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Exploration of artificial, nanometer-scale features to mimic natural matrices has revealed a
powerful influence of nano-topography over cellular behavior. In this study, aligned nanofibers
composed of thermally responsive hydroxybutyl chitosan were electrospun to create a robust
scaffold for the production of aligned cell sheets. With a median fiber diameter of 436 nm,
fiber alignment created repetitively spaced nanometer-scale topographical features on the
scaffold surface. When cultured on these surfaces, human mesenchymal stem cells (hMSC)
showed alignment and elongation in both cell body and nucleus. In addition to morphological
changes, topographical features induced expression of genes indicative of myogenic induction
of hMSC cultured in proliferative, non-differentiating medium. Thermal reversibility of the
fibers allows for the dissolution of the polymer from the cell/scaffold construct without
disruption of cytoskeletal structure and cell–cell interactions. For cell-based regenerative
medicine applications, thermally reversible nanofibers can thus produce polymer-free cell
layers engineered with exposure to nano-topographical cues.

Although the use of polymeric scaffolds in the building of engineered tissues has become a
necessary foundation, the production of polymer-free tissue constructs has gained much
attention in recent literature, mainly in the form of cell sheet engineering. Okano et al., have
published extensively on the use of a temperature-responsive polymer, poly(N-isopropyl-
acrylamide) (PIPAAm), to create surfaces that can release cell sheets for use in tissue
repair.[1–3] By eliminating the scaffold component prior to implantation, these cell sheets
circumvent much of the problematic aspects of polymer presence in engineered tissues in vivo,
such as lack of biocompatibility, non-ideal degradation profiles, hindrance to mass transport
and cell–cell contact, and mismatched mechanical properties. However, this system is limited
to surface grafting of PIPAAm and lacks the flexibility to include topographical cues during
the culture period, prior to cell sheet formation. Many tissues are comprised of layered
structures with cells highly organized within each layer, such as the myocardium, vascular
wall, and corneal epithelium. Therefore, the introduction of topographical cues to create an
aligned cell sheet may have a tremendous impact on engineering of tissue constructs for
regenerative medicine applications.

Natural matrices have been characterized to contain topographical features at the nanometer
scale.[4,5] Artificial surfaces with nanometer-scale topographical cues have been shown to be
potent effectors of cellular behavior.[6–9] Electrospinning has proved a versatile technique in
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creating nanometer-scale fibers with a wide range of artificial and natural polymers.[10–16]

These electrospun fibers can be aligned by manipulating the electrical field or by collecting
the fibers on a rotating target, creating a culture surface endowed with topographical cues at
the nanometer-scale.

With electrospinning, we were able to fabricate aligned nanofibrous scaffolds composed of a
thermally responsive hydroxybutyl chitosan (HBC). HBC is a modified form of chitosan, and
previous work in our lab has shown it to be a biocompatible scaffold suitable for tissue
engineering applications.[17] In addition to the topographical cues, the temperature
responsiveness allows for dissolution of the fibers once they are cooled to temperatures below
its lower critical solution temperature (LCST). We used these scaffolds to provide, for hMSC,
a culture environment capable of presenting nanometer-scale topographical cues with potential
to modulate cell behavior. Cellular alignment is seen as a critical factor in providing functional
competence to many tissue types. Cell and nuclear shapes have been reported to be intimately
associated with intracellular signaling cascades for control of gene expression.[18–20] Control
of stem cell differentiation has been a challenge in regenerative medicine. With our unique
scaffold, we investigated the possibility that modulating cell shape could contribute to directing
differentiative fate. After the stem cells are exposed to such an environment and phenotypically
and genotypically altered, it may be possible to recover them as a cell sheet for implantation
and tissue augmentation. In this study we characterize the hMSC behavior cultured on the HBC
nanofibrous scaffold.

Imaging the fibers with scanning electron microscopy (SEM) revealed a scaffold of relatively
uniform fiber diameters exhibiting a textured surface in contrast to that of HBC films (Fig. 1).
Collagen type I could be blended into the HBC solution and spun into fibers in order to present
a more biologically active surface as compared to the HBC fiber. These nanofibers exhibit
diameters ranging from less than 200 nm to 900 nm. HBC fibers and HBC/collagen blended
fibers show a median diameter of 463 nm and 606 nm, respectively. The addition of collagen
increases the average diameter of the fibers by several hundreds of nanometers and reduces
the surface tension of the scaffold by nearly 50 % (data not shown). Fibers with diameters
greater than 900 nm appear to be the result of fusion of two or more fibers. A larger proportion
of fibers within the collagen blended HBC fiber scaffolds show signs of fusion as compared
to HBC alone. This may be attributed to the addition of aqueous collagen solution leading to
slower evaporation of solvent during fiber deposition.

The HBC fibers can be dissolved immediately upon contact with a medium that is cooled to 4
°C to leave behind a polymer-free cell sheet. Figure 2A–D shows the appearance of the cell
sheet before and after cooling away of the HBC (Fig. 2A and B) and HBC/collagen blended
(Fig. 2C and D) fibers. The hMSC in the polymer-free cell sheet retain their elongated cell
morphology and cytoskeletal alignment (Fig. 2E–H). After 2 weeks of culture on the
nanofibers, hMSC exhibit dramatic elongation of the cell body as well as nuclei. No preferential
direction of cell alignment is seen with cells cultured on HBC film (Fig. 2I) or glass (Fig. 2J).
Induction of cell elongation occurs on both the HBC and HBC/collagen blended fiber surfaces,
indicating that the nanofiber topography itself is the primary factor in inducing cell elongation,
irrespective of the presence of collagen. The major difference seen between these two types of
scaffolds is in the initial numbers of cells attaching to these surfaces, with more cells attaching
to the HBC/collagen blended surface. In addition, the cells cultured on HBC fibers appear
ribbon-like and loosely associated with neighboring cells; whereas, the cells on HBC/collagen
blended fibers appear more densely packed (data not shown).

Nuclear shape has been shown to have a significant impact on gene regulation, therefore,
differences in nuclear shape were investigated between hMSC cultured on glass coverslips
versus HBC and HBC/collagen fiber surfaces. The shape of the normal eukaryotic nucleus, in
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a 2D projection under epi-fluorescence, can best be approximated as an ellipse. Given an
elliptical shape, one is able to characterize its eccentricity using the following equation.

where CD is defined as the length of the short axis and AB is the length of the long axis of the
ellipse. Values of eccentricity range from 0 to 1, with 0 being a perfect circle and 1 an extremely
stretched ellipse (most closely approximated by a line). A confluent monolayer of hMSC
cultured on glass show signs of cell body elongation as well as alignment with neighboring
cells, in a non-preferential direction, within any given localized region. However, the nuclei
do not show any sign of alignment and exhibit a heterogeneous population with average
eccentricity values of 0.66 ± 0.13, long axis lengths of (6.47 ± 0.97) μm, and short axis length
of (4.72 ± 0.84) μm (Fig. 2). In contrast, almost all of the cells cultured on the aligned nanofiber
surfaces exhibit cell body alignment as well as significant nuclear elongation and alignment
in the direction of fiber alignment. Nuclei display eccentricity values approaching 1, with 0.89
± 0.07 and 0.91 ± 0.06 for cells cultured on HBC and HBC/collagen surfaces, respectively.
The nuclei of cells cultured on HBC and HBC/collagen surfaces are nearly double in length of
the long axis, as compared to cells cultured on glass, with average values of (14.64 ± 2.39)
μm and (14.39 ± 2.32) μm, respectively. The short axis lengths are (6.25 ± 2.07) μm and (5.57
± 1.68) μm for cells on HBC and HBC/collagen surfaces, respectively. One can infer that the
nuclear widths, mostly along the perpendicular direction to the aligned fibers, span across
approximately 8 to 16 individual nanofibers. The width of these nuclei nearly match the cell
width along the short axes of these elongated cells, thereby suggesting restricted expansion of
nuclear volume in the direction perpendicular to fiber alignment.

The expression profile of genes representative of three differentiated lineages of hMSC were
evaluated: osteogenic, chondrogenic, and myogenic (Fig. 3). Gene expression for these
lineages were explored in order to determine if the cell and nuclear elongation, alone, can affect
hMSC induction into a differentiated phenotype even when cultured in non-inductive,
proliferative medium. Runx2 and Osteocalcin expression were taken as markers of
osteogenesis. Collagen type II, TGF-β3, Sox-9, and Aggrecan were used to confirm
chondrogenesis. Pax3 and Pax7 are present in myogenic progenitor cells.[21] MyoD is
necessary for commitment to the myogenic lineage and remain transcriptionally inactive until
a differentiative signal is sensed.[22,23] Other myogenic markers, Myogenin, Desmin, and
Collagen IV, were also assayed.

Expression of genes from all three differentiated lineages was detected from hMSC cultured
on both HBC and HBC/collagen blended fibers. However, when compared to genes expressed
by hMSC cultured on HBC films and TCPS, a definitive upregulation of myogenic genes is
apparent (Collagen IV, Desmin, Pax-3, Pax-7, Myogenin). Although MyoD expression was
not detected, elevated levels of Myogenin, a gene involved in muscle differentiation and
downstream of MyoD expression, suggests myogenic commitment.[24] The combined
expression of these genes can be taken to imply that the hMSC cultured on the fiber surfaces
have been induced into the myogenic lineage as a result of cell and nuclear elongation. Given
the same composition of the two surfaces, film versus fiber, but different only in topography,
the results suggest that the aligned fiber topography and induction of elongated nuclear shape
are the major factors in myogenic induction. However, the presence of genes of multiple
differentiated lineages indicate it may be possible that the induced myogenic commitment may
be transient and introduction of further myogenic signals may be necessary to further commit
these cells to muscle differentiation. This gene expression data represents a single timepoint
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from a population of hMSCs that may not be uniformly responsive to its environment and it
is possible that only a select group of cells are expressing genes representative of a myogenic
commitment while others of different genetic phenotypes.

Mesenchymal stem cells are responsive to a variety of exogenous factors. Soluble growth
factors, mechanical stimulation, and matrix stiffness have all been implicated as having
potential for inducing differentiation of MSCs.[25–29] We present data here to implicate another
factor, cell and nuclear elongation inducible by an aligned nanofibrous surface, that may be
stimulative for MSC differentiation. Both the film and fibrous HBC surfaces present a
chemically and mechanically (elastic moduli ranging from 10–15 kPa) similar culture surfaces
with the major difference being its topological features. Although no definitive genotypic
changes for a single differentiative pathway was detected, there were significant differences
between cells cultured on these two different surfaces, mainly with genes indicative of
myogenic induction. Further exploration of long term cultures and systems that combine other
exogenous factors for stem cell differentiation, in addition to topographical cues, may be more
fruitful in inducing definitive myogenesis in MSCs. Studies exploring potential changes in
nuclear matrix proteins and focal adhesion complexes due to cytoskeletal and nuclear shape
changes induced by a nanofibrous topology may also provide cues to potential mediators in
MSC differentiation.

The intranuclear environment is rich in structurally interconnected nuclear matrix elements
responsible for modulation of gene expression and silencing.[30–32] Therefore, the stretched
morphology of nuclei in these aligned cells may be altering the internal matrix structure
sufficiently enough to stimulate the expression of otherwise silent genes. Published works on
the connectivity of cytoskeletal and nuclear structures[33–35] compel further investigation of
changes to cellular function induced by matrix features at the nanoscale. Focal adhesion
complexes, in combination with the cell cytoskeleton, largely contribute to the dynamic
maintenance of cell morphology.[36–39] Although these are macromolecular sized intracellular
structures, individual components of these assemblies are at the nanoscale.[40,41] The
nanofibers may be creating a topography that restricts integrin diffusion across the cell
membrane and the final size or shape of these focal adhesion assemblies at the level of these
nanoscale molecules. Since individual fiber diameters are at a subcellular scale and cells span
across several fibers, the limitation in lateral expansion of cell bodies may be due to the
repetition of the nanoscale pattern rather than a physical barrier by individual fibers. Further
analysis will be needed to correlate between fiber features and restrictions, if any, on the
complexation of key players in the cytoskeletal signaling cascade.

These aligned nanofibrous scaffolds composed of a thermally reversible polymer,
hydroxybutyl chitosan, are multifunctional scaffolds for the production of engineered cell
systems. The aligned nanofibers provide topographical cues to induce cell alignment with
potential to have direct affects on influencing gene expression. These fibers can provide a
culture surface of adjustable mechanical properties that can better mimic those of natural tissue.
Bioactive components, such as natural matrix components and growth factors, can be
incorporated into the fibers during fabrication to present a surface capable of providing
biochemical cues to enhance cellular function. The convenient removal of the fibers can create
a cell sheet conditioned with the desired levels of cell maturation and tissue response to the
biologically and topographically active surface of the scaffold. Combined, this multifunctional
scaffold system can offer an elegantly controlled microenvironment for the production of
tissue-engineered cell sheets for use in regenerative medicine.
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Experimental
HBC was purchased from Dainichiseika Color & Chemicals Mgf. Co. Ltd. Purification was
performed as previously published [17]. A stock solution of 10 wt % HBC17 in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP; Sigma-Aldrich) was diluted to 7 wt % of HBC17 in HFP for
HBC fibers. The stock solution was diluted to 7 wt % of HBC17 in neutralized bovine collagen
I solution (BD Biosciences), prepared as outlined in the manufacturer’s protocol. For
electrospinning, the polymer solution was placed in a syringe with a 19G blunt needle mounted
onto a syringe pump (New Era Pump Systems) and dispensed at a flow rate of 3.5 mL h−1. The
needle tip was charged to 11–12 kV using a HV power supply (Gamma High Voltage
Research). Fibers were collected on a foil strip mounted onto the shaft of a dc motor (Grainger)
set to spin at 4000 rpm. The distance between the needle tip and foil target was maintained at
4 cm. Fiber scaffolds were spun to an average thickness of 200 μm. Spun fibers were stored
under desiccation at room temperature until use. To prepare fibers for cell culture, dried fibers
were washed twice in PBS (at 37 °C). Excess PBS was removed and fibers were left to dry
under UV overnight and used the next day for cell culture. Fibers were coated with 4 nm of
and samples were imaged with a LEO field emission SEM with the electron beam set to 1 kV.

For fabrication of HBC films, HBC17 was diluted to a 2 % wt% solution in serum-free culture
medium and 200 μL of HBC solution spread onto pre-sterilized 22 0 22 mm2 coverglass. These
coverglasses were placed into a humidified incubator, held at 37 °C for 30 min to allow for
gelation. After 30 min, the films were left to air-dried, under UV. Once dried, the films were
washed twice in PBS warmed to 37 °C and left to air dry, under UV, overnight and used the
next day for cell culture.

Human MSCs purchased from Cambrex, Inc. were cultured as directed in the manufacturer’s
directions. For culture on HBC fibers, cells were suspended in culture medium at a
concentration of 2 0 106 cells mL−1. 100 μL of cell solution was placed onto the dried fiber.
For culture on HBC films, cells were suspended in full culture medium at a concentration of
2 0 106 cells mL−1. A 150 μL drop of cell solution was placed in the center of each film and
the medium was allowed to absorb into the HBC film.

Cells were cultured on the HBC surface until cell confluence was reached and sufficient matrix
produced, which typically took 2 weeks. Cell-seeded scaffolds were loosened from the bottom
of the culture dish and transferred to wells with culture medium cooled to 4 °C to dissolve
away the HBC. In order to observe cell morphology prior to HBC cooling, cells were fixed
with 4 % paraformaldehyde and HBC was removed with immersion in cooled PBS. FITC-
phalloidin and DAPI (Invitrogen) was used to visualize the cytoskeleton and nuclei,
respectively. The entire cell/fiber scaffold sample was placed into lysis buffer cooled to 4 °C
followed by total RNA extraction using RNeasy Kit (Qiagen) according to manufacturer’s
protocol. RT-PCR reaction master mix was prepared using the OneStep RT-PCR kit (Qiagen)
according to manufacturer’s protocol. All reactions were run on the Biorad iCycler thermal
cycler (Biorad) for 35 cycles. Primer sequences used are listed in Supporting Information Table
1.

The lengths of long and short axes of nuclei and nuclear area were determined only on nuclei
with clear boundaries. 331, 116, and 75 cells were analyzed for hMSC on glass, HBC
nanofibers, and HBC/Collagen blend nanofibers, respectively.
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Figure 1.
Morphologic and surface analysis of HBC and HBC/collagen blend nanofibrous matrices. SEM
images of A) HBC nanofibers, B) HBC/collagen blend nanofibers, and C) HBC film are shown.
Both scaffolds can be handled without tearing. Histogram shows differences in the distribution
of fiber sizes between HBC and HBC/collagen fibers, with collagen blended fibers exhibiting
an increase in diameter as compared to the HBC fibers. Fibers with diameters greater than 900
nm appear to be resultant of fiber fusion during deposition.
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Figure 2.
Cell sheet production and cellular morphology on HBC and HBC/collagen fiber surfaces after
2 week culture. hMSC on HBC fibers before cooling (A) and after cooling (B). hMSC on HBC/
collagen fibers before cooling (C) and after cooling (D). Corresponding F-actin (green) and
nucleic acid (blue) stained images for hMSC on HBC fibers before (E) and after cooling (G),
and HBC/collagen fibers before (F) and after cooling (H). Images of hMSC on HBC (I) and
glass (J) surfaces show random arrangement of cell cytoskeleton. Lengths of long and short
axis of nuclei (K). Asterisks represent p-values ≪ 0.0001. Eccentricity values for hMSC on
glass and HBC fibers (L). Scale bars: 100 μm.
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Figure 3.
Gene expression analysis of hMSC after 2 week culture period. H = HBC nanofibers. H/C =
HBC/collagen blend nanofibers. H-film = HBC films. hMSC cultured on HBC films and TCPS
are shown here as control surfaces.
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