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Abstract
Extracellular matrix surrounding Schwann cells and neu-
rons provides critical determinants of cellular phenotype
during development as well as essential cues in stimulating
and guiding regrowth. Using cell sheet technology, we
developed a novel scaffold enriched with native extracellu-
lar matrix from Schwann cells. Schwann cells were grown
into sheets and layered onto polycaprolactone fibers for
support. Upon decellularization of these constructs, extra-
cellular matrix remained with few traces of nucleic acids.
This method of deposition of extracellular matrix provided
more protein than traditional seeding method after
decellularization. Additionally, the isolated matrix supported
proliferation of Schwann cells better than covalently bound
laminin. The proliferation and differentiation of Schwann
cells grown on decellularized sheets were complemented
by upregulation of Erbb2 and myelin protein zero. Laminin
expression of β1 and γ1 chains was also elevated. PC12
cells grown on decellularized sheets produced longer neurite
extensions than aligned polycaprolactone fibers alone,
proving potential of these scaffolds to be used in future
peripheral nerve regenerative studies.

Lay Summary
Peripheral nerve injuries present a serious clinical need with
approximately 50 % of surgical cases achieving only some
restoration of function. In order to better guide regenerating
nerves, supporting cells of the nerve tissue were grown into
sheets and subsequently decellularized, leaving a myriad of
surrounding protein as a scaffold. Constructs have been
shown to support cell growth and neurite extension in vitro.
Future projects will combine various cell types present in the
nerve tissue as well as stem cells to fully support and recon-
struct architecture of the peripheral nerves.
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Introduction

Schwann cells are the principal neuroglia of the peripheral
nervous system. They promote cell attachment, proliferation,
axon ensheathment, axon myelination, and growth factor se-
cretion. During nerve development and regeneration process,
Schwann cells deposit extracellular matrix (ECM), comprised
from a diverse set of macromolecules, such as collagens,
laminins, and proteoglycans [1]. The ECM provides physical
support for the cellular component of the tissue and initiates
biochemical and biomechanical signals that required for tissue
morphogenesis, differentiation, and homeostasis [2]. For ex-
ample, laminins provide structure to the basement membrane
of a nerve, serve as an attachment site for cells via cell surface
protein, and act as ligands for integrins on cell surface to
initiate signal transduction pathways [3, 4]. Recently, studies
have used xenogeneic and allogeneic ECM as a source for a
natural scaffold in both preclinical and human clinical studies
for the reconstruction of tissues [5]. According to Bdynamic
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reciprocity^ theory, ECM is capable of exerting an influence
on gene expression via transmembrane proteins and cytoskel-
etal components. This in turn is thought to affect rates of
transcription, mRNA stability, and rates of translation and
posttranslational modifications [6]. Thus, by enhancing depo-
sition and composition of the ECM, Schwann cell regenera-
tive processes may be indirectly enhanced and subsequently
result in faster nerve regeneration.

After peripheral nerve injury, Schwann cells promote nerve
regeneration by producing the regeneration-promoting matrix
as well as growth factors. More importantly, if axonal contact
is lost, the Schwann cells dedifferentiate and proliferate,
myelin-related genes are downregulated, while adhesion mol-
ecules, neurotrophins, cytokines, and their receptors are up-
regulated to create an environment that allows axonal re-
growth [7]. Transplantation of cultured Schwann cells into
peripheral nerve grafts has been shown to improve nerve re-
generation in experimental models of peripheral nerve injury
[8–10]. However, its clinical application remains controversial
due to the difficulty of isolation, expansion, and purification
for Schwann cells in vitro, as well as the immunoreaction [11].
In order to bypass the immunosuppression and donor site
morbidity in autologous transplants, various methods of
decellurizing allogenic nerves have been performed [12].
The chemical extraction of the acellular allogenic nerves al-
lows for preservation of the basal lamina tubes and the three-
dimensional collagen scaffolding present within native nerve
[13]. This three-dimensional structure that provides guidance
cues to regenerating axons is absent within artificial conduits
[14–16]. Decellularization makes possible to remove myelin
and cell debris, rendering the acellular allograft less immuno-
genic than cellular allografts [17, 18]. Nonetheless, the inher-
ent limitation of these transplantation techniques is the limited
number of available donor grafts [12]. Although, artificial
nerve conduit transplants are not limited by the availability
of transplantable tissue, the main limitation with these artifi-
cial conduits is a time constraint to produce a Bcustom^ con-
duit and the inability to fully recapitulate complex extracellu-
lar environment present in a nerve. These structures are not
very good at creating multi-phenotypic cell-dense tissues such
as nerve. They often cause fibrosis creating an impulse con-
duction barrier and misguidance of the axons [19, 20]. Thus,
they are inefficient in bridging peripheral nerve lesions with
long or extended gaps [21, 22].

Use of thermo-responsive substrates that generate sheets of
cells embedded in a native ECMmay provide an alternative to
generating artificial conduits containing many of the extracel-
lular cues for axonal regeneration. The cell sheet technology
makes use of controllable hydrophobicity of a polymer,
poly(N-isopropylacrylamide), that is deposited on the surface
of a petri dish, which enables reversible cell adhesion to and
detachment from the dish [23]. Cultured cells can be non-
invasively harvested as an intact monolayer cell sheet along

with its surrounding ECM. Layering of these monolayers pro-
vides an opportunity to construct clinically relevant in size
constructs as well as introduce multiple cell types present in
the native nervous tissue [24]. This technology has been used
to reproduce many tissues including the skin [24], corneal
epithelia [25, 26], and kidney glomeruli [27, 28]. Schwann
cells have been shown to form monolayers on these substrates
[29]. By taking advantage of cell sheet technology, a conduit
composed of Schwann cells’ axon-guiding ECM can be as-
sembled from allogenic source. In combination with the
decellularization process, this method can bypass time-
consuming isolation, expansion, and purification from an au-
tologous source, rendering a non-immunogenic allogenic
scaffold containing guidance cues present in the native nerve.
While current fabrication techniques allow for only few mo-
lecular cues to be incorporated into the scaffold, this method
uses cells as Bnatural factories^ for deposition of various cell-
secreted peptides as well as their transcript variants. Our novel
approach addresses this important limitation and focuses ge-
netic expression profile of Schwann cells grown on these re-
generative matrices.

Materials and Methods

All chemicals used for nanofibrous scaffold preparation and
cell sheet decellularization were purchased from Sigma-
Aldrich unless otherwise indicated. 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) was purchased through Oakwood Prod-
ucts. All cell culture reagents including Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), penicil-
lin streptomycin, and trypsin were purchased from Life Tech-
nologies. Nunc UpCell 60-mm dishes were purchased from
Thermo Scientific. Analytical reagents were purchased from
following sources: CellTiter 96® AQueous Non-Radioactive
Cell Proliferation Assay (MTS) (Promega), Coomassie Blue
R250 (Bio-Rad), Quant-iT™ PicoGreen® dsDNA
(Invitrogen), BCA assay kit (Thermo Scientific), RNeasy Plus
Mini Kit (Qiagen). All reagents used in PCR analysis were
purchased through Promega Co. Laminin and the primary
monoclonal antibody for neurofilament-M+H mouse mono-
clonal antibody were purchased through Invitrogen and sec-
ondary FITC-conjugated anti-mouse antibody was purchased
through Jackson Immunoresearch.

PCL fibers were solely used as a mechanical support of
ECM throughout the decellularization process. Layering cell
sheets on glass alone tended to rip cell sheets apart. Moreover,
the decellularization protocol disintegrated cell sheets without
any mechanical support. Electrospun poly-caprolactone
(PCL) fibers were fabricated using a blend PCL dissolved in
HFIP at a total concentration of 16 % (w/v) and stirred over-
night. PCL/chitosan scaffolds were electrospun from a solu-
tion blend of 1 % chitosan dissolved in acetic acid and 32 %
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PCL solution in HFIP magnetically stirred for 2 h. Briefly,
solutions were electrospun using a high voltage of 12 kV be-
tween the solution and the receiving apparatus with a constant
distance of 8 cm. Solutions were delivered with a 5-ml poly-
propylene syringe through a 0.9-mm tip needle at a flowing
rate of 0.25 ml/h using a syringe pump. Fibers were collected
onto a flat plate coating a layer of aluminum foil to form
meshes and collected onto a die steel mandrel of 18 cm in
diameter with a rotating rate of 1000 rpm to form aligned
fibers. All electrospun fibers were sterilized with isopropanol
as well as ultraviolet lamp for 2 h and washed three times with
phosphate-buffered saline (PBS) prior to cell culture.

Rat Schwann cells were cultured in high-glucose DMEM
containing 10 % FBS, 100 units/ml penicillin, and 100 μg/ml
streptomycin. Cells were seeded at the density of 5×105 and
were grown into sheets for 7 days on Nunc UpCell 60-mm
dishes with media change every other day. At the conclusion
of culture, UpCell petri dishes were removed out of the
incubator to room temperature in order to induce lifting of a
cell sheet. Sheets were maneuvered onto a scaffold and cov-
ered it uniformly. Cells were allowed to attach to the scaffold
for 2 h with minimal media and cultured overnight after addi-
tion of more media. For a detailed description, please see
Online Resource 2. For stacking cell sheets, each layer was
added after a 2-h period.

The ECMwas obtained using a modified protocol for nerve
decellularization [30]. Briefly, a combination of sodium
deoxycholate, SB-10, and SB-16 was selected as detergents
for decellularization experiments. Scaffolds with attached cell
sheets were washed with 10 mM phosphate-buffered 50 mM
sodium solution. All washing steps were carried out at 4 °C
with agitation to prevent protein cleavage. After 2 h, the solu-
tion was aspirated, replaced with a 10mMphosphate-buffered
50 mM sodium solution containing 125 mM SB-10, and ag-
itated overnight. The tissue was then rinsed once for 5 min in a
50 mM phosphate-buffered 100 mM sodium solution. The
washing buffer was replaced with a 10 mM phosphate-
buffered 50 mM sodium solution containing 0.6 mM SB-16
and 0.14 % sodium deoxycholate. After agitating overnight,
the tissue was rinsed with the washing buffer three times at
5 min per rinse. The scaffolds underwent this process two
times to ensure maximum cell debris removal. The scaffolds
were stored in a 10 mM phosphate-buffered 50 mM sodium
solution containing protease inhibitor cocktail at 4 °C [30].

Crosslinking experiments were designed to immobilize
laminin via its carboxy group to amine groups in chitosan
via EDC/NHS mechanism [31]. Solutions of laminin 1:100
(v/v) (1mg/ml) and 0.1MMESwere prepared and mixed with
ethylene diaminecarbodiimide (EDC) (8 mg/ml) and n-
hydroxysuccinimide (NHS) (22 mg/ml). The resulting solu-
tion was agitated for 1 h under room conditions. The solution
was then transferred onto fibers and allowed to crosslink over-
night, at 4 °C. The scaffolds were then washed with sterile

PBS thrice to obtain functionalized scaffolds. As a control,
scaffolds without any modifications (plain PCL-chitosan and
plain PCL) were also prepared.

Methylene blue (MB) and Coomassie Blue R250 stains
were used to examine DNA and protein content, respectively.
Decellularized scaffolds were agitated in 0.05 % MB solution
for 20 min and washed extensively in PBS until no more dye
diffused. Scaffolds washed in Coomassie Blue stain were
treated for 1 h and washed in PBS extensively until no more
dye diffused. Scaffolds with no matrix were used as controls.
Images were captured using Nikon T100 stereomicroscope.
Prior to BCA and PicoGreen assays, scaffolds were detached
from cover slips. After the addition of 5 ml of working solu-
tion, scaffolds were vortexed for 1 min. Each assay was per-
formed according to manufacturer’s protocol. Scaffolds with a
single and three cell sheet layers were evaluated. Each scaffold
was represented in triplicate. Standard curve for each assay
was established during each reading.

The proliferation MTS assay was done after 4 days of cul-
ture. After decellularization, scaffolds were sterilized with
70 % ethanol for 1 h under laminar flow hood. Ultraviolet
light sterilization was avoided. Scaffolds were rinsed three
times in PBS and placed in a complete DMEM medium.
Schwann cells were seeded onto cell sheets attached to ran-
dom PCL meshes at a density of 2.1×105 cells/well and cul-
tured in full supplemented DMEM. Cells seeded on PCL
nanofibers were used as controls. As additional controls,
PCL/chitosan fibers and PCL/chitosan fibers with crosslinked
laminin were used. To test influence of the fiber alignment,
random and aligned scaffolds were used for each condition.
The assay was performed according to manufacturer’s proto-
col. Absorbance was measured at 490 nm using a using a
microplate reader (Synergy™ HT, BioTek Instruments, Inc.).
Each group contained ten samples and the test was conducted
three times.

For RT-PCR experiments, 500 ng of total RNAwas extract-
ed from Schwann cell cultures using RNeasy Plus Mini Kit.
The concentration and quality RNAwas evaluated by measur-
ing absorbance ratio 260/280. Only RNA with absorbance
ratio is of 2.0 was used for the experiments. The cDNA syn-
thesis was carried out using M-MLV Reverse Transcriptase,
according to the manufacturers’ instructions. For DNA ampli-
fication, 30 cycles were used as follows: 95 °C for 15 s for
denaturation, 65 °C for 1 min for primer annealing, and 72 °C
for 1 min for extension. Primer sequences and accession num-
bers are listed in Online Resource 1. The primer specificity
was analyzed using gel electrophoresis. Each agarose gel was
prepared at 2 % (w/v) in order to resolve 200-bp fragments.
Images of the ethidium bromide-stained agarose gels were
acquired with Canon PowerShot S110 12.1 MP digital cam-
era. Quantification of the bands was performed by ImageJ
software. Band intensity was expressed as relative absorbance
units. Mean and standard deviation of all experiments
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performed were calculated after normalization to beta actin
[32, 33].

In immunofluorescence, non-adherent rat PC-12 (pheo-
chromocytoma cell line) was stained using neurofilament-
M+H mouse monoclonal antibody. PC12 cells were seeded
onto scaffolds at about 1×102 cell clumps/well and were sup-
plemented each day with NGF (Sigma) at a final concentration
of 100 ng/ml for 10 days. Cells were then fixed for 30 min
using 4% paraformaldehyde and permeabilized with 5 % goat
serum containing PBS with 0.5 % Triton® X-100 for 30 min.
Fixed/permeabilized samples were blocked using 5 % goat
serum dissolved in PBS for 1 h. Samples were then incubated
with primary antibody overnight. FITC-conjugated anti-
mouse IgG was used as secondary antibody for 30 min. Sam-
ples were mounted with Fluoroshield™ with DAPI (Sigma)
and visualized using a Zeiss LSM5 Pascal confocal micro-
scope (Zeiss). Five randomly selected fields for each condition
were imaged for neurofilament measurement. PC12 cells
grown on randomly aligned fibers with decellularized sheet
and aligned PCL fibers alone were used as controls.

All quantitative data are reported as mean±standard devi-
ation. At least three samples per time point per scaffold type
were evaluated for statistical analysis. Statistical differences
among the groups of scaffolds were determined by performing
a one-way ANOVA with post hoc Tukey’s test using
GraphPad Prism software. A confidence interval of p<0.05
was considered to be statistically significant.

Results

To examine decellularization process and its downstream ap-
plicability, it is necessary to evaluate the amount of matrix that
can be isolated from a single as well as multiple sheets and the
DNA content of these scaffolds. Presence of nucleic material
has been directly correlated to adverse host reactions [34].
Purple Coomassie Blue staining of decellularized sheets indi-
cated presence of protein (Fig. 1a–b). A visible nanofibrous
scaffold in Fig. 1a proves that the staining was due to presence
of the protein within the decellularized the sheet and not fi-
bers. Faint blue MB staining (Fig. 1c, d) indicates low levels
of DNA in the scaffold. Lack of defined dark blue structures
indicates absence of nuclei. To determine applicability of cell
sheets as an ECM source for the neuronal scaffolds, staining
was used to compare cell sheets and traditional seeding meth-
od. Decellularized scaffolds (Fig. 1a) had more intense purple
staining than traditionally seeded scaffolds (Fig. 1e). In
Fig. 1b, neither individual cells nor PCL fibers were visible
under higher magnification. Traditionally seeded scaffolds
that were decellularized (Fig. 1f) show individual cells stained
in purple as well as PCL fibers underneath. In Fig. 1c, d, faint
blue staining of decellularized sheets indicates presence of the
DNA within the construct. Traditionally seeded scaffolds

(Fig. 1g, h) show even weaker blue staining and absence of
any defined nuclear structures.

Results obtained with Coomassie Blue staining were quan-
tified using BCA assay (Fig. 2a). Scaffolds seeded tradition-
ally were used as a control. To illustrate advantage of the cell
sheet constructs, three cell sheets were layered and
decellularized. Scaffolds composed of three cell sheets had
an average protein content of 6.0402±1.11 mg. Constructs
composed of a single cell sheet contained about three times
less protein 1.9212±0.23 mg. Scaffolds that were seeded tra-
ditionally had a protein content of 1.5461±0.32 mg. Thus,
stacking cell sheets significantly increased protein content of
the nanofibrous scaffold. No statistical significance was ob-
served between traditionally seeded constructs and single
decellularized cell sheet. To confirm results obtained using

Fig. 1 a–b Intense purple staining of protein on decellularized Schwann
cell sheets using Coomassie Blue stain. c–d Faint blue staining of nucleic
acids showing lack of nuclei structures remaining on decellularized
Schwann cell sheets using Methylene blue stain. e–f Intense purple
staining using Coomassie Blue for protein remaining after
decellularization of traditionally seeded Schwann cells. g–h Very
diffuse Methylene blue staining showing small traces of nucleic acids
on decellularized scaffolds traditionally seeded with Schwann cells.
Scale bars represent 1 mm (a, c, e, g) and 100 μm (b, d, f, h). MB
Methylene blue, CB Coomassie Blue
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MB staining, QuantiT assay (Fig. 2b) was used to quantify the
amount of nucleic acids on each construct. Traditionally seed-
ed scaffolds had a nucleic acid content of 378.03±94.33 ng.
Scaffolds with a single decellularized cell sheet had nucleic
acid content of 636.97±195.86 ng. Constructs with three
decellularized cell sheets had nucleic acid content of 693.80
±25.54 ng. Stacking decellularized sheets increased nucleic
acid content in comparison to traditionally seeded constructs.
No statistical significance was observed between traditionally
seeded constructs and single decellularized cell sheet.

In MTS experiments (Fig. 3) cultures grown on random
and aligned PCL scaffolds had absorbance of 0.733±0.097
and 0.621±0.092 O.D., respectively. Cultures grown on ran-
dom and aligned PCL/chitosan scaffolds had absorbance of

0.554±0.11 and 0.612±0.099 O.D., respectively. These absor-
bance values were significantly less than absorbance values of
1.056±0.096 O.D. for constructs with a single decellularized
Schwann cell sheet. Random and aligned PCL/chitosan
nanofibrous scaffolds with covalently bound laminin had absor-
bance values of 0.900±0.098 and 0.898±0.115 O.D., respec-
tively. Although average values of constructs with laminin
attached were less than values of decellularized cell sheet,
no statistical difference was shown between these constructs.

Using RT-PCR, several characteristic genes found to be
expressed in Schwann cells were screened. Expression levels
for collagen type IA and type 2A, fibronectin, pleiotrophin,
NGF, BDNF, NT-3, neuregulin 1 and 2, and dystroglycan did
not show any statistical difference (data not shown). However,
Schwann cells grown on decellularized cell sheets showed a
significantly elevated expression levels for Erbb2 (Fig. 4b)
0.643±0.021 a.u., in comparison to cells grown on random
and aligned PCL fibers, 0.450±0.023 and 0.522±0.006 a.u.,
respectively. Schwann cells grown on decellularized cell
sheets also showed significantly elevated levels of expression
for Laminin β1 and γ1 chains (Fig. 4c, e) with normalized
intensity levels of 0.965±0.025 and 0.929±0.032 a.u., respec-
tively. Expression levels for laminin β1 and γ1 chains in
cultures grown on random and aligned PCL fibers were
0.828±0.029 and 0.826±0.015 a.u. as well as 0.866±0.002
and 0.836±0.011 a.u., respectively. Laminin α2 chain expres-
sion (Fig. 4a) did not show significant upregulation between
decellularized scaffolds, 0.776±0.036 a.u., or random and
aligned nanofibrous scaffolds, 0.851±0.046 and 0.824±
0.086 a.u., respectively. Expression of β1 intergin (Fig. 4f)
was also shown to be elevated in cultures grown on
decellularized sheets, 0.660±0.0627 a.u. Cells grown on ran-
dom and aligned fibers without the decellularized sheet have
shown expressions levels of 0.449±0.0128 and 0.367±
0.0545 a.u., respectively. Schwann cells grown on
decellularized cell sheets showed significantly elevated levels
of expression, 1.272±0.063 a.u., for myelin protein zero (P0)
(Fig. 4d). Cells grown on random and aligned PCL
nanofibrous scaffolds showed expression of 1.020±0.048
and 1.073±0.024 a.u., respectively.

PC12 cells grown on aligned fibers with decellularized
sheets (Fig. 5a) had fewer neurite extensions than cells
grown on random fibers with decellularized sheets or
aligned fibers with no cell sheet (Fig. 5b, c). Neurite
extensions also tend to lose directionality on aligned fibers
with decellularized sheets in comparison to cultures grown
on aligned fibers alone (Fig. 5c). Neurite extension was
quantified in Fig. 5d. Neurite extensions were significantly
longer on constructs with aligned fibers and decellularized
sheets with an average length of 696.2±30.1 μm. In com-
parison, neurite extensions on random fibers with
decellularized sheets and aligned fibers alone had length
of 317.7±37.4 and 569.3±11.3 μm.

Fig. 2 a Quantification of protein remaining on a scaffold after
decellularization protocol using BCA assay. Scaffolds were either
seeded using traditional method, layered with a single decellularized
sheet, or layered with three decellularized sheets (*p=0.0003). b
Quantification of nucleic acids remaining on a scaffold after
decellularization protocol using QuantiT assay

Fig. 3 MTS proliferation assay of Schwann cells seeded on various
surfaced. PCL/CHIT + LAM fibers indicate covalent modification of
fibers using EDC/NHS chemistry. PCL + SHEET indicate a single
decellularized sheet attached to random polycaprolactone fibers.
(*p<0.0001)
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Discussion

ECM plays a dual role in tissue development and regenera-
tion. It provides essential physical scaffolding for cells and
initiates crucial biochemical and biomechanical processes re-
quired for tissue morphogenesis, differentiation, and homeo-
stasis. However, it is difficult to construct a regenerative scaf-
fold that would include a myriad of proteins, carbohydrates,
and proteoglycans present in the native tissue. As a result,
decellularization of organs and tissues has been used as a
way to produce scaffolds composed of biological material.
Nonetheless, availability of grafts to be decellularized is a key
drawback. We here propose a novel method to produce an
allogenic ECM scaffold for peripheral nerve regeneration. By
using cell sheet technology, we were able to grow Schwann cell
into stackable sheets, with nanofibrous scaffolds for structural
support. Upon attachment of cell sheets to the scaffold, the
sheets were treated with mild detergents to remove cells. To
evaluate the effectiveness of the decellularization protocol,
scaffolds were stained with Coomassie Blue for protein as well
as with MB for nucleic acids. Coomassie Blue staining in
Fig. 1a, b showed intense purple staining indicating presence

of an intact ECM after the detergent treatment. Coomassie Blue
staining does not reliably predict protein content in the scaffold
since presence of carbohydrates interferes with binding of the
compound [35]. AweakMB staining in Fig. 1c, d indicated that
some nucleic acids remained on the scaffold. Scaffolds with
content of 250 ng and length of 250 bp have been shown
to cause immune response upon implantation [5]. It is un-
known whether a scaffold with this level staining would
cause an immune response. The detergent treatment could
be improved by addition of DNAse and RNAse. Weak
staining could also be accounted by the presence of sulfat-
ed carbohydrate moieties [36].

Using cell sheet technology for scaffold construction al-
lows for subsequent stacking cell sheets and fabrication of
constructs more relevant in size and mass. Despite same
seeding density of 5×105 cells, decellularized scaffolds had
more intense and uniform Coomassie staining (Fig. 1a, b) than
traditionally seeded scaffolds (Fig. 1e, f). In traditionally seed-
ed scaffolds, fibers and stained clumps indicated an incom-
plete coverage of the construct by cells and ECM. Perhaps,
traditionally seeded Schwann cells were not able to form sta-
ble contacts with fibers as well as the colony of cells in the

Fig. 4 Genetic expression of
Schwann cells seeded on
decellularized Schwann cell
sheets: a laminin chain α2
(*p=0.5322), b receptor tyrosine-
protein kinase erbB-2
(*p<0.0001), c laminin chain β1
(*p=0.0007), d myelin protein
zero (*p=0.0015), e laminin
chain γ1 (*p=0.0020), and f β1
integrin (*p=0.0193)
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sheet. This could lead to detachment of cells and ECM
throughout the decellularization process. The detergent treat-
ment of cell sheets (Fig. 1c, d) was less effective in reducing
nucleic acid content than in traditionally seeded scaffold
(Fig. 1e, f). Nonetheless, the MB binding could also be
accounted for presence of sulfated molecules that could bind
to MB [36]. Staining for sulfated glycosaminoglycans could
accurately test this assumption.

Ability to stack cell sheets illustrates one of advantages of
using cell sheets to generate larger constructs. In Fig. 2a, three
stacked cell sheets provided significantly more protein than a
single sheet or traditionally seeded scaffolds. The amount of
protein isolated from a single sheet directly correlated to the
amount of protein isolated in three stacked sheets. In this respect,
the detergent protocol selected did not result in loss of biological
material in larger scaffolds. Conflict betweenCoomassie staining
and BSA assay could be attributed to incomplete de-staining of
scaffolds from the dye. Stacking of cell sheets hindered the re-
moval of nucleic acids as the scaffold became larger. In Fig. 2b,
traditionally seeded scaffolds had significantly less nucleic acids
as opposed to scaffolds with one or more decellularized sheets.
Surprisingly, stacking of cell sheets did not significantly increase

the nucleic acid content in scaffolds. Use of other DNA-
quantifying assay kits could further confirm observation.

Neuronal constructs should provide a favorable microenvi-
ronment for glial as well as neuronal cells. In proliferation
experiments, cells grown on scaffolds with decellularized
Schwann cell sheets proliferated significantly better than on
scaffolds without any biological molecules (Fig. 3). Although
laminin has been used in numerous experiments to enhance
cell attachment and proliferation [31, 37–39], cells grown on
scaffolds with covalently bound laminin through EDC/NHS
mechanism did not show higher proliferation rates than cells
grown on decellularized cell sheets. The experiment indicates
the need for protein coating to enhance cell attachment and
proliferation. Cells grown on decellularized Schwann cell
sheets proliferated better perhaps due to the myriad of biolog-
ical molecules, protein, glycoprotein, and carbohydrates,
which the sheet provided as opposed to scaffolds with laminin
alone. Likewise, EDC/NHS system is prone to denaturing
native confirmation of laminin as opposed to mild detergent
treatment. Decellularized cell sheets could provide a larger
variety of biological material to the scaffold in more native
condition than chemically bound protein.

Fig. 5 PC12 cell culture and
neurite extension on a aligned
PCL fibers with a single
decellularized cell sheet, b
random PCL fibers with a single
decellularized cell sheet, and c
aligned PCL fibers without
decellularized sheet. Scale bars
indicate distance of 200 μm. d
Graph shows average
measurement of neurite
extensions for each condition.
(*p<0.0001)
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By using a semi-quantitative PCRmethod, the difference in
proliferation rates of Schwann cells between scaffolds with
decellularized cell sheets and scaffolds with nanofibers alone
could be accounted for by elevated expression of Erbb2 gene,
Fig. 4b. Pharmacological inhibition of Erbb signaling has
been shown to reduce migration, proliferation, and the termi-
nal differentiation of myelinating Schwann cells [40]. How-
ever, Schwann cells have been found to use a different mech-
anism and do not require neuregulin signaling through Erbb2
for proliferation and survival after nerve injury [41]. Further
study at multiple time points might provide a more
encompassing profile for this mechanism.

Another key difference revealed through PCR experiments
was the slightly elevated laminin β1 and γ1 chain expression
(Fig. 4c, e). The study of laminin expression is incomplete since
there are eight other chain isoforms that would need to be tested
[42]. This study focused on the expression pattern of only three
laminin chains: α2, β1, and γ1. Laminin-211 is a main laminin
isoform in skeletal muscle and neuromuscular junctions and
basement membranes produced by Schwann cells [43, 44].
Theγ1 chain has also been linked to the ability of Schwann cells
to differentiate and synthesize myelin proteins leading to sorting
and myelination of axons [45]. Increased expression of the spe-
cific chains may suggest increased tendency to produce base-
ment membrane components and form synapses. Elevation of
β1 and γ1 laminin chains might also have significance in up-
regulation of β1 integrin (Fig. 4f). Elevation of β1 integrin co-
incides with increased expression of the laminin chains. By in-
creasing expression of β1 integrin, the protein deposited by
decellularized Schwann cell sheets might have a significant im-
pact on myelination [7, 8]. This finding is complemented by
increased expression of P0 in decellularized cell sheets
(Fig. 4d). P0 is a major protein component of myelin sheath in
peripheral nervous system, and uponmyelination, P0 expression
is upregulated [46]. Presence of basal lamina has been found to
induce P0 gene expression in Schwann cells contacting axons
destined for myelination [47]. This suggests that decellularized
cell sheets may mimic the presence of basal lamina that contains
molecular cues to induce differentiation and myelination of
axons by Schwann cells.

Decellularized Schwann cell sheets along with directional
physical guidance cues from aligned fibers optimally en-
hanced neurite extensions of differentiated PC12 cells. PC12
cells grown on decellularized sheets attached to random PCL
fibers (Fig. 5b) had a higher neurite density when compared to
cultures on scaffolds with decellularized sheets and aligned
fibers (Fig. 5a). However, the latter culture had significantly
longer neurite extension. Comparison to cultures grown on
aligned PCL fibers alone (Fig. 5c) showed that physical cues
dominate guidance of axons during regeneration. Likewise,
the comparison between random and aligned physical cues
provided by fibers (Fig. 5b, c) shows that fiber alignment
plays a more significant role in neurite extension. Other

groups had observed similar results [48–50]. Thickness of
the matrix might have contributed to some of the loss of di-
rectionality of the axonal extensions visible in Fig. 5a. Further
studies should focus on incorporation on molecular cues from
Schwann cell ECM while preserving directional cues from
nanofibrous structures.

Conclusion

ECM surrounding Schwann cells and neurons provides critical
determinants of cellular phenotype during development as well
as essential cues in stimulating and guiding regrowth. Combina-
tion of cell sheet technology and decellularization protocols
allowed for development of a novel method to deposit myriad
of proteins found in ECM simultaneously. Decellularization of
these constructs proved to preserve majority of the ECM while
retaining only few traces of nucleic acids. Layering of multiple
cell sheets provided more extracellular milieu than traditional
seeding method after decellularization. Additionally, Schwann
cells seeded on the isolated matrix proliferated faster than
on PCL or PCL/chitosan fibers. Covalently bound laminin
enhanced proliferation rate but was not able to accommodate
for the stimuli-rich microenviroment provided by the
decellularized sheets. The proliferation and differentiation of
Schwann cells grown on decellularized sheets were
complemented by upregulation of Erbb2 and P0. Laminin
expression of β1 and γ1 chains was also elevated. PC12
cells grown on decellularized sheets produced longer neurite
extensions than aligned polycaprolactone fibers alone. These
results encourage further studies into changes in genetic ex-
pression of Schwann cells at multiple time points as well as
any increased secretion of neurotrophic factors. This novel
method of ECM deposition warrants its use in future periph-
eral nerve regenerative studies.
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