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A Protein Composite Neural Scaffold Modulates Astrocyte
Migration and Transcriptome Profile

Li Yao,* Ryan Brice, and Teresa Shippy

Bioscaffold implantation is a promising approach to facilitate the repair and
regeneration of wounded neural tissue after injury to the spinal cord or
peripheral nerves. However, such bioscaffold grafts currently result in only
limited functional recovery. The generation of a neural scaffold using a
combination of collagen and glutenin is reported. The conduit material and
mechanical properties, as well as its effect on astrocyte behavior is tested.
After neural injuries, astrocytes move into the lesion and participate in the
process of remodeling the micro-architecture of the wounded neural tissue. In
this study, human astrocytes grown on glutenin-collagen scaffolds show
higher motility and a lower proliferation rate compared with those grown on
collagen scaffolds. RNA sequencing reveals that astrocytes grown on the two
types of scaffolds show differentially expressed genes in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways such as actin cytoskeleton and focal
adhesion that regulate astrocyte migration on scaffolds. The gene expression
of aggrecan and versican, chondroitin sulfate proteoglycans that inhibit
axonal growth, is down-regulated in astrocytes grown on glutenin-collagen
scaffolds. These outcomes indicate that the implantation of glutenin-collagen
scaffolds may promote astrocyte function in the neural regeneration process
by enhanced cell migration and reduced glial scar formation.

1. Introduction

Neural trauma such as spinal and peripheral nerve injuries is
common and often results in life-long disability and secondary
complications. Biomaterial conduits to bridge the damaged neu-
ral tissue and conduct neural regrowth have been investigated.
Although numerous scaffolds formed by natural and synthetic
materials have been tested to facilitate repair of the wounded
neural tissue, limited functional recovery has been observed
in these studies.[1–10] Collagen, a major extracellular matrix
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component, is one of the most frequently
used natural materials for production of
bioscaffolds.[11,12] It is a common biomate-
rial that mimics a microenvironment suit-
able for neural growth and has specific ad-
vantages as cells can interact with collagen
via integrin receptors.[13] However, collagen
materials have weak mechanical properties,
necessitating the search for alternative or
supplemental materials.

Wheat, a renewable source of human
sustenance across recorded history, has
been processed into wheat flour to create a
variety of baked goods. Approximately 80%
of the wheat endosperm is storage protein,
comprised of polymeric high-molecular-
weight and low-molecular-weight glutenin
subunits, which can be alcohol soluble
in mono-, di-, and smaller polymers, and
monomeric alcohol soluble 𝛼-, 𝛾-, and 𝜔-
gliadins.[14] Wheat protein has been used
to generate various forms of scaffolds for
medical applications.[15–19] High molecu-
lar weight (HMM) glutenin subunits have
glutamine-rich areas in the central regions

with arrays of interchain hydrogen bonds, which are the source
of gluten’s elastic properties.[20] The HMM subunits are also sta-
bilized by intermolecular disulfide bonds that increase its elas-
tic properties.[21] Gliadins are a constituent part of wheat gluten
and are believed to be a significant source for gluten intolerance
in genetically susceptible individuals, thereby causing symptoms
from slight discomfort to chronic inflammation.[22] Because of
this potential for toxicity in animal tissue, the glutenins are
extracted from the gliadin subunits for biomaterial fabrication
and application.[23] The mechanical strength of the extracted
glutenins makes them an attractive material for improving neu-
ral conduits.

Astrocytes are glial cells of the central nervous system and
have critical functions during recovery from neural injury. After
spinal cord injury (SCI), the activated astrocytes migrate into and
around the lesion. The rapid proliferation of astrocytes forms an
astrocytic scar border at the lesion. The astrocytes and the formed
glial scar play important roles in the regeneration process of SCI.
The glial scars separate the inflammatory area of the lesion from
the intact neural tissues, thereby minimizing the extent of sec-
ondary damage to the spinal cord.[24–26] The scar tissue formed by
astrocytes contains fibronectin and laminin that promote axonal
growth.[27,28] However, the glial scar also acts as a barrier to
axon regeneration. A number of studies have demonstrated that
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Figure 1. Fabrication of glutenin-collagen conduit: A) western blotting showing wheat protein (lane 1), wheat protein after removal of gliadin (lane 2),
and gliadin (lane 3); B) quantitative assay of western blotting study showing the significant reduction of gliadin from gluten after extraction procedure,
*, p < 0.05 (T-test); C) Four-channel neural conduits fabricated by glutenin-collagen and collagen alone.

chondroitin sulfate proteoglycans (CSPGs), which are a major
component of the glial scar, are a strong inhibitory factor against
axon outgrowth.[29–31] A previous study showed that transplan-
tation of collagen tube grafts into transected rat spinal cord
promoted astrocyte migration into the spinal cord lesion and
supported axonal growth.[32] Assessment of the effect of neural
conduit materials on astrocytes is essential given their important
role in neural injury repair,[33] with conduits producing en-
hanced astrocyte migration and reduced CSPG production being
desirable.

In this study, a glutenin and collagen composite neural con-
duit was fabricated and subsequently crosslinked with (1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) to enhance struc-
tural stability. We show that the protein composite conduit is
biodegradable and the glutenin incorporation in the conduit en-
hances conduit mechanical strength. The proliferation and mo-
bility of human astrocytes grown on glutenin-collagen scaffolds
were investigated by alamarBlue assay and time-lapse record-
ing, respectively. Astrocytes grown on glutenin-collagen scaffolds

showed a higher motility and lower proliferation rate compared
with collagen scaffolds. We used next-generation RNA sequenc-
ing (RNA-seq) to study the molecular regulation of cell migra-
tion on the glutenin-collagen scaffolds. RNA-seq data was also
analyzed to reveal how glutenin affects the production of CSPGs,
which are major components of the glial scar.

2. Results

2.1. Effective Removal of Gliadin from Wheat Protein and
Fabrication of Neural Conduits

Western blotting assay was performed to determine the amount
of gliadin left in the purified glutenin. After repeated removal of
gliadin from the wheat gluten using ethanol, the gliadin amount
in gluten was significantly reduced (Figure 1A). Quantitative
assay for western blotting confirmed the reduction in gliadin
(Figure 1B). Neural conduits were fabricated using glutenin af-
ter removal of gliadin from the wheat gluten (Figure 1C).
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Figure 2. Analysis of conduit swelling in PBS: A) Transverse images of four-channel conduits after incubation in PBS for various days. B) The conduit
diameter, C) conduit area, D) channel area, and E) conduit length measured at the following time points: before incubation (day 0), 2 days, 7 days, and
14 days after incubation in PBS at 37°C. The collagen and glutenin-collagen conduits show a similar swelling profile.

2.2. Slight Dimensional Change of Glutenin-Collagen Neural
Conduits in Swelling Test

Four-channel conduits with a length of 1 cm were fabricated
and subjected to a swelling test. Incubation in PBS slightly
increased the conduit diameter and the total area of the conduit
cross section. The initial widths of the conduits fabricated

using 10 mg collagen, 5 mg glutenin/5 mg collagen, and
10 mg glutenin/10 mg collagen were 1.8 ± 0.0, 1.8 ± 0.1,
and 1.9 ± 0.0 mm, respectively (Figure 2). After rehydra-
tion with PBS for 14 days, the diameter of these conduits
was increased to 1.9 ± 0.1, 1.9 ± 0.1, and 2.1 ± 0.0 mm,
respectively. After incubation, the conduit length changed
slightly.
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Figure 3. Dimensional change of glutenin-collagen and collagen conduits in a biodegradation process. After the crosslinked and non-crosslinked con-
duits were incubated with collagenase solution in a 37°C incubator for various days, A) the conduit weight, B) length, C) channel diameter, and D)
area were analyzed. The measured parameters of all crosslinked conduits were slightly reduced after digestion for 3 days. Non-crosslinked conduits
disappeared after digestion for 2 days. The glutenin-collagen conduits and collagen conduits showed a similar degradation trend.

2.3. Enzymatic Degradation of Neural Conduit

The crosslinked glutenin-collagen and collagen conduits un-
dergo a similar degradation profile in the degradation test (Fig-
ure 3). After three days in collagenase solution, the conduits
made of the crosslinked collagen, glutenin (5 mg)-collagen
(5 mg), glutenin (10 mg)-collagen (10 mg) retained 90.8%,
88.7%, and 77.3% of their weight, respectively, while the non-
crosslinked conduits disappeared after digestion. However, the
conduit length, and conduit channel diameter and channel area
changed slightly after the three-day digestion.

2.4. FTIR and DSC Studies Show Crosslinking of Neural Conduits

The functional groups of collagen membrane and glutenin-
collagen films were tested by FTIR (Figure 4A). The collagen
membrane and glutenin-collagen membrane showed similar
Amide I, Amide II, Amide A, and Amide B bands. FTIR spectra
showed the difference between crosslinked and non-crosslinked
collagen and glutenin-collagen membranes, and confirmed the
crosslinking by EDC. When crosslinked with EDC, the scaf-
folds showed altered intensity of the bands compared with non-
crosslinked membrane. Reduction in intensity of both the Amide
A and Amide I bands was observed, suggesting that the number

of free amine groups is reduced and new covalent bonds have
formed during the crosslinking process.

The onset shrink temperatures of the crosslinked conduits
made by 10 mg collagen, 5 mg gluten/5 mg collagen, and
10 mg glutenin/10 mg collagen were 54.5 ± 3.1, 53.6 ± 3.8, and
56.2 ± 3.2 °C, which were significantly higher than the relevant
non-crosslinked conduits (Figure 4B). The peak shrink temper-
atures of the crosslinked conduits with 10 mg collagen, 5 mg
gluten/5 mg collagen, and 10 mg glutenin/10 mg collagen were
58.5 ± 2.4, 58.7 ± 2.8, and 60.5 ± 0.2°C, which were signifi-
cantly higher than the corresponding non-crosslinked conduits
(Figure 4C).

2.5. Three-Point Bending Demonstrating the Mechanical
Properties of the Conduits

The three-point bending test showed that the stress of neural
conduits fabricated by 15 mg collagen and 15 mg glutenin was
0.026 ± 0.004 N mm−2, which is significantly higher than that of
conduits fabricated by 30 mg collagen (0.015 ± 0.003 N mm−2,
p < 0.01). The stress of conduits fabricated by 30 mg collagen
and 30 mg glutenin showed the highest stress (0.052 ± 0.006 N
mm−2), which is significantly higher than the other two groups
(p < 0.01) (Figure 5).
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Figure 4. Analysis of the effect of crosslinking on collagen and glutenin-collagen conduits. A) FTIR spectra for collagen and glutenin-collagen conduits.
DSC tests showing the shrink temperatures of collagen and glutenin-collagen conduits (B, C). B) The onset shrink temperatures for neural conduits. C)
The peak shrink temperatures *, p < 0.05, versus non-crosslinked conduits (Two-way ANOVA with a post hoc Bonferroni test).

Figure 5. Three-point bending test showing the higher bending stress of
glutenin-collagen conduit compared with collagen conduit. *, p< 0.05, ver-
sus conduit made by non-crosslinked collagen; ˆ, p < 0.05, versus conduit
made by non-crosslinked collagen; and conduit made by 15 mg collagen
and 15 mg glutenin (One-way ANOVA with a post hoc Bonferroni test).

2.6. Cell Motility and Proliferation of Human Astrocytes on
Crosslinked Glutenin-Collagen Substrate

Human astrocytes were grown on glutenin-collagen-, gluten-
collagen-, and collagen-coated 24-well plates. The cell migration
pathways (Videos S1 [migration on collagen], S2 [migration on
glutenin-collagen], and S3 [migration on gluten-collagen] in the
Supporting Information) on different surfaces are indicated with
colored lines (Figure 6A–C). The cell migration tracks from at
least three experiments are summarized in Figure 6D–F. Each
frame shows the superimposed astrocyte migration pathways.
The center (0, 0) of the frame indicates the initial position of
all cells. The lines in the frame show the cell migration path-
ways during the three-hour period. The cell migration veloci-
ties on different substrates are 0.32 ± 0.02 μm min−1 (collagen),
0.62 ± 0.05 μm min−1 (glutenin-collagen), and 0.49 ± 0.02 μm
min−1 (gluten-collagen). The cell migration distance on differ-
ent substrates are 56.93 ± 3.65 μm (collagen), 108.64 ± 8.96 μm
(glutenin-collagen), and 86.05 ± 4.52 μm (gluten-collagen) (Fig-
ure 6G,H). This study showed the increased cell migration veloc-
ity on glutenin-collagen and gluten-collagen surfaces compared
with that of cells on collagen surfaces (p < 0.01).
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Figure 6. Cell migration and viability of astrocytes grown on glutenin-collagen scaffolds: migration of astrocytes on A) collagen, B) glutenin-collagen
surface, and C) gluten-collagen surface. Scale bar: 100 μm. Cell migration pathways are shown as lines in graphs (D–F): astrocyte migration tracks for
three hours on D) collagen, E) glutenin-collagen, and F) gluten-collagen surface; G) cell migration velocity on different substrates; H) cell migration
distance on different substrates: *, p < 0.05, versus collagen and gluten-collagen; ˆ, versus collagen (One-way ANOVA with a post hoc Bonferroni test); I)
alamarBlue assay for astrocytes grown on collagen (D), glutenin-collagen (E), and gluten-collagen surface: *, p < 0.05 versus non-crosslinked groups;
ˆˆ, versus glutenin-collagen and gluten-collagen (Two-way ANOVA with a post hoc Bonferroni test).

After the astrocytes were cultured for two days, the per-
centage reductions in the alamarBlue reagent for cells in the
glutenin-collagen, gluten-collagen, and collagen treated wells
were 58.2± 3.2%, 51.6± 0.9%, and 74.8± 4.2%, respectively (Fig-
ure 6I). Then the values increased to 70.1 ± 2.1%, 70.9 ± 2.7%,
and 82.2± 4.1%, respectively, after culturing for an additional two
days. The statistically significant differences in percentage reduc-
tion rate between these two time points show that the prolifera-
tion rate of astrocytes in glutenin-collagen- and gluten-collagen-
coated wells is lower than that in collagen-coated wells (p < 0.01).

2.7. Identification of Differentially Expressed Genes and the
KEGG and GO Term Analyses

To investigate the molecular basis of the response of astrocytes
to the different materials, we compared gene expression in cells
grown on glutenin-collagen scaffolds versus collagen scaffolds.
Based on the false discovery rate (FDR) threshold (FDR < 0.05)

of significant differential expression, 1159 up-regulated and 1055
down-regulated genes were identified in cells grown on glutenin-
collagen scaffolds relative to cells grown on collagen scaffolds. A
heat map shows the 2D hierarchical DEG clusters of the glutenin-
collagen and collagen scaffold groups (Figure 7).

We performed GO term enrichment analysis of differentially
expressed genes (DEGs) to explore the functions of these genes.
Significantly enriched GO terms for both down-regulated and
up-regulated DEGs were identified in the categories of biological
process (BP), cellular component (CC), and molecular function
(MF) (Figures 8 and 9). The GO term analysis of down-regulated
DEGs showed the significantly enriched GO terms extracellular
matrix organization (31 DEGs), extracellular matrix (48 DEGs)
(Table 1), and extracellular matrix structural constituent (16
DEGs) in the categories of BP, CC, and MF, respectively. Within
these down-regulated genes on glutenin-collagen scaffolds com-
pared to collagen scaffolds, there was down-regulation of aggre-
can (ACAN) (5.62 fold change), and versican (VCAN) (2.04 fold
change), which are major CSPGs.
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Figure 7. Heat map showing the clustered DEGs of cells on glutenin-collagen and collagen scaffolds.

KEGG pathway analysis was performed to explore the genes
and signaling pathways that regulate cell migration. Compared to
the control group, seven pathways were enriched among down-
regulated genes in cells grown on glutenin-collagen scaffolds,
while 41 pathways were enriched among up-regulated genes (Fig-
ure 10). Among these pathways, regulation of the actin cytoskele-
ton (Figure S1, Supporting Information) and focal adhesion (Fig-
ure S2, Supporting Information) pathways are critical for cell
motility. In the focal adhesion pathway, 27 genes were down-
regulated, while 26 genes were up-regulated for cells grown on
glutenin-collagen scaffolds compared with the collagen scaffolds
(Table 1). In the regulation of the actin cytoskeleton pathway,
there were 26 down-regulated genes and 30 up-regulated genes
for cells on glutenin-collagen scaffolds, compared to those on col-
lagen scaffolds (Table 1).

3. Discussion

In this study, the glutenin-collagen conduit was crosslinked with
EDC, which is known as a “zero length” protein crosslinker be-

cause it facilitates the covalent bond formation between amino
acid residues without actual incorporation into the chemical
crosslink.[34] The function of EDC is to crosslink the carboxyl
group and amine group of amino acids and form an amide
bond. In collagen, EDC can form amide bonds between amine-
containing amino acids such as lysine and carboxyl group-
containing amino acids such as proline. In glutenin, amide
bonds can be formed between lysine residues and carboxyl group-
containing glycine residues.[61] Therefore, EDC can crosslink
glutenin[62] and form amide bonds between glutenin and colla-
gen.

The crosslinking of the protein composite-based scaffolds
was examined using DSC and FTIR tests. The DSC test
showed that the onset and peak shrink temperatures of the
crosslinked glutenin-collagen conduits were higher than in the
non-crosslinked control group. FTIR spectra showed reduced in-
tensity of the bands for the crosslinked glutenin-collagen scaffold
compared with the non-crosslinked membrane, thereby indicat-
ing the formation of crosslinking. The effectiveness of crosslink-
ing was demonstrated by the swelling and degradation tests.
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Figure 8. Significantly enriched GO terms of down-regulated DEGs: A) biological process; B) cellular component; C) molecular function.

The study showed that the crosslinked glutenin-collagen
conduit was digested by collagenase and the degradation rate
is similar to that of collagen conduit. This outcome suggests
that the degradation of the glutenin-collagen conduit is a
protease-dependent process, and the scaffold is biodegradable.
Additionally, the efficacy of crosslinking was observed as the
crosslinking reduced the degradation rate of the glutenin-
collagen conduit in the collagenase solution, compared with that
in the non-crosslinked conduit. Without crosslinking, the con-
duit disappeared after incubation with a collagenase-containing
cell medium. However, crosslinked with 20 × 10−3 m EDC/NHS,
the conduit showed only about 10% weight reduction after
incubation for three days. Thus the conduit degradation process
can be modulated by the crosslinking procedure. To avoid the
blockage of channels that conduct axonal growth or compres-
sion of the neural tissue in vivo, it is critical to maintain the
morphology of the scaffolds in vivo. The swelling test showed
that incubation of the crosslinked glutenin-collagen conduit
in PBS at 37°C for 14 days did not change the morphology
of the conduit. The information obtained from swelling and
degradation tests suggests that the scaffold can maintain its
shape during the degradation process in the physiological
body fluid.

The grafted neural conduit should provide sufficient protec-
tion for the regenerating neural tissue within the scaffold by
resisting the mechanical impact generated by surrounding soft
tissue. In this study, the three-point bending test showed the
enhanced mechanical strength of the glutenin-collagen conduit
compared with the collagen conduits without glutenin. Deforma-
tion of the glutenin-collagen conduit was elastic. The increased
mechanical strength can maintain the integrity and stability of
the conduit in vivo because it can provide improved mechan-
ical support to resist external loading. The elastic property of
glutenin-collagen will reduce damage to neural tissue.

After spinal cord injury, a glial scar is formed by the reactive
cellular process with reactive astrocytes as the major cellular
component. The migration and proliferation of astrocytes forms
a dense cellular network that fills the neural lesion. The role
of the glial scar is both protective and inhibitory in neural
regeneration.[35,36] Astrocytes participate in the healing process
by re-establishing and remodeling the physical connection of
neural tissue. Astrocytes produce extracellular matrix compo-
nents such as laminin, fibronectin, tenascin C, and proteoglycans
that modulate axonal growth.[37] Previous studies have shown
that astrocytic migration is critical for the regeneration process
after SCI. The reduction of astrocytic migration caused by
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Figure 9. Significantly enriched GO terms of up-regulated DEGs: A) biological process; B) cellular component; C) molecular function.

conditional knockout of STAT3 results in an increased inflam-
matory response and poor recovery of motor function.[26] On the
other hand, excessive proliferation of astrocytes physically forms
a barrier to axonal growth. Astrocytes also secrete molecules
such as CSPGs that inhibit neural regeneration after SCI. In this
study, we observed increased cell migration velocity of astrocytes
on glutenin-collagen scaffolds compared to that on collagen
scaffolds. The study indicates that glutenin could promote astro-
cyte movement from surrounding neural tissue into the neural

conduit. Astrocytes help to establish the microenvironment
within the grafted conduit. However, we observed a lower cell
proliferation rate on glutenin-collagen scaffolds than on collagen
scaffolds. The glutenin may control astrocyte increase in vivo and
therefore reduce glial scar formation.

Chondroitin sulfate proteoglycans are extracellular matrix
molecules that are formed by a protein core and a glycosamino-
glycan (GAG) side chain. The major CSPGs found in the cen-
tral nervous system (CNS) include versican, aggrecan, neurocan,
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Table 1. Significantly changed genes in GO term and signaling pathways.

Category Change Gene name

GO term BP – extracellular matrix
organization

Down regulation ABI family member 3 binding protein(ABI3BP, KAZALD1, ACAN, CCDC80, COL4A5, COL5A2, COL8A1,
COL11A1, COL13A1, COL14A1, COL19A1, CYR61, DCN, DDR2, ELN, ECM2, ITGA1, ITGA7, ITGB1,
LAMA2, LAMB1, LOXL1, LOX, OLFML2A, OLFML2B, RECK, SPARC, TNC, THBS1, VCAM1, VCAN

KEGG pathway Regulation of the actin
cytoskeleton

Up regulation CRKL, FGD1, GIT1, LIMK1, NCKAP1, ROCK2, ARHGEF12, SOS1, WASL, ARPC1B, FGFR1,
ITGA11,ITGA2, ITGA3, ITGA 4, ITGA5, ITGB3, ITGB4, ITGB5, MAPK3, MAP2K1, PAK2, PAK4, PXN,
PIK3CD, PIP5K1C, PIP4K2B, PIK3R2, PPP1R12C, SLC9A1

Down regulation IQGAP3, ACTB, ACTG1, ARPC5, F2R, CFL2, DIAPH3, ENAH, EZR, FGF1, FGF10, FGF14, ITGA1, ITGA7,
ITGB1, MYL12A, MYL9, MYLK, PIK3R1, PDGFRA, PFN1, PFN2, RHOA, RRAS, TMSB4X, VCL

Focal adhesion Up regulation CRKL, ROCK2, SHC1, SOS1, CAPN2, COL24A1, CCND1, ITGA11, ITGA2, ITGA3, ITGA4, ITGA5, ITGB3,
ITGB4, ITGB5, MAPK3, MAP2K1, PAK2, PAK4, PXN, PIK3CD, PIK3R2, PGF, PRKCA, PPP1R12C,
VEGFA

Down regulation FYN, JUN, RAP1B, ACTB, ACTG1, BIRC3, COL4A5, COL5A2, COL11A1, ILK, ITGA1, ITGA7, ITGB1,
LAMA2, LAMB1, MAPK8, MYL12A, MYL9, MYLK, PIK3R1, PDGFRA, RHOA, RELN, TNC, THBS1,
THBS3, VCL

Figure 10. KEGG pathway enrichment analysis showing the number of DEGs in each significantly enriched KEGG pathway among genes A) upregulated
or B) down-regulated on the glutenin-collagen substrate.

brevican, phosphacan, and NG2. After SCI, reactive astrocytes
upregulate expression and secretion of CSPGs, which con-
tributes to the development of glial scar tissues.[29–31] Both in vitro
and in vivo studies have shown inhibitory effect of CSPGs on ax-
onal growth in neural regeneration. After spinal cord injury, the
expression of neurocan, brevican, and versican increased within
a few days and neurocan and versican remained elevated for four

weeks post-injury.[37] Versican has been shown to strongly inhibit
axonal growth when expressed in the extracellular matrix of the
mature central nervous system.[38] It was also shown that ver-
sican can potently inhibit oligodendrocyte myelination.[39–41] In
another study, the function of aggrecan on spinal axonal growth
was studied by grafting matrigel loaded with intact aggrecan or
the purified core glycoprotein of aggrecan into the cavities of
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acute hemisected rat spinal cord. The outcome showed that both
grafted intact aggrecan and the core glycoprotein component sig-
nificantly inhibit axonal growth.[42] In our study, RNA-Seq anal-
ysis showed the reduced expression of versican and aggrecan in
astrocytes grown on glutenin-collagen, suggesting that the inclu-
sion of glutenin in the neural scaffolds may help to control the
glial scar volume.

Pathway enrichment analysis of DEGs identified KEGG path-
ways with significant enrichment of DEGs, including the reg-
ulation of actin cytoskeleton and focal adhesion pathways. The
DEGs in these pathways provide clues to the molecular mech-
anism of increased astrocyte motility on glutenin-collagen scaf-
folds compared with collagen scaffolds. In the pathway of regula-
tion of actin cytoskeleton, ROCK2 and PAK4 are key regulators of
actin filament activity and cell movement. ROCK1 and PAK4 are
upstream kinases of LIMK1, a serine/threonine kinase that reg-
ulates actin filament dynamics, and can phosphorylate LIMK1
on a threonine residue and activate it. LIMK1 stabilizes actin
filament by phosphorylating and inactivating the actin-binding
factor cofilin. Actin-binding proteins facilitate assembly and dis-
assembly of actin filaments, and therefore regulate cell motility.
Cofilin (CFN) prevents actin filament reassembly by depolymer-
izing it at the minus end and can also sever actin filaments.[43] In
this study, ROCK2, PAK4, and LIMK1 were up-regulated, while
the cofilin 2 (CFL2) was down-regulated. The changes in this
pathway may promote cell motility by decreasing actin filament
depolymerization.

Analysis of the regulation of the actin cytoskeleton and fo-
cal adhesion pathways also revealed the down-regulation of vin-
culin (VCL). In focal adhesions, integrin recruits a number of
proteins including vinculin to form a link between the acto-
myosin cytoskeleton and the extracellular matrix (ECM). As one
of the intermediate filament proteins, vinculin functions as a
mechanosensor that mediates force transmission through 𝛽 inte-
grins, thereby regulating migration.[63] It has been suggested that
VCL inhibits cell migration by establishing an actin-ECM inter-
action, and therefore strengthening and stabilizing adhesions.[44]

Previous studies have shown that VCL restrains cell migration
velocity on cell culture substrates.[45–47] Additionally, reduction
of VCL expression was observed in several metastatic human
tumors.[48,49] Another study revealed that mouse embryonic fi-
broblasts cells in which VCL had been knocked out were softer
and were able to remodel the cytoskeleton more rapidly. When
cultured on collagen-coated substrates, the VCL knockout cells
showed higher motility compared with wild-type cells.[46] In our
study, the down-regulation of VCL in astrocytes cultured on
glutenin-collagen scaffolds suggests that the presence of glutenin
resulted in reduced expression of VCL. Thus, the downregulation
of VCL may also contribute to the increased migration velocity
of astrocytes on glutenin-collagen matrix. In summary, we ob-
served higher motility of astrocytes cultured on glutenin-collagen
scaffolds compared with collagen scaffolds. The incorporation of
glutenin in a collagen-based bioscaffold induced significant dif-
ferential gene expression compared with the cells on collagen
scaffolds. KEGG signaling pathway analysis of these DEGs re-
vealed candidates for genes contributing to increased cell motil-
ity. Further studies involving manipulation of a few critical genes
are needed to confirm their function in the regulation of astrocyte
migration on different scaffolds.

4. Conclusion

In this study, a combination of glutenin and collagen protein
was used to generate a multichannel conduit and the conduit
material and mechanical properties were tested. It was found
that the crosslinked glutenin-collagen conduit showed similar
biodegradable and swelling profiles as the collagen conduit. A
three-point bending test showed that the glutenin component in
the glutenin-collagen conduit enhanced its mechanical proper-
ties, compared to the conduit made only with collagen. The pro-
liferation and mobility of human astrocytes grown on glutenin-
collagen scaffolds were investigated using the AlamarBlue as-
say and time-lapse recording, respectively. The human astrocytes
grown on glutenin-collagen scaffolds showed a higher migration
velocity and lower proliferation rate compared with those on col-
lagen scaffolds. Post-spinal cord injury, astrocytes migrate into
the lesion and are involved in the remodeling of the wounded
neural tissue. However, excessive proliferation of astrocytes in-
ducing glial scar formation generates a barrier in neural regener-
ation. Next generation RNA sequencing was performed to inves-
tigate the molecular regulation of cell migration. Among DEGs,
we found enrichment of KEGG pathways such as regulation of
actin cytoskeleton and focal adhesion that may contribute to the
enhanced astrocyte migration on glutenin-collagen scaffolds. In
the pathway of regulation of actin cytoskeleton, the up-regulation
of ROCK2, PAK4, LIMK1 and down-regulation of CFL2 may pro-
mote cell motility by decreasing actin filament depolymerization.
The chondroitin sulfate proteoglycans aggrecan and versican in-
hibit axonal growth in wounded spinal cord. The study also re-
vealed the down-regulated gene expression of aggrecan and ver-
sican in astrocytes grown on glutenin-collagen scaffolds. The
outcome of these experiments suggest that the implantation of
glutenin-collagen conduits can potentially improve the repair of
wounded neural tissue as it enhanced astrocyte migration and
reduced expression of some glial scar components. The effect
of glutenin-collagen conduit on neural regeneration needs to be
tested further in in vivo studies.

5. Experimental Section
Gliadin Removal from Wheat Protein and Wheat Glutenin Preparation:

The gliadin component was removed from wheat gluten. Here, wheat
gluten (0.5 g) was dispersed in 50 mL 70% ethanol and stirred for 0.5 h.
The mixture was then centrifuged and the supernatant discarded. This
procedure was repeated five times to remove most of the gliadin. The
precipitate was transferred into a glass beaker containing 50% ethanol
and acetic acid with a final concentration of 0.5 N. This mixture was then
heated at 40°C and stirred for 1 h, and then centrifuged to remove the
insoluble portion containing starch and aggregates. Ethanol (70%) was
added to the supernatant and stored in a refrigerator overnight to pre-
cipitate the glutenins. The precipitated glutenins were dispersed in 50%
ethanol. The pH of the mixture was adjusted to 5.0 with acetic acid, fol-
lowed by centrifugation.[50] Glycerol was then added to the solution, and
the solution was stirred. The protein content of the solution was adjusted
to 10% w/v.

Western Blotting: Equal-amount protein samples (5 μg) for wheat
gluten and gluten with the gliadin (Sigma-Aldrich, St. Louis, MO) re-
moved were electrophoresed in Tris-Tricine 16.5% 12-well precast gels
(Bio-Rad Laboratories) in a Mini-PROTEAN Tetra System (Bio-Rad Lab-
oratories) with 1x Tris/Glycine/SDS buffer (Bio-Rad Laboratories) at
180 V for ≈70 min. Precision Plus Protein WesternC Standards (Bio-Rad
Laboratories) was utilized as a molecular weight reference. Proteins were
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transferred to a polyvinylidene fluoride (PVDF) membrane at 4°C with
magnetic stirring (1200 rpms) at 100 V for 1 h. The membranes were
blocked with a blocking buffer (5% milk powder in tris-buffered saline with
Tween 20 [TBST]) for 60 min at room temperature (RT) with shaking. The
membranes were incubated with anti-gliadin monoclonal antibody (10 μL,
Thermo Fisher Scientific, Waltham, MA) in 15 mL of TBST containing 1%
bovine serum albumin (BSA) with rocking for 1 h at room temperature, fol-
lowed by overnight incubation at 4°C. The membrane was then incubated
with 2 μL secondary antibody (goat anti-mouse IgG H+L cross-adsorbed,
horseradish peroxidase (HRP), Thermo Fisher Scientific, Waltham, MA)
in 15 mL TBST with 1.5 μL Precision Plus StrepTactin-HRP conjugate (Bio-
Rad Laboratories) and 2% milk powder for 1 h with shaking at RT, and
followed by overnight incubation at 4°C. The immunoblots were devel-
oped by Supersignal West Pico Plus Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA). Images of the immunoblots were taken
and analyzed by Azure Western Blot Imaging System (Azure Biosystems,
Inc, Dublin, CA). Three replicates of western blotting tests were performed
and statistical analyses (T-test) were carried out to compare the mean
value based on the immunoblot images.

Fabrication of Wheat Glutenin-Collagen Based Bioscaffold: Wheat
glutenin solution and type I collagen solution (10 mg mL−1) were mixed
in a 1:1 weight ratio and a four-channel neural conduit was gener-
ated using the solution according to methods described in the previous
publication.[7] Briefly, the mixed solution was sequentially applied to stain-
less steel wires that were inserted in a mold. The generated protein con-
structs were crosslinked with 20 × 10−3 m EDC and 10 × 10−3 m N-
hydroxysuccinimide (NHS) followed with washing using NaH2PO4 (0.1
m) and distilled water. The scaffold samples were frozen in a −80°C freezer
and then they were placed in a glass flask. The flask was connected to a
Quickseal valve of a running VirTis Freeze Dryer (Sentry 2.0, SP Indus-
tries Inc., Warminster, PA).[64.65] The Quickseal valve was then switched
on and the samples were lyophilized overnight. The molds and wires were
removed from the conduits after freeze-drying.

Swelling Test: Three types of neural conduits (10 mg collagen, 5 mg
glutenin/5 mg collagen, and 10 mg glutenin/10 mg collagen) were fab-
ricated. The bioscaffolds were incubated separately in Dulbecco’s phos-
phate buffered saline at 37°C. The channel area as well as conduit diam-
eter and length were measured before incubation and 2 days, 7 days, and
14 days after incubation. Four replicates were performed for each type of
sample.

Degradation Test: Three types of neural conduits (10 mg collagen,
5 mg glutenin/5 mg collagen, and 10 mg glutenin/10 mg collagen) were
fabricated. The scaffolds were incubated at 37°C in a bacterial collagenase
(Fisher Scientific, Hampton, NH) solution (14.5 U mL−1) prepared with
0.1 m Tris-HCl buffer (pH 7.4) and 0.005 m CaCl2. After various periods of
incubation, the remaining samples were washed with distilled water and
freeze-dried before the measurement of the sample length, weight, and
diameter.

Analysis of the Sample with Fourier Transform Infrared Spectroscopy: To
generate crosslinked glutenin-collagen and collagen films, the solutions
were spread on a Teflon material surface and air-dried and then analyzed
with Fourier transform infrared spectroscopy (FTIR). The non-crosslinked
and crosslinked films were tested using a Perkin Elmer Spectrum 100 FT-IR
Spectrometer (PerkinElmer, Buckinghamshire, United Kingdom).

Differential Scanning Calorimetry: Neural conduits (10 mg collagen,
5 mg glutenin/5 mg collagen, and 10 mg glutenin/10 mg collagen) were
fabricated. Both crosslinked and non-crosslinked samples were tested.
The samples were rehydrated in deionized water at room temperature for
one hour before testing. Scaffolds were then cut into pieces to accom-
modate the testing chamber size and placed in the Differential Scanning
Calorimeter (TA Instruments, New Castle, DE) for analysis. The tempera-
ture was maintained at a rate of 10°C min−1 in the range of 25–200°C.

Three-Point Bending Test of Protein Composite Conduits: The mechan-
ical property of the conduits was characterized by a three-point bend-
ing test. Collagen conduits (30 mg collagen), glutenin-collagen conduits
(15 mg glutenin/15 mg collagen, and 30 mg collagen/30 mg glutenin) of
3 cm in length were fabricated and tested. These tests were performed us-
ing a uniaxial test machine (DMA 850, TA Instruments, New Castle, DE).

Viability and Proliferation of Human Astrocytes on Glutenin-Collagen Scaf-
folds: To study the viability and proliferation of primary human astrocytes
(Cell Applications, Inc., San Diego, CA) on the scaffolds, each well of a 24-
well plate was coated with a solution of wheat gluten-collagen, glutenin-
collagen, or collagen. After air-drying, the coating was crosslinked and
washed as described in Section 2.3. The wells were sterilized with 70%
ethanol before cell seeding (10 000/well). The cells were grown with as-
trocyte growth medium (Cell Applications, Inc., San Diego, CA) in a 37°C
incubator with 5% CO2. After the cells were cultured for two days and four
days, alamarBlue assay (Thermo Fisher Scientific, Waltham, MA) was per-
formed to test cell viability and proliferation. A cell culture medium with
10% v/v alamarBlue reagent was used to incubate the cultured astrocytes
for two hours. The collected reagent from cell culture wells was then sub-
jected to wavelengths of 570 and 600 nm in a microplate reader (Synergy
Mx Monochromator-Based Multi-Mode Microplate Reader, Winooski, VT)
to measure absorbance.

The Migration of Astrocytes on Wheat Protein-Collagen Scaffolds: The
cells were seeded in 24-well plates treated with wheat gluten-collagen,
glutenin-collagen, or collagen and crosslinked with EDC and NHS as de-
scribed in section 2.9. After cell culturing for 48 h, time-lapse images of cell
migration were taken every 5 min for 3 h using a microscope (Zeiss Axio
Observer microscope) placed in a plastic temperature-controlled (37 °C)
incubator with a supply of CO2 (5%). NIH ImageJ software was utilized to
analyze the cell migration distance and speed.

Next Generation RNA Sequencing: Human astrocytes (100 000 cells
/well) were seeded in a six-well plate coated with gluten-collagen or colla-
gen, and crosslinked with EDC and NHS. After culturing for two days, RNA
was extracted with an RNA MiniPrep kit (Zymo Research, Irvine, CA).

Stranded mRNA-Seq library construction and sequencing was per-
formed at the University of Kansas Medical Center Genomics Core (Kansas
City, KS). For each sample, a library was constructed using the Universal
Plus mRNA-seq with NuQuant library preparation kit (Tecan Genomics
0520-A01). Multiplexed, paired-end sequencing was performed on the Il-
lumina NovaSeq 6000 Sequencing System with a 2×101 cycle sequencing
profile.

Data Analysis of RNA Gene Sequencing Assay: Paired reads were
trimmed for sequence quality and adapter contamination using
Trimmomatic-0.39.[51] Differential expression results were calculated
using the RSEM-EBSeq pipeline.[52,53] Reads were aligned to the human
genome assembly GRCh38.p13[54] with Bowtie 2,[55] and gene-level
counts were obtained using RSEM.[53] EBSeq was used to calculate
the probability of differential expression of each gene between the two
conditions.[52] The differential expression was considered significant if
the false discovery rate (FDR) was less than 0.05.

Differentially expressed genes (DEGs) were analyzed for enrichment of
gene ontology (GO) terms or Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways[56] using the Database for Annotation, Visualization,
and Integrated Discovery (DAVID).[57,58] Pathway diagrams annotated
with up- and down-regulated genes were produced at https://pathview.
uncc.edu.[59] Normalized counts for the differentially expressed genes
were subjected to unsupervised hierarchical clustering to create a heat
map at heatmapper.ca.[60] The heat map was clustered by row using the
average linkage clustering method and Euclidean distance.

Statistical Analysis: Data are expressed as the mean ± the standard
deviation. Statistical analysis was conducted using a two-tailed Student’s
t-test using Excel and ANOVA by SPSS (IBM Corporation). A p value of
0.05 was considered to be statistically significant.
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