International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Nerve guidance conduit with a hybrid structure
of a PLGA microfibrous bundle wrapped in a
micro/nanostructured membrane

Shih-Wen Peng'
Ching-Wen Li?

Ing-Ming Chiu?*
Gou-Jen Wang'3

'Graduate Institute of Biomedical
Engineering, 2Department of
Mechanical Engineering, *PhD
Program in Tissue Engineering and
Regenerative Medicine, National
Chung-Hsing University, Taichung,
‘Institute of Cellular and System
Medicine, National Health Research
Institutes, Miaoli, Taiwan

Correspondence: Gou-Jen Wang
Graduate Institute of Biomedical
Engineering, National Chung-Hsing
University, 250 Kuo-Kuang Road,
Taichung 40227, Taiwan

Email giwang@dragon.nchu.edu.tw

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Il January 2017
Number of times this article has been viewed

Abstract: Nerve repair in tissue engineering involves the precise construction of a scaffold to
guide nerve cell regeneration in the desired direction. However, improvements are needed to
facilitate the cell migration/growth rate of nerves in the center of a nerve conduit. In this paper, we
propose a nerve guidance conduit with a hybrid structure comprising a microfibrous poly(lactic-
co-glycolic acid) (PLGA) bundle wrapped in a micro/nanostructured PLGA membrane. We
applied sequential fabrication processes, including photolithography, nano-electroforming,
and polydimethylsiloxane casting to manufacture master molds for the repeated production of
the PLGA subelements. After demolding it from the master molds, we rolled the microfibrous
membrane into a bundle and then wrapped it in the micro/nanostructured membrane to form a
nerve-guiding conduit. We used KT98/F1B-GFP cells to estimate the migration rate and guid-
ance ability of the fabricated nerve conduit and found that both elements increased the migration
rate 1.6-fold compared with a flat PLGA membrane. We also found that 90% of the cells in the
hybrid nano/microstructured membrane grew in the direction of the designed patterns. After
3 days of culturing, the interior of the nerve conduit was filled with cells, and the microfiber
bundle was also surrounded by cells. Our conduit cell culture results also demonstrate that the
proposed micro/nanohybrid and microfibrous structures can retain their shapes. The proposed
hybrid-structured conduit demonstrates a high capability for guiding nerve cells and promoting
cell migration, and, as such, is feasible for use in clinical applications.

Keywords: nerve guidance conduit, microfibrous, micro/nanostructured, PLGA, nerve
regeneration

Introduction

In general, nerve injury in the peripheral nervous system is induced by physical dam-
age, disease, or ischemia. Nerve injury leads to the interruption of perception signal
transmission in the human body, resulting in the loss of esthesia and/or the ability
to carry out daily activities.' Existing clinical approaches for repairing nerve injury
include end-to-end suturing,” fascicular suturing,’® nerve grafting,* and nerve bridging.’
Of these, end-to-end suturing and fascicular suturing, in which the epineurium or
endoneurium and the blood vessels at both breakage ends are sutured, are suitable for
nerve injuries shorter than a couple of millimeters. Nerve grafting, which is suitable
for relatively longer nerve injuries, can be subdivided into autologous and allogeneic
transplants. The graft can be autologous arterial, vein, or muscle tissue, which can be
used to repair nerve injury with only a short gap and has less influence on the body
upon degrading.® Autologous transplants that can avoid immune rejection problems, are
nontoxic, and have good recovery rates. However, these transplants require a tissue that
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matches the damaged nerve in size and additional surgery.
Allogeneic transplants are likely to induce inflammation and
immunological rejection,’” so nerve bridging is a relatively
feasible technique for repairing a longer area of nerve dam-
age. Nerve bridging uses microsurgery to suture the two
broken ends of a nerve to each end of a conduit, thus enabling
regenerative nerve fiber to grow along the conduit and to
bridge the broken nerve.

The advantages of using a conduit include reducing
the chances of a second injury, providing a channel to
guide the axon to grow from the near point to the end, and
reducing the formation of scar tissue that can hinder nerve
regeneration. Conduit design and fabrication require the
consideration of several factors: material biocompatibility,
biodegradability, porosity, and their mechanical properties,
as well as the ability of the conduit to guide axon growth and
suppress the proliferation of fibroblasts and scar tissue sur-
rounding the injured nerve.® Compared with autologous and
allogeneic transplants, artificial conduits have the following
advantages: they can be mass produced and allow properties
to be tuned to adapt to different injury conditions. Moreover,
controlled release can be easily implemented by cladding
different growth factors inside the conduit.

In their early development stages, conduits were manu-
factured as a hollow structure, which could be used clinically
for nerve injuries shorter than 4 cm. Although these conduits
were successfully applied in nerve repair, the recovery
of nerve function was not as good as that of autologous
transplants.’ Several commercially available conduits have
been developed and current biodegradable conduits can repair
as much as a 4 cm nerve injury. However, some problems
remain.'” Shin et al used a polyglycolic acid conduit made
by Neurotube® to repair nerve injuries in rats but failed to
recover the damaged nerve, as the conduit stiffness was
insufficient to bear the strain from the surrounding tissues.'
Summa et al used type 1 collagen conduits from NeuraGen®
to culture stem cells and found that the cells could attach
to the conduit and could grow successfully. However,
the authors found that the regenerated axon shrinks easily
because of the hollow structure.'?

To address the drawbacks of the hollow conduit design,
a commonly adapted approach is to insert additional
material inside the conduit to facilitate the growth of the
axon and Schwann cells. Ngo et al inserted poly(L-lactic
acid) fibers into the conduit and used different insertion
densities to bridge a 1 cm nerve injury. The authors also
found that a conduit with a higher insertion density could
grow a regenerative myelin sheath that was twice the size

of a conduit with a lower insertion density."* Huang et al
inserted a spider-silk-like fiber into a conduit to repair the
sciatic nerve injury of a rat and found an 81% increase
in the number of axons compared with the control.™
Yucel et al developed a hybrid conduit with a poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)—poly(L-
D,L-lactic acid)—poly(lactic-co-glycolic acid) (PLGA)
microporous membrane wrapped around an electrospun
PHBV-PLGA bundle to coculture nerve stem cells and
astrocytes. Their experimental results showed that the
proposed hybrid conduit could guide the growth of both
the nerve stem cells and astrocytes.!>!¢ In another study,
Luis et al reported that a conduit of PLGA could repair a
10-mm rat nerve injury as well as a Neurolac® conduit."’

In general, the major reason for nerve repair failures
can be attributed to ineffective guidance of the nerve cell
and axon growth, such that the regenerative nerve tissue
cannot effectively connect to the target tissue. It has been
reported that a conduit with an insertion of micro- and/or
nanostructures can support axon regeneration and guide the
growth of nerve cells.!® Goldner et al found that the dorsal
root ganglion of rats can form axons that pull cells from
microgrooves to a higher plane surface.!” Li et al cultured
Schwann cells on a chitosan scaffold with microgrooves and
microspores and found that a 30/30 um microgroove pattern
enabled cells to grow at a relatively small deviation angle
and with a greater length/width ratio when compared with a
20/20 um microgroove pattern.’’ Bremus-Koebberling et al
proposed a conduit with various combinational patterns of
groove width and depth and reported that different width
and depth combinations had different guiding capabilities.?!
Bechara and Popat observed the attachment and growth of
neural progenitor cells on a scaffold with micropatterns and
nanowires. Their experimental results indicated that micro/
nanohybrid structures could affect the morphology of cells
and promote cell differentiation.”? Materials with micro/
nanostructures can modulate the specific expression of neural
cells such as neuronal polarity, axon guidance, synaptogen-
esis, and electric transductions. %2034

In this study, we propose a novel conduit that mimics the
natural structure and environment of neural cells to effec-
tively guide the growth of regenerating neural cells. This
novel nerve guidance conduit comprises a hybrid structure
of a PLGA microfiber wrapped in a micro/nanostructured
membrane to mimic the real neural system, which consists
of nerve tracts wrapped in an epineurium. In this way, the
growth of nerves in the conduit can be enhanced and guided
to effectively repair the injured nerves.
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Materials and methods
Hybrid-structured nerve conduit

fabrication

The proposed hybrid-structured nerve conduit (Figure 1C)
consists of a PLGA microfibrous bundle (Figure 1 A) wrapped
in a micro/nanostructured PLGA membrane (Figure 1B). The
fabrication process includes the microfiber fabrication, micro/
nanostructured membrane fabrication, and conduit assembly.

Microfiber fabrication

To repeatedly fabricate microfibrous membranes, we created
a polydimethylsiloxane (PDMS) master mold by sequential
photolithography and PDMS casting. We then used the
PDMS master mold for PLGA casting to repeatedly produce
microfibers.

Figure 2 shows the PLGA microfibrous membrane fab-
rication procedure. First, we spin-coated SU-8 2050 (Micro
Chem, Westborough, MA, USA) negative photoresist to a
suitable thickness on a cleaned silicon wafer substrate. After
exposure to a mask with a designed pattern and developing,
we obtained a replica mold of solid SU-8 2025. We then
dripped a PDMS (Dow Corning, Midland, MI, USA) solution
onto the SU-8 2025 replica mold, and placed it in a vacuum
oven at 50°C for 12 h. We then detached the PDMS film from
the replica mold and obtained a PDMS master mold with two
line widths (20 and 30 um), line spacing of 135 pm, thickness
of 140 wm, and length of 9.5 mm. Next, we prepared a PLGA
85/15 (Green Square, Taoyuan, Taiwan) solution by dissolv-
ing PLGA powder in acetone (ECHO Chemical, Miaoli,
Taiwan) in a 1:5 w/w ratio, gently spread it onto the PDMS
replica mold, and placed the mold in a vacuum oven at 60°C
for 2 min. We then scraped off any excess PLGA on the mold
surface. After acetone volatilization, we performed demolding
to obtain a PLGA microfiber membrane, which we then rolled
into a bundle with a diameter of around 1.5-2.0 mm.

Micro/nanostructured membrane fabrication
To repeatedly fabricate micro/nanostructured membranes,
we created a nickel master mold by electroforming using

a barrier-layer surface template of anodic aluminum oxide
(AAO) film. We then used the nickel master mold for
PLGA casting to repeatedly produce micro/nanostructured
membranes. We used a nickel master mold rather than a
conventional PDMS master mold because nanostructures
cannot be easily transferred to a PDMS substrate. The PLGA
micro/nanostructured membrane fabrication procedure is
shown in Figure 3, and we describe the sequential fabrica-
tion processes below.

AAQO film fabrication

We prepared the AAO film using a well-known anodizing
process,> which can be briefly summarized as follows. First,
we cleaned and electropolished the aluminum foil before
anodization. To produce the AAO film, we anodized the
polished aluminum foil in a 0.3 M phosphoric acid solution
under an applied voltage of 90 V at 0°C for 2 h. We then
dissolved the remaining aluminum beneath the barrier layer
in an aqueous CuCl,—HClI solution to obtain a highly ordered
array of nanohemispheres.

Photolithographic processing

We spin-coated AZ1518 (Merck, Darmstadt Germany) posi-
tive photoresist to a suitable thickness on the barrier-layer
surface of the fabricated AAO film. After exposing the
surface to a mask with a designed pattern and developing it
(using 2.38% tetramethylammonium hydroxide), we obtained
a patterned AAO barrier-layer surface.

Electroforming

We conducted electroforming using a patterned barrier layer
as the template to produce a micro/nanohybrid-structured
nickel mold.?® We briefly describe the electroforming process
below. We sputtered a 30-nm gold thin film onto the template
surface as the conductive layer. Next, we carried out electro-
forming in a nickel sulfamate tetrahydrate solution at 55°C
at a current density of 0.03 A for 1 h, followed by 0.035 A
for 4.5 h. Finally, we removed the AAO template from the
formed Ni mold using 0.25 M NaOH solution.

Figure | Schematic for the fabrication of the proposed hybrid-structured nerve conduit.
Notes: (A) PLGA microfiber, (B) micro/nanostructured PLGA membrane, and (C) hybrid-structured nerve conduit.

Abbreviation: PLGA, poly(lactic-co-glycolic acid).
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AAO membrane nickel mold

Photolithography and
nickel electroforming

Figure 2 Schematic for the fabrication of the PLGA microfibrous membrane.
Abbreviations: AAO, anodic aluminum oxide; PLGA, poly(lactic-co-glycolic acid).

PLGA casting

We casted a PLGA (85/15) solution onto the nickel replica
mold and then detached the PLGA micro/nanostructured mem-
brane from the nickel mold after acetone volatilization.

Conduit assembly

We assembled the proposed hybrid-structured conduit by
wrapping the microfibrous roll inside the micro/nanostruc-
tured membrane using PLGA solution as the adhesive.

Membrane characterization
To observe the morphologies of the fabricated samples, we
used a field emission scanning electron microscope (SEM)
(JSM-6700F; JEOL Co., Tokyo, Japan), an atomic force
microscope (AFM) (DI 3100; Veeco Instruments Inc.,
Plainview, NY, USA), and an optical microscope (OM).
We estimated the degradation rate of the fabricated
membranes according to the following formula:

w, W,
°W £ % 100%.
‘ (M

Degradation rate =

We immersed a sample with an original weight of W
into the culture medium for 7 and 21 days. Then, we took
the sample out of the culture medium and removed the
absorbed culture medium. We then cleaned the sample
using phosphate-buffered saline (PBS), dried it, and then
weighed it. W, denotes the dry weight of the sample after
being immersed in culture medium for 7 or 21 days.

PDMS mold

-

Photolithography and
PDMS casting

Silicon wafer

Figure 3 Schematic for the fabrication of the PLGA micro/nanostructured membrane.

Abbreviations: PDMS, polydimethylsiloxane; PLGA, poly(lactic-co-glycolic acid).

-
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Cell culture

In our cell culture experiments, we used immortalized
neuron progenitor cells KT 98.”7 We placed the fabricated
conduit in a six-well plate and sterilized it for 24 h with
ultraviolet light. Then, we injected the cells with a concentra-
tion of 20,000 cells/mL into the conduit and cultured them
in a Ham’s F-12 Nutrient Mixture (F12) (Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% fetal bovine
serum (GIBCO) and 1% antibiotic-antimycotic (GIBCO) in
an incubator at 37°C and 5% CO,. We renewed the medium
every 2—3 days. The cell concentration on the flat micro/
nanostructured membrane was 8,000 cells/mL.

Cell observation

Fluorescence staining

After culturing for 3 days, we fixed the cultured cells with 4%
formaldehyde (Sigma-Aldrich, Taiwan) at 4°C for 30 min.
After washing them with PBS, we perforated the cultured
cells with 0.1% Triton X-100 (Sigma-Aldrich, St Louis,
MO, USA) at room temperature for 15 min. We blocked
nonspecific binding sites using 1% goat serum albumin at
room temperature for 1 h. Then, we treated the cultured cells
with antitubulin antibody (EMD Millipore, Etobicoke, ON,
Canada) (1:500) overnight, with Alexa Fluor® 488 (Thermo
Fisher Scientific) (1:300) for 1 h, and 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich) (1:2,500) for 20 min.
After each step, we washed the cells three times with
PBS. We used a fluorescence microscope (Leica, Wetzlar,
Germany) to observe the cell morphology, and used ImageJ
and OrientationJ software to estimate cell length and growth

PLGA microfibrous
membrane

PLGA microfibrous
scaffold

-

Rolling
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direction, respectively. We then used antitubulin antibody
and DAPIT to stain the neuron-specific B-tubulin IIT and the
nucleus, respectively.

Cell migration rate estimation

The Cyto-ID™ Red Long-Term Cell Tracer Kit (ENZO Life
Sciences, Taipei, Taiwan) was used to label a red fluores-
cent dye containing hydrophobic aliphatic chains into the
cell membrane’s lipid bilayer for tracking cell migration,
because PLGA is a nontransparent material. In brief, cells
were collected from the culture flask and the suspended cells
were stained with cell tracker dye for 5 min, according to
the user guide. After centrifuging to remove excess dye, the
cells were resuspended in culture medium. Before seeding
the cells, nine grids with an area of 1 cm? were marked in the
bottom of a 10 cm? cell culture dish. Then, the samples got
stuck in the bottom of the dish and aligned with the grids.
A concentration of 8,000 cells/well of the suspended cell
solution was added to the flat, micro/nano, and microfibrous
scaffold, respectively. After incubation for 24 h, an inverted
fluorescence microscope (Leica) was used to record cell
migration image for 24 h. The Image] software was applied
to measure the distance of cell migration.

Cell proliferation assay

We used the Cell Proliferation Assay Kit WST-1 (BioVi-
sion, Milpitas, CA, USA) to investigate the cell proliferation
and prepared WST-1 reagent in a 1:10 ratio (v/v) with the
cultured medium, as per the instructions in the user manual.
After completing the culture process, we added the prepared
WST-1 reagent into each well of a 96-well culture plate, and
then incubated the plate for 4 h. Next, we transferred 100 uL
of culture supernatant from each well into an enzyme-linked
immunosorbent assay (ELISA) plate and determined the
absorbance of each sample using an ELISA reader at a wave-
length of 405 nm. We then cultured cells with a concentration
of 8x103 cells/well in a 24-well culture plate as the control.

m 2¢fgm

Er—r’; w o
:

§135 um

Paraffin-embedded section and staining

We fixed the cultured cells with a 4% formaldehyde (Sigma-
Aldrich) at 4°C for 30 min, dehydrated the samples using a
tissue automatic dryer (Thermo Shandon Inc, Pittsburgh, PA,
USA), and then embedded them in paraffin using a paraffin
embedding system (EG 1150H; Leica). Then, we cut the
paraffin-embedded samples into 5—15 pum thick tissue sec-
tions using a rotary microtome (RM-2145; Leica). We then
floated the sections in a 55°C water bath and dried them at
32°C for 16 h. Finally, we stained the samples using hema-
toxylin and eosin and examined them with an OM (BX51;
Olympus, Tokyo, Japan).

Statistics

We used the one-way analysis of variance test (SAS 9.4 soft-
ware; SAS Institute, Taipei, Taiwan) for statistical analysis and
noted that a P-value <0.01 indicates a significant difference.

Results

Conduit fabrication results

Microfiber fabrication results

Figure 4 shows an OM image of the PDMS master mold
(Figure 4A) and an SEM image of a PLGA microfiber before
being rolled into a bundle (Figure 4B). The designed dimen-
sions were successfully transferred to the PDMS master mold
and the fabricated PLGA microfiber.

Figure 5 shows OM images of PLGA microfibers in
the original stage (Figure 5A), and after 3 days (Figure 5B)
and 14 days of degradation (Figure 5C). The fabricated
microfiber was too small to examine its degradation using
Equation (1). The OM image in Figure 5B shows that the
PLGA microfibers had retained their original structure after
3 days of degradation. A portion of the microfibers was still
connected to both ends of the structure (Figure 5C).

Micro/nanostructured membrane fabrication results
We used an OM and an AFM to characterize the nickel master
mold and the fabricated micro/nanostructured membranes,

Figure 4 (A) Optical microscope image of the polydimethylsiloxane master mold (ridge =135 pm, groove =20 and 30 pm, depth of each groove =140 um). (B) Scanning
electron microscope image of a poly(lactic-co-glycolic acid) microfiber (the dimensions of each fiber =1 cm x135 pum x20 um or | ecm x135 pm x30 um).
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Figure 5 Optical microscope images illustrating the degradation of poly(lactic-co-
glycolic acid) microfibers: (A) original stage and after (B) 3 days and (C) 14 days of
degradation. Magnification x10.

respectively. Figure 6A, C shows OM images of the nickel
master mold and a fabricated micro/nanostructured mem-
brane, respectively. Figure 6B, D shows SEM images of the
mold and a fabricated membrane, respectively. Figure 6C
shows arrays of concave nanohemispheres on the bulges of
the nickel mold. We estimated the diameters and depths of the
nanohemispheres to be 210—240 and 40—60 pum, respectively.
As shown in Figure 6D, the nanohemisphere arrays were
reprinted into the grooves of the PLGA membrane as arrays

c |

Groove 30 ym

J 1 ool

} ]

of convex nanohemispheres. We measured the diameters and
heights of the reprinted nanohemispheres to be 180—200 and
35—-40 um, respectively.

Figure 7 shows the morphologies of the fabricated PLGA
membranes after being immersed in culture medium for 0, 7,
and 21 days. The images in Figure 7A—F are surface images,
while those in Figure 7G—I are cross-sectional images. The
OM images in Figure 7A—C show that the material gradually
swelled and the dimensions of the micropatterns increased.
The SEM images shown in Figure 7D—F indicate that pores
were produced on the surface of the bulges. Nanostructures
are clearly observed on the surface, and the cross-sectional
view of the membrane shows that no pore was generated or
present on day O (Figure 7D, G). After 7 days of degrada-
tion, the nanostructures were degraded and micropores were
generated on the shallow surface (Figure 7E, H). Large
micropores were displayed on the whole PLGA membrane
after 21 days of degradation (Figure 7F, I). It can be observed
that the micropatterns were not obviously degraded, and
the thickness of the PLGA membrane did not significantly
change throughout the degradation period. Using the ImageJ
software, we estimated the pore coverage area after 0, 7, and
14 days of immersion to be 0.096, 0.223, and 0.381 um?,
respectively.

150.0 nm
0.0nm -

3um

Figure 6 Morphologies of the nickel master mold (A) and (C) and a fabricated poly(lactic-co-glycolic acid) membrane (B) and (D).
Notes: (A) and (C) Optical microscope images; (B) and (D) atomic force microscope images.
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WD 14.8 mm 10 ym M 3.0 kV 14.8mm 10 pm NC v WD 14.7mm 10 ym

Figure 7 Morphologies of the fabricated poly(lactic-co-glycolic acid) membranes after being immersed in culture medium for 0, 7, and 21 days.
Notes: (A-C) Optical microscope images, (D-F) SEM images, and (G-I) cross-sectional SEM images. Arrows indicate the pores.
Abbreviation: SEM, scanning electron microscope.

Conduit assembly results Cell culture results

Figure 8 shows a frozen section and an SEM image of a  Cell morphologies

fabricated conduit. The frozen section image in Figure 8A  Class I1I B-tubulin is a microtubule element found exclusively
shows the successful assembly of the conduit. The SEM  in neurons, where it accumulates as a consequence of nerve
image of the hybrid-structured membrane in Figure 8B  growth factor-stimulated neurite outgrowth.?® Figure 9 shows
confirms that the micro/nanohybrid pattern remained on the  the cell morphologies stained with B-tubulin specific marker
inner wall of the membrane. on a flat PLGA, a micro/nanostructured and a microfibrous

A Hybrid-structured
membrane

Sb:80 SEM  LEI 3.0kV ~ x200 WD 15.0 mm 100 um

Figure 8 Frozen section and SEM images of a fabricated conduit: (A) frozen section image; (B) SEM image of the inner wall of the hybrid-structured membrane.
Abbreviation: SEM, scanning electron microscope.
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Figure 9 Fluorescence microscopy images of cells after 3 days of culture on (A) a flat poly(lactic-co-glycolic acid), (B) a micro/nanostructured, and (C) a microfibrous

membrane. (D) Cell length comparisons (n=3).

Notes: Green: neurite staining of B-tubulin; blue: nucleus stained with 4',6-diamidino-2-phenylindole; white arrow: orientation of the micro/nanostructures; yellow arrow:
cell branches and the cell crossing over from one ridge to a neighboring ridge. **P<<0.001.

membrane after 3 days of culture. Cells cultured on a flat
PLGA stretched randomly (Figure 9A) and presented spindle
or branching triangle-like morphology. Cells cultured on the
micro/nanostructured membrane (Figure 9B) aligned with
the microstructures (white arrow indicates the orientation of
microstructures) and cells crossing over from one ridge to a
neighboring ridge were observed (yellow arrows). Cells cul-
tured on the microfiber membrane grew along a certain ridge
without crossing over to a neighboring ridge (Figure 9C).
Figure 9D compares the length of cells cultured on different
materials. Cells cultured on the flat PLGA and the micro/
nanostructured membrane were relatively longer and were
significantly different from those cultured on the microfiber
membranes (P<<0.001). Cells cultured on the microfibers
were the shortest because of their denser attachment to
the material. To further investigate the growth direction
of the cells, we defined the direction along the microstruc-
ture to be 0° and estimated the distribution ratio of cells
within £10° and +45°, respectively. As listed in Table 1, 40%

of the cells cultured on the micro/nanostructured membrane
grew within +10°, while 90% of the cells grew within +45°.
These results indicated that the micro/nanostructured mem-
brane has a better guiding ability than the flat PLGA. To
prepare a nerve conduit that can effectively guide nerve cells
in both the center and the inner wall of a conduit, we suggest
that a micro/nanostructured membrane is more suitable than
a flat PLGA as the conduit shell material.

Cell migration and proliferation
In Figure 10, we compare the cell migration and proliferation
rates of cells cultured on the different materials. Figure 10A

Table | Growth direction of KT98 cells cultured on different
materials (n=30)

Direction Material

Flat membrane (%) Micro/nanomembrane (%)
+10° 6.67 40
+45° 63.3 90
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Figure 10 (A) Cell migration rates (n=20) and (B) cell proliferation rates after 2 days of culture (n=3).
Notes: Proliferation rate = cell numbers on different membranes/cell numbers on 24-well cell culture plate. ¥P<<0.05, **P<<0.001. Error bars represent mean * standard

deviation.

compares the cell migration rates, which we estimated using
fluorescence microscopy to observe cell migration. The
results indicate that cells cultured on a flat PLGA migrated
relatively more slowly (6.68 pm/h) than the microfibers
(10.71 um/h) and the micro/nanostructured membrane
(10.77 um/h). Based on these results, the cell migration rate
in the micro/nanomembrane and the microfibrous PLGA
was increased 1.6 times when compared with that of the flat
PLGA, further confirming that both the microfibers and the
micro/nanostructured membrane provide neural cells with a
better migration environment.

Figure 10B presents the proliferation rates of cells
cultured on different materials. The proliferation rates of
cells cultured on the flat PLGA and the micro/nanostruc-
tured membrane were about the same (about a 1.6-fold
increase compared with the control group [24-well cell
culture plate]), whereas the proliferation rate of cells on the

Longitudinal section

Micro and nano

Micro and nano

Figure |1 Cells cultured on the proposed nerve conduit for 3 days.

microfibers was relatively lower than that on the flat PLGA
and the micro/nanostructured membrane (1.5 times that of
the control group). This can be attributed to the relatively
smaller attachable area on the microfibers. The cell density
was found to be highly confluent after 2 days of culturing
on PLGA fibers (Figure 9C). These results indicate that our
designed structures can provide a good microenvironment
to enhance nerve cell migration velocity and proliferation,
when compared with a flat PLGA.

Cell behavior in the conduit

After 3 days of culturing, we used the frozen section tech-
nique to examine cell behavior in the proposed nerve conduit.
Figure 11 shows frozen section images of the cells cultured
on the nerve conduit for 3 days. The interior of the nerve
conduit was filled with cells (Figure 11A, B), and the packed
microfibers were also surrounded by cells (Figure 11C, D).

Microfibfous:—
% %" 'bundle ™+

Notes: (A) Longitudinal section, (B) cross section, (C) cross section of the micro/nanostructured shell membrane, and (D) microfibrous bundle. Cell nucleus is highlighted

by 4’,6-diamidino-2-phenylindole in blue. Red arrows, scaffold; white arrows, cell.
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As indicated by the arrows, cells adhered and aligned along
with the parallel microfibers of the microfibrous bundle
and the micro/nanohybrid structure of the shell membrane.
These cell culture results from the conduit culture reveal
that the micro/nanohybrid and microfibrous structures that
form the proposed nerve conduit can maintain their shapes.
We can conclude that the proposed hybrid-structured con-
duit has a high capability to guide nerve cells and promote
cell migration.

Discussion
Nerve conduits with micropatterns using different bio-
materials have been increasingly developed to reconnect
large gaps on fractured nerve fibers. We further proposed a
nerve guidance conduit consisting of a hybrid structure of
a microfibrous PLGA bundle (30 um width of each fiber)
wrapped within a micro/nanostructured PLGA membrane
to supplement the lower neurite guidance ability and the
nerve regrowth in the central part of a conduit. For the
nerve conduit shell, we chose the micro/nanostructured
PLGA membrane with a 30/30 um microgroove pattern
(width =30 um, spacing =30 wm), where each microgroove
is filled with an array of nanohemispheres with diameter and
height of 180—200 and 35—40 pum, respectively. The average
degradation rates of the micro/nanostructured membrane
were 0.57% and 0.15% after immersing in culture medium
for 7 and 21 days, respectively. During degradation, the nano-
spheres in each groove gradually became smooth and pores
were simultaneously generated within the membrane. During
degradation, pores only appeared on the shallow membrane
and less on the surface on the 7th day. The pores were fully
displayed throughout the membrane on the 21st day. This
phenomenon can be attributed to the degradation kinetics of
PLGA, which undergoes bulk degradation. A large number of
acidic substances, from PLGA hydrolysis, accumulate in the
middle of the PLGA membrane, leading to a high degrada-
tion rate observed in the center than on the PLGA surface, as
the medium neutralizes the acidic substances on the PLGA
surface. We designed the microfibrous PLGA bundle to avoid
the shrinkage of nerves that occurs in a hollow conduit. For
the microfibrous PLGA degradation, it was observed that the
degrading period was shorter than for the PLGA membrane.
The fibers were dramatically deformed and broke on the 3rd
and 14th day, because they were too thin to resist the acidic
environment. These results are consistent with previously
published studies.?°

PLGA is an artificial copolymer that is synthesized
using lactic acid and glycolic acid monomers via ring

opening polymerization. PLGA is also a Food and Drug
Administration-approved material used in drug delivery.
It possesses bioinertness and good mechanical strength and
can be easily fabricated into various polymeric devices,
such as microspheres, microcapsules, nanoparticles, pel-
lets, implants, and films, for medical use.’! In this study, the
proliferation rate of cells cultured on a flat, micro/nanostruc-
tured, and microfibrous PLGA is greater than 1.5 times the
proliferation rate of cells cultured on a 24-well culture plate
after 2 days of culture. It was demonstrated that PLGA did
not affect cell growth but promoted cell proliferation.

It has been reported that a nerve conduit with micro- or
nanopatterns can guide neurite growth and promote cell
migration.’>>* Li et al fabricated a series of topographical
screens to investigate the physical neural-guidance cues.
Hippocampal neurons cultured on anisotropic topographies
(linear, circular, angular gratings, triangular, and rectangular)
expressed better axonal elongation and dendritic extensions
in contrast to those cultured on the isotropic topographies
(dots, grids, and squares). However, cells cultured on planar
substrates presented dendritic branching over the microscale
features.* Our previous study demonstrated that the micro/
nanohybrid structures with 30/30 um microgroove pattern
(nanostructures in grooves) exhibited good nerve cell guid-
ance and had less branching than the pure micropatterns.*®
Our experimental results on cell guiding ability of the
proposed micro/nanostructured PLGA membrane in this
study are consistent with previous studies. However, neurite
elongation was not so obvious, which can be attributed to
the shifting of the cell orientation from a parallel to a per-
pendicular alignment by the nanostructures in the groove.
Teixeira et al reported that the parallel alignment tendency
can be interrupted when the pitch size is decreased from
4,000 to 400 nm.*’

The effect of micro/nanotopography environments on
cell migration is typically investigated based on cell cultured
on gratings or fibers. Many cell types exhibit space-biased
migration in the direction of the grating or fiber axis.*® Our
orientation measurement (Table 1) and migration rate obser-
vation results (Figure 10A) indicate the occurrence of similar
phenomenon. The regulatory pathway of cell migration on
a two-dimensional synthetic material is a complex physi-
ological response that can be generalized as a cycle consist-
ing of multiple steps: polarization of the cell and extension
of pseudopodia in the direction of migration, stabilization of
pseudopodia by adhesion to the material, forward movement
by concentration, and cell detachment at the rear.*® Class II1
B-tubulin is a microtube element found exclusively in neurons;
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it is also one of the components responsible for neurite out-
growth and cell motility. In Figure 9B, C, we can observe that
much more B-tubulins were contracted on microgratings or
fibers in the parallel direction in contrast to cell cultured on
flat PLGA membranes. This may be an important factor of cell
migration rate enhancement, because most of the protruding
pseudopodia are contracted in the same direction.

Our results indicate that a nerve conduit shell using the
proposed micro/nanostructured PLGA membrane can pro-
vide a better environment than a flat membrane for enhanc-
ing cell migration and proliferation in vitro. In addition, the
microfibrous PLGA bundle is able to effectively guide the
growth of neural cells and can induce a similar cell migra-
tion rate as that of a micro/nanostructured PLGA membrane.
Therefore, the regenerated cells are able to migrate from both
points of injury at a similar speed along the conduit to con-
nect with each other, hence avoiding the shrinkage problem.
We have demonstrated that the proposed hybrid-structured
conduit is capable of guiding nerve cells and promoting
cell migration in vitro and would find use in future clinical
applications.

Conclusion

We proposed a novel conduit to address the disadvantages
of the hollow-structured conduits currently used. This
novel nerve guidance conduit consists of a hybrid struc-
ture of a microfibrous PLGA bundle wrapped in a micro/
nanostructured membrane. Cell culture results indicate that
the micro/nanostructured PLGA membrane can provide
a better environment than a flat membrane for enhancing
the migration and proliferation of cultured cells. We also
demonstrated the ability of the microfibrous PLGA bundle
to effectively guide the growth of neural cells at a similar
migration rate as that of a micro/nanostructured PLGA
membrane. As such, it is capable of preventing the shrinkage
problem of hollow-structured conduits. Furthermore, our
conduit cell culture results demonstrate that the micro/
nanohybrid and microfibrous structures maintain their shapes.
The proposed hybrid-structured conduit demonstrates a high
capability for guiding nerve cells and promoting cell migra-
tion in vitro and provides an opportunity for use in future
clinical applications.
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