA dis-
played complete weight loss at 290 °C. Interestingly, the BC/PHA
blend exhibited altered thermal degradation behavior compared
to its components, showing distinct degradation stages at 230 and
490°C. This suggests potential interactions between BC and PHA
within the blend that influence their thermal stability. Our find-
ings indicate that BC/PHA blends show a trend toward improved
cell viability and neurite outgrowth in NG108-15 neuronal cells,
suggesting potential advantages over neat BC and PHA for nerve
repair applications, thus warranting further investigation. In ad-
dition to tissue engineering, BC/PHA blends have the potential
for broader applications, such as drug delivery and various bulk
applications. They offer a compelling alternative to existingmate-
rials by effectively combining the advantageous characteristics of
two natural materials. This study emphasizes the importance of
exploring novelmaterial combinations and the crucial role of nat-
ural materials in advancing the fields of regenerative medicine
and biomedical engineering. Future research will focus on in-
vestigating the capabilities of these materials in producing 3D
nerve guidance scaffolds and conducting in vivo studies to eval-
uate their full clinical potential.

4. Experimental Section

Materials: Both BC and PHAs were synthesized using the methods
described in the references[62] for BC,[63] for medium chain length PHAs
(MCL-PHAs), and[64] for short chain length PHAs (SCL-PHAs) or P(3HB),
in the laboratory of Professor Ipsita Roy at the University of Sheffield,
United Kingdom. The two types of PHAs were used to create a blend of
equal parts: MCL and SCL- PHAs, i.e., a 50:50 w% blend.

Fabrication of Electrospun Fibers: Electrospun fibers were produced us-
ing three different conditions for comparative analysis: pure BC, a blend

of Short-Chain-Length and Medium-Chain-Length Polyhydroxyalkanoates,
and a solution of BC and the blended PHA. The electrospinning solu-
tions were prepared and optimized as follows: for BC, a method described
previously[65–67] was followed. A 3 w% BC solution was created by dis-
solving BC in 1:3 proportions of 1-Butyl-3-methylimidazolium acetate and
Dimethyl Sulfoxide and electrospun under specific conditions (Table 1).
For PHAs, a 10 w% PHA solution was made by dissolving equal amounts
of SCL and MCL-PHA in chloroform and electrospun. Last, a blend solu-
tion containing 2 w% BC, 2 w% SCL-PHA, and 2 w% MCL-PHA (6 w%
in total) was formulated, employing 1:3 proportions of BMIMAc/ DMSO
and electrospun under specific conditions. SEM was used to analyze the
morphology and diameter of the electrospun fibers for each condition.

Fibers Morphological Characterization by SEM: To assess the morphol-
ogy of the electrospun fibers, samples were examined via SEM. Prior to
SEM, the fibers were prepared and affixed to SEM stubs. A 20 nm gold
layer was sputter-coated onto the fibers’ surfaces to optimize surface con-
ductivity and mitigate sample charging during imaging. High-resolution
SEM analysis was conducted using an FEI Inspect F scanning electron mi-
croscope, which examined the fibers’ microstructure. The resulting SEM
images were visually inspected, and fiber diameters were analyzed using
ImageJ (Version 1.54f; NIH, USA). For each group, 70 to 100 fibers were
measured to assess variation.

Fibers Topology Characterization by Atomic Force Microscopy (AFM):
In tapping mode, surface roughness analysis of electrospun fibers was
conducted using Atomic Force Microscopy (AFM). The study utilized
SCANASYST-AIR probes on a Bruker Dimension Icon AFM, with the elec-
trospun fibers placed on cover glass affixed to a magnetic AFM support.
Characterization, including surface roughness (Rq, Ra), adhesion maps,
and bearing analysis, was performed using Bruker’s NanoScope Analy-
sis software (Version 2.0). The study aimed to assess the electrospun
fibers samples’ adhesive properties using the SCANASYST-AIR probes.
This AFM analysis, in conjunction with Bruker’s advanced software, pro-
vided detailed insights into the microstructure and adhesive behavior of
the electrospun fibers.

Thermal Characterization of the Polymers by DSC: The thermal char-
acteristics, including the glass transition temperature (Tg) and melting
temperature (Tm), of the electrospun fibers were examined through DSC,
employing a Perkin Elmer DSC4000 apparatus with Pyris software. The
analyses were performed in a nitrogen environment to prevent oxidation
and ensure precise thermal assessment. The samples underwent two heat-
ing and cooling cycles at 20 °C/min, covering a temperature range from
− 70 to 200 °C.

Fibers Thermal Stability and Decomposition Studies by Thermogravimetric
Analysis (TGA): The thermal stability and decomposition of the electro-
spun fibers were evaluated by thermogravimetric analysis (TGA) using a
Perkin Elmer Pyris 1 TGA instrument. The analysis was conducted within
a controlled nitrogen environment to safeguard against sample oxidation
and ensure the precision of thermal measurements. The samples were
heated at 10 °C/min, from 30 to 600 °C.

Protein Adsorption Assay: The protein adsorption assay aimed to quan-
titatively evaluate the total protein adsorption using undiluted fetal bovine
serum (FBS) onto the solvent-cast films, following a well-established
protocol.[12] Circular films, each covering an area of 4 mm2, were meticu-
lously arranged in a 24-well plate and immersed in 400 μL of undiluted FBS
at 37 °C for 24 h. Subsequently, the films underwent three washing cycles
using PBS andwere transferred to a fresh 24-well plate. In the next step, the
films were incubated in 1 mL of 2% (w/v) sodium dodecyl sulphate (SDS)
in PBS, with gentle shaking, at room temperature for 24 h. The quantifi-
cation of adsorbed proteins was conducted using the Bicinchoninic Acid
(BCA) assay, and absorbance readings were taken at 562 nm with a spec-
trophotometer (Bio-Tek ELx 800 absorbance microplate reader).

In Vitro Cell Culture with NG108-15 Neuronal Cells: Sheets of fibers,
each with ≈12 mm diameter, were securely affixed individually to 16 mm
cover glasses with a sealant (King British Aquarium), and each was placed
into an individual well of 12-well plates. To sterilize the samples, they were
submerged in 70% ethanol/water solution for 1 h, followed by a thorough
triple rinse, with each wash lasting 5 min and using sterilized PBS. The
samples were subsequently immersed in PBS and placed within a Class
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Table 1. Summary of electrospinning conditions.

Solution Concentration

[w/w %]

Flow rate

[mL0/h]

Rotor speed

[rpm]

Distance [cm] Voltage [kV]

BC 3 0.5 50 10 23

BC/PHA 6 1 50 10 18

PHAs 10 1 50 10 18

II safety cabinet overnight. This process ensured the complete removal of
any residual contaminants or solvents before introducing cells for seeding.

NG108-15 neuronal cells were sourced from frozen stocks and ex-
panded to passage 15 for use in this experiment. The cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1%
(w/v) penicillin/streptomycin, 10% (v/v) fetal calf serum, 0.5% (w/v) am-
photericin B, and 1% (w/v) glutamine. Incubation was maintained in a
humidified incubator at 37 °C with 5% CO2 when cells reached a conflu-
ence of 90% or more using a trypsin/EDTA solution. For the cell culture,
12-well plates containing 2 mL of DMEM were seeded with 15 000 cells
each and incubated at 37 °C as previously described. After 48 h of incuba-
tion, the culture medium in the wells was replaced with 1mL of serum-free
DMEM containing 1% (w/v) penicillin/streptomycin, 1% (w/v) glutamine,
and 0.5% (w/v) amphotericin B.

Cell Metabolic Activity Analysis: The resazurin assay, which measures
cellular metabolic activity, was employed to evaluate the viability of cells
cultured on the film samples at 1-, 3-, and 7 days post-seeding. For each
experiment, serum-free DMEM culture medium was aspirated from the
cultured samples and washed with PBS. Fresh DMEMmedium, combined
with the resazurin reagent (constituting 10% of the total mixed volume)
(Brand, city, country), was then added to the samples and incubated in
a light-protected, humidified environment at 37 °C with 5% CO2 for 4 h.
Following incubation, triplicate samples (n = 3) from each well plate were
transferred to a 96-well plate for analysis. The solution’s fluorescence was
measured at 450 nm using a fluorescence spectrophotometer (Brand, city,
country).

Cell Viability Analysis: The viability of cells after 6 days of cultivation
was evaluated using a previously described method.[68,69] Initially, the cul-
ture medium was replaced with fresh serum-free DMEM, which was sup-
plemented with 0.1% (w/v) Syto-9 (Invitrogen,) and 0.15% (w/v) propid-
ium iodide (Invitrogen). The cells were then incubated in a light-free, hu-
midified incubator at 37 °C with 5% CO2 for 30 min. Following incuba-
tion, the cell samples underwent a thorough triple wash with PBS. Subse-
quently, these samples were immersed in PBS for imaging. The imaging
process was conducted using a Nikon A1 laser scanning confocal micro-
scope (Nikon). The fluorescence of propidium iodide (𝜆ex = 536 nm/𝜆em
= 617 nm) was excited with a helium–neon laser, while Syto 9 fluorescence
(𝜆ex = 494 nm / 𝜆em = 515 nm) was induced by an argon-ion laser. This
experiment was carried out in triplicate for each sample type and repeated
three times to ensure consistency and reliability.

Evaluation of Neurite Sprouting: The assessment of neurite sprouting
in NG108-15 cells was carried out utilizing 𝛽III-tubulin as the primary anti-
body and Texas Red-conjugated anti-mouse IgG as the secondary antibody,
following established procedures.[70] The quantitative evaluation of neu-
ronal differentiation was based on two key parameters: neurite length and
themaximum neurite length. After a 6-day incubation, the culture medium
was removed, and the samples underwent a series of treatments. This in-
cluded fixation with 3.7% paraformaldehyde (w/v) (Sigma, United King-
dom) for 20 min, permeabilization with 1% Triton X-100 (v/v) (Fisher Sci-
entific, United Kingdom for 30–45 min, and a thorough triple wash with
PBS. A 30-min incubation with 3% bovine serum albumin (BSA) (w/w)
(Fisher Scientific, United Kingdom) was performed to minimize nonspe-
cific binding. Subsequently, the samples were exposed to a 48-h incubation
at 4 °C with mouse anti-𝛽III-tubulin antibody (Promega, USA) at a con-
centration of 0.2% in 1% BSA (w/w), followed by incubation with Texas
Red-conjugated anti-mouse IgG antibody at 0.4%, and staining with 4’,6-

diamidino-2-phenylindole dihydrochloride (DAPI) at 0.2% at room tem-
perature for 3 h. For imaging, a Nikon A1 laser scanning confocal micro-
scope was employed with laser excitation and emission sources for Texas
Red (𝜆ex = 589 nm / 𝜆em = 615 nm) and DAPI (𝜆ex = 358 nm / 𝜆em = 461
nm). Neurites within each visual field were manually traced using ImageJ
(Version 1.54f; NIH, USA) from the soma to the distal end of each neu-
rite. Only neurites that originated from the soma and had a clear endpoint
were included for analysis. The experiment was carried out in triplicate for
each type of sample and repeated three times.

Statistical Analysis: Data collected in this study underwent compre-
hensive analysis using GraphPad Prism software (GraphPad Software,
USA). A one-way analysis of variance (ANOVA) with a significance level
set at p < 0.05 was employed to assess the differences between datasets
and determine their statistical significance. Additionally, paired Student’s
t-tests were utilized as appropriate. It is essential to note that each exper-
iment was independently conducted thrice, and this is represented as n =
3 for statistical validity.
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