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ABSTRACT: Current treatments of facial nerve injury result in poor functional outcomes due to slow and inefficient axon
regeneration and aberrant reinnervation. To address these clinical challenges, bioactive scaffold-free cell sheets were engineered
using neurotrophic dental pulp stem/progenitor cells (DPCs) and their aligned extracellular matrix (ECM). DPCs endogenously
supply high levels of neurotrophic factors (NTFs), growth factors capable of stimulating axonal regeneration, and an aligned ECM
provides guidance cues to direct axon extension. Human DPCs were grown on a substrate comprising parallel microgrooves,
inducing the cells to align and deposit a linearly aligned, collagenous ECM. The resulting cell sheets were robust and could be easily
removed from the underlying substrate. DPC sheets produced NTFs at levels previously shown capable of promoting axon
regeneration, and, moreover, inducing DPC alignment increased the expression of select NTFs relative to unaligned controls.
Furthermore, the aligned DPC sheets were able to stimulate functional neuritogenic effects in neuron-like cells in vitro. Neuronally
differentiated neuroblastoma SH-SY5Y cells produced neurites that were significantly more oriented and less branched when
cultured on aligned cell sheets relative to unaligned sheets. These data demonstrate that the linearly aligned DPC sheets can
biomechanically support axon regeneration and improve axonal guidance which, when applied to a facial nerve injury, will result in
more accurate reinnervation. The aligned DPC sheets generated here could be used in combination with commercially available
nerve conduits to enhance their bioactivity or be formed into stand-alone scaffold-free nerve conduits capable of facilitating
improved facial nerve recovery.
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■ INTRODUCTION

Facial nerve injuries, often caused by trauma, tumor ablation,
or iatrogenic surgery, severely impact patients’ quality of life,
causing motor function impairment, which leads to facial
paralysis and disfigurement. Twenty million Americans suffer
from nerve injuries a year, and facial paralysis has an annual
incidence of 11−40 cases per 100 000 with 127 000 new cases
diagnosed annually in the United States.1−4 The most severe
peripheral nerve injuries are characterized by substantial loss of
the nerve tissue. The current gold standard treatment for such
segmental nerve injuries larger than 1 cm involves bridging the
proximal and distal ends of the nerve with an autograft tissue.
However, harvesting an autograft tissue is an invasive
procedure, and it requires sacrificing a functional sensory
nerve causing sensory loss at the donor site.5,6 Even with
treatment, regeneration is slow, extending up to 18 months,

and full functional recovery is not achieved, resulting in
asymmetric smile, oral incompetence, or lagophthalmos with
potential for corneal injury.7−9 In addition, due to the structure
of their microanatomy, facial nerves are highly susceptible to
synkinesis, in which the voluntary movement of one muscle
leads to the involuntary movement of another muscle such as
involuntary squinting of the eye as a patient attempts to
smile.9,10 Synkinesis is a result of axonal misdirection where
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regenerating axons branch and extend in aberrant directions,
thus innervating incorrect postsynaptic targets. Correspond-
ingly, axonal misdirection causes a reduced axonal density at
the correct end organ, which contributes to reduced functional
recovery. To bypass the challenges associated with the current
standard of care, a significant amount of research has been
directed toward engineering conduits to bridge segmental
nerve injuries and provide (1) trophic cues to enhance and
accelerate axonal regeneration and (2) guidance cues to orient
axon extension toward the correct end organ.11

Neurotrophic factors (NTFs), such as the brain-derived
NTF (BDNF), glial cell-derived NTF (GDNF), and neuro-
trophin 3 (NT-3), are a class of growth factors capable of
promoting axonal growth and repair. NTFs are secreted in the
native nerve environment by Schwann cells, neural-crest-
derived glial cells that support peripheral nerve maintenance
and regeneration. Previous studies have shown that treating
damaged nerves with NTFs accelerated axon regeneration and
improved functional recovery in animal models.12,13 However,
standard NTF treatment methods, such as direct injections,
lack the sustained release needed for a substantial therapeutic
effect.14 Research has been directed toward developing cellular
therapies using Schwann cells to promote sustained NTF
delivery, but Schwann cells are difficult to maintain and expand
in culture, limiting their therapeutic potential. Alternatively,
multiple adult stem/progenitor cell populations, including
those identified in the dental pulp, have also been shown to
endogenously express NTFs. The dental pulp is the soft,
vascular, and innervated tissue located in the center of the
tooth and contains a population of stem/progenitor cells.

Similar to Schwann cells, dental pulp cells (DPCs) are
embryonically derived from the neural crest and endogenously
express high levels of NTFs. DPCs have been shown to
naturally produce more NTFs than other mesenchymal stem
cells,14,15 likely because of their shared developmental origins
with Schwann cells. Furthermore, the safety and efficacy of
both allogenic and autologous DPC-based therapies have been
supported by various clinical trials.16−21 Because of their
capacity to endogenously express NTFs and the ongoing work
supporting their use for therapeutic applications in humans,
DPCs pose a promising candidate for cell-based nerve
therapies.
Incorporating neurotrophic DPCs into a nerve conduit

could improve the functional recovery of facial nerve injuries.
Traditional tissue engineering methods could be used to
embed DPCs directly into a three-dimensional (3D) scaffold
material to form a bioactive conduit. However, difficulties
remain in homogeneously incorporating cells into scaffolds,
and numerous properties of scaffold biomaterials strongly
affect the cell behavior. Additionally, in vivo degradation of the
scaffold material can elicit inflammation.22 Scaffold-free tissue
engineering is an alternative technique that promotes cells to
generate and organize their endogenous extracellular matrix
(ECM) into a 3D tissue. Cell sheets are a form of scaffold-free
tissue-engineered products created by cells laying down ECM
to form a robust layer of tissue that can be separated from the
underlying substrate and easily handled. Clinical trials using
cell sheets to treat cardiac, ophthalmic, and dental disorders
provide evidence of their safe and effective therapeutic
potential.23−25 Moreover, our lab has recently shown that

Figure 1. Overview of the substrate topography used to form DPC sheets. (A) Schematics of the substrates used to culture the cell sheets with
representative plan view and cross-sectional bright-field images of the formed PDMS substrates. (B) Schematic of cell sheet formation, depicting
the isolation of the cells from human third molars to form cell sheets on various substrates. Scale bars: (A) plan view = 40 μm, cross section = 50
μm.
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DPCs can form scaffold-free cell sheets capable of acting as an
NTF delivery system and enhancing regeneration when
wrapped around injured facial nerves of rats.26 This previous
work highlights the therapeutic potential of using scaffold-free
DPC sheets for improving nerve repair.
While DPC sheets can be used to augment axonal

regeneration by providing a trophic support, they lack the
directional cues needed to guide the extending axons toward
the correct post-synaptic target. Previous studies have shown
that scaffolds comprising aligned ECM-scaled nanofibers can
be used to orient extending neurites,27 illustrating the potential
use of topographical cues to direct axon extension in damaged
nerves. Cell sheets can be engineered to contain an aligned
ECM by culturing the cells on substrates with parallel linear
microgrooves.28−39 Such an aligned cell sheet could be used to
guide regenerating axons, thus reducing synkinesis and
improving functional outcomes.
The aim of this study is to engineer DPC sheets that provide

both the sustained delivery of NTFs to promote axon
regeneration and guidance cues from an aligned ECM to
direct axon extension for use as bioactive materials to enhance
facial nerve regeneration. We have previously shown that we
can engineer DPC sheets that produce sufficient NTFs to
improve repair in a rat facial nerve crush injury. In the current
study, we hypothesized that culturing DPCs on a substrate
with linearly aligned, microscaled grooves will lead to the
formation of a similarly neurotrophic cell sheet that now also
comprises a linearly aligned ECM. To test this, we evaluated
the cell and ECM organization of DPC sheets cultured on
substrates with microscaled topographies. We further tested
the effects of substrate topography on NTF gene and protein
expression by DPCs. Finally, we characterized the functional
effects of the DPC sheets on neuritogenesis in neuron-like cells
in vitro. The formation of a bioactive material that enhances
axon regeneration and effectively orients extension would
bypass the challenges associated with the current standard of
care for treating nerve injuries.

■ MATERIALS AND METHODS
Isolation of DPCs. DPCs were isolated using methods similar to

those previously described.26,40,41 The dental pulp was isolated from
healthy adult human third molars, collected at the University of
Pittsburgh, School of Dental Medicine, and stored in 1× phosphate-
buffered saline (PBS; Gibco) with 1× penicillin and streptomycin (P/
S; Gibco). Within 24 h of extraction, the teeth were cracked open to
remove the pulp. The pulp tissue was minced and then enzymatically
digested for 1 h at 37 °C in 3 mg/mL collagenase (EMD Millipore)
and 4 mg/mL dispase (Worthington Biochemical). The digest was
passed through a 70 μm cell strainer, and the isolated DPCs were
plated at an initial cell density of 5000−10 000 cells/cm2 and cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), 20% fetal
bovine serum (FBS; Atlanta Biologicals), and 1× P/S. The DPCs
were expanded and cryopreserved, and cells from passage 2−5 were
used to engineer the DPC sheets.
Formation of DPC Sheets. To form the DPC sheets, DPCs were

cultured on either flat substrates or substrates with microscaled
topographies of either linear grooves or cross-hatch structures (Figure
1). The linear grooved substrates were comprised of an array of
parallel grooves that are 10 μm wide, spaced 10 μm apart, and 10 μm
deep, and the cross-hatch grooves were 10 μm wide and spaced 10
μm apart, oriented 90° relative to each other, and were 10 μm deep.
These polymer substrates were formed by curing Sylgard 184
polydimethylsiloxane (PDMS) in molds with the negative features
and then cut and fit flush in the wells of a 12-well plate. Flat substrates
were formed by curing PDMS directly in the plastic wells. Prior to

use, the PDMS substrates were coated with 3 μg/cm2 laminin
(Gibco) and UV-sterilized. DPCs were then plated on the laminin-
coated PDMS at an initial density of ∼32 000 cells/cm2 in a growth
medium containing DMEM, 20% FBS, 1% P/S, 5 μg/mL L-ascorbic
acid (Sigma-Aldrich), and 5 ng/mL fibroblast growth factor
(PeproTech), similar to that described previously.26 Given that
DPCs have a diameter of approximately 15 μm,42 it is expected that
cells will only attach and grow on the top surface of the grooves or
within the troughs and likely not on the sides of the grooves. The
culture medium was changed every 2−3 days, and a robust cell sheet
formed after approximately 2 weeks. Individual cell sheets were used
for all experiments in this study. Phase contrast images of the cell
sheets was captured using a Nikon ECLIPSE Ti microscope.

Characterization of Cell and ECM Alignment. Cell sheets were
washed twice with PBS, fixed in 10% formalin, and then permeabilized
using 0.1% Triton 1× (Sigma-Aldrich). Immunohistochemical
staining was performed using a primary antibody against type I
collagen (Abcam) and secondary antibody Alexa Fluor 488 anti-rabbit
IgG (ThermoFisher). In addition, phalloidin 594 (Abcam) was used
to stain actin filaments and DAPI (Sigma-Aldrich) to visualize nuclei.
Images were captured as z-stacks with a step size of 5 μm using a
Nikon ECLIPSE Ti, ZEISS Scope.A1 AXIO or Nikon TE 2000
microscopes, and z-projections were obtained using the FIJI (ImageJ)
software and the Extended Depth of Field plugin.43 The nuclear
alignment of the cell sheets was determined by measuring the angle of
the major nuclei axes relative to the angle of the substrate features.
Therefore, an alignment angle of 0° indicates that the major axis of a
nucleus is aligned in parallel with the substrate topography. For the
cell sheets cultured on flat PDMS, an arbitrary substrate feature angle
was used. FIJI (ImageJ) was also used to quantify the orientation of
the actin filaments and collagen fibers. Component images were first
converted to an 8-bit grayscale, and directionality was assessed via the
Fourier components plugin. Briefly, the Fourier transform determines
the preferred orientation of subgroups within each image and sorts
them into bins represented as histograms. Angles were measured with
respect to the vertical axis and then transformed based on the angle of
the substrate features. For all alignment quantifications, angles ranged
from −90 to 90° and were separated into 10° bins, normalizing the
number of counts per bin to the total number of features counted.
Biological replicates were obtained using cells isolated from separate
patients to generate cell sheets (n = 3); these biological replicates
were averaged, and the resulting histograms were created using
RStudio and the ggplot2 package.44,45

Scanning Electron Microscopy. Cell sheets were fixed using
2.5% glutaraldehyde (Sigma-Aldrich), post-fixed with osmium
tetroxide (Sigma-Aldrich) and dehydrated using a series of ethanol
washes. Samples were then dried, mounted on a metal stub, and
sputter-coated with gold. Images were taken using a JSM 6335F
scanning electron microscope (Top Analytica) and processed using
the ImageJ software.

Histological Analysis. DPC sheets were washed twice with PBS
and fixed in 10% formalin. Then, the cell sheets were processed for
standard paraffin embedding and sectioned at a 5 μm thickness.
Sections were stained with hematoxylin and eosin (H&E), or
immunohistochemical staining was performed using a primary
antibody against type I collagen (Abcam) and secondary antibody
Alexa Fluor 488 anti-rabbit IgG (ThermoFisher). DAPI staining was
used to visualize nuclei. Images were captured using a Nikon
ECLIPSE Ti, ZEISS Scope.A1 AXIO or Nikon TE 2000 microscopes
and processed using the ImageJ software.

Quantification of Cell Number. To quantify the number of cells
in the DPC sheets, the sheets were digested in trypsin−EDTA
(Gibco) at 37 °C for 10−20 min. The cells were then counted using a
standard hemocytometer and trypan blue.

Quantitative Real-Time Polymerase Chain Reaction. RNA
was isolated from the DPCs using the QIAGEN QIAshredder and
RNeasy Mini kits as per the manufacturer’s instructions, and RNA
concentration was measured using a NanoDrop instrument (Thermo
Scientific). Quantitative real-time polymerase chain reaction (qPCR)
was performed with a TaqMan RNA to Ct One Step Kit (Applied
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Biosystems) using primers of human BDNF, GDNF, NT-3, and

housekeeping gene GAPDH (TaqMan Gene Expression Assays,

Applied Biosystems). Relative gene expression was calculated using

the 2−ΔΔCt method, comparing the expression from DPCs cultured on

substrates with microtopography to that of DPCs cultured on flat
substrates.

Enzyme-Linked Immunosorbent Assay. Upon cell sheet
formation, the culture medium was replaced with 0.5 mL for the
NT-3 detection or 1 mL of the fresh culture medium for BDNF and

Figure 2. Characterization of cell and ECM alignment of DPC sheets cultured on flat or microgrooved substrates. (A) Phase contrast images,
phalloidin staining (red), and collagen I (green) immunostaining of the DPC sheets show that the DPCs cultured on the linear microgrooves
aligned in parallel with the linear microgrooves and generated an aligned ECM. (B) Schematic of the alignment quantification method. (C)
Nuclear, actin cytoskeleton, and collagen I alignment were quantified for the cell sheets cultured on different topographies, validating that these
features were linearly oriented on the linear but not on the flat or cross-hatch substrates. Scale bar: (A) 100 μm.
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GDNF analysis, and after 48 h, the conditioned medium (CM),
containing the DPC secretome, was collected. The CM was
centrifuged at 2000 rpm for 5 min to remove cellular debris, and
the supernatant was collected and stored at −80 °C. Enzyme-linked
immunosorbent assay (ELISA) kits for human BDNF (PicoKine
ELISA Kit, Boster Biological Technology), GDNF (PicoKine ELISA
Kit, Boster Biological Technology), and NT-3 (RayBiotech) were
used to measure the protein concentration of the DPC sheet CM. The
ELISAs were performed as per the manufacturer’s instructions, and
protein concentrations were extrapolated using standard curves
generated using manufacturer-provided standards. Biological repli-
cates (n = 4) were used to generate the figures. Statistical analyses
were performed using RStudio,44 and comparisons were made using
the repeated one-way analysis of variance (ANOVA) and paired t-
tests for the post-hoc tests.
Assessment of Neurite Extension In Vitro. SH-SY5Y (ATCC

CRL2266) neuroblastoma cells were cultured in DMEM/F12
(Gibco), 10% FBS, and 1× P/S. After reaching 50% confluency, the
cells were treated with a medium containing DMEM, 1% FBS, and 10
μM all-trans-retinoic acid (RA; Acros Organics) in order to
differentiate the neuroblastoma cells into neuron-like cells, as done
in previous studies.26,46,47 Differentiation was validated by the
presence of neurites and the expression of TUBB3, SYP, and MAP2
(Figure S1-Sn). Prior to co-culture with the DPC sheets, the neuronal
cells were transfected with CellLight Tubulin-GFP (Invitrogen) as per
the manufacturer’s instructions. The labeled neuronal cells were
plated on top of the cell sheet at a density of 3200 cells/cm2.
After 3 days, the co-culture was washed with PBS, fixed in 10%

formalin, and permeabilized using 0.1% Triton 1×. Immunohisto-
chemical staining was performed using a primary antibody against
type I collagen and secondary antibody Alexa Fluor 546 anti-rabbit
IgG (ThermoFisher). DAPI was used to visualize nuclei. Images were
captured as z-stacks with a step size of 0.5−5 μm using a Nikon
ECLIPSE Ti, ZEISS Scope.A1 AXIO or Nikon TE 2000 microscopes.
Deconvolutions were done using the NIS-Elements software (Nikon),

and z-projections were performed using FIJI (ImageJ) and the
Extended Depth of Field plugin.43

The alignment, net displacement, and branching of the SH-SY5Y
neurites were quantified to determine the functional effects of the
DPC sheets on the neuron-like cells. A neurite was defined as a
projection greater than 2× the length of the soma. Neurite alignment
was determined by measuring the angle of the neurites relative to
substrate topography. The net displacement of the neurites was
defined as the distance between the start of the neurite and the end of
the neurite and was quantified using FIJI (ImageJ). The net
displacement and alignment plots were made using RStudio and the
ggplot2 package.44,45 The number of branches per neurite were
manually counted, and branching frequency was reported by
normalizing to the total number of neurites evaluated. One-way
ANOVA with Tukey’s post-hoc tests was used to determine statistical
differences (RStudio).44 Over 250 neurites were analyzed for each
experimental condition.

■ RESULTS

Formation of DPC Sheets with Aligned ECM. The goal
of this study was to develop and characterize scaffold-free DPC
sheets capable of enhancing facial nerve regeneration by
providing neurotrophic cues to enhance axon regeneration and
guidance cues to orient axon extension. DPC sheets were
formed on a substrate with 10 μm linear microgrooves to
induce the cells to deposit a linearly oriented ECM. It is well
established that microscaled topographies can affect cell
orientation, morphology, and differentiation;48 therefore, to
specifically evaluate the effects of aligned microgrooved
substrates on DPC behavior, DPC sheets were also formed
on control flat substrates or substrates with cross-hatch
microgrooves (Figure 1). These experimental groups were
selected to first control for the effects of culturing DPCs on a

Figure 3. Structural characterization of the DPC sheets. (A) H&E staining illustrates that sheets cultured on all topographies were solid and cellular
and those formed on the microtopographies were less thick than those cultured on the flat substrate. Immunostaining verifies that the DPC sheet
ECM comprises type I collagen (magenta); nuclei were stained with DAPI (blue). (B) SEM further confirmed that the cell sheets contained a
continuous matrix and that the sheets aligned their matrix when linear topographies. (C) Cell sheets cultured on the flat substrate contained more
cells than those cultured on microtopographies (*: p-value < 0.05). Scale bars: (A) histology = 50 μm; (B) SEM = 15 μm.
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substrate with microscaled features (flat vs grooved substrates)
and second to assess if the specific design of microscaled
topography further alters cell behavior (linear vs cross-hatch
microgrooves).
Phase contrast imaging shows that DPCs become confluent

on all topographies (Figure 2A). Phalloidin staining (Figure
2A), which allowed visualization of the actin cytoskeleton,
indicated that the DPCs aligned with the underlying linear
grooves but maintained a disorganized arrangement on the flat
or cross-hatch topography. Immunostaining (Figure 2A)
showed that the ECM of the cell sheets contained type I
collagen, and the collagenous ECM was linearly aligned in the
DPC sheets formed on the linear microgrooves. To validate
these observations, the nuclear, actin cytoskeleton, and
collagen I alignments were quantified, comparing the angle
of the feature of interest with the angle of the substrate, as
demonstrated in Figure 2B. The resulting measurements are
presented in Figure 2C. Evaluation of the DPC nuclear
alignment showed that 92% of the nuclei were aligned (±10°)
on the linear substrate compared to only 17 and 9.2% of the
nuclei on the flat and cross-hatch substrates, respectively. As
for the actin cytoskeleton, 68% of the filaments aligned (±10°)
with the linear microgrooves, while only 12 and 5.2% of the
actin filaments aligned on the flat and cross-hatch top-
ographies, respectively. Finally, for the collagen alignment,

42, 15, and 13% of the collagen fibers aligned (±10°) in DPC
sheets cultured linear, flat, and cross-hatch topographies,
respectively. Overall, these data show that the linear micro-
grooved substrates induced DPCs to align and form a cell sheet
with similarly aligned ECM.

Structural Characterization of the DPC Sheets. H&E
staining of cross-sectional sections of the cell sheets indicated
that on all substrate topographies, the DPCs formed solid
tissues with multiple cell layers (Figure 3A). The sheets formed
on the flat substrate were at least twice the thickness of those
formed on the microtopographies. Furthermore, the cell sheets
cultured on the flat substrate contained three layers of cells,
while those on the microtopographies only contained two
layers. Immunostaining on the histological sections validated
the presence of type I collagen throughout the thickness of the
cell sheet (Figure 3A). Scanning electron microscopy (SEM)
showed that the cells cultured on the linear grooves formed a
dense, aligned structure relative to those cultured on the other
substrates (Figure 3B). In addition, the matrix of the cell sheets
cultured on the cross-hatch substrate formed around the
micropillars.
Quantification of the number of cells per cell sheet indicated

that the cell sheets formed on the microtopographies tended to
contain less cells than those formed on the flat substrate, with
sheets on the flat substrate having significantly more cells than

Figure 4. NTF expression by DPC sheets. (A) Analysis of the NTF mRNA expression using qPCR. Biological variability was evaluated by isolating
mRNA from cell sheets formed using different human donor cells, denoting different human samples with HS. (B) Total BDNF, GDNF, and NT3
protein produced by DPC sheets, quantified by performing ELISA on the conditioned media of the sheets. Total protein was also normalized to
average number of cells per cell sheet. The data represent an average of sheets formed using four different donor cells, and error bars indicate the
standard deviation across biological replicates (*: p-value < 0.05, **: p-value < 0.005).
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those on the linear substrate (p = 0.0149Figure 3C). Cell

viability was approximately 100% for all cell sheets, similar to

the previous study.26 While the linearly aligned cell sheets were

thinner and contained less cells, they could still be easily

removed from the substrate and handled similar to the flat cell
sheets.

NTF Expression by DPC Sheets. The mRNA and protein
expression of BDNF, GDNF, and NT-3 were measured to
quantify the effect of substrate topography on DPC NTF

Figure 5. Functional effect of the DPC sheets on neuronal cells in vitro. (A) Neuronal cells with fluorescently labeled tubulin (yellow) were co-
cultured on the DPC sheets. Immunostaining against collagen I (magenta) showed that neurites extended along the paths produced by the
underlying ECM of the cell sheets. (B) Quantifying the alignment of the neurites validated that the majority of the neurites oriented linearly on the
linearly organized cell sheets. (C) Global visualization of the neurites illustrated that more neurite branching was present on the disorganized cell
sheets than the linearly aligned cell sheet, as denoted by the white boxes. (D) Quantifying the number of branches per neurite supported the
observation that the neurites on the linearly organized cell sheets contained less branches than those on the disorganized cell sheets. (E) The length
of the neurites was measured as their net displacement, showing that linear alignment of the neurites did not hinder their net displacement. The
notches within the box plots indicate the median neurite net displacement, and black dots represent outliers (*: p-value < 0.05). Scale bars: (A) 100
and (B) 75 μm.
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expression. Cell sheets formed using cells isolated from four
healthy, independent donors were included to account for
biological variability, and “HS” was used to denote these
different human samples. Since there was variation in the NTF
gene expression across patient cells, a generalized trend
between substrate topography and NTF mRNA expression
could not be detected across human samples (Figure 4A). The
NTF protein expression by DPC sheets was determined by
measuring the NTF concentration in DPC sheet-conditioned
media, which contain the DPC secretome. NTF protein
concentration was averaged across DPC sheets generated by
cells from four separate patients (Figure 4B). Interestingly,
substrate topography did not affect the total production of
NTF proteins by the DPC sheets. We had found that substrate
topography did affect the number of cells comprising the DPC
sheet (Figure 3B). Normalizing total protein expression to the
mean number of cells per sheet showed that the cells cultured
on the microtopographies tended to produce higher levels of
NTF per cell compared to those on the flat substrate, as seen
in Figure 4B. This trend was statistically significant in the
BDNF expression of the DPCs cultured on the linear
compared to those formed on the flat (p-value = 0.00287)
and cross-hatch (p-value = 0.0113) substrates. Therefore, while
culturing DPCs on the microtopography may affect NTF
production at the cell level, it did not affect the absolute
amounts of NTF produced by DPC sheets due to differences
in the number of cells per sheet.
Functional Effect of DPC Sheets on Neuronal Cells In

Vitro. The functional effect of the DPC sheets on neuronal
cells was evaluated by characterizing the ability of DPC sheets
to induce neurite formation and direct the neurite extension of
neuronally pre-differentiated SH-SY5Y cells. As seen in Figure
5A, the DPC sheets were able to induce neurite outgrowth,
and these neurites appeared to align with the underlying DPC
sheet ECM. Specifically, SH-SY5Y neurites extended linearly
along the aligned collagenous ECM of the DPC sheets formed
on the linear microgrooved topography. Quantification of
neurite alignment showed that 93.2% of the neurites aligned
linearly (±10°) on the linear cell sheets, whereas only 12.1 and
15.1% were aligned on the cell sheets formed on the flat and
cross-hatch topographies, respectively (Figure 5B). These
results verified that DPC sheets can promote neurite formation
and orient extension.
When visualizing the neurites at a lower magnification, it was

evident that the neurites on the linearly organized DPC sheets
contained less branches than those on the disorganized sheets
(Figure 5C). Quantifying this observation, only 2.6% of SH-
SY5Y cells cultured in linearly aligned DPC sheets contained
branches and, at most, one branch point was detected per
neurite. However, 12.4 and 9.2% of neurites contained
branches when the SH-SY5Y cells were cultured on the flat
and cross-hatched sheets, respectively (Figure 5D), and these
neurites contained up to 4 and 5 branch points. In addition,
the neurites’ net displacements were measured as a metric of
the distance a neurite would grow toward its target organ
(Figure 5E). While there was a significant decrease in the net
displacement of the neurites on the cross-hatch relative to flat
cell sheets (p = 0.0289), there was no statistically significant
difference between those on the linear and flat cell sheets,
suggesting that linear alignment of the neurites did not affect
their net outgrowth. As for the neurites on the cross-hatch
DPC sheets, they tended to grow in a less direct path
compared to those on the other cell sheets, leading to the

higher number of neurites with a short net displacement, as
evident by the data distribution in Figure 5D. Therefore,
linearly aligned DPC sheets were able to promote neuronal
cells to exhibit oriented neurite extension while decreasing
neurite branching and maintaining the neurite length.

■ DISCUSSION
In this study, we have engineered a bioactive material
composed of neurotrophic DPCs and their endogenous,
aligned ECM that is capable of promoting axon regeneration
and orienting axon extension. While previous studies have
separately demonstrated the efficacy of DPCs and aligned
ECM-scaled topographies on enhancing nerve repair,27,49 this
study has uniquely combined these important factors together
in a scaffold-free structure. Using such scaffold-free cell sheets
as a vehicle for stem cell delivery addresses some of the
challenges associated with cellular therapies that employ direct
cell injections, specifically by facilitating high cell retention at
injury sites as evidenced by our previous work.26 In addition,
aligned DPC sheets provide guidance cues lacking with cell
injection therapies. Although scaffold-based cell delivery
systems could also provide structures to orient axon extension,
the scaffold-free system developed here bypasses challenges of
scaffold-based treatments, such as issues with inhomogeneous
cell incorporation into the exogenous delivery material.
Furthermore, containing only cells and their endogenous
ECM, cell sheets offer a more natural alternative compared to
scaffold-based approaches. Overall, aligned scaffold-free DPC
sheets are capable of delivering neurotrophic stem/progenitor
cells more effectively than similarly organized scaffold-based
constructs while providing guidance cues that would be absent
with direct injections and thus have the potential to better
enhance nerve repair.
Linear microgrooved PDMS substrates induced DPCs to

align and deposit a linearly aligned ECM. It is well established
that microtopographies can influence cell orientation and ECM
alignment, as reviewed previously.50,51 Specifically, substrate
topographies are capable of affecting mesenchymal and neural
stem cell alignment,52−56 and our prior work showed that the
specific microtopography used in this study could also orient
corneal stromal stem cells.57 Thus, this study validates that
linear microgrooves can be used to align DPCs in a manner
comparable to other stem cells and induce these aligned cells
to lay down an aligned ECM and form a robust cell sheet.
Similarly aligned cell sheets have been previously developed for
use in repairing other organ systems,29,31,35,36,39 but this is the
first study to evaluate their potential effectiveness in treating
peripheral nerve injuries.
DPC sheets formed on microscaled topographies contained

less cells than those formed on the flat substrate. This
phenomenon has previously been reported for multiple cell
types including neural stem cells, embryonic stem cells, bone
marrow stromal cells, and DPCs.55,58−60 These prior works
speculated that changes in cell phenotype or morphology in
response to substrate topography caused a reduction in cell
proliferation and correspondingly decreased resulting cell
numbers. Furthermore, one study found that cells exhibited
similar proliferation rates when cultured on linear and cross-
hatch microgrooves,54 indicating that microscaled topogra-
phies in general affect cell proliferation irrespective of
topography design. The observed differences in the number
of cells per sheet seen here likely contributed to the decreased
overall thickness of the cell sheets cultured on the linear and
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cross-hatch substrates compared to the flat. Despite these
variations in cell number and sheet thickness, the cells in the
linearly aligned sheets produced a dense and continuous
matrix, forming a solid tissue that could be easily removed
from the polymer substrate and handled. If needed, the linearly
aligned cell sheets could be stacked to further increase the
thickness and enhance the durability of these tissues. This
would not only increase the thickness of the biomaterial but
also increase its bioactivity through the addition of more
neurotrophic DPCs.
Substrate patterning is known to provide mechanotransduc-

tive cues that affect the cell phenotype and differentiation.48

Previous studies have demonstrated that the specific groove
width (10 μm) of the substrates used in the current study was
too wide to induce substantial adipogenic differentiation and
too narrow for significant osteogenic or neural differ-
entiation.52,61 Here, we measured the effects of substrate
topography on both the cell structure, including actin and
nuclear alignment, and the neurotrophic activity of the DPC
sheets. Substrate topography did not affect total NTF protein
production by the DPC sheets. Furthermore, the levels of
NTFs produced by the DPC sheets here are comparable to
what we have previously shown to be sufficient to induce
neuritogenesis in vitro and improve nerve repair in vivo.26

Interestingly, the DPC sheets cultured on the topographies
tended to comprise fewer cells than those formed on the flat
substrates. Normalizing total NTF production to cell number
showed that culturing DPCs on linearly grooved substrates
induced increased BDNF production per cell. Although not
statistically significant, a similar trend could also be seen for
GDNF and NT3 expression; the presented data represented
averaged biological replicates, which likely contributed to
increased variance in the expression of these NTFs across
samples. Prior to translating this therapy to clinical
applications, future studies would be needed to determine
factors that may contribute to this biological variability.
Potentially, the prevalence of specific DPC subpopulations is
correlated with increased NTF expression. If such a correlation
exists, successful candidates could be screened on cell
population-based criteria. Alternatively, DPC sheets compris-
ing allogenic cells with known effective NTF expression could
be utilized since both autologous and allogenic DPCs have
been shown to be safe and efficacious in clinical studies.16−21

DPC sheets promoted and oriented neurite extension in SH-
SY5Y neuron-like cells in vitro. The net displacement of neurite
outgrowth was similar between DPC sheets comprising aligned
or unorganized ECM, unlike previous studies which have
found greater neurite extension on aligned nanofiber scaffolds
compared to unaligned.62−66 The scaffolds evaluated in these
prior studies, nevertheless, did not contain stem/progenitor
cells. Therefore, in the current study, neurite outgrowth may
have been more driven by the neurotrophic support of the
DPCs, which was similar between the different types of cell
sheets, rather than topographical cues from an aligned
substrate. We have previously shown that blocking the NTF
receptors on SH-SY5Y cells reduced the neurotrophic effects of
our DPC sheets, further highlighting that DPCs promote
neurite elongation due to their NTF expression.26 Thus, in the
absence of DPCs, there would be a significant overall decrease
in neurite growth. Additionally, neurite alignment was likely
completely induced by the ECM of the cell sheet rather than
any potential topographical cues from the underlying PDMS
substrate. The DPC sheets ranged from 12 to 40 μm in

thickness and would prevent any interactions between SH-
SY5Y and the underlying PDMS. Furthermore, it has been
previously demonstrated that wider topographies, similar in
scale to the PDMS substrates used in this study, are less
effective at inducing neurite alignment compared to narrower
topographies, like that provided by the aligned ECM of the
DPC sheets.27

When co-cultured with the DPC sheets, the neurites
extended along with the underlying ECM of the cell sheets,
corroborating previous work showing that neurites orient along
ECM-scale nanofibers;27 thus, DPC sheets comprising an
aligned ECM were able to controllably orient the direction of
neurite extension. Therefore, the aligned cell sheets generated
here could be applied to an injured nerve to effectively
minimize axon misdirection. Another contributor to aberrant
reinnervation is axonal branching, which causes axons to
innervate incorrect or multiple end organs. In this study, the
linearly aligned DPC sheets not only guided neurite extension
but also decreased neurite branching. Prior work has similarly
reported that topographical guidance of axonal growth can
reduce branching.64,67 Potentially, direct guidance cues provide
confined paths to orient axon extension, whereas, alternatively,
indiscriminate cues supply multiple alternative routes causing
axons to branch to simultaneously explore multiple aberrant
directions.67 Therefore, aligned DPC sheets have the potential
to enhance functional recovery and minimize the occurrence of
synkinesis following facial nerve repair by improving axonal
guidance and diminishing axonal branching.
The aligned, DPC cell sheets generated here could serve as

regenerative biomaterials for a variety of neural applications.
For minor nerve injuries, such as compression or direct
transection injuries, the sheets could be wrapped around the
damaged nerve, protecting it from the surrounding cellular
environment during healing while also providing support to
enhance repair. For more severe injuries consisting of
substantial tissue loss, the aligned DPC sheets could be
formed into scaffold-free nerve conduits and be used to bridge
segmental defects. Alternatively, these cell sheets could be
combined with conduits already in use clinically to enhance
bioactivity. Importantly, the use of aligned DPC sheets is not
limited solely to facial nerves, and they could also be used in
applications to repair other peripheral nerves or the spinal
cord.

■ CONCLUSIONS

In this study, we have developed a bioactive material
composed of DPCs and their endogenous aligned ECM.
These DPC sheets are capable of enhancing facial nerve repair
by providing both neurotrophic support, through the
expression of NTFs, and guidance cues, through a linearly
aligned ECM. This biomaterial is robust and can be used
directly, to wrap injured nerves, or manipulated into a 3D
conduit, to be used to bridge segmental nerve defects.
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