
Aligned Polyhydroxyalkanoate Blend Electrospun Fibers as
Intraluminal Guidance Scaffolds for Peripheral Nerve Repair
Caroline S. Taylor,* Mehri Behbehani, Adam Glen, Pooja Basnett, David A. Gregory,
Barbara B. Lukasiewicz, Rinat Nigmatullin, Frederik Claeyssens, Ipsita Roy, and John W. Haycock*

Cite This: ACS Biomater. Sci. Eng. 2023, 9, 1472−1485 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The use of nerve guidance conduits (NGCs) to treat
peripheral nerve injuries is a favorable approach to the current “gold
standard” of autografting. However, as simple hollow tubes, they lack
specific topographical and mechanical guidance cues present in nerve
grafts and therefore are not suitable for treating large gap injuries (30−
50 mm). The incorporation of intraluminal guidance scaffolds, such as
aligned fibers, has been shown to increase neuronal cell neurite
outgrowth and Schwann cell migration distances. A novel blend of
PHAs, P(3HO)/P(3HB) (50:50), was investigated for its potential as
an intraluminal aligned fiber guidance scaffold. Aligned fibers of 5 and
8 μm diameter were manufactured by electrospinning and charac-
terized using SEM. Fibers were investigated for their effect on neuronal
cell differentiation, Schwann cell phenotype, and cell viability in vitro.
Overall, P(3HO)/P(3HB) (50:50) fibers supported higher neuronal
and Schwann cell adhesion compared to PCL fibers. The 5 μm PHA blend fibers also supported significantly higher DRG neurite
outgrowth and Schwann cell migration distance using a 3D ex vivo nerve injury model.
KEYWORDS: electrospun fibers, nerve regeneration, peripheral nerves, polyhydroxyalkanoates, topographical guidance

■ INTRODUCTION
Peripheral nerve injuries (PNIs), commonly arising from
trauma incidents, cause long-term disability and affect patient
quality of life.1 Peripheral nerves have regeneration capabilities,
with a regeneration rate of up to 1 mm a day.2 However,
axonal damage is often too severe for successful regeneration
to occur, and surgical intervention is often required to restore
nerve functionality and sensation.3 Autografts are the current
“gold standard” for peripheral nerve repair (PNR) and are used
to bridge large injury gaps (20−50 mm).4 However, issues with
autograft use such as donor site morbidity and a lack of donor
nerve have led to the increased use of nerve guidance conduits
(NGCs).1 NGCs are entubulation devices with hollow tubular
designs that have clinical success bridging gaps of 10−30 mm.4
Although a favorable alternative to autografting, current NGCs
have limited success due to the type of biomaterial used,
simplistic design, and lack of guidance cues/surface top-
ography, which are present in nerve autografts.5 Therefore,
several approaches such as novel biomaterials to manufacture
NGCs, changing the conduit design by incorporating porosity
and channels, and addition of intraluminal guidance scaffolds
manufactured from electrospun fibers are currently being
explored.6

The addition of aligned electrospun fibers to the NGC
lumen is a novel approach for improving current nerve
guidance devices.7 Fibers are used to replace and/or support
the formation of the fibrin cable, the support structure for
Schwann cell proliferation and migration to the distal stump
following injury.4 Most recently, Frost et al. reported significant
nerve regeneration when using a fiber-filled nerve guidance
conduit compared to a hollow tube.8

When developing a fiber scaffold for nerve repair, one must
consider three important factors: fiber alignment, fiber
diameter, and choice of material for the scaffold. Previous
studies have shown that aligned fiber scaffolds increase
Schwann cell attachment, promote an elongated cell
morphology, and induce a more mature Schwann cell
phenotype compared to randomly orientated fiber scaffolds.9

By promoting a mature, myelinating Schwann cell phenotype,
aligned fiber scaffolds could increase nerve regeneration rate in

Received: August 15, 2022
Accepted: February 2, 2023
Published: February 27, 2023

Articlepubs.acs.org/journal/abseba

© 2023 The Authors. Published by
American Chemical Society

1472
https://doi.org/10.1021/acsbiomaterials.2c00964

ACS Biomater. Sci. Eng. 2023, 9, 1472−1485

D
ow

nl
oa

de
d 

vi
a 

90
.1

97
.1

64
.1

25
 o

n 
M

ar
ch

 1
6,

 2
02

3 
at

 0
9:

58
:1

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+S.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mehri+Behbehani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Glen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pooja+Basnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Gregory"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+B.+Lukasiewicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+B.+Lukasiewicz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rinat+Nigmatullin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frederik+Claeyssens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ipsita+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+W.+Haycock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.2c00964&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00964?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00964?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00964?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00964?fig=abs1&ref=pdf
https://pubs.acs.org/toc/abseba/9/3?ref=pdf
https://pubs.acs.org/toc/abseba/9/3?ref=pdf
https://pubs.acs.org/toc/abseba/9/3?ref=pdf
https://pubs.acs.org/toc/abseba/9/3?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


vivo.10 Aligned fiber scaffolds have also been shown to
significantly increase neurite outgrowth and Schwann cell
migration lengths from dorsal root ganglia (DRG)11 and
promote successful regeneration of axons across a 17 mm
nerve gap in vivo.12

Fiber diameter is another important consideration. Nano-
meter fiber scaffolds have been reported on using RT4-D6P2T
Schwann cells,13 C17.2 stem cells,14 and dorsal root ganglia.15

More recently, it has been shown that aligned fibers in the
micrometer range, compared to the nanometer range, are more
effective at promoting neurite outgrowth from neuronal cells
and DRGs in vitro.16,17 The biomaterial used to manufacture
both nerve guidance conduits and intraluminal scaffolds is also
important. Some natural materials have biological and
mechanical properties similar to native nerve tissue. However,
issues are evident with processing and batch-to-batch
variability.18 Synthetic materials can be readily processed by
a number of different manufacturing techniques, with
mechanical and degradation properties tailored. To date, a
limited range of polyester materials have been used that are
brittle and degrade slowly into acidic products.1

The use of polyhydroxyalkanoates (PHAs) can eliminate
concerns associated with current FDA-approved devices made
from synthetic polyesters. PHAs are a family of naturally
derived polyesters synthesized by bacterial fermentation.19 A
wide range of PHAs can be manufactured that give a broad
range of selectable biocompatible properties.20 PHAs are
reported to support cell adhesion and growth, are biodegrad-
able, have controllable surface erosion, have less acidity from
degradation products, have tunable mechanical properties, and
have already been researched thoroughly for nerve tissue
engineering investigations. Previously, Prabhakaran et al.
investigated poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) nanofibers for peripheral nerve repair, investigating
PC12 neuronal cell biocompatibility and neurite extension
lengths.21

Two PHAs of interest, poly(3-hydroxybutyrate) (P(3HB))
and poly(3-hydroxyoctanoate) (P(3HO)), have been inves-
tigated as NGC materials in PNR.22,23 However, it has been
reported that P(3HB) nerve guidance conduits, although
biocompatible, are often too brittle, whereas P(3HO) nerve
guidance conduits, although elastomeric in nature, require
surface treatment/modification to improve cellular adhesion
and neuroregeneration for long-term implantation.22,24 There-
fore, blending P(3HB) and P(3HO) together offers an
opportunity for the development of a biocompatible blend
with the desirable elastomeric properties. This approach has
been investigated for a range of tissue engineering
applications.20,25

We have previously fabricated and fully characterized blends
of P(3HO)/P(3HB) for nerve tissue engineering applications
in the form of solvent casted films. Films containing larger
quantities of P(3HB) in the blend, such as P(3HO)/P(3HB)
(25:75) and P(3HO)/P(3HB) (50:50), significantly sup-
ported NG108-15 neuronal cell viability and differentiation
compared to the P(3HO)/P(3HB) (75:25) blend.26 The
P(3HO)/P(3HB) (25:75) blend was further investigated for
its potential as an intraluminal guidance scaffold and was
fabricated into aligned micrometer fibers for peripheral nerve
repair.17 Although promising, the P(3HO)/P(3HB) (25:75)
blend has a significantly higher Young’s modulus than native
nerve tissue (143.40 ± 2.16 MPa compared to 0.5 MPa),
which could hinder optimum nerve regeneration in vivo.26,27

Therefore, we have further investigated the P(3HO)/P(3HB)
(50:50) blend for its potential as an intraluminal guidance
scaffold because of its previously reported excellent bio-
compatibility, ability to significantly support NG108-15
neuronal cell viability and differentiation, and lower Young’s
modulus of 21.83 ± 0.95 MPa.26 Our previous work
investigating the P(3HO)/P(3HB) (25:75) blend did not
investigate the effect of primary Schwann cell responses, such
as metabolic activity, viability, and phenotype, nor did it
investigate dorsal root ganglia (DRG) axon outgrowth or
Schwann cell migration lengths in a 3D system.16,26 Therefore,
we are the first to investigate PHA blend fibers for their
potential as intraluminal guidance scaffolds using a novel 3D ex
vivo nerve injury model using DRG explants.7

PHA fibers were manufactured by electrospinning, and
diameters of 5 and 8 μm chosen, as these diameters have
previously been shown to significantly promote NG108-15
neuronal cell neurite outgrowth, Schwann cell phenotype, cell
viability, and DRG neurite outgrowth with concomitant
Schwann cell migration compared to 1 μm PCL fibers,
which were also investigated in the study.4 Polymer fibers were
characterized by scanning electron microscopy for fiber
diameter, alignment, and density. The effect of material and
fiber diameter was investigated in vitro using NG108-15
neuronal cells and primary rat Schwann cells, investigating
neuronal cell differentiation, Schwann cell phenotype, and cell
viability. To assess the blend as a potential intraluminal
guidance scaffold, fibers were inserted into 3D printed nerve
guidance conduits and investigated using a novel 3D ex vivo
testing model, which has been carried out for the first time
with PHA fibers in this study.7

■ MATERIALS AND METHODS
Production and Characterization of PHAs. P(3HB) and

P(3HO) were produced via bacterial fermentation. P(3HB) was
produced by Bacillus cereus SPV using glucose as the sole carbon
source as per conditions described.28 P(3HO) was produced by
Pseudomonas mendocina CH50 using sodium octanoate as the carbon
source as detailed previously.29

Fabrication, Characterization, and Preparation of Aligned
Electrospun Fibers and Films. Aligned PHA blend and PCL fibers
were fabricated by electrospinning and characterized to confirm fiber
diameter, alignment, and fiber frequency.16 Electrospinning was
performed using a setup containing a grounded, 6 cm diameter,
rotating cylindrical collector (IKA, UK); a high-voltage power supply
(Genvolt, UK); and a 1 mL syringe with a 20G blunt needle,
containing the polymer solution, connected to a syringe pump (WPI,
USA). Fibers were collected on aluminum foil and analyzed for fiber
diameter, frequency, and alignment using an FEI Sirion field emission
gun scanning electron microscope and an electron beam with energy
of 20 kV.16 PCL fibers of 5 and 8 μm were fabricated as per the
conditions previously described.16 For cell culture, fiber mats were cut
into 20 × 20 mm squares, held in place with medical-grade 316
stainless steel rings (inner diameter = 13 mm, outer diameter = 24
mm), and sterilized with 70% ethanol in PBS prior to cell seeding.16

Films of both the PHA blend and PCL were prepared by spin coating
for water contact analysis and AFM analysis. One hundred fifty
microliters of 10 wt % polymer was dropped onto a 13 mm2 glass
coverslip. Samples were spun for 3000 rpm for 30 s at room
temperature using a spin coater. Samples were left to dry, and films
were peeled off coverslips for analysis.
Water Contact Angle. Water contact angle was measured with a

Krüss GmbH drop shape analyzer (DSA100) by placing 5 μL of
distilled water on the test surface. The contact angle of surfaces was
measured and calculated using the DSA100 software.
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Atomic Force Microscopy (AFM). AFM was performed in
tapping mode with SCANASYST-AIR probes under ambient
conditions on a Bruker Dimension Icon AFM. Films of PCL or
PHA blends were cast onto cover glasses and then stuck to a magnetic
AFM support. Different areas of the samples were then analyzed and
characterized in the Bruckers NanoScope Analysis software (Version
2.0). Data were further averaged by weight dependent on the surface
area measured to obtain accurate Rq (root mean squared roughness),
Ra (roughness average), and adhesion values (how adhesive the
polymer film is to the tip of the AFM cantilever).
Protein Adsorption Assay. A protein adsorption assay was

performed on fiber scaffolds to determine the amount of adsorbed
proteins from undiluted fetal bovine serum (FBS) as previously
described.20 Briefly, fiber scaffolds were cut into 10 × 10 mm squares
and incubated with 400 μL of undiluted fetal bovine serum (FBS) at
37 °C for 24 h. Samples were washed once with PBS, removed, and
placed into a new well plate. 1 mL of 2% sodium dodecyl sulfate
(SDS) in PBS was added to each scaffold for 24 h at room
temperature under shaking conditions. A bicinchoninic acid assay was
then performed to measure absorbance at 562 nn.20

NG108-15 Neuronal Cell Culture. NG108-15 (ECACC
88112303) neuronal cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum,
1% penicillin/streptomycin, 1% glutamine, and 0.5% amphotericin B
at 37 °C and 5% CO2 and used for experiments as passage 15. A total
of 30,000 NG108-15 neuronal cells were seeded onto fiber scaffolds
for 6 days, with the medium replaced with serum-free Dulbecco’s
modified Eagle’s medium (DMEM) after 2 days to induce neurite
outgrowth from neuronal cells.16

Isolation and Culture of Primary Schwann Cells. Primary
Schwann cells were isolated from adult male Wistar rat sciatic nerves
and cultured in specialized DMEM containing D-valine to inhibit
fibroblast growth up to passage 2 to confirm Schwann cell purity.30 A
total of 60,000 Schwann cells were seeded onto polymer samples in
DMEM containing 10% fetal calf serum, 0.01% forskolin (Sigma
Aldrich), 1% penicillin/streptomycin, 1% glutamine, and 0.5%
amphotericin B at 37 °C with 5% CO2 for 6 days, and the medium
was replaced after 3 days in culture.30

Metabolic Activity of NG108-15 Neuronal Cells and Primary
Schwann Cells. The metabolic activity of NG108-15 neuronal cells
and primary Schwann cells on scaffolds was measured using an MTT
(3,4,5-dimethylthiazol-2,5-diphenyl tetrazolium bromide) assay, as
previously described.31 Briefly, cells were seeded onto substrates, and
at each time point (24, 72, and 144 h), the culture medium was
removed and replaced with 1 mL of MTT (0.5 mg/mL) solution.
Samples were incubated for 1 h at room temperature, the MTT
solution was removed, and 600 μL of acidified isopropanol (5 μL of
HCl in 5 mL of isopropanol) was added.31 A BIO-TEK ELx 800
microplate reader was used to measure absorbance at 540 nm and
referenced at 630 nm.31

Live/Dead Analysis of NG108-15 Neuronal Cells and
Primary Schwann Cells. The number of live and dead cells per
sample and the cell viability were confirmed by a live/dead assay. A
serum-free culture medium containing 0.001% SYTO 9 (Invitrogen)
and 0.0015% propidium iodide (Invitrogen) was added to samples
and incubated at 37 °C and 5% CO2 for 30 min.16 An upright Zeiss
LSM 510 confocal microscope was used to visualize samples, with
three fields of view taken per sample and analyzed to calculate cell
numbers (live versus dead cells) and cell viability (live/dead cell ratio
as percentage).16 Cells were counted using an ITCN cell counter
plugin on the ImageJ NIH software.32

Ex Vivo 3D Cell Culture. The ability of the fibers to support
Schwann cell migration and neurite outgrowth distance from DRGs
was investigated using a 3D ex vivo fiber testing model.7 Briefly, nerve
guidance conduits were manufactured from polyethylene glycol
(PEG)�5 mm length, 1.1 mm diameter, and 250 μm wall
thickness�using microstereolithography as previously described.31
Six to seven thousand fibers were threaded into conduit lumens using
a sewing needle (20G). Conduits containing fibers were placed into
bespoke holders and placed in a metal grid in a six-well cell culture

plate. Dorsal root ganglia were isolated from male Wistar rat spinal
columns, and nerve roots were trimmed off and placed on top fibers
inside NGCs to attach for 15 min at 37 °C.7 Once attached, DRGs
were submerged with Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum, 1% penicillin/streptomycin,
1% glutamine, and 0.5% amphotericin B and cultured at 37 °C and
5% CO2 for 21 days.

7

Mechanical Testing of Fibers. Dry electrospun fiber samples,
approximately 6000−7000 fibers, were cut into 10 × 8 mm square
samples for testing in bundles as previously described.7 Fiber bundles
were positioned vertically and were clamped to a tensiometer (Bose
ElectroForce test instruments, Minnesota, USA) using a 405 N load
cell. The weight, density, and thickness of the fiber bundles were
recorded before testing to calculate the area and cross-sectional area.
An extension rate of 0.2 mm/s and a maximum extension of 8 mm
were used. The ultimate tensile strength (UTS) and Young’s modulus
(YM) were calculated for each fiber type and diameter.
Microcomputed Tomography (MicroCT) of Fibers in NGCs.

MicroCT was performed on a Skyscan 1272 (Bruker) as previously
described.33 The percentage volume occupancy of fibers threaded into
3D printed nerve guide conduits was determined by the following
equation:

= ×p
p

Volume occupancy(%)
density of fibers ( )
density of tube ( )

100
(1)

The mass of fiber bundles and tubes was taken prior to threading,
and the volume of fibers was calculated by quantifying microCT
micrographs using ImageJ.34

Immunolabeling of NG108-15 Neuronal Cells, Schwann
Cells, and Dorsal Root Ganglia. To visualize cell specific proteins,
cells and DRG explants were immunolabeled by fixing samples in 4%
(v/v) paraformaldehyde (for 20 min) and permeabilized with 0.1%
Triton X-100 (for 30 min). 3% bovine serum albumin (BSA) (for 30
min) was then added to block unreactive binding sites.16 NG108-15
neuronal cells, and neurites outgrown from DRG explants, were
labeled for βIII-tubulin (neurite marker) using a mouse anti-β III-
tubulin antibody (1:500 dilution in 1% BSA) (Promega, UK) and
incubated for 24 h at 4 ° C. After a wash in PBS, a Texas Red-
conjugated anti-mouse IgG antibody was added to samples (1:100
dilution in 1% BSA) (Vector Labs, USA) for 2 h at room
temperature.16 Primary Schwann cells in monoculture and co-culture
from DRG explants were labeled for S100β using a polyclonal rabbit
anti-S100β antibody (1:250 in 1% BSA) (Dako, Denmark) and
incubated at 4 °C for 24 h followed by a FITC-conjugated secondary
anti-rabbit IgG antibody (1:100 dilution in 1% BSA) (Vector Labs,
USA) for 2 h at room temperature. Nuclei of all cells were stained
with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma
Aldrich) (1:500 dilution in PBS) for 30 min at room temperature
prior to imaging samples using an upright Zeiss 510 confocal
microscope.16 In the ex vivo model, fibers were carefully removed
from PEG tubes and placed into cell culture well plates before
staining, washing, and imaging using an upright Zeiss LSM 510
confocal microscope.7

Neurite Outgrowth and Primary Schwann Cell Morphology
Assessment. Three different parameters were analyzed for neurite
outgrowth: percentage of neurite bearing cells, number of neurites per
neuron, and the average neurite length.16 Images were analyzed using
ImageJ (NIH), and neurites were traced using the Neuron J plugin
tracer software from the cell body to the neurite tip.35 The average
Schwann cell length and aspect ratio36 were calculated as previously
described using the ruler tool on NIH ImageJ.34

Statistical Analysis. GraphPad Instat (GraphPad Software, USA)
was used to perform statistical analysis. One-way analysis of variance
(ANOVA; p < 0.05) was conducted to analyze the differences
between data sets incorporating Tukey’s multiple-comparisons test if
p < 0.05. Two-way analysis of variance (p < 0.05) was conducted to
analyze the differences between data sets when assessing live/dead cell
numbers incorporating Sidak’s multiple-comparisons test if p < 0.05.
Data were reported as mean ± SD, p < 0.05. Each experiment was
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performed three independent times with each sample repeated three
times as n = 3.

■ RESULTS
Water Contact Angle of P(3HO)/P(3HB) and PCL

Films. Water contact analysis showed that the PHA blend
films had a significantly lower contact angle of 84.3 ± 1.6°
compared to the PCL films, which exhibited a water contact
angle of 104.9 ± 2.1°. This indicates that the PHA blend films
exhibit a more hydrophilic nature, whereas PCL is more
hydrophobic.
Adhesion and Surface Roughness Properties of

P(3HO)/P(3HB) and PCL Films Using Atomic Force
Microscopy. Representative AFM surface topography micro-
graphs and 3D rendered representations of P(3HO)/P(3HB)
(50:50) and pure PCL films revealed differences in topography
and surface roughness between the two materials. Micrographs
were quantified to calculate the typical root mean square (Rq)
and roughness average (Ra) values to determine the surface

roughness of the films. PHA blends exhibited a significantly
higher Rq value, 154.59 ± 62.61 nm, and Ra value, 125.93 ±
55.81 nm, compared to PCL films, which had an average Rq
value of 12.24 ± 2.92 nm and Ra value of 9.35 ± 2.48 nm
(Table 1). Areas of low and high adhesion are seen in
representative AFM adhesion maps (Figure 1A,B) of the PHA
blend, representative of the P(3HB) and the P(3HO), whereas
adhesion was consistent across the whole PCL surface.
Adhesion maps were quantified, confirming a significantly
higher adhesion number for PHA blends, 4.38 ± 0.54 nN,
compared to PCL films, 1.18 ± 0.18 nN, of a Bruker Silicon
Nitride ScanAsyst AFM tip to the sample (Table 2).
Representative histograms (Figure 1A,B) showing the adhesion
distribution across the adhesion maps indicated a larger range
of adhesion values in the PHA blend compared to PCL films
due to the immiscibility of P(3HO) and P(3HB) in the
polymer solution.
Protein Adsorption on P(3HO)/P(3HB) and PCL. The

total amount of protein adsorbed onto P(3HO)/P(3HB) and

Table 1. Values of Materials Quantified from AFM Surface Topography Micrographs

material Rq (nm) Ra (nm) adhesion (nN) overall surface area analyzed (μm2)
P(3HB)/P(3HO) (50:50) 154.59 ± 62.61 125.93 ± 55.81 4.38 ± 0.54 8.46
PCL 12.24 ± 2.92 9.35 ± 2.48 1.18 ± 0.18 2.75

Figure 1. Representative AFM surface topography micrographs, AFM adhesion maps, and 3D renderings and representative histograms showing
the adhesion distribution of (A) P(3HB)/P(3HO) (50:50) and (B) PCL films.

Table 2. Summary of Electrospinning Conditions Used to Manufacture Aligned Fibers

material
concentration
(w/v %) flow rate (mL/h)

voltage
(kV)

distance
(cm) speed of collector (rpm) diameter of fibers (μm ± SD)

P(3HO)/P(3HB) (50:50) 8 3 12.5 15 2000 4.97 ± 0.39
P(3HO)/P(3HB) (50:50) 8 3 12.5 10 2000 7.86 ± 0.49
PCL 10 4 15 20 2000 5.07 ± 0.96
PCL 20 6 18 20 2000 8.08 ± 0.43
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PCL was determined using a protein adsorption assay (Figure
2). P(3HO)/P(3HB) (50:50) had a significantly higher

amount of protein adsorption (450.05 ± 41.23 μg/cm2)
compared to the PCL (310.76 ± 61.34 μg/cm2). This indicates
that changes in surface roughness and increased hydrophilicity
from the PHA blend can increase protein adsorption.
Characterization of Aligned Fiber Scaffolds. Aligned

PCL and PHA blend fibers were fabricated by electrospinning;
conditions are summarized in Table 2. Fibers were imaged
using SEM, and micrographs (Figure 3A−D) were quantified
to determine fiber diameter, alignment, and density. Figure 3E
confirms the PHA blend fiber diameters as 4.97 ± 0.38 and
7.86 ± 0.49 μm. Fiber alignment was confirmed by
determining the angular variance between fibers and is
presented in a histogram (Figure 3F). For all groups, 73%
and above of all fibers were in the 0−2° group, with very few
fibers present in the 2−4 and 4−6° groups, and no fibers were
detected in the higher degree groups. The 8 μm fibers were
found to have a significantly higher fiber frequency compared
to the 5 μm fibers. Fiber frequencies for P(3HO)/P(3HB)
(50:50) 5 and 8 μm fibers and PCL 5 and 8 μm were 0.07 ±
0.01, 0.09 ± 0.01, 0.07 ± 0.01, and 0.10 ± 0.01 fibers/μm,
respectively.
NG108-15 Neuronal Cell Metabolic Activity on

Aligned Fibers with Varying Diameters. The metabolic
activity of NG108-15 neuronal cells cultured on fibers was
determined via an MTT assay (Figure 4). No significant
difference was detected on samples after 24 h in culture.
However, after 72 h, PHA blend fibers supported significantly
higher NG108-15 neuronal cell metabolic activity compared to
the PCL 8 μm fibers. After 144 h in the culture medium, both
the 5 and 8 μm PHA blend fibers supported significantly
higher NG108-15 neuronal cell metabolic activity compared to
both the 5 and 8 μm PCL fibers.
NG108-15 Neuronal Cell Viability on Aligned Fibers

with Varying Diameters. The effect of material chemistry
and fiber diameter on NG108-15 neuronal cell viability was
investigated. Confocal micrographs identified that neuronal
cells attached and aligned on the fibers (Figure 5A−D),
whereas cells adhered and proliferated in a random orientation
on tissue culture plastic (TCP) (Figure 5E). Very few dead
cells were observed on samples. Figure 5F shows that
significantly higher numbers of live cells were observed on

the P(3HO)/P(3HB) (50:50) 8 μm fibers (295 ± 87 cells)
and TCP control (323 ± 76 cells) as compared to the PCL 5
μm fibers (149 ± 42 cells). The number of live cells observed
on the PCL 8 μm fibers and P(3HO)/P(3HB) (50:50) 5 μm
fibers was 228 ± 58 and 262 ± 46 cells, respectively. With
regard to cell viability (Figure 5G), cell viabilities of >95%
were detected on all fiber conditions, and a cell viability of
90.38 ± 4.82% was detected on the TCP control as a result of
the increased numbers of dead cells. No significant differences
were identified between experimental groups.
NG108-15 Neuronal Cell Differentiation on Aligned

Fibers with Varying Diameters. NG108-15 neuronal cells
cultured on aligned fiber scaffolds were labeled for βIII-tubulin
and DAPI (to identify nuclei) to quantify neurite formation.
Neuronal cells adhered and aligned to the fiber scaffolds
(Figure 6A−D). Outgrowing neurites aligned to the fiber
scaffolds could also be visualized, whereas neurite outgrowth
was in a random orientation on TCP. Longer neurites could be
visualized on the PHA blend fibers compared to the PCL
fibers. The percentage of neuronal cells bearing neurites
(Figure 6F) for P(3HO)/P(3HB) (50:50) 5 and 8 μm fibers,
PCL 5 and 8 μm fibers, and the TCP control was 56.88 ± 6.91,
62.86 ± 6.79, 46.89 ± 7.80, 52.66 ± 9.37, and 69.29 ± 10.62%,
respectively. No significant differences were detected between
data sets. The TCP control had a significantly higher average
number of neurites per neuron from neuronal cell bodies (1.54
± 0.08, Figure 6G) compared to 5 μm PCL fibers (1.15 ±
0.17). However, no significant differences were detected
between the PHA and PCL materials and different fiber
diameters.
The average neurite length (Figure 6H) was determined for

each material and fiber diameter. Average neurite lengths on
P(3HO)/P(3HB) (50:50) 8 μm fibers (137.94 ± 17.35 μm)
were significantly longer than those observed on the P(3HO)/
P(3HB) (50:50) 5 μm fibers (91.48 ± 21.57 μm) and PCL 5
μm fibers (76.34 ± 14.03 μm). No significant difference was
detected between P(3HO)/P(3HB) (50:50) 8 μm fibers and
PCL 8 μm fibers.
Primary Schwann Cell Metabolic Activity on Aligned

Fibers with Varying Diameters. The metabolic activity of
rat primary Schwann cells cultured on fibers was determined
via an MTT assay (Figure 7). No significant difference was
detected on samples after 24 h in culture. However, after 72 h,
5 μm PHA blend fibers supported significantly higher NG108-
15 neuronal cell metabolic activity compared to PCL 5 μm
fibers. After 144 h in the culture medium, 5 μm PHA blend
fibers supported significantly higher rat primary Schwann cell
metabolic activity compared to both the 5 and 8 μm PCL
fibers and the 8 μm PHA blend fibers.
Primary Schwann Cell Viability on Different Material

Aligned Fibers with Varying Diameters. The electrospun
aligned fibers supported primary Schwann cell attachment, and
few dead cells were observed (Figure 8A−D). Schwann cells
adhered and aligned themselves to polymer fibers in an
elongated manner. The number of live Schwann cells attached
on P(3HO)/P(3HB) (50:50) 5 μm fibers (152 ± 17 cells) was
significantly higher than the number of live Schwann cells
attached to the PCL 5 and 8 μm fibers and the P(3HO)/
P(3HB) (50:50) 8 μm fibers (113 ± 16, 97 ± 25, and 102 ±
20 cells, respectively). No significant differences were detected
between the material type and fiber diameter when expressed
as cell viability percentage (Figure 8G). All conditions
supported >85% cell viability.

Figure 2. Protein adsorption of the P(3HO)/P(3HB) (50:50) blend
and PCL films (mean ± SD, n = 3 independent experiments; *p <
0.05).
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Primary Schwann Cell Culture on Different Material
Aligned Fibers with Varying Diameters. Any changes in
Schwann cell morphology when adhered to the polymer fibers
were determined by calculating the average Schwann cell
length and aspect ratio. Schwann cells stained positively for

S100β, adhered to fibers, and had an elongated bipolar
morphology, as seen in Figure 9A−D. Schwann cells expressed
a more squamous morphology on TCP (Figure 9E). The
average length of Schwann cells (Figure 9F) cultured on
P(3HO)/P(3HB) (50:50) 5 μm fibers (126.09 ± 21.05 μm)

Figure 3. Scanning electron micrographs of (A) P(3HO)/P(3HB) (50:50) 5 μm fibers, (B) P(3HO)/P(3HB) (50:50) 8 μm fibers, (C) PCL 5 μm
fibers, and (D) PCL 8 μm fibers (scale bar =100 μm). (E) Average diameter of polymer fiber data (mean ± SD, n = 3 independent experiments).
An average of 30 fibers was assessed for each fiber condition. (F) Histogram to show the angular variance of fibers and (G) fiber density of
electrospun mats (mean ± SD, n = 3 independent experiments; *p < 0.05 and ***p < 0.001). The number of fibers per micrometer was
determined by counting the number of fibers per 100 μm.
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was significantly higher than the average length of Schwann
cells cultured on PCL and P(3HO)/P(3HB) (50:50) 8 μm

fibers (72.78 ± 13.95 and 85.05 ± 4.87 μm, respectively). The
average length of Schwann cells cultured on 5 μm PCL fibers
and TCP surfaces was 103.25 ± 9.56 and 96.25 ± 21.05 μm.
The aspect ratio (Figure 9G) of Schwann cells cultured on 5
μm fibers (PHA blend and PCL fibers) was significantly higher
than the aspect ratio of cells cultured on their 8 μm
counterparts. The aspect ratio of Schwann cells cultured on
P(3HO)/P(3HB) (50:50) 5 μm fibers (14.65 ± 3.27 μm) was
significantly higher than the aspect ratio of cells cultured on
P(3HO)/P(3HB) (50:50) 8 μm fibers, PCL 8 μm fibers, and
the TCP control (7.64 ± 1.52, 6.72 ± 1.78, and 4.71 ± 1.34
μm, respectively).
Confirmation of Fiber Alignment and Volume

Occupancy of Polymer Fibers Threaded into 3D Printed
Nerve Guidance Conduits for Ex Vivo Analysis. The
percentage volume of the NGC lumen occupied by the
P(3HO)/P(3HB) (50:50) 5 and 8 μm fibers and the PCL 5
and 8 μm fibers was 52.45 ± 3.57, 58.33 ± 2.57, 64.57 ± 3.12,
and 62.13 ± 2.34%, respectively. The volume occupancy
percentage of the PCL 5 μm fibers was significantly higher
than those of the PHA blend fibers.

Figure 4. Metabolic viability assay (MTT) of NG108-15 cells on 5
and 8 μm P(3HO)/P(3HB) (50:50) and PCL fibers at 24, 72, and
144 h of culture (mean ± SD, n = 3 independent experiments; *p <
0.05 and **p < 0.01).

Figure 5. Confocal micrographs illustrating NG108-15 neuronal cell viability cultured on (A) P(3HO)/P(3HB) (50:50) 5 μm fibers, (B)
P(3HO)/P(3HB) (50:50) 8 μm fibers, (C) PCL 5 μm fibers, (D) PCL 8 μm fibers, and (E) tissue culture plastic (scale bar = 100 μm). Cells
labeled with SYTO 9 (green = live cells) and propidium iodide (red = dead cells). (F) Number of live cells versus dead cells per sample and (G)
live cell analysis expressed as a percentage (mean ± SD, n = 3 independent experiments; *p < 0.05 and **p < 0.01).
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Mechanical Testing. The mechanical data of electrospun
fiber bundles of different diameters are shown in Table 3. With
regard to the ultimate tensile strength (UTS), 5 μm PCL fiber
bundles had a significantly higher UTS than their 5 μm PHA
blend fiber counterparts (6.09 ± 0.16 compared to 2.69 ± 0.27
MPa, respectively). No significant difference was found
between the ultimate tensile strength of 8 μm PCL and PHA
blend fibers. However, with regard to Young’s modulus (YM),
PCL fiber bundles had significantly higher Young’s moduli
compared to their PHA blend fiber counterparts. The 5 μm
PCL fibers had a YM of 9.18 ± 0.18 MPa, whereas the YM of 5
μm PHA fibers was 7.45 ± 0.36 MPa. The YM of 8 μm PCL
fiber bundles was 8.87 ± 0.25 MPa, whereas it was 6.75 ± 0.05
MPa for 8 μm PHA fiber bundles. Of note, all YM values for all
fibers and materials were significantly higher than that reported
for native rat sciatic nerve of 0.57−0.58 MPa.27
Primary Schwann Cell Migration and Neurite Out-

growth from Dorsal Root Ganglia on Aligned Fibers
with Varying Diameters. The effect of fiber diameter and

Figure 6. Confocal micrographs of NG108-15 neuronal cells immunolabeled for βIII-tubulin and DAPI on (A) P(3HO)/P(3HB) (50:50) 5 μm
fibers, (B) P(3HO)/P(3HB) (50:50) 8 μm fibers, (C) PCL 5 μm fibers, (D) PCL 8 μm fibers, and (E) tissue culture plastic control (scale bar =
100 μm). (F) The percentage of neurite bearing neuronal cells after 6 days in culture. (G) The average number of neurites expressed per neuron.
(H) Average neurite length per condition after 6 days in culture (mean ± SD, n = 3 independent experiments; *p < 0.05 and **p < 0.01).

Figure 7. Metabolic viability assay (MTT) of rat primary Schwann
cells on 5 and 8 μm P(3HO)/P(3HB) (50:50) and PCL fibers at 24,
72, and 144 h of culture (mean ± SD, n = 3 independent experiments;
*p < 0.05, ***p < 0.001, and ****p < 0.001).
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material type on neurite outgrowth length and Schwann cell
migration length from DRG explants was determined using
confocal micrographs. Schwann cells could be visualized as
being the furthest away from the DRG body on both diameters
of PHA blend fibers (Figure 11A,B) and the TCP control
(Figure 11E) compared to PCL fibers (Figure 11C,D).
Importantly, neurite outgrowth (red) and Schwann cells
(green) were co-located, indicating neurite−glial cell contact.
Average Schwann cell migration distance (Figure 11F) was
significantly higher on P(3HO)/P(3HB) (50:50) 5 μm fibers
(2943.58 ± 386.09 μm) compared to 5 and 8 μm PCL fibers
(1959.99 ± 76.54 and 2237.75 ± 108.62 μm, respectively).
Schwann cell migration distance was significantly lower on
PCL 5 μm fibers compared to P(3HO)/P(3HB) (50:50) 8 μm
fibers and TCP control (2723.20 ± 86.05 μm). Average

neurite outgrowth length (Figure 11G) from DRG explants
was significantly further on P(3HO)/P(3HB) (50:50) 5 μm
fibers (1502.69 ± 110.63 μm) and TCP control (1416.95 ±
31.48 μm) compared to PCL 5 μm fibers (1016.95 ± 110.63
μm). Neurite outgrowth length on P(3HO)/P(3HB) (50:50)
8 μm fibers and 8 μm PCL fibers was 1316.95 ± 31.48 and
1262.69 ± 31.48 μm, respectively.

■ DISCUSSION
This study investigated the effect of fiber diameter as well as
material chemistry on neuronal and Schwann cell viability,
neuronal cell differentiation, and Schwann cell phenotype
using 2D in vitro and 3D ex vivo cell culture. A previous work
has highlighted the potential of PHA blends in peripheral
nerve repair and demonstrated favorable responses on NG108-

Figure 8. Confocal micrographs illustrating primary Schwann cell viability cultured on (A) P(3HO)/P(3HB) (50:50) 5 μm fibers, (B) P(3HO)/
P(3HB) (50:50) 8 μm fibers, (C) PCL 5 μm fibers, (D) PCL 8 μm fibers, and (E) tissue culture plastic (scale bar = 100 μm). Cells labeled with
SYTO 9 (green = live cells) and propidium iodide (red = dead cells). (F) Number of live cells versus dead cells per sample and (G) live cell analysis
expressed as percentage (mean ± SD, n = 3 independent experiments; *p < 0.05 and **p < 0.01).
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15 neuronal cell biocompatibility and differentiation compared
to PCL.26

Prior to electrospinning, spin-coated films of both material
types were manufactured to assess surface characteristics, such
as hydrophilicity, topography and surface roughness. PHA
films exhibited a hydrophilic nature, having a water contact
angle just lower than 90°, whereas PCL films had a water
contact angle above 90°, indicating that they were more
hydrophobic in nature. Our previous study noted that water
contact angles for P(3HO) and P(3HB) were 103.7 ± 0.9 and
69.7 ± 1.6°, respectively, in which increasing the amount of
P(3HB) in the blend significantly decreased water contact
angle.26 P(3HB) is known to be more hydrophilic in nature
compared to P(3HO) due to having less carbon atoms (four)
in the monomer compared to the P(3HO) monomer
(eight).28 The water contact angle recorded for P(3HB)/
P(3HO), 84.3 ± 1.6°, is comparable with that of other findings
in the literature.19,25

AFM analysis confirmed that PHA blend films were
significantly rougher than the PCL films, indicated by Rq
and Ra values, and PHA films had increased adhesion,
exhibiting areas of both low and high adhesion, due to both

polymers being immiscible. This was also noted in the study by
Lizarraga-Valderrama et al. where blends of P(3HB) and
P(3HO) were found to be immiscible in both the amorphous
and crystalline phases, when blend films were analyzed using
X-ray diffraction analysis, compared to neat films of P(3HO)
and P(3HB).26 Basnett et al. also investigated the surface
roughness of P(3HO)/P(3HB) (50:50) blend compared to
neat P(3HO), suggesting that the increased roughness of the
50:50 blend was due to the P(3HB) “generating protrusions
and pores” during the casting process.20 As PCL is a single
polymer, the result of a smoother surface topography is
expected.
P(3HO)/P(3HB) (50:50) blends also significantly pro-

moted protein adsorption of proteins in the fetal calf serum
compared to PCL films. Similar observations were reported by
Basnett et al. who reported increased protein adsorption in the
PHA blends compared to neat P(3HO) and P(3HB) due to
the increased surface roughness due to immiscible polymers in
the blend, as well as an increase in hydrophilicity when
incorporating larger quantities of P(3HB) into the blend.20 It
is well documented that rougher surface topographies increase
protein adsorption and hydrophilic surfaces retain native

Figure 9. Confocal micrographs of primary Schwann cells immunolabeled for S100β and DAPI on (A) P(3HO)/P(3HB) (50:50) 5 μm fibers, (B)
P(3HO)/P(3HB) (50:50) 8 μm fibers, (C) PCL 5 μm fibers, (D) PCL 8 μm fibers, and (E) tissue culture plastic (scale bar = 100 μm). Schwann
cells were immunolabeled to confirm Schwann cell phenotype. (F) Average Schwann cell length. (G) Aspect ratio (length/width) to identify
Schwann cell phenotype (mean ± SD, n = 3 independent experiments; *p < 0.05 and **p < 0.01).
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protein confirmation, both factors favoring an increase in
cellular adhesion and in turn cell differentiation.37,38 Both PCL
and P(3HO) are hydrophobic polymers due to the presence of
long aliphatic chains in their monomer backbone.20,39 The
addition of P(3HB) to the blend increases its hydrophilicity, as
seen in previously published studies.20,26

Aligned fibers of P(3HO)/P(3HB) (50:50) were fabricated
by electrospinning. Diameters of 5 and 8 μm were chosen for
this study, as previous work using PCL fibers concluded that
these diameters significantly supported NG108-15 neuronal
cell viability and differentiation, Schwann cell viability, longer
maximum neurite outgrowth, and Schwann cell migration
length from DRG explants.16 PCL fibers (5 and 8 μm) were
also manufactured as a positive control to compare neuronal/
glial cell responses to material type. Figure 4E confirms the
fabrication of P(3HO)/P(3HB) (50:50) fibers with two
significantly different diameters (4.97 ± 0.38 and 7.86 ±
0.49 μm). All electrospinning conditions resulted in highly
aligned fibers running parallel to each other, and studies
observed a significantly higher fiber density (fibers/μm) for 8
μm compared to 5 μm fibers.
PHA blend fibers were found to better support NG108-15

neuronal cell proliferation over 6 days compared to PCL 5
fibers (Figure 5). PHA blend fibers were also found to better
support a higher number of live cells compared to the 5 μm
PCL fibers. This indicated that the PHA blend was superior in
supporting cell proliferation and viability and suggested initial
cell adhesion, which would have to be investigated further

using AFM, for example. These findings can be attributed to
the blend having higher roughness values and lower hydro-
phobicity compared to PCL when in film form (Figures 1 and
2). These results are in line with our previous findings.26 No
significant differences were detected between fiber diameters
per material type, an observation also observed by Daud et al.,
who did not detect significant differences in the number of live
cells adhered to 5 and 8 μm PCL fibers.16 Of note, TCP had
the lowest cell viability of 90.38 ± 4.82% likely due to the
increased cell numbers. However, all samples were deemed
biocompatible.
NG108-15 neuronal cell average neurite length was affected

by fiber diameter. Regardless of the material type, 8 μm fibers
significantly promoted longer average neurite lengths com-
pared to their 5 μm counterparts, findings that are consistent
with previous studies concluding that larger fiber diameters
support longer average neurite lengths.16,40 The longer neurite
growth from NG108-15 neuronal cells cultured on PHA fibers
compared to PCL fibers could be due to a combination of
differences in surface roughness, chemical composition, and
mechanical properties of the materials. Differences in surface
topography have been shown to control neuronal cell
differentiation.41 Lizarraga-Valderrama et al. reported that
rougher surfaces promoted NG108-15 neuronal cell differ-
entiation, and Zhang et al. reported significantly longer neurites
outgrown from PC12 cells on rougher PLLA fibers containing
graphene oxide compared to smoother PLLA fibers.26,42

Figure 10. Microcomputed tomography (microCT) analysis of
transversal and longitudinal sections of (A) P(3HO)/P(3HB)
(50:50) 5 μm fibers, (B) P(3HO)/P(3HB) (50:50) 8 μm fibers,
(C) PCL 5 μm fibers, and (D) PCL 8 μm fibers threaded into 3D
nerve guide conduits. Tubular structures are 1.1 mm in diameter and
5 mm in length and have a wall thickness of 250 μm. (E) The
percentage volume occupancy of the fibers in the NGC lumen was
calculated by calculating the density of fibers and density of the empty
tube and expressed as a percentage (mean ± SD, n = 3 independent
experiments; *p < 0.05 and **p < 0.01).

Table 3. Mechanical Analysis of the Electrospun Fiber
Material Bundles

fibers and size σ, MPa E, MPa

P(3HO)/P(3HB) (50:50) 5 μm 2.69 ± 0.27 7.45 ± 0.36
P(3HO)/P(3HB) (50:50) 8 μm 4.40 ± 0.83 6.75 ± 0.05
PCL 5 μm 6.09 ± 0.16 9.18 ± 0.18
PCL 8 μm 4.53 ± 0.49 8.87 ± 0.25
rat sciatic nerve 1.4−2.7 0.57−0.58

Figure 11. Confocal micrographs DRG explants on fibers
immunolabeled for βIII tubulin, S100β, and DAPI on (A)
P(3HO)/P(3HB) (50:50) 5 μm fibers, (B) P(3HO)/P(3HB)
(50:50) 8 μm fibers, (C) PCL 5 μm fibers, and (D) PCL 8 μm
fibers (scale bar = 200 μm). (E) Schwann cell migration length and
(F) average neurite outgrowth length were determined from confocal
micrographs (mean ± SD, n = 3 independent experiments; *p < 0.05,
**p < 0.01, and ***p < 0.001).
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Material stiffness has also been shown to control neuronal cell
differentiation.43 Palchesko et al. reported longer neurites from
PC12 cells cultured on stiff polydimethylsiloxane (PDMS)
substrates (1.72 MPa) compared to soft substrates (5 kPa).44

Rosso et al. reported significantly longer neurite outgrowth
from dorsal root ganglia explants on stiff substrates (20 kPa)
compared to softer substrates (1 and 10 kPa).45 Both
materials, regardless of fiber diameter, have significantly higher
ultimate tensile strength and Young’s moduli compared to rat
sciatic nerve and are much stiffer.26 Fiber spacing could also
have an effect on the neurite outgrowth of NG108-15 neuronal
cells. Both PHA blend and PCL 8 μm fibers had a significantly
higher fiber frequency compared to the 5 μm fibers, which
could be responsible for the increased average neurite lengths
measured. However, these measurements were recorded in dry
environments, whereas it is well known that fiber alignment,
spacing, and density can change in a wet environment.
Material chemistry and fiber diameter have also been shown

to influence primary Schwann cell response. P(3HO)/P(3HB)
(50:50) 5 μm fibers significantly supported the adhesion of
higher numbers of live Schwann cells compared to P(3HO)/
P(3HB) (50:50) 8 μm fibers and both diameters of PCL fibers.
This is in line with previous findings that conclude that fiber
diameters between 1 and 5 μm using PCL fibers support
Schwann cell adhesion, proliferation, and migration to a greater
extent than other fiber diameters .13,16 This is the first study of
its kind to investigate PHA blend fibers and different diameters
using primary Schwann cells. A previous work has investigated
Schwann cell response using immortal Schwann cells; however,
these are not always representative of the in vivo response.16

Surface roughness, stiffness, and hydrophilicity have all been
shown to increase Schwann cell adhesion and proliferation,
which are also in line with our findings.45,46

Aligned fiber scaffolds have previously been shown to affect
Schwann cell phenotype, promoting a more elongated
“mature” phenotype compared to random scaffolds.9 We
investigated whether material type and fiber diameter would
also affect Schwann cell phenotype. PHA blend fibers
significantly promoted longer elongated Schwann cells
compared to PCL fibers, and 5 μm fibers promoted longer
and thinner Schwann cells compared to 8 μm fibers. This is in
line with previous studies that have shown that smaller fiber
diameters promote an elongated bipolar Schwann cell
phenotype, an indication of Schwann cell maturity.9,16

Schwann cells with a long, elongated phenotype are observed
in the early stages of myelination in vivo.47 By promoting a
mature myelinating phenotype, electrospun fibers could
therefore increase the nerve regeneration rate by the
remyelination of regenerated nerve tissue.10 The effect of
material chemistry and fiber diameter was evaluated using a
novel 3D ex vivo fiber testing method developed by Behbehani
et al. using DRG explants as a primary cell peripheral nerve
injury model.7

The use of DRG explants to assess the suitability of materials
and scaffold designs for peripheral nerve repair is a relatively
common approach in vitro prior to in vivo investigations and in
line with the 3R principle.48 By removing the nerve roots from
the body, mimicking an injury, ganglia regenerate and repair in
vitro, and regeneration is comparable to the in vivo response.31

Previous studies have conducted DRG investigations on
electrospun fibers in 2D environments, whereas our model
replicates a 3D environment, more closely mimicking the in
vivo environment investigating an NGC with an intraluminal

scaffold, to bridge the gap between in vitro and in vivo testing.7

Fibers were threaded into 3D printed PEG tubes and evaluated
for continuous alignment using microCT before ex vivo cell
culture.
Because of the elastomeric properties of P(3HO), clumping

of PHA fibers was observed when threading the fibers into 3D
printed PEG NGCs, resulting in a hole in the middle of the
NGC lumen when using the 8 μm PHA blend fibers; therefore,
uniformity of threading did not occur, which is a hindrance of
the 3D ex vivo model. However, the softer, “stickier” properties
of the PHA fibers may be advantageous for peripheral nerve
repair when threaded into an NGC lumen, as they have a lower
lumen occupancy percentage, preventing blocking of the axon
outgrowth.
Overall, P(3HO)/P(3HB) (50:50) 5 μm fibers supported

significantly higher Schwann cell migration distances compared
to 5 or 8 μm PCL fibers, most likely as a result of an increase in
viable primary Schwann cells (Figure 9) and elongated bipolar
morphology (Figure 10). P(3HO)/P(3HB) (50:50) 5 μm
fibers also supported significantly longer neurite outgrowth
length from DRG explants compared to PCL 5 μm fibers. As
the PHA blend supported increased NG108-15 neuronal cell
attachment and increased average neurite outgrowth length,
this finding was expected. However, when using the NG108-15
neuronal cell line, 8 μm PHA fibers supported longer neurite
outgrowth length compared to the 5 μm fibers. This finding is
likely due to the difference in using 2D cell culture with the
NG108-15 neuronal cells compared to using a 3D model using
the DRG explants. It also highlights the importance of using ex
vivo explants and primary cells�compared to immortal cell
lines�that more closely resemble the in vivo response prior to
in vivo investigations. It is also likely that fiber spacing plays a
role in cell responses ex vivo in which, in a wet environment,
fibers clump together.
This study is the first of its kind to investigate fibers

manufactured using blends of PHAs for nerve tissue engineer-
ing using ex vivo DRG explants and in a 3D testing model. The
5 μm PHA blend fibers supported significantly longer neurite
outgrowth compared to 5 μm PCL fibers likely because of
differences in material chemistry, but this finding could also be
due to differences in mechanical properties of the materials and
fiber volume occupancy (Figure 8E). Although it has been well
reported that the addition of guidance scaffolds to hollow
NGCs increases nerve regeneration rate and distance,
“overfilling” the lumen, as well as using stiff material guidance
scaffolds, could physically hinder nerve regeneration by not
providing sufficient space for regenerating axons.6 Our finding
initially suggests that using a lower volume occupancy percent
of fibers in the NGC lumen does not hinder Schwann cell
migration or neurite outgrowth from DRG explants, allowing
enough free space. As noted previously, clumping of the PHA
fibers when threaded could have allowed more free lumen
space, aiding the results obtained. Our finding may also suggest
that using a softer material, such as blends of PHAs, compared
to PCL supports Schwann cell migration and axon outgrowth.
However, further work is required to establish an optimal
available lumen volume, for both in vitro and in vivo
investigations, as well as reproducible ways to control fiber
properties in a wet environment.

■ CONCLUSIONS
In summary, we report the potential value of aligned PHA fiber
blend fibers for nerve repair devices. P(3HO)/P(3HB)
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(50:50) blend fibers, 5 and 8 μm in diameter, supported
increased neuronal and Schwann cell attachment compared to
PCL fibers as a result of differences in surface wettability,
roughness, and mechanical properties. Smaller fiber diameters
(5 μm) supported increased Schwann cell attachment and
supported a bipolar elongated Schwann cell morphology,
characteristic of mature myelinating Schwann cells in vivo.
Using a novel 3D ex vivo testing method, P(3HO)/P(3HB)
(50:50) 5 μm fibers supported longer neurite outgrowth and
Schwann cell migration lengths from DRG explants. Overall,
this study highlights the positive properties of polyhydrox-
yalkanoates as compared to PCL for applications in peripheral
nerve repair.
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