
Biofabrication
     

PAPER

4D anisotropic skeletal muscle tissue constructs fabricated by staircase
effect strategy
To cite this article: Shida Miao et al 2019 Biofabrication 11 035030

 

View the article online for updates and enhancements.

This content was downloaded from IP address 128.164.102.244 on 21/08/2019 at 19:24

https://doi.org/10.1088/1758-5090/ab1d07
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/503053882/Middle/IOPP/IOPs-Mid-BF-pdf/IOPs-Mid-BF-pdf.jpg/1?


Biofabrication 11 (2019) 035030 https://doi.org/10.1088/1758-5090/ab1d07

PAPER

4D anisotropic skeletal muscle tissue constructs fabricated by
staircase effect strategy

ShidaMiao1 ,MargaretNowicki2, HaitaoCui1, Se-Jun Lee1, XuanZhou1, DavidKMills3 and
Lijie Grace Zhang1,4,5,6

1 Department of Aerospace andMechanical Engineering, TheGeorgeWashingtonUniversity, 800 22nd St,NWWashingtonDC20052,
United States of America

2 Department of Civil andMechanical Engineering, TheUnited StatesMilitary Academy,West Point, NewYork, 10996, United States of
America

3 School of Biological Sciences and theCenter for Biomedical Engineering&Rehabilitation Science. Louisiana TechUniversity, Ruston, LA
71272,United States of America

4 Department of Biomedical Engineering, TheGeorgeWashingtonUniversity, 800 22nd St,NWWashingtonDC20052,United States of
America

5 Department of Electrical andComputer Engineering, TheGeorgeWashingtonUniversity, 800 22nd St,NWWashingtonDC20052,
United States of America

6 Department ofMedicine, TheGeorgeWashingtonUniversity, 2150 Pennsylvania Ave,NWWashingtonDC20052,United States of
America

E-mail: lgzhang@gwu.edu

Keywords: 4Dprinting, 3Dprinting, surface coating, anisotropic, skeletalmuscle

Abstract
Like themorphology of native tissue fiber arrangement (such as skeletalmuscle), unidirectional
anisotropic scaffolds are highly desired as ameans to guide cell behavior in anisotropic tissue
engineering. In contrast, contour-like staircases exhibit directional topographical cues and are judged
as an inevitable defect of fused depositionmodeling (FDM). In this study, wewill translate this
staircase defect into an effective bioengineering strategy by integrating FDMwith surface coating
technique (FCT) to investigate the effect of topographical cues on regulating behaviors of human
mesenchymal stem cells (hMSCs) toward skeletalmuscle tissues. This integrated approach serves to
fabricate shape-specific,multiple dimensional, anisotropic scaffolds using different biomaterials. 2D
anisotropic scaffolds, first demonstratedwith different polycaprolactone concentrations herein,
efficiently direct hMSC alignment, especially when the scaffold is immobilized on a support ring. By
surface coating the polymer solution inside FDM-printed sacrificial structures, 3D anisotropic
scaffolds with thinwall features are developed and used to regulate seeded hMSCs through a self-
established rotating bioreactor. Using layer-by-layer coating, alongwith a shapememory polymer,
smart constructs exhibiting shape fix and recovery processes are prepared, bringing this study into the
realmof 4Dprinting. Immunofluorescence staining and real-time quantitative polymerase chain
reaction analysis confirm that the topographical cues created via FCT significantly enhance the
expression ofmyogenic genes, includingmyoblast differentiation protein-1, desmin, andmyosin
heavy chain-2.We conclude that there are broad application potentials for this FCT strategy in tissue
engineering asmany tissues and organs, including skeletalmuscle, possess highly organized and
anisotropic extracellularmatrix components.
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PBS phosphate-buffered
saline

PCL polycaprolactone

PLA poly lactic acid

PVA polyvinyl alcohol

RT-PCR transcription polymerase
chain reaction analysis

SOEA soybean oil epoxidized
acrylate

1. Introduction

Skeletal muscle comprises roughly 60% of the body’s
average weight and performs many critical functions,
including but not limited to control and movement of
limbs, respiration, and protection of abdominal vis-
cera [1]. Skeletal muscle tissues possess innate repair
potential especially for small lesions and defects, but
surgical intervention is often required to prevent scar
tissue formation and loss of function when muscle
defects are larger than a critical volume and beyond
normal physiological repair processes [2]. If the
muscular function is impaired or mass tissue loss
exceeds 20%, as with muscle wasting diseases such as
muscular dystrophy, the lesions are generally desig-
nated as volumetric muscle loss [3]. Notably, muscle
wasting diseases affect over five million people world-
wide, currently presenting and advancing further into
a serious societal and economic burden [4].

An autograft of healthymuscle tissue is the current
clinical standard for treating serious muscle damage.
Surgical grafting such as this has many limitations,
such as shortage of donor tissue, loss of function at the
donor site and donor-site morbidity [5]. Different
alternative strategies have been explored to promote
muscle repair and regeneration over the last few dec-
ades, including surgical techniques, physical therapy,
biomaterials, cell therapy, and muscle tissue engineer-
ing [6, 7]. Among the various techniques, skeletal
muscle tissue engineering, which involves both bio-
materials and cells via valid models and functional
constructs, is a promising approach for functional
restoration of damagedmuscle tissues [8, 9]. Typically,
the tissue engineering process involves the design and
fabrication of a scaffold that closely mimics the native
skeletal-muscle extracellular matrix, promoting the
organization of cells into a physiologically relevant
architecture [8, 9]. Highly oriented myofibers, com-
posed of multinucleated muscle cells, are densely
packed in skeletal muscle tissues. Without proper
alignment of myofibers, muscle fibers cannot effec-
tively transmit force and contract efficiently. As such,
unidirectional anisotropic scaffolds that mimic the
morphology of the native skeletal-muscle arrange-
ment are highly desired as a means to guide cell

alignment, elongation, proliferation, and differentia-
tion intomyotubes [5].

Variousmethods have been employed for fabricat-
ing anisotropic scaffolds. Electrospinning of natural
and/or artificial polymers is a widely applied process
to produce aligned nanofibers for inducing organiza-
tion within cell sheets [10–13]. When cultured on
these surfaces, human mesenchymal stem cells
(hMSCs) aligned and elongated in both cell morph-
ology and nuclear locations because of the nanometer-
scale topographical features [10, 11]. Similarly, aniso-
tropic nano-architectures, assembled by magnetic-
field-directed self-assembly, have provided sufficient
physical cues to align cells independent of the extra-
cellular matrix composition [14]. In addition to nano-
scale topography, microgrooves generated by uni-
axially stretching poly (ε-caprolactone) films provided
geometric cues to align hMSCs [15–17]. Photolitho-
graphic techniques are notably used to pattern micro-
channels for aligning stem cells, usually using
polydimethylsiloxane as the constructing material
[18, 19]. Combining 3D techniques with other
approaches, such as etching and direct writing, have
also been reported as offering great application poten-
tial [20, 21]. Interestingly, a photolithographic-stereo-
lithographic-tandem fabrication technique was used
to construct 4D smart anisotropic scaffolds for
improved stem cell differentiation [22]. This simple,
yet efficient, technique was validated by rapid printing
of scaffolds with well-defined and consistent micro-
surface features where hMSCs actively grew and were
highly aligned along the micropatterns, forming an
uninterrupted cellular sheet [22]. The 4D dynamic
shape change transformed a 2D design into a 3D struc-
ture, which may facilitate seamless integration with
damaged tissues or organs [22]. Considering the bene-
ficial capabilities of rapid customization, as well as the
addition of time-dependent dynamic processes, 3D/
4D printing techniques to fabricate smart anisotropic
scaffoldsmight be a favorable trend in the near future.

Fused deposition modeling (FDM) is a sophisti-
cated additive manufacturing technique for fabricat-
ing biomedical scaffolds with controlled pore size,
morphology, and interconnectivity [23, 24]. Due to
the additive nature of this printing process, the thick-
ness of each layer determines the resolution of the
printed scaffolds. Lower layer height usually results in
structures with smoother surfaces and the typical layer
height of FDM is down to 50 μm [25]. The staircase
effect, which is caused by the layered manufacturing
process, exhibits contour-like surfaces on the printed
structures and is an inevitable result seen in FDM fab-
ricated scaffolds; as such, it is sometimes seen as a
defect or shortcoming of this process [26]. In order to
obtain a smooth structure without surficial staircases,
post-polishing procedures are usually performed [26].
However, the contour-like surfaces are anisotropic,
which is a desirable characteristic in the field of tissue
engineering. Turning this staircase effect into a
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prominent strategy for developing anisotropic topolo-
gical cues would be beneficial and provide alternative
and unique methods for engineering novel skeletal
muscle tissue scaffolds.

In this study, we fabricate shape-specific, four-
dimensional, anisotropic scaffolds by integrating the
staircase effect of FDM printing with a coating techni-
que (FCT) and investigate the topographical cues for
regulating behaviors of growth and differentiation of
hMSCs toward the skeletal muscle phenotype. As
shown in figure 1, a specific structure with staircase
feature is first printed via FDM with a sacrificial mat-
erial, which will be completely removed after coating
with different polymer solutions. After removal of
sacrificial material, hMSC behaviors on the scaffold
will be regulated and investigated. While FDM print-
ing can already create complex structures for specific
tissue engineering requirements, the surface coating
technique introduces a thin film feature to the scaf-
folds, providing an interesting and efficient way for
establishing thin film features in three dimensions.
The size of the staircases on the FDM printed struc-
tures is fully controllable through the layer height
parameter, indicating a straightforward approach to
manipulating the surface morphology. Additionally,
FCT can effortlessly introduce smartmaterials into the
scaffolds in a layer-by-layer pattern, bringing this
research into the realm of 4D printing, as illustrated in
figure 1(e). The hMSCs’ potential toward skeletal
muscle tissue differentiation will be observed and

studied using confocal microscopy and reverse tran-
scription polymerase chain reaction (RT-PCR) analy-
sis. Considering that many tissues and organs besides
skeletal muscle possess highly organized and aniso-
tropic extracellularmatrix components, the FCT strat-
egy in this study is expected to have broad applications
in the tissue engineering field.

2. Experimental section

2.1. Chemicals andmaterials
Polyvinyl alcohol (PVA) filament for 3D printing was
obtained from Matter Hackers (Orange County,
California). Polycaprolactone (average Mn 80 000)
(PCL), poly lactic acid (average Mn 20 000) (PLA),
agarose, soybean oil epoxidized acrylate (SOEA) (con-
tains 4000 ppm monomethyl ether hydroquinone as
inhibitor), formaldehyde 10% (neutral buffered),
dexamethasone, hydrocortisone, chloroform and
monoclonal anti-desmin antibody produced inmouse
were obtained from Sigma-Aldrich (MO, USA). Goat
anti-mouse Alexa Fluor® 488 (IgG H&L) was pur-
chased from Abcam (Cambridge, MA). Bis (2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (Ciba Irga-
cure 819) was purchased from Ciba Specialty Chemi-
cals (Basel, Switzerland). Alpha minimum essential
medium (MEM Alpha (1×)+Gluta MAXTM-1),
l-glutamine and penicillin/streptomycin solution
were obtained from Thermo Fisher Scientific (Wal-
tham, MA). Fetal bovine serum (FBS) was purchased

Figure 1. Illustration of the fabrication process for development of shape-specific anisotropic scaffold using the FDMand surface
coating technique (FCT). (a) FDMprinted pre-designed structures with staircases on surface. (b) Surface coatingwith different
polymer solutions to develop thin films on the structures. (c)The organic solvent residuals frompolymer solution and the sacrifice
materials are removed. (d)The 3D scaffolds with specific surfacemorphologies. (e) Shapememory property after layer-by-layer
coating with shapememory polymer. (f) Investigate cell behaviors on the scaffolds.
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from Gemini Bioproducts (West Sacramento, CA).
DAPI (4′,6 - Diamidino - 2 - phenylindole, dihy-
drochloride) was purchased from Anaspec Inc (Fre-
mont, CA). Phosphate-buffered saline (PBS), without
calcium & magnesium, and Trypsin/EDTA (1×
0.25% Trypsin/2.21 mM ethylenediaminetetraacetic
acid (EDTA) in Hank’s balanced salt solution without
sodium bicarbonate, calcium, and magnesium) were
supplied by Mediatech Inc (Manassas, VA). Primary
hMSCswere obtained fromhealthy consenting donors
at the Texas A&MHealth Science Center, Institute for
Regenerative Medicine. Unless otherwise listed, all
solvents and reagents were purchased from Aldrich
Chemical Co. (St. Louis,MO) and used as received.

2.2.Design andFDMprinting of 3D structures
The expected structurewas drawnwithAutodesk123D
software (Autodesk Inc, CA, USA), saved as a stl
format file, and loaded into the software Slic3r, which
is licensed under the GNU Affero General Public
License, version 3. The infill density, the printing
speed, and the layer height were assigned in Slic3r.
Other typical parameters assigned in Slic3r include:
top 0, bottom 0; 90° infill angle, 10 mm2 solid infill
threshold area; skirt, loop 0; extrusion width, the first
layer 0%. The pre-designed structures were then
printed via a Solidoodle® 3D printer platform with a
nozzle size of 300 μm. Open source software
(Prontrface®) was employed to control the 3 stepper
motors with an effective resolution of 100 μm in the x-
and y-axis, and a minimum layer height of 50 μm in
the z-axis. Polyvinyl alcohol filament, with a diameter
of 1.75 mm,was used as the constructingmaterial, and
the printing temperature was set at 190 °C.

2.3. Preparation of surface coatingmaterials
The SOEA coating material was prepared based on the
following procedures: briefly, 100 g SOEA was mixed
with 100 ml acetone in a 500 ml brown glass bottle
wrapped with two layers of aluminum foil to protect
the mixture from light. Then, 1.26 g Ciba Irgacure 819
was added. Themixture was shakenmildly with hands
and a 150 rpm Standard Analog Shaker (VWR Inter-
national, PA, USA) alternatively to reach a homo-
genous yellow solution that was subsequently put into
a vacuumed container overnight to remove acetone.

In addition, the PLA coating material was pre-
pared by dissolving PLA in chloroform at concentra-
tions of 50, 100, and 150 mg ml−1 until clear sticky
residue observed. For the agarose coating material,
agarose was dissolved in PBS in a concentration 50 mg
ml−1, and the mixture was preheated to 70 °C before
coating. Moreover, 6.71 g castor oil, 1.68 g poly-
caprolactone triol (number average molecular weight
of 300), and 6.61 g poly(hexamethylene diisocyanate)
were mixed homogeneously in a glass beaker at room

temperature in order to get the smart coating mat-
erial [27].

2.4. Surface coating
The surface coater was self-established using a high-
speed microcentrifuge (VWR, Radnor, PA). Briefly, a
circle disc was immobilized on the centrifuge with the
center of the circular disc on the rotation axis of the
centrifuge and the surface of the circle disc perpend-
icular to the rotation axis. The FDM printed structure
was fixed in the center of the circle disc. After fixing,
the coating material was dripped onto the surface of
the structure. The surface coating was then performed
in the air while the spin speed gradually increased to
1000 rpm at which the surface coater was turned off
immediately. For PCL and PLA coated structures, the
samples were dried in the air for 15 min and then
soaked in ethanol to remove organic solvent residuals.
For SOEA coated samples, unsolidified SOEA was
polymerized by putting the structure under a 355 nm
wavelength UV lamp for 2 min. Agarose coated
samples were immediately immersed in room temper-
ature PBS after surface coating. After surface coating,
smart material coated structures were cured at 45 °C
for 72 h. The above samples were all soaked in PBS
which was changed three times at 6 h intervals to
completely remove polyvinyl alcohol.

2.5. Cell culture and observation
hMSCs (passage No. 3-6) were cultured in complete
media composed of MEM alpha supplemented with
16.5% FBS, 1% (v/v) l-glutamine, and 1% penicillin:
streptomycin solution, under standard cell culture
conditions (37 °C, a humidified, 5% CO2/95% air
environment). hMSCs were seeded on the scaffolds at
a cell density of 50 000 cells/specimen and cultured
under standard cell culture conditions. For observing
cell morphology on the scaffold, the specimens were
washed three times with PBS to remove non-adherent
and dead cells. The cells were subsequently fixed with
5% formalin and permeabilized in 0.1%Triton X-100.
After rinsing with PBS, the remaining cells were
stained with Texas red fluorescent dye (to stain the
cells’ cytoskeleton) for 30 min and then DAPI blue
fluorescent dye (to stain the cells’ nuclei) for 15 min.
The double-stained samples were imaged on a Zeiss
LSM710 confocalmicroscope.

When seeding cells on 3D scaffolds, a rotating
bioreactor, which consists of several pieces and has a
chamber to hold the scaffold and the culture media,
was used. The rotating speed is 10 rpm.When seeding
hMSCs on the scaffold, the scaffold and the culture
media having hMSCs will be placed into the chamber
of the bioreactor. The rotating bioreactor system will
proceed for two days in a normal cell culture
incubator.
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2.6. Cell alignment quantification
The alignment of hMSCs was quantified using
reported methods with slight modification [28]. Typi-
cally, the confocal images were analyzed with NIH
Image J software 1.49 V (National Institutes of Health,
USA). The cells were isolated from the background by
setting up a threshold value of the reflection intensity.
The direction of the microchannels was set as an angle
of 0°. The cell major axis with respect to the direction
of the microchannels was defined as the cell orienta-
tion. Cells were aligned if their angles fell into ±10°
from the original benchmark.

2.7.Myogenic differentiation
The myogenic differentiation of hMSCs was per-
formed using a reported method with modifications
[29]. The hMSCs were seeded on various scaffolds at
5000 cells per cm2 and maintained in the growth
medium for two days. Myogenesis was then induced
by changing the growth medium to myogenic med-
ium, which consisted of the growth medium supple-
mented with 100 nM dexamethasone and 50 μM
hydrocortisone. After that, the samples were cultured
in the differentiation media for 14 d, and the media
was exchanged every other day. At a predesigned time,
the samples were collected for further biological
analysis.

2.8. Immunofluorescence staining
Myogenic differentiation of hMSCswas first revealed
using an immunofluorescence staining procedure.
After incubation with myogenic induction medium
for 7 and 14 d, the cells were washed with PBS twice
and fixed with 5% cold paraformaldehyde for
10 min. The samples were treated with 0.1% Triton
X-100 for 2 min and blocked in 2% BSA at room
temperature for 30 min. After being washed three
times with PBS, the samples were incubated in an
aqueous solution of primary mouse anti-human
antibodies for desmin at a dilution ratio of 1:100 in
2% BSA at 4 °C for 12 h. And then the samples were
washed three times with PBS and incubated in an
aqueous solution of Alexa Fluor-488 labeled goat
anti-mouse IgG antibody at a dilution ratio of 1:1000
at 37 °C for 1 h. After being washed with PBS three
times, the nuclei were stained with DAPI. Images of
stained cells were obtained through a Zeiss LSM 710
confocal microscope.

2.9. Real-time quantitative polymerase chain
reaction (rt-qPCR)
The myogenic gene expression of all samples, including
myoblast differentiation protein-1 (MyoD), desmin,
andmyosin heavy chain-2 (MHC), were analyzed by the
rt-qPCR assay. Briefly, the total RNA content was
extracted from the samples using Trizol reagent. The
RNA quality and concentration were determined from

the absorbance at 260 and 280 nm with a microplate
reader. RNA samples were reverse-transcribed to cDNA
using a Prime Script™ RT reagent Kit (TaKaRa). RT-
PCR was then performed on a CFX384 Real-Time
System (BIORAD) by using SYBR Premix Ex Taq™
(TaKaRa) according to the manufacturer’s protocol.
The gene expression level of target geneswas normalized
against the house keeping gene beta-actin (β-actin). The
relative gene expression of the fabricated scaffold was
normalized against the control group (flat PCL film) to
obtain relative gene expression fold values and calcu-
lated via the 2-delta delta (2−ΔΔCt) cycle-threshold
method. Primer sequences are as follows: β-actin
(NM_001101), forward primer 5′- CCCTTGCCATCC-
TAAAAGCC -3′ and reverse primer 5′- TGCTAT-
CACCTCCCCTGTGT -3′; MyoD (NM_002478.4),
forward primer 5′- CCGCTTTCCTTAACCACAAAT
-3′ and reverse primer 5′- CGGCTGTAGATAG-
CAAAGTGC-3′; desmin (NM_001927.3), forward pri-
mer 5′- TCGGCTCTAAGGGCTCCTC-3′ and reverse
primer 5′- CGTGGTCAGAAACTCCTGGTT-3′; MHC
(NM_001100112.1), forward primer 5′- GATGGCA-
CAGAAGTTGCTGA-3′ and reverse primer 5′-
CTTCTCGTAGACGGCTTTGG-3′.

2.10. Statistical analysis
The mean and standard deviation was plotted for
each sample group (n=6). Then, a one-way analysis
of variance (ANOVA) (p<0.05) with a post-hoc
Tukey Honestly Significant Difference test was per-
formed on each set of data using GraphPad Prism
(GraphPad Software Inc., California). The statistical
significance was indicated with an asterisk. That is,
samples marked with an asterisk were significantly
different.

3. Results and discussion

3.1. Staircasemorphology in FDMprinting
As the PVA filament is unwound from a coil and fed
through the FDM extrusion nozzle, it melts and is
extruded onto a base or onto previously printed layers
[24, 30]. The high-temperature PVA solidifies imme-
diately due to the temperature difference between the
nozzle (190 °C) and the room (23 °C), as well as
the cooling effect from the fan. We have reported that
the extruded filament does not form a perfect cylind-
rical strut due to the effects of gravity [27]. When we
adjusted the layer height of FDM printing in the
present study, the morphology of the strut was not
only affected by gravity but also significantly impacted
by the squeezing effect between different layers. As
illustrated in figure 2(a), as we printed the scaffolds
with different layer heights such as 50, 100, and
200 μm, respectively, the values of L, H and W,
regarding the profile of the strut, changed accordingly.
As confirmed in figure 2(b), the layer height L is very
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close to the theoretical value, confirming the accuracy
of the printing system. Particularly, the H value is
around 20 μm as the layer height is 50 and 100 μm
while this value markedly increases to roughly 80 μm
when the layer height is 200 μm, as shown in
figure 2(c). The extruded filament was less compressed
when the layer height is higher, such as 200 μm, and
the arc profile of the strut is better reserved, resulting
in the higher H value in figure 2(c). Similarly, the W
value at the layer height of 200 μm is significantly
smaller than that at layer heights of 50 and 100 μm, as
shown in figure 2(d). The typical SEM images regard-
ing this phenomenon are shown in figure 2(e). The top
view (the first row) images display the strictly aligned
surface of the staircases; the surface is not well-
organized when the layer height is 50 μm, compared
to those with layer heights of 100 and 200 μm, but the
alignment is still very clear. The side view (the second
row) images reveal not only the staircase profile but
also the thickness of the printed flat structure; the H
value increases as the layer height increases from 50 to
200 μm; the thickness of the structure at 200 μm is
clearly smaller than the thickness of those with layer
heights of 50–100 μm. The images in the third row

show the enlarged profiles of the staircases. These
results complied with and further confirmed the
results in figures 2(c) and (d). Notably, FDM has been
reported to have the capacity to extrude biocompatible
polymers into different size channels which provide
morphological alignment and early differentiation of
C2C12 cells, when cultured directly on the 3D printed
scaffold [31]. However, direct fabrication of channel
structures using FDM has distinct limitations. First,
the channel size is determined by thewidth of extruded
filaments; this is directly influenced by the size of
commercial nozzles, which, for FDM, mostly range
from 250 to 800 μm [31]. Second, as shown in
figures 2(d) and (e), the thickness (W+H) of the
scaffold from FDM is usually over 200 μm. Though
this is a limitation of FDM, developing 3D constructs
with very thin walls (<10 μm) is not easy for most 3D
printing techniques with the exception of two photon
polymerization microfabrication that can reach down
to nanoscale, but is very expensive [30, 32]. While
anisotropic surfaces are adequate for cell behavior
regulations, the thinner the scaffold is, the less
biomaterials will be present. While this may not be a
critical factor for in vitro cell behavior regulation

Figure 2.The staircasemorphology of FDMprinting. (a)The illustration of the profile of the struts at different layer height. (b)The L
value at different layer height. (c)TheH value at different layer height. (d)TheW value at different layer height. (e) SEM images of the
staircases in FDMprinting. Scale bar 100μm.
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studies, it will be significant for in vivo research and
potential clinical implants. Third, FDM can fabricate
smart materials [33, 34], but smart FDM filaments are
not widely available. To integrate smart materials with
FDM, smart filaments may be custom-made, or 3D
printers that are not dependent on filaments will be
used. Herein, we will integrate the staircases of FDM
printing with a coating technique to explore an
innovative method for tissue scaffolds. Typically,
staircases are controlled by layer height which is
readily tunable from 50 to 200 μm in regular commer-
cial FDM printers, and research has shown that
scaffold channels in this range have a significant effect
on cell behavior [22]. Surface coating is not only a
well-known technique for fabricating thin structures,
down to nanometers, but also a prominent approach
for combining materials in a layer by layer fashion
[35–37]. The combination of FDMand surface coating
technique (FCT) is expected to bring new features to
the realm of 3D/4D printing for the development of
structures with both thin walls in three-dimensions
and anisotropic surface characteristics.

3.2. FCT for anisotropic 2D scaffolds
FCT can be utilized for fabrication of different 4D
transforming structures including 2D to 3D structures
and 3D to 3D structures. Herein, we will first
demonstrate our technique by making 2D thin film
anisotropic structures with biocompatible polymers.
The procedure for developing the 2D structures is
illustrated in figure 3(a). The polymer solution, any of
those outlined in Experimental section 2.3, was dipped
directly onto the staircase surface of the FDM printed
2D structure. After surface coating and/or polymer-
ization, the organic solvent and the PVAwere removed
by immersing the structure in ethanol and PBS
solution sequentially. With the exception of the smart
coating material, all other materials could lead to a
uniform film structure using this technique. In
consideration of the easy operation of PCL and its
application as an implantable biomaterial, we herein
will demonstrate the fabrication of 2D structures using
the polymer solution of PCL in chloroform, as shown
in figures 3(b) and (c). It is very interesting that the
profile of the microgroove is closely related to the
concentration of PCL, as indicated in figure 3(b). At a
high PCL concentration of 15%, the ridge of the
microgroove is high, and the channel has an arched
profile; as the PCL concentration decreases, the ridge
becomes smaller and the channel nearly flattens
(figure 3(b)); the profile of the microgrooves are also
illustrated in figure 3(d). It is notable that the 2D
anisotropic structure becomes thinner when the PCL
concentration decreases. As shown in the side view in
figure 3(b), the thickness of the 2D structure decreases
from 10 to 1 μm as the PCL concentration decreases
from 15% to 5%. When the polymer concentration is

low, the polymer solution at the bottom of the
staircases may fly away due to the centrifugal force of
the surface coating process, resulting in the flatter
channels as shown in figure 3(b). Figure 3(c) shows the
microgrooves on the 2D structures with a polymer
solution of 15%when the layer height is altered during
FDM printing. All the microgrooves are oriented in
one direction, as in figure 3(c), but it is visible that the
microgrooves are not as smooth as those in figure 2(b).
The rough microgrooves can be traced back to the
coarse surface of the FDMprinted structure. Thus, it is
necessary to strictly control the conditions, starting
with the FDM print, to obtain ideal anisotropic 2D
microgroove structures. Although many studies have
been conducted for regulating cell behavior by creating
anisotropic 2D surfaces [38–43], the procedure in this
study obviously provides a new and novel way to
prepare anisotropic, thin, 2D scaffolds through 3D
printing biomaterials.

Though cell alignment on anisotropic 2D surfaces
with various microgroove morphologies has been
reported, the capability of our unique 2D scaffolds for
directing hMSC alignment is demonstrated.We devel-
oped the anisotropic 2D scaffolds by applying a 5%
PCL solution in chloroform onto different layer height
FDM printed structures, the results are shown in
figure 4. Two strategies were employed to seed and
culture hMSCs on the scaffolds. The first strategy is to
immerse the 2D film scaffold into hMSC growth
media and then add hMSC solution. As shown in
figure 4(a), all the scaffolds can direct the growth of
hMSCs in one direction; hMSC alignment is more
pronounced at layer heights of 50 and 100 μm com-
pared to a layer height of 200 μm, which is aligned
with our previous observations [22]. The second strat-
egy to conduct cell alignment is to immobilize the 2D
film scaffold onto a ring holder which will hold the
sample flat and to the bottom of the cell culture media
(figure 4(b)). Figure 4(b)(i) schematically displays the
sketch of the immobilized sample while figure 4(b)(ii)
shows the actual sample. The white ring was FDM
printed with PLA, and our sample, adhering onto the
ring, is the translucent, thin, and flat anisotropic scaf-
fold with the microgroove size of 50 μm, corresp-
onding to the layer height of 50 μm during FDM
printing. Figures 4(b)(iii)–(vi) confirms that nearly all
the hMSCs aligned along the micropatterns on the 2D
scaffolds, showing better morphologies than that in
figures 4(a)(vii)–(ix). In our first strategy, the scaffold
was floating in the cell media and the surface (figure 3
(b-5%)) is not as flat as that of the immobilized sample
in the second strategy, which resulted in the different
cell alignment. No matter what strategy is utilized,
these results indicate that our anisotropic, thin, 2D
scaffold has the capacity to effectively direct hMSC
alignment, providing a new strategy for cell behavior
regulation study.
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3.3. FCT for 3D scaffolds with anisotropic thinwall
feature
Compared to 2D anisotropic scaffolds, constructing
the structures in three-dimensions would definitely
provide better integration of the developed artificial
scaffolds with surrounding environment for various
skeletal muscle morphologies and the complex inter-
faces between skeletal muscles and other tissues, such
as blood vessel systems or skeletons. Compared to
simple 2D structures, 3D complex structures are more
difficult to develop, which also demonstrates the
benefit of FCT fabrication capacity and indicates
greater potential for tissue regeneration. The results
for the development of anisotropic 3D scaffolds are
shown in figure 5. FDM is versatile for various 3D

structures, such as ‘ϒ’ and ‘ψ’ shapes (figures 5(a)(i),
(ii)). From left to right, the diameters of the top arms
in the ‘ϒ’ and ‘ψ’ shapes are 2, 3, 4 and 5 mm,
respectively, exhibiting the capabilities to print struc-
tureswith different dimensions. The surface structures
of these scaffolds are shown in figures 5(a)(iii)–(vi),
indicating that the staircase height or the layer height is
readily tunable in a range from 50 to 400 μm. During
FDM printing, the layer height of the 3D printer
system is very accurate as determined in figure 2(b),
but it is interesting that the diameter of a printed circle
by FDM is usually smaller than its theoretical value as
determined in figure 5(a)(vii). During FDM printing,
the extruded hot filament is dragged by the nozzle and
does not solidify immediately, leading to a tendency

Figure 3. FCT fabrication of 2D structures. (a)The procedure for preparing the 2D thin scaffoldwith anisotropic surface feature.
(b)The SEM images of the 2D scaffolds developed using the FDMstructures at layer height of 100μmwith different polymer
concentrations of PCL in chloroform. 1% (wt/v) refers to 1 g PCL in 100ml chloroform. The upper image in side view is the profile of
the 2D structure at the polymer concentration of 15%. The lower image is at the polymer concentration of 5%. (c)The SEM images
of the 2D scaffolds fabricated via FDMstructures with different layer height using the polymer solution of 15%. (d)The illustration is
of the profiles of themicrogrooves as the polymer concentration varies.
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that the filament shifts to the central point of the circle
to form a smaller diameter. This phenomenon does
not affect the overall structure significantly.

It should be noted that the infill density of these
structures in figures 5(a)(i), (ii) is 0%, which means
these structures are hollow structures, providing us
more options for subsequent surface coating. We con-
ducted the surface coating in two different ways. In the
first method, we dipped different ink solutions on the
outside of the FDMprinted structures, as illustrated in
figure 5(b)(i). After coating and removal of PVA, some
typical photos of the obtained structures are shown in
figures 5(b)(ii)–(iv), clearly revealing that the scaffolds
were broken, owing to a sort of overexpansion. We
assume that the swelling of PVA after absorption of
water in PBS burst the scaffolds, which have very thin
features. Figures 5(b)(v)–(vii) displays the surface fea-
tures of the scaffolds, confirming that the aligned
microgrooves on the surface were well preserved
though the scaffold was broken. To overcome these
disadvantages, we injected the polymer solution into
the hollow structure of the FDM printed structures in
the second method, as demonstrated in figure 5(b)

(viii). The scaffolds prepared with the second method
remained intact, as demonstrated in figures 5(b)(ix)–
(xi), implying it is essential that the polymer solution is
added inside the FDM printed structure to obtain and
retain the expected anisotropic 3D structures. The
complex 3D structures in figure 5 illustrated the
advanced fabrication ability of the FCT strategy. These
tube-like structures may not only be used for skeletal
muscle tissue engineering but have great potential at
the interface of muscles and blood vessels. For exam-
ple, muscles could be built on the outside of tube
structures while blood vessels can be built inside.

The bioreactor used to seed hMSCs on 3D scaf-
folds in this study is illustrated in figure 6(a). The
chamber trapping the 3D scaffold is made of PDMS
which is an ideal material for bioreactors because of its
high gas permeability [44]. The seeding and alignment
of hMSCs on a ‘ϒ’ anisotropic 3D scaffold are demon-
strated in figure 6(b). The scaffold is prepared with
PCL and shown in figures 6(b)(i), (ii). Confocal images
confirm that hMSCs attached to the surface of the
scaffolds, and more importantly, the anisotropic
aligned surface directed hMSC growth in the expected

Figure 4. hMSCs alignment on anisotropic 2D thin scaffolds. (a)Themorphology of hMSCon the 2D scaffolds with varied
microgroove width. The 2D scaffolds were immersed in the cellmedia before cell seedingwithout immobilization. (b)The
morphology of hMSCs on the 2D scaffoldwith 50μmmicrogroove width developedwith 5%PCL in chloroform. The scaffoldwas
immobilized on a PLA ringwhich holds the sample flat and static during cell seeding and growth. Scale bar, 100μm.
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direction, figures 6(b)(iii)–(vi). The growth and differ-
entiation of hMSCs on scaffolds will be further dis-
cussed in section 3.5.

3.4. FCT layer-by-layer coating for construction of
4Dmorphing scaffolds
4D printing is a new technology which refers to the
ability of 3D printed objects to change form and/or
function after fabrication, thereby offering additional
capabilities and/or performance-driven applications
[34]. Shape memory materials have the inherent
capacity to fix a temporary shape and recover their
permanent structure under suitable stimuli, which is
illustrated in figure 7(a) and is extremely similar in
principle with the 4D dynamic process [45–48]. 3D
printing of shape memory materials is reported as
novel 4D printing in recent articles, which is becoming
a new, and rapidly expanding, research area in 4D
printing [49–54]. Shape memory polymers have been
well known for their great potential for facile and
minimally invasive surgical delivery with in situ shape
activation. This potential application provides the
considerable reduction of trauma and significant
improvement of patient comfort; additionally, seam-
less integration between the scaffold and defect would
be better facilitated and addressed through the

inherent shape memory effect [27, 55, 56]. Integrating
shape memory polymers with FCT would result in
new morphing structures, bringing this study into the
realmof 4Dprinting.

In order to fabricate 4D scaffolds, a shape memory
polymer solution was applied to coat the FDMprinted
structures as shown in figure 5(b)(viii). We first tested
the shape memory effect of PCL to give readers a clear
image that the property is significantly changed after
layer by layer coating; the results are shown in
figure 7(b)(i). PCL is a thermoplastic without shape
memory effect, in that it cannot fix a temporary shape
as illustrated in figure 7(b)(i). We then applied our
thermoset shape memory polymer, which has been
proved to have excellent shapememory properties and
enhance the performance of hMSCs in our previous
study [27], to develop smart scaffolds. However, this
shape memory polymer cannot form a uniform thin
film over a large area. As such, the shapememory poly-
mer cured unevenly resulting in the misshapen struc-
ture presented in figure 7(b)(ii). Two factors are
assumed to lead to the poor film-forming property of
the shape memory ink. First, the shape memory ink is
formulated with small molecular weight chemicals
while the PCL is a long chain polymer with averageMn
of 80 000. Second, the PVA, which is soluble in water

Figure 5. (a) FDMprinted 3D structure. (i), (ii)Photo of the structures. (iii)–(vi) SEM images of the surface structures. (vii)The plot of
theoretical diameter versusmeasured diameter. (b) Surface coating strategies. (i)Coat polymers on the outside surface of the structure.
(ii)–(iv)Photos of the scaffolds. (v)–(vii) Surface structures of corresponding scaffolds. (viii)Coat inside polymer. (ix)–(xi)Photos of
the scaffolds.
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and much more hydrophilic than the chemicals in the
shape memory ink, hinders binding to the scaffold. It
is common knowledge that thermoset polymers are
mostly obtained by cross-linking smaller molecular
weight chemicals compared to thermoplastic shape
memory polymers. Thermoset shape memory poly-
mers usually have superior shape memory properties
compared to thermoplastics because the former have
strongly covalent networks assisting in the restoration
of their permanent shape. This strength of thermoset
smart polymers reinforces the importance of finding
an alternative way to incorporate them into our FCT
scaffolds. A layer by layer process is thereafter intro-
duced to combine our thermoset shape memory poly-
mer with PCL-based anisotropic 3D constructs. That
is, following the coating of PCL, our shape memory

polymer ink was added, and further coated as depicted
in figure 5(b)(viii). Our results showed that the shape
memory polymer distributed evenly on the surface of
the PCL and combined strongly with the PCL layer
since the polymerization of the shape memory poly-
mer happened on the PCL layer. As shown in
figure 7(c), compared to pure PCL scaffold (figure 7(b)
(i)), the layer by layer structure fixed a temporary
shape at −18 °C with a fixed rate over 96%, and fully
recovered its permanent shape at 37 °C in the 90 s. As
shown in figure 3(b) side view, the thickness of PCL
layer is around 10 μmat the channel bottomwhere the
PCL concentration is 15%, and the whole thickness,
including the ridge, is 21±6 μm measured with a
caliper. In contrast, the thickness of the shapememory
polymer layer is 49±11 μm. The PCL solution has a

Figure 6.Cell seeding onto the anisotropic 3D scaffolds using self-established bioreactor. (a) Schematic design of the bioreactor.
(i) Separated pieces of the bioreactor. (ii)The bioreactor after assembly. (iii)The bioreactor is immobilized on a rotator. (iv)The photo
of the real bioreactor. (b)The scaffold before and after cell seeding. (i) Side view of the scaffold stainedwith 0.01%Nile red. (ii)Top
view of the scaffold. (iii), (vi)Confocal images of hMSCs stainedwith Texas red andDAPI, respectively. (v), (vi)Confocal images of
spots on the scaffold confirming the alignment of hMSCs.
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large amount of chloroformwhich will evaporate after
surface coatingwhile the shapememory polymer solu-
tion is not volatile and fully cured and adhered to the
PCL layer, whichmight contribute to the thicker shape
memory layer than the PCL layer. The thickness of the
shape memory polymer layer should influence the
shape recovery of the layer by layer construct. As pre-
dicted, the thinner the shape memory layer is, the less

the shape recovery effect is. However, in consideration
of the safety and the limitation of our coating system,
we used the 1000 rpm speed for all coatings and didn’t
increase the speed and decrease the shape memory
polymer layer thickness to a critical value at which the
layer by layer construct cannot recover. Beyond devel-
oping 2D layer by layer structures, we also employed
this strategy to 3D structures. As shown in figures 7(d),

Figure 7. Shapememory property of fabricated scaffolds. (a) Illustration of the process of shapememory effect. (b) (i)PCL scaffold’s
original shape and fixity. (ii)Defect is observed on pure shapememory polymer-based scaffolds. (c) Shapememory property of PCL-
shapememory polymer scaffold. (d) Shape recovery process of 3D scaffold.
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4D anisotropic ‘ψ’ scaffolds were prepared by combin-
ing PCL and our shape memory polymer layer by
layer; its shape fix and recovery processes are demon-
strated, indicating the versatile and robust feature of
the FCT strategy for various scaffold fabrications from
2D to dynamic 4D. It is imagined that the temporary-
fixed smaller scaffold can be put into the lesion posi-
tion where the scaffold is going to become bigger and
recover its original shape. This process has both the
effect of facilitating minimally invasive procedures,
and the ability to fit the scaffold properly to the sur-
rounding tissues in view of the dynamic expanding.

3.5. The effect of topographical cues onhMSCs
myogenic differentiation
One of the great advantages of 3D/4D printing is its
ability to produce patient-specific scaffolds for regen-
erative medicine. For example, the tissue on the outer
section of the deltoid muscles may need to be
regenerated, not the whole deltoid. Thus, as demon-
strated in figures 8(a), (b), a specific scaffold for
shoulder deltoid muscle regeneration was developed,
according to the native surface contour of the deltoid,
and is expected to provide good integration with
damaged muscle tissue. The scaffold in the figure is
one-twentieth of the real muscle size, allowing us to
manipulate the scaffold easily in our lab. Figure 8(c)
confirms that the aligned anisotropic surface, attrib-
uted to the staircases during FDM printing, is present

on the scaffolds. Thereafter, skeletal myogenic differ-
entiation of hMSCs was performed using the devel-
oped scaffolds. We choose hMSCs for their wide range
of sources, capabilities of self-renewal in an undiffer-
entiated state for a prolonged time, and multi-lineage
differentiation upon proper stimuli [57]. Via suitable
biochemical inducers, hMSCs have been reported as
possessing the capability to differentiate into osteo-
cytes, chondrocytes, adipocytes, myocytes and even
transdifferentiate into hepatocytes, cardiomyocytes,
and neurons. Thus, our scaffolds, carrying hMSCs,
possess versatile applications well beyond the coverage
of the present study. Cells were seeded with the
rotating bioreactor in 3.3 for two days. The developed
specific scaffolds with hMSCs were then cultivated in
12 well cell plates for myogenic differentiation. This
aims to demonstrate the potential patient-specific
applications of our fabricated scaffolds. In addition,
the shape memory layer was not incorporated in this
scaffold since the PCL layer is supposed to face hMSCs
in the design. Thus, only the PCL layer was used to
fabricate the scaffold as shown in figure 8. Moreover,
this differentiation study also showed the unique
capacity of the designed scaffold for hMSC function
regulation. Usually, the channel profile for cell direc-
tion is rectangular. In contrast, our channels are
complementary to the staircases on the side wall of the
FDM printed structures. The ability of this type of
channel to regulate cell behavior is rarely reported.

Figure 8.The effect of topographical cues on hMSCmyogenic differentiation. (a)–(c) Fabrication of patient-specific scaffold using
PCL. (d)–(g)Desmin immunofluorescence staining of 4D scaffolds and PCL control samples (PCLflatfilms) on 7 and 14 d,
respectively. (h)Myogenic gene expression on 14 d determined byRT-PCR analysis. *P<0.05.
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After 7 and 14 d themorphology of hMSCs and the
expression of desmin were examined to determine the
topographical effects of the anisotropic scaffolds. Con-
focal images in figures 8(d)–(g) revealed that the cells
highly aligned along the direction of themicrogrooves,
which agrees with our previous results of cell align-
ment in hMSC proliferation on both 2D and 3D scaf-
folds. In contrast, the cell behavior on the control
sample is not fully directed and is closely related to cell
number. As shown in figure 8(f), the cells grew in ran-
dom directions in 7 d; the cells bunched together after
14 d, as shown in figure 8(g), but had no determined
direction. Additionally, the expression of desmin at
14 d is significantly higher than that at 7 d, indicating
the advancement of hMSC myogenic differentiation
with time.

After 14 d of incubation, RT-PCR analysis was
used to determine acquired myogenic gene markers
distinctive in myogenesis (figure 8(h)). The expression
of MyoD, desmin, and myosin heavy chain-2 (MHC)
was significantly up-regulated by about 1.5-fold in
hMSCs plated on anisotropic scaffolds as compared to
the negative control.WhileMyoD and desmin are bio-
markers of skeletal myogenic lineages at the early
stage, MHC is expressed in myogenic precursors
undergoing terminal differentiation [58–62]. The sig-
nificantly increased expression of MyoD, desmin, and
MHC in differentiated hMSCs indicated the pro-
gressive myogenic lineage development of hMSCs. It
has been reported that aligned nanofibers can provide
topographical cues to induce cell alignment with a
potential effect on expression of genes indicative of
myogenic induction of hMSCs cultured in a pro-
liferative and non-differentiating medium, but up-
regulation of desmin was not observed [10]. In con-
trast, the topographical cues in our study are sig-
nificantly different, and biochemical inducers,
dexamethasone, and hydrocortisone, were applied,
whichmay have contributed to the differing results. In
another reported work, micro/nano-hybrid patterns
were constructed by establishing micro-stripes with
different spacings (50, 100 and 200 μm) on poly-
styrene nano-grooves, where the direction of the
micro-stripes and nano-grooves was parallel or ortho-
gonal; while the myogenic induction medium was
supplied with 1 ng ml−1 transforming growth factor
β1, differentiation of hMSCs on these structures
showed that myogenic differentiation was pre-
dominantly regulated by cell alignment [63], which is
aligned with our results, though different biochemical
inducers were used. In addition to hMSCs, it has also
been reported that differentiation of other cell lines,
such as human embryonic stem cells, can be sig-
nificantly enhanced by exposure to aligned topological
cues [64]. Both studies cited previously, and our
results herein, suggest that aligned anisotropic topo-
graphical cues affect and regulate cell behaviors
enhancingmyogenic differentiation.

4. Conclusion

The staircase defect present in FDM printing can be
harnessed as an effective strategy for fabricating
anisotropic structures from 2D to 4D with great
potential for skeletal muscle tissue engineering appli-
cations. By optimizing polymer concentrations,
adjusting FDM printing layer height, and applying a
suitable coating approach, versatile surfacemorpholo-
gies can be prepared which provide topographical cues
for directing hMSC alignment and enhancing myo-
genic differentiation. Through layer-by-layer surface
coating, shapememory polymerwas readily integrated
into the fabricated structures, providing shape change
features and taking this research into the field of 4D
printing. With many other natural tissues and organs
also having highly organized and structurally aniso-
tropic components, such as myocardium, vessel, and
neural tissues, the FCT strategy explored in the present
study possesses wide application potential in tissue
engineering.
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