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The capability to spatially control stem cell orientation and differentiation simultaneously using
a combination of geometric cues that mimic structural aspects of native extracellular matrix (ECM) and
biochemical cues such as ECM-bound growth factors (GFs) is important for understanding the organi-
zation and function of musculoskeletal tissues. Herein, oriented sub-micron fibers, which are morpho-
logically similar to musculoskeletal ECM, were spatially patterned with GFs using an inkjet-based
bioprinter to create geometric and biochemical cues that direct musculoskeletal cell alignment and
differentiation in vitro in registration with fiber orientation and printed patterns, respectively. Sub-
micron polystyrene fibers (diameter w 655 nm) were fabricated using a Spinneret-based Tunable
Engineered Parameters (STEP) technique and coated with serum or fibrin. The fibers were subsequently
patterned with tendon-promoting fibroblast growth factor-2 (FGF-2) or bone-promoting bone
morphogenetic protein-2 (BMP-2) prior to seeding with mouse C2C12 myoblasts or C3H10T1/2
mesenchymal fibroblasts. Unprinted regions of STEP fibers showed myocyte differentiation while printed
FGF-2 and BMP-2 patterns promoted tenocyte and osteoblast fates, respectively, and inhibited myocyte
differentiation. Additionally, cells aligned along the fiber length. Functionalizing oriented sub-micron
fibers with printed GFs provides instructive cues to spatially control cell fate and alignment to mimic
native tissue organization and may have applications in regenerative medicine.

� 2011 Published by Elsevier Ltd.
1. Introduction

Musculoskeletal tissues comprise multiple cell types such as
osteoblasts, tenocytes and myocytes arrayed within a spatially-
graded structural and biochemical microenvironment. The native
organization of these tissues is regulated, in part, by microenvi-
ronmental instructive signals such as growth factor (GF)
biochemical cues and ECM architectural geometric cues to modu-
late stem cell behaviors such as differentiation and cell alignment
during repair and regeneration [1e5].
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Within the pericellular microenvironment, signaling molecules
such as GFs, can exist in both ‘liquid-phase’ (freely diffusing in
solution) and ‘solid-phase’ (immobilized and bound to the ECM and
cell surfaces) forms [4]. When bound to the ECM, GFs are immo-
bilized at picograms to nanogram quantities and impart temporal
and spatial cues that regulate cell behaviors such as cell adhesion,
migration, proliferation, differentiation and apoptosis [4e12].

In muscle, tendon and bone tissues, differentiated cell types
such as myocytes, tenocytes and osteoblasts maintain tissue func-
tion by contractile force generation, collagen secretion and collagen
mineralization, respectively. In addition, cell orientation plays an
integral role since myocyte alignment is necessary for efficient
force generation along a specific direction during muscle contrac-
tion [13e15], while tenocyte and osteoblast alignment are required
for building highly oriented unmineralized and mineralized
collagen matrices that can withstand mechanical loading during
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skeletal movement [1,16e20]. Furthermore, it has recently been
shown that aligned fibrous scaffolds promoted increased calcium
content and mineralization in comparison with unaligned fibrous
scaffolds in a manner independent of increased cell proliferation or
increased mRNA expression of osteogenic markers [18].

Although there have been numerous investigations using
exogenous biochemical cues to control musculoskeletal stem cell
differentiation [21e26], and engineered geometric cues to control
cell alignment [14,27e29], such work has yet to address simulta-
neous control of both cell alignment and differentiation at high
spatial resolution.

We previously developed an inkjet-based bioprinter [6] that
spatially patterns low doses (picograms to nanograms) of GFs and
other signaling molecules onto and into native ECM-based scaf-
folds, including fibrin and acellular human skin allografts. The
printed GFs subsequently bind to the ECM via native binding
affinities to create physiologically-relevant solid-phase GF patterns
that can control aspects of stem cell behavior such as differentia-
tion, migration and proliferation in vitro [6,8e12] and in vivo [7] in
spatial registration with printed patterns. One advantage of using
such an approach is that it can provide persistent biochemical cues
for directing a single stem cell population towards multiple cell
fates such as muscle, tendon and bone cells simultaneously within
a single construct [8,12]. In addition, we have also developed
a novel pseudo-dry spinning technique that creates highly oriented
sub-micron fibers as a means to control cell alignment [30,31]. In
the present study, bioprinted GFs were patterned onto fibrin- or
serum-coated highly oriented sub-micron polystyrene fibers
fabricated with our Spinneret-based Tunable Engineered Parame-
ters (STEP) technique [30,31] to study the interactions of
biochemical and geometrical cues on stem cell differentiation and
alignment. This study was performed in the context of using the
aligned fiber scaffolds patterned with GFs to spatially control stem
cell differentiation towards myocyte, tenocyte and osteoblast fates
simultaneously in vitro while also controlling cell alignment to
create a primitive muscle-tendon-bone unit.

2. Materials and methods

2.1. Fabrication of polystyrene STEP fibers

To facilitate comparison of cell alignment between STEP fibers and standard
tissue culture vessels, polystyrene STEP fibers were used. In addition, polystyrene is
non-resorbable and removes the resorption variable from this study. Sub-micron,
oriented polystyrene STEP fibers were fabricated using the STEP pseudo-dry spin-
ning process as previously described [30,31] (Fig. 1). Briefly, a glass micropipette was
mounted on a manual XYZ stage (562 Ultra-align series, Newport Inc., USA) and
oriented perpendicularly to a rotating cover slip substrate mounted on a DC motor.
The DCmotor was mounted on amotorized XYZ nanopositioner (Newport VP series,
Irvine, CA). Polystyrene (2 � 106 g/mol, Scientific Polymer Products, USA, dissolved
in Xylene 10% by weight) was drawn out and extruded through the pipette and
continuously wound around the rotating substrate, becoming fibers as the solvent
evaporated. By controlling the speeds of the nanopositioner and rotating motor,
scaffolds with defined sub-micron fiber diameters and fiber spacing were fabricated.
In addition, subsequent layers can be deposited on top of existing fiber layers and at
other orientations to produce, for example, criss-cross fiber patterns that were
oriented perpendicular to one another. In addition, aligned fibers wound around
a hollowed-out substrate support base can be fabricated to form suspended fibrous
structures.

2.2. Coating fibrin or serum on of polystyrene STEP fibers

Polystyrene STEP fibers were sterilized with 70% ethanol for 5 min, rinsed with
Phosphate Buffered Saline (PBS), and subsequently coated with serum by incubation
in 100% serum overnight at room temperature (RT). Excess unbound serum proteins
were removed by aspiration, rinsed with PBS and air-dried in a laminar flow hood.

For fibrin coating, polystyrene STEP fibers were first coated with fibrinogen by
incubation in 0.1mg/mL fibrinogen (Aventis Behring, King of Prussia, PA or American
Diagnostica Inc., Stamford, CT) contained in 10 mM sodium phosphate, pH 7.4
overnight at RT. Excess unbound fibrinogen was removed by aspiration, rinsed with
PBS and fibers were blocked with 0.3 M glycine (Bio-Rad Laboratories, Hercules, CA),
pH 7.4 for 2 h at RT. Immobilized fibrinogen was converted into fibrin by incubating
fibers in 4 U/mL thrombin (Enzyme Research Laboratories, South Bend, IN) for 2 h at
37 �C, rinsed three times with PBS followed by three rinses with sterile deionized
water before air-drying in a laminar flow hood. To confirm that the polystyrene STEP
fibers were successfully coated with fibrin, Alexa Fluor 647-conjugated fibrinogen
(Invitrogen, Carlsbad, CA) was used.

2.3. Scanning electron microscopy

To characterize the diameter of the polystyrene STEP fibers, samples were gold-
coated using a Pelco SC-6 sputter coater (Ted Pella, Inc., Redding, CA) and examined
using a Hitachi 2460N Scanning Electron Microscope (Hitachi High Technologies
America, Inc., Schaumburg, IL). Images were obtained using Quartz PCI Image
software.

For cell-seeded STEP fibers, cells were washed once in PBS and subsequently
fixed using 2.5% glutaraldehyde in PBS and prepared for SEM. After three PBS
washes, the specimens were fixed for 1 h in 1% osmium tetroxide buffered with PBS.
The osmium tetroxide was removed with three washes of DI water for 5 min fol-
lowed by incubation for 5 min in 1% thiocarbohydrazide in DI water. The specimens
were washed three times in DI water followed by a 5 min exposure to 1% osmium
tetroxide in DI water. The specimens were washed with three changes of DI water,
and after the exposure to thiocarbohydrazide, the DI water washes, and treatment
with osmium tetroxide was repeated. After fixation, the specimens were washed
with three changes of DI water followed by dehydration in an ascending series of
ethanol (50%, 70%, 80%, 90%, and 3 changes of 100%). The specimens were dried in
a Pelco CPD2 critical point dryer (Ted Pella, Inc., Redding, CA) using carbon dioxide at
1200 psi, and 42 �C. Dried specimenswere attached to SEM stubs using double-sided
stick tape and coated with gold using a Pelco SC-6 sputter coater (Ted Pella, Inc.,
Redding, CA). Specimens were examined using a Hitachi 2460N Scanning Electron
Microscope (Hitachi High Technologies America, Inc., Schaumburg, IL). Images were
obtained using Quartz PCI Image software.

2.4. Transmission electron microscopy

To characterize polystyrene STEP fibers, samples were placed in a 35 mm Petri-
dish and coated with gold using a Pelco SC-6 sputter coater (Ted Pella, Inc., Redding,
CA). Subsequently, the Petri dishes were filled with Epon-Araldite and were infil-
trated for at least three days at room temperature and placed in an oven at 30 �C for
24 h, at 40 �C for 24 h, at 50 �C for 24 h and finally at 60 �C overnight to allow for slow
polymerization of the Epon-Araldite. The samples were cut to fit into an embedding
capsule and re-embedded in Epon-Araldite. Thin (100 nm) cross sections of the re-
embedded sample were cut using a Reichert-Jung Ultracut E and a DDK Diamond
knife. When required, the sections were stained with 1% uranyl acetate and Rey-
nold’s lead citrate before viewing on a Hitachi 7100 transmission electron micro-
scope. Digital images were obtained using an AMT Advantage 10 CCD Camera
System and NIH Image software.

2.5. Cell culture

Multipotent C3H10T1/2 cells (ATTC, Manassas, VA) were grown in Dulbecco’s
Modified Eagle’s Media (DMEM; Invitrogen, Carlsbad, CA), 10% fetal bovine serum
(Invitrogen, Carlsbad, CA) and 1% penicillin-streptomycin (PS; Invitrogen, Carlsbad,
CA). C2C12 cells (ATTC, Manassas, VA) were grown in DMEM, 10% bovine serum
(Invitrogen, Carlsbad, CA) and 1% PS. Cells were seeded onto polystyrene STEP fibers
in a 50e70 mL droplet containingw 10e15 �104 cells and allowed to attach for 1.5 h
before flooding the dish with completemedia. In experiments utilizing fibrin-coated
fibers, a final concentration of 1 mg/mL aprotinin was added to complete media to
minimize fibrin degradation (Sigma Aldrich, St. Louis, MO). All cells were kept at
37 �C, 5% CO2 in a humidified incubator.

2.6. Growth factor bioprinting

Prior to printing, GFs were freshly diluted to the desired concentration in 10mM
sodium phosphate, pH 7.4. Prior to filling the inkjet with a GF, the printhead was
sterilized by rinsing with 70% ethanol followed by sterile deionized water. The bio-
ink, consisting of 50e100 mg/ml GF was loaded into the printhead, and printed as
previously described [6,11]. The deposited concentration of inkjetted GFs was
modulated by overprinting, which is achieved by varying the number of times a GF is
deposited in the same (x,y) location. After printing, fibrin-coated STEP fibers were
incubated in serum-free DMEM with 1% PS overnight at 37 �C, 5% CO2 to wash off
unbound GF prior to cell seeding. The surface concentration of GF present on fibrin-
coated STEP fibers prior to cell seeding was estimated based on the desorption
measurements from previous studies [6,9,11,32].

2.7. Alkaline phosphatase (ALP) staining

Staining for the osteoblast marker Alkaline Phosphatase (ALP) was performed
using an ALP staining kit (Kit 86C, Sigma Aldrich, St. Louis, MO) according to the
manufacturer’s instructions.



Fig. 1. Polystyrene Spinneret-based Tunable Engineered Parameter (STEP) sub-micron fibers. A. Scheme illustrating STEP fiber fabrication. B. Types of STEP fibers that can be
fabricated. The left scaffold consists of one set of fibers running in a parallel manner. The middle scaffold consists of two sets of fibers running perpendicular to each other. The right
scaffold consists of one set of fibers running in a parallel manner with a hollowed-out support base. C. Typical SEM and TEM images of STEP fibers used for quantifying diameter
length. D. Typical SEM image showing attachment of cells to polystyrene STEP fibers. E. Coating of polystyrene STEP fibers with Alexa649-conjugated fibrin. Left image shows
uncoated STEP fibers while right image shows fibrin-coated STEP fibers. Some fibers aggregate to form larger fiber bundles after numerous washing steps. F. Inkjet printing indicates
that polystyrene STEP fibers can be printed on. Scale bars are as indicated.
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Table 1
Characterization of polystyrene STEP fibers.

Data � Standard Error Mean

Scanning Electron Microscopy (n ¼ 43) 668 � 34 nm
Transmission Electron Microscopy (n ¼ 20) 628 � 63 nm
Linearity of Fibers with respect

to one another (n ¼ 45)
2.54 � 0.24 degrees
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2.8. Immunofluorescence staining

Cells were washed in PBS, fixed in methanol for 5 min, air-dried and blocked
with 10% donkey serum (Jackson Immunoresearch, West Gove, PA) for 20 min at RT.
For mouse-on-mouse staining, an additional blocking step was performed by
incubating cells with 100 mg/mL donkey anti-mouse FAB (Jackson Immunoresearch,
West Gove, PA) for 1 h at RT. Cells were then rinsed with wash buffer (PBS, 0.1% BSA)
and incubated with primary antibodies: rabbit anti-scx (10 mg/mL; Abcam, Cam-
bridge, MA) and/or mouse anti-myosin MF20 (1 mg/mL; Developmental Studies
Hybridoma Bank, Iowa City, Iowa) overnight at 4 �C. Cells were then rinsed three
times with wash buffer (5 min each) and incubated with secondary antibodies for
1 h at RTedonkey anti-mouse Dylight 488 nm or donkey anti-rabbit Dylight 549 nm
(15 mg/mL each; Jackson Immunoresearch, West Gove, PA). Lastly, cells were rinsed
five times with wash buffer (5 min each) and imaged using a Zeiss Axiovert 200M
microscope (Carl Zeiss Microimaging, Thornwood, NY) equipped with a Colibri LED
light source.

2.9. Quantification of immunofluorescence or ALP staining

When required, suspended parallel STEP fibers were subsequently transferred to
a fresh dish after staining to rule out the possibility that cells below the fibrous layer
(either on the support substrate or dish bottom) were aligning or responding to the
printed GF patterns. This procedure ensured that any positive signals observed
originated only from cells that had attached to the fibers. Quantification of immu-
nofluorescence or ALP staining was performed using Adobe Photoshop 7.0 (Adobe
Systems, San Jose, CA). Briefly, the rectangular marquee tool was used to draw
a bounding box (depending on the size of the printed pattern and/or magnification)
and the image histogram tool was used to measure average pixel intensity. As an
alternative to using average pixel intensity, the number of myotubes greater than
Fig. 2. Effect of polystyrene STEP fiber organization on myotube alignment. Under conditio
randomly oriented in a polystyrene dish. On criss-crossed and parallel polystyrene STEP fib
signal is observed in the no primary antibody control. Scale bar 1 mm.
250 mm in length was manually counted. Error bars were expressed as standard
error of the mean (SEM).

2.10. Actin staining

To determine the cytoskeletal arrangement of cells within GF-printed regions of
STEP fibers, fibrin-coated STEP fibers were soaked or hand-printed with BMP-2 or
FGF-2. The soaking mimicked the action of GF printing and facilitated these studies
because the precise determination of GF-printed boundaries was not required.
Briefly, a 50e70 mL of a 100 mg/mL GF solution was pipetted onto fibrin-coated STEP
fibers (enough to cover the entire scaffold) and the GF was allowed to air-dry at
37 �C. After drying, GF-soaked STEP fibers were stored at 4 �C prior to cell seeding.
24 h post cell seeding, the GF-soaked fibrin-coated STEP fibers were washed twice in
PBS and fixed in methanol-free 4% paraformaldehyde for 10 min. The fixative was
aspirated and cells were washed twice in PBS and permeabilized with 0.1% Triton X-
100 (Sigma Aldrich, St. Louis, MO) for 5 min. Cells were washed twice in PBS and
blocked with wash buffer (PBS, 0.1% BSA) for 20 min at RT to reduce non-specific
staining. Cells were subsequently washed twice in PBS before adding Alexa Fluor
647-conjugated phalloidin (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions (5 mL stock solution for every 200 mL PBS). Lastly, cells were
washed twice in PBS and imaged using a Zeiss LSM 510 Meta NLO Confocor 3
inverted spectral confocal microscope (Carl Zeiss Microimaging, Thornwood, NY).

2.11. Statisical analysis

Quantification of immunofluorescence measurements were analyzed using one-
way analysis of variance followed by Fisher’s least significant difference post hoc test
using SYSTAT 9 software (Systat Software Inc., Richmound, CA) to determine signifi-
cance among treatment groups.Apvalue�0.05wasconsideredstatistically significant.

3. Results

3.1. Characterization of polystyrene STEP fibers

Fig. 1 illustrates the fabrication and characteristics of polystyrene
STEP fibers. Briefly, during the process of pseudo-dry spinning, the
solvent is evaporated by the surrounding ambient air as it is
ns of high cell density, C2C12 cells spontaneously form elongated myotubes that are
ers, C2C12 cells form elongated myotubes that align along the fiber length. No MF20
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extruded from the micropipette (Fig. 1A). This increases the local
concentration of polystyrene and promotes entanglement of poly-
styrene chains, which reduces chain mobility and starts the process
of forming a solidified fiber [30,31]. By choosing an appropriate DC
motor speed to control fiber deposition as well as controlling the
vertical speed of the nanopositioner to affect fiber spacing, scaffolds
with parallel fibers are fabricated (Fig. 1B, left panel). Furthermore,
multiple layers can be deposited to produce criss-crossed fibers
(Fig. 1B, middle panel). In addition, these fibers can be spun on
a hollowed-out support base to produce suspended fibers (Fig. 1B,
right panel). SEM and TEM analysis of the fibers indicate that poly-
styrene STEP sub-micron fibers had a diameter of 668 � 34 nm and
628 � 63 nm, respectively (Table 1, Fig. 1C). Fibers were predomi-
nantly oriented in parallel arrays and deviated less than
2.54 � 0.24 degrees with respect to one another (Table 1). SEM
analysis also showed that polystyrene STEP fibers allowed for cell
attachment and promoted cell alignment (Fig. 1D). Lastly, poly-
styrene STEP fibers could be coated with various ECM proteins such
asfibrin and printed on (Fig.1E,F). Fibrin-coating of polystyrene STEP
fiberswas also confirmed by TEM analysis (Supplementary Figure 1).
Fig. 3. Effect of Printed FGF-2 patterns on Scx expression in C3H10T1/2 cells. A. Phase-con
Overprints of 100 mg/mL FGF-2 corresponding to 40 pg/mm2, 245 pg/mm2, 450 pg/mm2 and
serum-coated STEP fibers, C3H10T1/2 cells show a dose-dependent increase in Scx (tenocy
regions. C. Quantification of Scx signal within printed regions (n ¼ 3). Error bars indicate � S
showing serum-coated STEP fibers post-cell seeding. Black arrows and corresponding text
3.2. Effect of polystyrene STEP fibers on myotube alignment

Having characterized the structural properties of the poly-
styrene STEP fibers, Fig. 2 shows the geometric effect of polystyrene
STEP fiber organization on C2C12 cells. Under conditions of high
cell density, C2C12 cells spontaneously form elongated myotubes
that are randomly oriented in a polystyrene dish. However, when
seeded onto criss-crossed and parallel polystyrene STEP fibers,
C2C12 cells form elongated myotubes that aligned along the fiber
length (Fig. 2).

3.3. Effect of serum-coated STEP fibers patterned with FGF-2 on
tenocyte differentiation

Given that polystyrene STEP fibers control cell alignment, these
scaffolds were coated with serum and subsequently printed with
FGF-2 patterns to determine if these patterns could drive C3H10T1/
2 cell differentiation towards a tenocyte fate. As can be seen in
Fig. 3, our bio-inkjet printing technology allows for controlled
deposition of varying amounts of GFs such as FGF-2 in a spatially
trast image showing serum-coated STEP fibers post-FGF-2 printing. 2, 12, 22 and 32
650 pg/mm2 FGF-2 were printed. Black boxes indicate 1 �1 mm printed regions. B. On
te) staining with increased FGF-2 overprints. White boxes indicate 1 � 1 mm printed
EM. *, Significantly different from non-printed control regions; p � 0.05. D. SEM image
indicate printed regions. Scale bar 1 mm.
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precise manner (Fig. 3A), which results in a dose-dependent
increase in expression of the tendon marker Scleraxis (Scx) in
C3H10T1/2 cells (Fig. 3B,C). Although lower doses of FGF-2 (40 pg/
mm2 and 245 pg/mm2 FGF-2) immobilized to the scaffold (referred
to as ‘solid-phase’ FGF-2) were not sufficient to induce an increase
in the expression of the tenocytemarker Scx relative to non-printed
control regions (p ¼ 0.428 for 40 pg/mm2 FGF-2 and p ¼ 0.052 for
245 pg/mm2 FGF-2), higher doses of solid-phase FGF-2 (450 pg/
mm2 and 650 pg/mm2 FGF-2) resulted in an increase in Scx
expression relative to non-printed control regions (p ¼ 0.048 for
450 pg/mm2 FGF-2 and p ¼ 0.025 for 650 pg/mm2 FGF-2; Fig. 3) in
C3H10T1/2 cells. SEM analysis verified that printed FGF-2 remain
bound to serum-coated polystyrene STEP fibers as evidenced by the
square bumps which indicate increased cell proliferation on mito-
genic FGF-2 patterns (Fig. 3D).

3.4. Effect of fibrin-coated STEP fibers patterned with BMP-2 on
osteoblast differentiation

Having demonstrated that printed FGF-2 patterns could induce
stem/progenitor cells towards a tendon lineage, polystyrene STEP
Fig. 4. Effect of printed BMP-2 patterns on ALP expression in C2C12 cells. A. Grey-scaled ima
2 were printed onto fibrin-coated STEP fibers. Scale bar 2 mm. B-D. Quantification of ALP sta
from control or non-printed regions; p � 0.001. Scale bars as indicated.
fibers were coatedwith fibrin and printedwith BMP-2 to determine
if osteoblast differentiation could be patterned. As can be seen in
Fig. 4, printed patterns of BMP-2 show increased expression of the
osteoblast marker, alkaline phosphatase (ALP) relative to non-
printed control regions (p � 0.001) in C2C12 cells (Fig. 4).

3.5. Effect of fibrin-coated STEP fibers patterned with FGF-2 on
tenocyte and myocyte differentiation and cell alignment

To determine if cell alignment and cell differentiation could be
controlled simultaneously on oriented fibers printed with a single
GF, patterns of FGF-2 were printed onto fibrin-coated STEP fibers
and seeded with C2C12 cells. As can be seen in Fig. 5, printed FGF-2
patterns resulted in increased expression of Scx and decreased
expression of the muscle marker MF20 in C2C12 cells (Fig. 5).
Although a low dose of solid-phase FGF-2 (240 pg/mm2 FGF-2) was
not sufficient to induce an increase in Scx expression relative to
120 pg/mm2 FGF-2 (p ¼ 0.494), higher doses of solid-phase FGF-2
(490 pg/mm2 and 730 pg/mm2 FGF-2) resulted in an increase in Scx
expression relative to 120 pg/mm2 FGF-2 (p ¼ 0.04 for 490 pg/mm2

FGF-2 and p ¼ 0.007 for 730 pg/mm2 FGF-2) in C2C12 cells. In
ge of ALP staining. 36 Overprints of 200 mg/mL BMP-2 corresponding to 4 ng/mm2 BMP-
ining within printed regions (n ¼ 5). Error bars indicate � SEM. *, Significantly different



Fig. 5. Effect of printed FGF-2 patterns on MF20 and Scx expression in C2C12 cells. A. 6, 12, 24 and 36 Overprints of 100 mg/mL FGF-2 corresponding to 120 pg/mm2, 240 pg/mm2,
490 pg/mm2 and 730 pg/mm2 FGF-2 were printed. On fibrin-coated STEP fibers, C2C12 cells show a dose-dependent decrease in MF20 staining and a dose-dependent increase in
Scx staining with increasing FGF-2 overprints. Note alignment of myotubes along fiber axis. Scale bar 0.5 mm. B. Quantification of MF20 signal within printed FGF-2 regions (n ¼ 6).
Error bars indicate � SEM. *, Significantly different from 6 Overprints (120 pg/mm2 FGF-2); p � 0.05. C. Quantification of Scx signal within printed FGF-2 regions (n ¼ 6). Error bars
indicate � SEM. *, Significantly different from 6 Overprints (120 pg/mm2 FGF-2).
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addition, increasing doses of solid-phase FGF-2 (240 pg/mm2,
490 pg/mm2 and 730 pg/mm2 FGF-2) inhibited myotube formation
relative to 120 pg/mm2 FGF-2 (p ¼ 0.043 for 240 pg/mm2 FGF-2,
p ¼ 0.022 for 490 pg/mm2 FGF-2 and p ¼ 0.019 for 730 pg/mm2

FGF-2). Outside of the printed pattern, cells maintained elongated
myotube structures that were aligned in a parallel fashion along the
fiber length (Fig. 5A).
3.6. Effect of fibrin-coated STEP fibers patterned with BMP-2 and
FGF-2 on osteoblast, tenocyte and myocyte differentiation and cell
alignment

To determine if cell alignment and multiple differentiation fates
could be controlled simultaneously on the same scaffold, patterns
of FGF-2 and BMP-2 were printed onto fibrin-coated STEP fibers
and seeded with C2C12 cells (Fig. 6A). In this experiment, a sus-
pended scaffold comprised of parallel STEP fibers spun over a hol-
lowed-out base was used for cell seeding (Fig. 1B). This scaffold was
subsequently transferred to a fresh dish post-staining to rule out
the possibility that cells below the fibrous layer (i.e. cells that had
attached onto the support base or dish bottom) were responding to
the GF patterns. As can be seen in Fig. 6, printed BMP-2 and FGF-2
patterns resulted in increased expression of the osteoblast marker
ALP and tenocyte marker Scx, respectively, while inhibiting myo-
genesis in C2C12 cells (Fig. 6B,C,D). Expression of ALP within the
BMP-2 pattern increased relative to both the printed FGF-2 pattern
(p � 0.001) and non-printed control region (p � 0.001). Expression
of Scx within the FGF-2 pattern was increased relative to
non-printed control region (p¼ 0.033) but not to the printed BMP-2
pattern (p ¼ 0.367). Concurrently, expression of the muscle marker
MF20 was decreased on both printed BMP-2 (p ¼ 0.015) and FGF-2
(p ¼ 0.032) patterns. Outside of the printed patterns, cells stained
positive for the myotube marker MF20 and aligned in a parallel
fashion along the fiber length (Fig. 6B,E). To determine the align-
ment of cells within the printed GF patterns, manual annotation of
printed BMP-2 and FGF-2 patterns was performed (Supplementary
Figure 2). C2C12 cells adopted a predominantly parallel orientation
with respect to the fiber length within and outside of printed
regions, indicative of geometric control of cell alignment
(Supplementary Fig. 2). To determine the cytoskeletal arrangement
of cells within GF-printed regions of STEP fibers, actin staining was
performed on C2C12 cells seeded onto fibrin-coated STEP fibers
that had been previously pre-soaked in BMP-2 or FGF-2 (Fig. 7). The
pre-soaking step mimicked the action of GF printing and facilitated
these studies because the precise determination of GF-printed
boundaries was not required. Actin staining demonstrated that
actin filaments adopted parallel bundles with respect to fiber
orientation (Fig. 7, Supplementary Movie 1 and 2).

Supplementary video related to this article can be found at doi:
10.1016/j.biomaterials.2011.07.025.
4. Discussion

Our long-term goal is to engineer biomimetic scaffolds for aid-
ing repair of musculoskeletal tissues. In this report, polystyrene
sub-micron fibers, approximately 655 nm in diameter, were
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Fig. 6. Effect of printed BMP-2 and FGF-2 patterns on ALP, MF20 and Scx expression in C2C12 cells. A. Post-printing of 100 mg/mL BMP-2 and 50 mg/mL FGF-2 patterns (36 Overprints
each) on fibrin-coated STEP fibers. Dark circular shapes within the printed regions (Black boxes) indicate deposited GF droplets. B. On fibrin-coated STEP fibers, C2C12 cells show
increased Scx staining on FGF-2 patterns but little to none on BMP-2 patterns. Off-pattern, C2C12 cells form myocytes that are aligned along fiber axis. Scale bar 1 mm. C. On fibrin-
coated STEP fibers, C2C12 cells show increased ALP staining on BMP-2 patterns but little to none on FGF-2 patterns. Scale bar 1 mm. D. Quantification of ALP, Scx and MF20 Signal
(n ¼ 4). Error bars indicate � SEM. *, Significantly different from control or non-printed regions; p � 0.05. þ, Significantly different from FGF-2-printed regions; p � 0.05.
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fabricated using the STEP technique [30,31], and then coated with
ECMmaterial such as serum or fibrin to make the fibers compatible
with GF bioprinting (Fig. 1, Supplementary Figure 1). In addition,
non-printed and uncoated polystyrene STEP fibers were found to
promote myocyte alignment (Fig. 2). This study utilized our
established non-biodegradable polystyrene-based STEP fibers
Fig. 7. Effect of fibrin-coated STEP fibers pre-soaked with BMP-2 and FGF-2 on C2C12 cell al
fibers. White arrow indicates fiber orientation. Scale bar 100 mm.
[30,31] as a surrogate substratematerial suitable for in vitro studies.
However, for follow-on in vivo studies we are developing
completely biodegradable STEP fibers made with fibrinogen,
poly(lactic-co-glycolic acid)-fibrinogen blends [30,31] or poly-
urethane (Data not shown). Furthermore, we recently demon-
strated that polyurethane STEP fibers can be fibrin-coated,
ignment. A. BMP-2 soaked fibrin-coated STEP fibers. B. FGF-2 soaked fibrin-coated STEP
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patterned with BMP-2 and induce C2C12 cells towards an osteo-
blast fate (Data not shown).

Polystyrene-based fibers were fabricated such that the fiber
diameter would approximate the diameter of ECM fibers [30,31]
and were employed here as an appropriate control since the
material used for tissue culture vessels is based on polystyrene.
STEP fiber fabrication is based on a recently discovered pseudo-dry
spinning technique, which involves extruding a dissolved polymer
solution from a glass micropipette spinneret [30,31]. Upon extru-
sion, the polymer solvent is evaporated by ambient air and the
solidified fiber is subsequently deposited on the substrate [30,31].
Similar to electrospinning technique, the STEP technique relies on
varyingmaterial parameters such as polymermolecular weight and
solution polymer concentration to control fiber diameter; however,
the fiber distribution and alignment is precisely controlled with the
STEP technique by varying the angular and vertical speeds of the
rotating substrate [30,31]. Compared to other fiber fabrication
platforms, the STEP technique uniquely allows for fabrication of
uniform polymer fibers with diameters ranging from sub-50 nm to
submicrometer to several millimeters, with highly defined orien-
tations [30,31].

Although the precise mechanism behind geometry-induced
cell alignment is presently unknown, it is likely that the align-
ment of cells observed on fibers may be attributed to a combina-
tion of factors including physical space constraint and relative
stiffness of the underlying substrate (fiber), ultimately affecting
changes in both cell spreading and cell stiffness [14,33e37]. Since
cell spreading and cell stiffness are not mutually exclusive
phenomena and have been reported to interact in a complex
fashion to alter cell morphology [36], cells may be predisposed
towards a specific orientation through the modulation of
mechanotransduction pathways via cytoskeletal rearrangements.
This is evident by the parallel arrangement of actin filaments
observed in C2C12 cells grown on GF-soaked fibers (Fig. 7,
Supplementary Movie 1 and 2). In the case of higher-ordered
structures such as myotubes, which arise from cell-to cell
fusion, this predisposition would promote increased cell-to-cell
contact along the fiber length, ultimately biasing the manner in
which cell-to-cell fusion occurs to elongate or ‘grow’ a myotube in
a specific direction.

In this study, it should be noted that high levels of cell density
(more than 90% confluent on the first day of the experiment) were
required before differentiation would occur. Over the course of
several days in culture, this results in cells growing on top of one
another. As a result, cells that were not in direct contact with fibers
may not have exhibited contact guidance. Thus, no attempt was
made to quantify the degree of cell alignment because such
quantification may not be reliable. However, cells in direct contact
with non-printed (Fig. 2) or GF-soaked STEP fibers (Fig. 7) exhibited
contact guidance by aligning along the fiber length.

To spatially control stem cell differentiation, polystyrene STEP
fibers were coated with ECM molecules such as fibrin and printed
with GFs that promoted musculoskeletal cell differentiation. This
approach takes advantage of the phenomena that biological spatial
patterning occurs, in part, by sequestration of GFs to the ECM and
cell surfaces, and it seeks to recreate physiologically-relevant
conditions by immobilizing spatially-defined patterns of GFs, in
picogram to nanogram levels, to ECM surfaces [4,6,8e12]. To create
such patterns, GFs that have heparin-binding domains, such as FGF-
2, BMP-2 and heparin-binding EGF-like GF, are employed to
immobilize them to appropriate ECM printing substrates via their
native binding affinities [4,6,8e12]. Fibrin is one appropriate ECM
material because of its inherent GF-binding capability as well as its
physiological relevance as a provisional matrix during the wound
healing process [38]. In addition, since serum contains a complex
mixture of ECM proteins, it was utilized in this study (Fig. 3) to
demonstrate that different ECM proteins can be used for immobi-
lizing GFs as long as the ECM proteins possess inherent GF-binding
capability [4]. BMP-2 and FGF-2 were employed here because
previous studies have shown that these GFs can direct stem cells
towards osteoblast and tenocyte differentiation, respectively
[8,11,12,39,40]. In addition, we have previously shown that bio-
printed GF patterns persist in vivo and can spatially promote or
inhibit bone formation [7].

When C3H10T1/2 and C2C12 cells were seeded onto ECM-
coated STEP fibers bioprinted with GFs, they differentiated appro-
priately on printed patterns (Figs 3,4,5 and 6). The differentiation
markers used for myocytes, tenocytes and osteoblasts were Sar-
comeric Myosin [41], Scleraxis [40,42e45] and Alkaline Phospha-
tase [46], respectively. Although several other differentiation
markers such Eya [47], Six1 [48], Mohawk [49,50] and tenomodulin
[51,52] are available for tenocytes, Scleraxis was utilized in this
study as it is an early marker of tenocytes with highly specific
expression in tendon progenitor cells and differentiating tendon
cells [39,44,45]. In addition, Scleraxis expression is upregulated to
coordinate injury response during tendon healing [53]. On serum-
coated STEP fibers printedwith FGF-2, C3H10T1/2 cells upregulated
the tendon marker Scx in a dose-dependent manner, indicative of
cells being driven towards a tenocyte fate (Fig. 3). On fibrin-coated
STEP fibers printed with BMP-2, C2C12 cells upregulated the
osteoblast marker ALP, indicative of cells being driven towards an
osteoblast fate (Fig. 4). On fibrin-coated STEP fibers printed with
FGF-2, C2C12 cells upregulated the tendon marker Scx in a dose-
dependent manner, indicative of cells being driven towards
a tenocyte fate (Fig. 5). Outside the printed region, myocytes
aligned along the fiber length (Fig. 5).

To demonstrate that cell alignment and cell differentiation could
be controlled simultaneously with oriented sub-micron fibers and
multiple GFs, respectively, C2C12 cells were seeded on adjacent
patterns of FGF-2 and BMP-2 printed onto fibrin-coated poly-
styrene STEP fibers. ALP and Scx expression increased on the BMP-2
and FGF-2 patterns, respectively, indicative of cells being driven
towards osteoblast and tenocyte fates (Fig. 6). Outside of the
printed region, aligned myocytes were observed (Fig. 6B). Inter-
estingly, BMP-2 was shown to upregulate expression of the tendon
marker Scx although at much lower levels than FGF-2 (Fig. 6B,D).
This upregulationmay be attributed to BMP-2 induced activation of
the Smad signaling pathway, which has been previously shown to
be involved in neotendon formation [54].The results shown here
demonstrate that bioprinting of GFs onto aligned configurations of
ECM-coated fibers can create a unique microenvironment that
simultaneously controls cell differentiation and alignment,
respectively.

5. Conclusion

This study focused on the characterization and systematic
in vitro evaluation of a novel biomimetic, sub-micron fiber-based
scaffold patterned with GFs to create biochemical and geometric
cues that spatially direct a single stem cell population towards
multiple cell fates, including tenocytes, myocytes or osteoblasts,
while simultaneously controlling cell alignment within the same
construct. The capability to spatially control stem cell orientation
and differentiation towards multiple phenotypes simultaneously,
allows cells grown in vitro to more closely mimic aspects of native
tissue organization and structure. This capability offers a systematic
approach to study the basic principles involved in tissue formation
and function in vitro and may lead to bioinspired strategies for
improved material design to treat musculoskeletal diseases and
trauma.
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