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Abstract
Scaffolds capable of providing dual neurotrophic factor (NTF) delivery with different release kinetics, spatial delivery of
NTFs at different loci and topographical guidance are promising for enhanced peripheral nerve regeneration. In this study,
we have designed and fabricated multi-layered aligned-fiber scaffolds through combining emulsion electrospinning,
sequential electrospinning and high-speed electrospinning (HS-ES) to modulate the release behavior of glial cell line-derived
growth factor(GDNF) and nerve growth factor (NGF). GDNF and NGF were incorporated into poly(lactic-co-glycolic acid)
(PLGA) fibers and poly(D,L-lactic acid) (PDLLA) fibers, respectively. Aligned fibers were obtained in each layer of multi-
layered scaffolds and relatively thick tri-layered and tetra-layered scaffolds with controlled layer thickness were obtained.
Their morphology, structure, properties, and the in vitro release of growth factors were examined. Dual and spatio-temporal
release of GDNF and NGF with different release kinetics from multi-layered scaffolds was successfully demonstrated. High
separation efficiency by PDLLA fibrous barrier layer for spatial neurotrophic factor delivery from both tri-layered scaffolds
and tetra-layered scaffolds was achieved.

1 Introduction

Peripheral nerve tissue repair is still a challenge in recon-
structive surgery although peripheral nerves are capable of
regenerating to some extent. A nerve graft bridging the
proximal and distal stumps is normally necessary to pro-
duce good regenerative outcomes in critical-size peripheral
nerve injury [1]. Autografts with inherent supporting cells
and intraluminal guidance exhibit superior capability of
nerve regeneration and are seen as the gold standard for
peripheral nerve tissue repair. However, the limitations of
autografts, including insufficient sources, morbidity at

donor site, mismatch in size, and necessity for multiple
surgeries, have greatly hampered their clinical application
[2].

In recent years, synthetic nerve guidance conduits
(NGCs) mimicking the composition and structure of an
autograft have been investigated as a promising alternative
treatment for peripheral nerve injury. These artificial
scaffold-based conduits may support axonal growth and
provide various biological cues [3–6].

Neurotrophic factors (NTFs) including nerve growth
factor (NGF) and glial cell line-derived neurotrophic factor
(GDNF) are known to promote neuronal survival, axonal
regeneration, and Schwann cells migration [7]. NGF and
GDNF may be involved differently/ predominantly in
physiologic processes following injury [8] and may pro-
mote axonal growth synergistically as well [9]. Contact
guidance provided by topographical cues by NGCs can also
promote neuronal growth and axonal extension [10, 11].
Therefore, scaffolds capable of achieving delivery of mul-
tiple NTFs with distinct release kinetics, spatial delivery of
NTFs at different loci and topographical guidance are
expected for much enhanced peripheral nerve regeneration.

The aim of this work was to investigate the feasibility
delivery of GDNF and NGF with distinct release kinetics
from multi-layered electrospun scaffolds. A combinatorial
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methodology including sequential electrospinning, high-
speed electrospinning (HS-ES), dual-source dual-power
electrospinning (DSDP-ES), and emulsion electrospinning
was applied to construct fibrous scaffolds with desired
structures and properties. Scaffolds with tri-layered and
tetra-layered configurations were constructed in order to
achieve dual and spatio-temporal delivery of GDNF and
NGF. GDNF and NGF were incorporated into poly(lactic-
co-glycolic acid) (PLGA) fibers and poly(D,L-lactic acid)
(PDLLA) fibers, respectively, via emulsion electrospinning.
Thickness of different layers in multi-layered scaffolds was
controlled by the duration of fiber deposition. The mor-
phology, structure and properties of scaffolds produced
were investigated. The release profiles of both growth fac-
tors (GDNF and NGF) from tri-layered and tetra-layered
scaffolds were established.

2 Materials and methods

2.1 Materials

PLGA (LA:GA=50:50) and PDLLA with molecular weight
of 100 kDa (as indicated by their inherent viscosity
0.6–0.8 dL/g) were purchased from Lakeshore Biomaterials,
USA. Chloroform was supplied by Uni Chem Co., Korea.
The human β-NGF with Enzyme Linked Immunosorbent
Assay (ELISA) Kit, human GDNF with ELISA Kit were

purchased from Peprotech Inc. and R&D Systems, Inc.,
respectively. Span-80, phosphate buffered saline (PBS)
tablets, heparin and bovine serum albumin (BSA) were
Sigma-Aldrich products. Other chemicals were used as
received.

2.2 Fabrication of scaffolds

Multi-layered scaffolds were produced through a combi-
nation of emulsion electrospinning, sequential electrospin-
ning, HS-ES, and DSDP-ES. The formulations of emulsions
for each layer in multi-layered scaffolds are listed in Table 1
and Table 2. For the preparation of water-in-oil (w/o)
emulsions, PLGA or PDLLA dissolved in chloroform at a
certain concentration was used as the oil phase and NGF or
GDNF were dissolved in 0.5wt% BSA solution as the water
phase. The volume ratio of the oil phase to the water phase
was fixed at 10:1. 5wt% Span-80 (with respect to the weight
of polymer used) was added in the polymer solution for the
formation and stabilization of emulsions. The oil phase and
water phase were mixed for 10 min through magnetic stir-
ring at 300 rpm to form homogeneous w/o emulsions. The
electrospinning parameters including applied voltage, inner
diameter of needle tip, needle-to-collector distance and
feeding rate of emulsions were optimized as 16 kV, 0.8 mm,
8 cm, and 2 mL/h, respectively. In the fabrication of tri-
layered scaffolds, electrospun NGF/PDLLA fibers, PDLLA
fibers, and GDNF/PLGA fibers were collected for 30 min to
form the first layer, the middle layer, and the third layer,
respectively. PDLLA fibers, NGF/PDLLA fibers, PDLLA
and PLGA fibers, and GDNF/PLGA fibers constituted the
first, second, third, and fourth layer of tetra-layered scaf-
folds, respectively. In order to control the thickness of each
layer, the duration of electrospinning for each layer was
strictly controlled, which was 30, 30, 15 and 30 min for the
first layer to the fourth layer. The rotating direction of drum
collector was regarded as aligned direction and the axial
direction of drum collector as perpendicular direction.
Schematic diagram for tri-layer and tetra-layer fibrous
scaffolds is shown in Fig. 1.

Table 1 Composition of emulsions for producing tri-layered fibrous
scaffolds

Tri-layered
scaffold

1st layer 2nd layer 3rd layer

Oil phase 1.5 g PDLLA
75 µL Span-80
10 mL CHCl3

2.5 g PDLLA
10 mL CHCl3

1.5 g PLGA
75 µL Span-80
10 mL CHCl3

Water phase 5 µg NGF
5mg BSA
1mL H2O

5 µg GDNF
5mg BSA
1mL H2O

Table 2 Composition of
emulsions for producing tetra-
layered fibrous scaffolds

Tetra-layered scaffold 1st layer 2nd layer 3rd layer 4th layer

Oil phase 2.5 g PDLLA
10 mL CHCl3

1.5 g PDLLA
75 µL Span-80
10 mL CHCl3

1.5 g PDLLA
75 µL Span-80
10 mL CHCl3;
1.5 g PLGA
75 µL Span-80
10 mL CHCl3

1.5 g PLGA
75 µL Span-80
10 mL CHCl3

Water phase 5 µg NGF
5mg BSA
1mL H2O

5mg BSA
1mLH2O;
5 mg BSA
1mLH2O

5 µg GDNF
5 mg BSA
1 mLH2O
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2.3 Characterization of aligned-fiber scaffolds

Morphological and structural characterization of electro-
spun fibers and fabricated scaffolds was conducted. Freeze-
dried samples of electrospun fibers and scaffolds were
sputtered with a thin gold coating for 30s by a sputter coater
(BEL-TACSCD005) and their morphology was examined
using SEM (Hitachi S-4800 FEG SEM, Japan). SEM ima-
ges were loaded into Image J (National Institute of Health,
USA) and 100 fibers in each layer were randomly selected
and their orientations were measured to determine the fiber
alignment.

2.4 Wettability of scaffolds

Wettability of electrospun fibrous scaffolds was investi-
gated by measuring their water contact angles (WCAs) at
room temperature with a WCA measuring machine
(SL200B, Shanghai Solon Tech Inc Ltd, China). The WCA
of each layer in both aligned and perpendicular directions
were measured. Measurements were performed 3 s after a
DI water drop was placed on the sample surface.

2.5 Mechanical properties of multi-layered scaffolds

Tensile tests were performed using a bench top Instron
mechanical testing machine (Model 5848, USA) with a load
cell of 10 N and a cross-head speed of 2 mm/min. Each
fibrous scaffold with similar thickness was cut into rectan-
gular shape (5×30 mm) in the aligned direction for testing.
The ultimate tensile strength (UTS), elastic modulus (EM),
and elongation at break (EB) of scaffold samples were
determined according to the recorded stress–strain curves.

At least three replicates were tested for each type of fibrous
scaffold and results were expressed as mean ± SD.

2.6 In vitro release test of NGF and GDNF

Scaffold samples (about 10 mg each) were vertically
inserted into specially designed container to form two
separated chambers. Each chamber was filled with 3 mL
release medium to fully immerse both sides of multi-layered
scaffolds and incubated in shaking water bath at 37 °C. At
pre-set times, 0.4 mL of supernatant was retrieved from
each well and replaced by 0.4 mL of fresh release medium.
The supernatant sample was frozen at −20 °C for further
measurement or directly used for analysis. The concentra-
tion of growth factor in the supernatant was determined
using ELISA kit. The release medium was prepared by
adding 0.5% BSA, 0.05% Tween-20, 0.02% NaN3, and
0.1% heparin in PBS solution.

3 Results

3.1 Morphology and structure of scaffolds with
aligned fibers

The morphology of different fibrous layers in tri-layered
scaffolds was examined by SEM and is shown in Fig. 2.
Robust fibers with smooth fiber surface were obtained in all
layers. The average fiber diameter of GDNF/PLGA fibers in
top layer, PDLLA fibers in middle layer and NGF/PDLLA
fibers in bottom layer was 452 ± 98, 2928 ± 420, and 507 ±
102 nm, respectively. Porous and fibrous structure was
observed in each layer in scaffolds. However, the apparent
porosity in PDLLA middle layer was much smaller as
compared to the other two layers (top and bottom) in tri-
layered scaffolds.

Fiber alignment could be clearly noticed in each layer of
the scaffold which was deposited on high-speed rotating
drum collector and the average fiber orientation is deli-
neated as dotted line in Fig. 2. The fiber alignment was
quantified by calculating frequencies of fiber orientations
and is shown in Fig. 3. A narrower range of fiber orientation
(deviation of angles) represented a higher fiber alignment.
The highest fiber alignment was observed in PDLLA mid-
dle layer with more than 90% of fibers oriented within 10°
deviating from aligned direction. The lowest fiber alignment
was observed in GDNF/PLGA top layer with around 30%
of fibers oriented within 10° deviating from aligned
direction.

The fiber alignment in NGF/PDLLA bottom layer was
higher as compared to that in top layer (GDNF/PLGA layer)
but lower than that in middle layer (PDLLA layer). Through
sequential electrospinning and emulsion electrospinning,

Fig. 1 A sketch of multi-layered electrospun scaffolds: a tri-layered
scaffolds, b tetra-layered scaffolds
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tri-layered scaffolds composed of GDNF/PLGA top layer,
PDLLA middle layer, and NGF/PDLLA bottom layer were
obtained. The cross-sectional morphology of tri-layered
scaffolds and boundaries between different layers were
examined by SEM and are shown in Fig. 4. The layer
boundaries between different layers are marked with dotted
lines. The fiber alignment in different layers was more
evident from the cross-section view. The average thickness
of tri-layered scaffolds was 262 ± 16 μm and the average
thickness of top layer, middle layer, and bottom layer was
78 ± 3 μm, 86 ± 13 μm, and 82 ± 4 μm, respectively.

The morphology of different layers in tetra-layered
scaffolds was examined by SEM and is shown in Fig. 5.
Robust fibers with smooth fiber surface were also obtained
in all layers. The average fiber diameter of GDNF/PLGA
fibers in top layer, mixed layer of PLGA fibers and PDLLA
fibers (the second layer), NGF/PDLLA fibers in third
layer, and PDLLA fibers in bottom layer was 467 ± 108,
486 ± 117, 498 ± 96, and 2860 ± 494 nm, respectively.
Porous and fibrous structure was observed in each layer.
The apparent porosity in PDLLA bottom layer was much
smaller as compared to the other three layers in tetra-layered
scaffolds.

Fiber alignment could be clearly noticed in each layer
deposited on high-speed rotating drum collector and the
average fiber orientation is delineated as dotted line in Fig.
5. The fiber alignment in each fibrous layer was quantified
and is shown in Fig. 6. The highest fiber alignment was
observed in PDLLA middle layer with more than 90% of
fibers oriented within 10° deviating from aligned direction.
The lowest fiber alignment was observed in GDNF/PLGA
top layer with around 30% of fibers oriented within 10°

deviating from aligned direction. The fiber alignment in
mixed layer of PLGA fibers and PDLLA fibers was higher
as compared to that in GDNF/PLGA top layer but lower as
compared with that in NGF/PDLLA third layer.

Through sequential electrospinning and emulsion elec-
trospinning, tetra-layered scaffolds composed of GDNF/
PLGA top layer, mixed layer of PGLA fibers and PDLLA
fibers, NGF/PDLLA third layer, and PDLLA bottom layer
were also obtained. The cross-sectional morphology of the
tetra-layered scaffolds and boundaries between different
layers were examined by SEM and are shown in Fig. 7. The
layer boundaries between different layers are marked with
dotted lines (Fig. 7b). The average thickness of tetra-layered
scaffolds was 310 ± 16 μm and the average thickness of top
layer, second layer, third layer, and bottom layer was 72 ±
3 μm, 65 ± 3 μm, 81 ± 6 μm, and 82 ± 4 μm, respectively.

3.2 Wettability of fibrous scaffolds

The wettability of both tri-layered and tetra-layered fibrous
scaffolds was measured by water contact angle (WCA)
tests. The WCA of each layer in both directions was
measured.

As shown in Fig. 8, in tri-layered fibrous scaffolds, the
average WCA of GDNF/PLGA top layer, PDLLA middle
layer and NGF/PDLLA bottom layer in aligned direction
was 24.4°, 126.9°, and 123.7°, respectively. The average
WCA of different layers from top layer to bottom layer in
perpendicular direction was 60.1°, 133.9°, and 131.0°,
respectively. The morphology of water droplets on each
scaffold sample captured by camera is also displayed in Fig.
8. The highest WCA was observed in the PDLLA middle

(a)

(c)

20μm

(b)
Fig. 2 Morphology of tri-layered
fibrous scaffold fabricated by
DSDP-ES and sequential
electrospinning under SEM at
×2500 magnification: a GDNF/
PLGA top layer; b PDLLA
middle layer; c NGF/PDLLA
bottom layer
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layer and much lower WCA was noticed in the GDNF/
PLGA top layer in both directions. And the WCA of
each layer in aligned direction was evidently lower as
compared to the WCA of their counterparts in perpendicular
direction.

As shown in Fig. 9, in tetra-layered fibrous scaffolds, the
average WCA of GDNF/PLGA top layer, mixed layer of
PLGA fibers and PDLLA fibers, NGF/PDLLA third layer,
and PDLLA bottom layer in aligned direction was 25.8°,
122.0°, 124.0°, and 126.9°, respectively. The average WCA
of different layers from top layer to bottom layer in per-
pendicular direction was 60.3°, 127.6°, 130.1°, and 133.9°,

respectively. The morphology of water droplets on each
scaffold sample captured by camera is also displayed in Fig.
9. Much lower WCA was observed in GDNF/PLGA top
layer in both directions as compared to the WCA of other
layers. The WCA of each layer increased from the top layer
to the bottom layer and the highest WCA was observed in
the PDLLA bottom layer in both directions. And the WCA
of each layer in aligned direction was evidently lower as
compared to the WCA of their counterparts in perpendicular
direction.

3.3 Mechanical properties of fibrous scaffolds

Tensile tests of tri-layered and tetra-layered fibrous scaf-
folds in aligned direction were performed and typical
stress–strain curves are shown in Fig. 10. Initial portions of
stress–strain curves including elastic region within 5%
strain are also displayed. The mechanical properties of tri-
layered and tetra-layered fibrous scaffolds including UTS,
EM, and EB were measured using the stress–strain curves.
The EM, UTS, and EB of tri-layered fibrous scaffolds were
101.2 ± 4.8 MPa, 3.6 ± 0.3 MPa, and 88 ± 7%, respectively.
The EM, UTS, and EB of tetra-layered fibrous scaffolds
were 97.6 ± 4.9 MPa, 3.8 ± 0.3 MPa, and 74 ± 6%,
respectively.

3.4 In vitro release profiles of growth factors

The in vitro release experiments for growth factors from tri-
layered and tetra-layered scaffolds were conducted and the
release profiles of GDNF and NGF are shown in Figs. 11
and 12.

In tri-layered scaffolds, the GDNF/PLGA top layer side
is designated as side A and the NGF/PDLLA bottom layer
side is designated as side B. In the experiments, about
16.1% of NGF was released within the first 24 h, followed
by a much slower and sustained release from side B. After
42 days, the cumulative release percentage reached
31.5%. However, only 2.2% of NGF was released from
side A at the end of this release period. A much faster
release behavior was observed for GDNF. The cumulative
release percentage of GDNF from side A reached 18.7%
within 1 day, which was slightly higher than that of NGF.
Afterwards, the cumulative release ascended steadily,
reaching 57.5% at the end of 42 days. And 3.8% of GDNF
was released from side B at the end of the 42-day release
period. An increase in GNDF release rate was noticed at
around 14 days of the in vitro release experiments. The
in vitro release results revealed that sustained release of
GDNF and NGF from tri-layered fibrous scaffolds was
obtained and the spatial release and delivery of GDNF and
NGF at different sides of tri-layered scaffolds was suc-
cessfully achieved.

Fig. 3 Distribution of fiber alignment in different layers of tri-layered
scaffolds: a GDNF/PLGA top layer, b PDLLA middle layer, c NGF/
PDLLA bottom layer
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In tetra-layered scaffolds, the GDNF/PLGA top layer
side is designated as side A and PDLLA bottom layer side is
designated as side B. The NGF release within the first 24 h
from side A could be hardly detected. An increase in NGF
release rate was noticed from day 3 to day 7. The cumu-
lative release percentage of NGF reached 13.5% after
7 days, followed by a much slower and sustained release.

After 42 days, the cumulative release percentage went up to
25.6%. However, only 3.3% of NGF was released from side
B at the end of the 42-day release period. A much faster
release behavior was observed for GDNF. The cumulative
release percentage of GDNF from side A was 19.1% after
24 h. Afterwards, the cumulative release ascended steadily,
reaching 61.1% at the end of 42 days. Only 3.0% of GDNF

(a) (b)

(c) (d)

Fig. 4 Cross-sectional view of
tri-layered fibrous scaffolds
under SEM: a magnification:
200, b magnification: 400, c
layer boundary between top
layer and middle layer
(magnification: 800), d layer
boundary between middle layer
and bottom layer (magnification:
800)

(d)

20μm

(b)(a)

(c)

Fig. 5 Morphology of tetra-
layered fibrous scaffold
fabricated by sequential
electrospinning and DSDP-ES
under SEM at ×2500
magnification: a GDNF/PLGA
top layer; b mixed layer of
PLGA fibers and PDLLA fibers;
c NGF/PDLLA third layer; d
PDLLA bottom layer
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was released from side B at the end of 42-day release
period. An increase in GNDF release rate was noticed at
around 14 days of the in vitro release experiments. The
in vitro release results revealed that dual and sustained
release of GDNF and NGF from side A of tetra-layered
fibrous scaffolds was obtained. A sequential release of
GDNF and NGF was also achieved as GDNF was released
first followed by NGF release. The release and delivery of
GDNF and NGF was mainly confined at side A of tetra-
layered scaffolds as growth factors were released at very
low level at side B.

4 Discussion

Peripheral nerve injury is one of the major challenges in
reconstructive surgery. Although peripheral nerves are
capable of regenerating themselves to some extent, when
there is a severe peripheral nerve defect, a nerve graft is
necessary [12, 13]. Under normal conditions, surgeons need
to suture from end to end and bridge the proximal and distal
stumps to produce good regenerative outcomes. Nerve
segments from another body part of the patient are har-
vested to bridge the nerve gap. Currently, this is the gold
standard of procedure for peripheral nerve tissue repair.
However, the limited availability of autologous nerve seg-
ments, the potential morbidity at donor site, the mismatch in
size and the necessity for multiple surgeries, have greatly
hindered their clinical application [14].

In natural peripheral nerve tissues, bundles of axons
align along the nerve channel, which are surrounded and
supported by other cells including Schwann cells and glial
cells. Neurotrophic factors such as GDNF and NGF secre-
ted from surrounding cells can promote neuronal growth
and axonal extension [8]. The development of synthetic
artificial NGCs mimicking the composition, structures, and
functions of an autograft to provide enhanced peripheral
nerve regeneration is urgent. In peripheral nerve repair,
different amounts of biochemical cues including NGF and
GDNF are required to provide therapeutic effect [7]. Low
amounts of NGF (<1 ng) is advantageous as high amounts
of NGF can result in extensive branching of regenerated
axons leading to aberrant target innervation; however, high
amounts of GDNF (1–10 ng) can induce optimal axonal
growth. It was also found that co-delivery of GDNF and
NGF promoted both axonal elongation and branching,
which was better than using GDNF or NGF alone [9]. In
addition to biochemical cues, topographical cues can also
enhance neurite outgrowth, axonal regeneration and pro-
mote peripheral nerve tissue repair [15, 16]. Therefore,
biocompatible and biodegradable scaffold-based NGCs
providing dual delivery and spatio-temporal delivery of
GDNF and NGF with distinct release kinetics in a

Fig. 6 Distribution of fiber alignment in different layers of tetra-
layered scaffolds: a GDNF/PLGA top layer, b mixed layer of PLGA
fibers and PDLLA fibers, c NGF/PDLLA third layer, and d PDLLA
bottom layer
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(a) (b)

(c) (d)

(e)

100μm

20μm

20μm

20μm

100μm

Fig. 7 Cross-sectional view of
tetra-layered fibrous scaffolds
under SEM: a magnification:
200; b, c magnification: 300; d
layer boundary between top
layer and second layer at
magnification: 2000; e layer
boundary between third layer
and bottom layer at
magnification: 2000

Fig. 8 Water contact angles of different layers in different directions in
tri-layered fibrous scaffolds

Fig. 9 Water contact angles of different layers in different directions in
tetra-layered fibrous scaffolds
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controlled manner, as well as topographical contact gui-
dance are of interest and importance for axonal regeneration
and peripheral nerve tissue repair.

Electrospun fibrous scaffolds have been increasingly
employed for various tissue-engineering applications owing

their unique properties. Electrospinning process provides
diversity for fabricating tissue-engineering scaffolds with
micro to nanoscale architectures, high porosity resembling
natural extracellular matrix and high surface area to volume
ratio. Electrospun fibrous scaffolds can induce excellent cell
responses including cell adhesion, migration, and pro-
liferation. Abundant materials can be electrospun including
both natural and synthetic polymers such as gelatin, chit-
osan, silk fibroin, poly (ε-caprolactone) (PCL), PLGA, and
PDLLA [17–22]. Electrospun fibers with various mor-
phology and structures can be produced by different elec-
trospinning techniques and utilized as delivery vehicles for
various functional biomolecules including drugs, proteins,
and even DNA and RNA [23–26]. Our previous study
shows that emulsion electrospinning is an efficient method
to incorporate growth factors with high encapsulation effi-
ciency, and preserve their bioactivity [27].

In this study, multi-layered electrospun scaffolds com-
posed of aligned fibers providing dual and spatio-temporal
delivery of GDNF and NGF with distinct release kinetics
were successfully produced through a combinatorial meth-
odology including emulsion electrospinning, sequential
electrospinning, HS-ES, and DSDP-ES. Biocompatible and
biodegradable materials—PLGA and PDLLA—with dif-
ferent degradation rates were used as matrices of fibers in
scaffolds. Multi-layered structures of scaffolds were rea-
lized by sequential deposition of electrospun fibers on a
rotating collector. Aligned fibers in scaffolds were obtained
by HS-ES. GDNF and NGF were incorporated into PLGA
fibers and NGF fibers, respectively, through emulsion
electrospinning. GDNF/PLGA fibers and NGF/PDLLA
fibers were used for different layers, forming multi-layered
structures in both tri-layered and tetra-layered scaffolds.

Fibrous scaffolds with aligned-fiber topography are
sought in nerve tissue repair as aligned fibers can support
cell proliferation, guide cell alignment, promote neurite
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outgrowth, and even induce neural differentiation [10, 28–
30]. However, due to the bending instability of electrospun
fibers during electrospinning, scaffolds with non-woven
structures composed of randomly arranged fibers are nor-
mally obtained through conventional electrospinning. Other
electrospinning techniques including but not limited to
electrospinning with auxiliary electrodes, and magnetic
field-assisted electrospinning (MFAES) have also been
reported to fabricate aligned electrospun fibers by sur-
mounting the bending instability of electrospun fibers [29,
31–33]. In this study, the mechanical tractive force provided
by HS-ES overcame the other forces including electrostatic
force, surface tension, and resistance force from shearing,
alleviated, or eliminated bending instability and conse-
quently facilitated the alignment of electrospun fibers.

The average fiber diameters of PDLLA fibers, which
were 2928 ± 420 nm and 2860 ± 494 nm in tri-layered and
tetra-layered scaffolds, respectively, were much larger than
that of other types of fibers which were in the range of
450–10 nm. The PDLLA layer with much thicker fiber
diameter was designed intentionally as a barrier layer.
Aligned fibers were obtained in both tri-layered and tetra-
layered scaffolds (Figs. 2 and 5). However, the fiber
alignment in different layers was different (Figs. 3 and 6). In
tri-layered scaffolds, the fiber alignment in PDLLA middle
layer apparently outperformed that in GDNF/PLGA top
layer and NGF/PDLLA bottom layer. A small decrease in
fiber alignment was noticed in the top layer as compared to
the bottom layer. In tetra-layered scaffolds, a similar
situation was found. The fiber alignment in PDLLA bottom
layer was similar to that in PDLLA middle layer in tri-
layered scaffolds and exceeded that in other layers of tetra-
layered scaffolds. A small decrease in fiber alignment was
also noticed in GDNF/PLGA top layer as compared to
NGF/PDLLA third layer. The lowest fiber alignment was
observed in second layer composed of PLGA fibers and
PDLLA fibers which was produced by DSDP-ES. It may be
concluded that fiber alignment was disturbed with the
increase of scaffold thickness to limited extent. DSDP-ES
also perturbed the alignment of electrospun fibers to a
certain degree. Under the investigated conditions of HS-ES,
thick fiber diameter helped improve the alignment of elec-
trospun fibers. It was believed that the decrease in fiber
alignment with the increase of scaffold thickness was due to
repulsive residual charges and the insulating effects of
previously deposited electrospun fibers [34, 35]. It was
speculated that mutual electrostatic repulsion between
PLGA and PDLLA fibers during DSDP-ES also disturbed
the fiber alignment. On the contrary, large inertia of thick
fibers reducing bending instability might facilitate the
alignment of electrospun fibers.

Relatively thick tri-layered and tetra-layered scaffolds of
large size were obtained with an average thickness of 262 ±

16 μm and 310 ± 16 μm, respectively. The deposition time
for each layer was maintained at 30 min except that for
mixed layer composed of PLGA fibers and PDLLA fibers
through DSDP-ES in tetra-layered scaffolds which was
15 min. The average thickness of top layer, middle layer
and bottom layer in tri-layered scaffolds was similar, which
was 78 ± 3 μm, 86 ± 13 μm, and 82 ± 4 μm, respectively.
The average thickness of top layer, second layer, third layer,
and bottom layer in tetra-layered scaffolds was 72 ± 3 μm,
65 ± 3 μm, 81 ± 6 μm, and 82 ± 4 μm, respectively. In tetra-
layered scaffolds, a small decrease of layer thickness was
noticed in the second layer and a slight decrease of layer
thickness was observed in the top layer as compared to the
layer thickness of the third and bottom layers. Although
there was a concern about decrease of collection rate with
thicker scaffold thickness due to repulsive residual charges
and the insulating effects of previously deposited fibers, the
results in this investigation revealed that the collection rate
of fibers was influenced by scaffold thickness only to a very
limited extent. An average fiber collection rate of approxi-
mately 160 μm/h (thickness over time) was achieved. These
results demonstrated the feasibility of producing multi-
layered scaffolds with controlled layer thickness through a
combination of sequential electrospinning, HS-ES and
DSDP-ES.

Wettability is an important characteristic of scaffolds,
which can influence the cell responses such as cell adhesion
and cell spreading [36]. There is no consensus on optimal
wettability of scaffolds for all types of cells. The wettability
of each layer in tri-layered scaffolds varied from each other
in both directions. The GDNF/PLGA top layer was much
more hydrophilic as compared to PDLLA middle layer and
NGF/PDLLA bottom layer, which was mainly attributed to
the hydrophilicity/hydrophobicity of polymers as PLGA is
less hydrophobic than PDLLA. It appeared that thicker fiber
diameter in PDLLA middle layer resulted in higher WCA as
compared to that in NGF/PDLLA bottom layer. Similarly,
this was observed in tetra-layered scaffolds when compar-
ing the WCAs of NGF/PDLLA third layer and PDLLA
bottom layer. A gradient wettability was observed in tetra-
layered scaffolds in both directions as WCA increased from
top layer to bottom layer. Wettability anisotropy was
obvious in all layers of multi-layered scaffolds. The phe-
nomenon could be explained by the wetting behavior of
water droplet on fibrous scaffold. The triple-phase
(liquid–air–solid) contact line was influenced by the
arrangement of fibers along with the spreading and ingres-
sion of water droplet on fibrous topography with air pocket.
The water droplet progressed in a periodic stick-slip motion
in perpendicular direction and the contact line should
overcome the barrier to advance, resulting in a higher WCA
value. Less or no barriers to the contact line in aligned
direction led to the preferential spreading and ingression of
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water droplet along the nanofibers and lower WCA value
[37].

The mechanical properties of multi-layered electrospun
scaffolds in the direction of fiber alignment were deter-
mined by using their tensile stress–strain curves which are
shown in Fig. 10. The UTS and EM of tri-layered scaffolds
were similar to that of tetra-layered scaffolds. However,
compared with non-woven fibrous scaffolds with similar
composition in another study by our group, the multi-
layered scaffolds with aligned-fiber architecture exhibited
with much higher EM and UTS but lower EB. The fibers in
aligned-fiber and non-woven scaffolds underwent different
tensile processes and resulted in the differences in
mechanical properties. The stress–strain curves could be
divided into two regions—the elastic region and the plastic
region. The stress increased sharply in the elastic region
with strain less than 4% and peaked at the yielding point,
followed by a steady and slow increase until ultimate
strength was reached. With the further increase of tensile
strain, fibers were stretched and highly aligned along the
tensile direction, followed by rupture of individual fibers
one after another, resulting in sharp decrease in stress and a
large elongation at break [38].

Two plateaus of stress with different durations were
evidently noticed in both types of scaffolds before elonga-
tion at break. PLGA was tougher and more ductile than
PDLLA as flexibility of glycolic acid chain segment in
PLGA polymer backbone increased the crystallinity and
improved the mechanical properties of PLGA fibers, while
the rigidity of lactic acid chain segment and racemization in
PDLLA polymer backbone compromised their mechanical
properties. A sharp decrease of stress occurred at 30–35%
strain which was very likely attributed to fiber breakage of
NGF/PDLLA and/or PDLLA fibers with thin fiber dia-
meters as thinner fiber diameter could result in less elon-
gation at break. Therefore, it was speculated that the first
plateau of stress was attributed to plastic deformation of
both PDLLA fibers with thick fiber diameter and GDNF/
PLGA fibers; the second plateau of stress was resulted from
the plastic deformation of GDNF/PLGA fibers. The
mechanical properties of multi-layered electrospun scaf-
folds in orthogonal direction of fiber alignment were not
investigated in this study. The EM, UTS, and EB of multi-
layered scaffolds were similar with or of the same order of
magnitude from those of natural soft tissues as well as those
of organs consisted of soft connective tissues, suggesting
their potential in soft tissue regeneration applications.

Peripheral nerve tissue regeneration is a highly regulated
process involving spatial arrangement of different cell
types, their dynamic interactions, and neurite differentia-
tion, requiring sustained and multiple delivery of bio-
chemical cues from scaffolds to induce cells and their
commitment to regeneration in a spatio-temporal guiding

manner [7, 9, 39]. This study demonstrated that the use of
multi-layered electrospun scaffolds with multi-layered
structures through a combinatorial methodology including
sequential electrospinning, HS-ES, DSDP-ES, and emul-
sion electrospinning, could realize the dual and spatio-
temporal delivery of GDNF and NGF with distinct release
kinetics. The hydrophobic PDLLA layer with a layer
thickness approximately 80 μm composed of PDLLA fibers
with thick fiber diameters was utilized as a barrier layer. In
tri-layered scaffolds, the release of GDNF and NGF were
confined to the two opposite sides of scaffolds. A much
faster release of GDNF was achieved as compared to NGF
as both diffusion-driven and matrix erosion-driven release
contributed to the release of GDNF. Separation efficiency of
growth factors was defined as cumulative release amount of
growth factors at designed loci over the total cumulative
release amount of growth factors. The separation efficiency
of GDNF and NGF was both above 93%. In tetra-layered
scaffolds, the release of GDNF and NGF were confined to
GDNF/PLGA layer side and dual and sequential release of
GDNF and NGF was successfully achieved. The separation
efficiency of GDNF and NGF were 95 and 89%, respec-
tively. It was speculated that different diffusion distances of
GDNF and NGF through fiber matrix and wettability gra-
dient in tetra-layered scaffolds resulted in distinct release
kinetics of the two growth factors. The multi-layered fibrous
scaffolds constructed and studied in this investigation
which could provide dual and spatio-temporal delivery of
biochemical cues with distinct release kinetics may also
be employed for other tissue regeneration applications
[40, 41].

5 Conclusions

Multi-layered electrospun scaffolds of large size and with
multi-layered structures were successfully produced through
a combinatorial methodology including emulsion electro-
spinning, sequential electrospinning, HS-ES, and DSDP-
ES. Aligned fibers were obtained in each layer of multi-
layered scaffolds and relatively thick tri-layered and tetra-
layered scaffolds with controlled layer thickness were
obtained. Dual and spatio-temporal release of GDNF and
NGF with distinct release kinetics from multi-layered
scaffolds was successfully demonstrated. High separation
efficiency by PDLLA fibrous barrier layer for spatial neu-
rotrophic factor delivery from both tri-layered scaffolds and
tetra-layered scaffolds was achieved. Taken together, the
demonstrated multi-layered scaffolds, capable of providing
dual and spatio-temporal delivery of biochemical cues and
topographical cues, will benefit scaffold-based tissue
regeneration including but not limited to peripheral nerve
tissue repair.
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