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Abstract

4D printing is a highly innovative additive manufacturing process for fabricating smart structures with
the ability to transform over time. Significantly different from regular 4D printing techniques, this
study focuses on creating novel 4D hierarchical micropatterns using a unique photolithographic-
stereolithographic-tandem strategy (PSTS) with smart soybean oil epoxidized acrylate (SOEA) inks
for effectively regulating human bone marrow mesenchymal stem cell (hMSC) cardiomyogenic
behaviors. The 4D effect refers to autonomous conversion of the surficial-patterned scaffold into a
predesigned construct through an external stimulus delivered immediately after printing. Our results
show that hMSCs actively grew and were highly aligned along the micropatterns, formingan
uninterrupted cellular sheet. The generation of complex patterns was evident by triangular and
circular outlines appearing in the scaffolds. This simple, yet efficient, technique was validated by rapid
printing of scaffolds with well-defined and consistent micro-surface features. A 4D dynamic shape
change transforming a 2-D design into flower-like structures was observed. The printed scaffolds
possessed a shape memory effect beyond the 4D features. The advanced 4D dynamic feature may
provide seamless integration with damaged tissues or organs, and a proof of concept 4D patch for
cardiac regeneration was demonstrated for the first time. The 4D-fabricated cardiac patch showed
significant cardiomyogenesis confirmed by immunofluorescence staining and qRT-PCR analysis,
indicating its promising potential in future tissue and organ regeneration applications.

1. Introduction

There is an urgent need for developing improved
tissue and organ substitutes to replace traditional
treatment methods that fail to meet patients’ needs.
For example, an average of 22 people die each day due
to scarcity of donor tissues or organs in the United
States [1]. Tissue engineering aims to fabricate biome-
dical scaffolds with multiple functions and may
provide viable solutions for these challenges [2—4]. 3D
printing has garnered great attention for transforming

the tissue engineering field. 3D printing has advan-
tages in constructing complicated structures, custo-
mizing mass distribution, and minimizing weight/
volume while achieving requisite strength and other
properties. This is especially relevant for patient-
specific manufacturing. Beyond 3D printing, 4D
printing refers to 3D printing of objects which can,
immediately after printing, self-transform in form or
function when exposed to a predetermined stimulus
[5—10]. The various applied stimuli include osmotic
pressure, heat, current, ultraviolet light, or other
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Partial solidification of SOEA
by photolithography

the flat scaffold can bend to perform a 4D effect.

Fabrication of micropatterns
by stereolithography

Figure 1. Schematic illustration of the photolithographic-stereolithographic-tandem process. (a) The yellow ink is covered with a gray
mask. The exposed ink (the heart shape in the center of the image) will be partially solidified under UV lamp. An unsolidified ink film
(around 10 pum thick) will remain on its surface. (b) The unsolidified ink film can be further solidified using a laser source.
Micropatterns are drawn using a laser head on the unsolidified ink film forming hierarchical structures. (c) Under external stimulus,

4D dynamic change of
hierarchical scaffolds

energy sources [5—10]. Although 4D printing technol-
ogy is still in its infancy, the advanced 4D self-assembly
feature is extremely promising for tissue engineering
in that this dynamic processes may achieve minimally
invasive surgical delivery, seamless integration, and
mimic the dynamically changing morphologies of
native tissues and organs [10].

In addition to external architecture, a crucial fea-
ture of natural tissues and organs is highly organized
and structurally anisotropic components. Creating
biomimetic topographical cues on tissue engineered
scaffolds to recapitulate native cellular microenviron-
ments has a tremendous impact on improving tissue
and organ regeneration. Just take aligned surface topo-
graphy as an example, when multi-lineage differentia-
tion of mesenchymal stem cells and progenitor cells
was conducted on aligned collagen matrices, the
aligned pattern not only influenced myotube assembly
and enhanced myotube organization and length, but
also resulted in ordered matrix mineralization during
osteogenesis of human bone marrow mesenchymal
stem cells (hMSCs) [11]. In addition, during neonatal
rat mesenchymal stem cell cardiomyogenic differ-
entiation, the time course and degree of functional
integration with surrounding cardiac tissue was
greatly affected by forced cell alignment [12].

Considering the significantly favorable feature of
topographical cues, various manufacturing methods
have been employed to develop specific nano/micro-
structures for regulating cell behaviors. For instance,
electrospinning has been a widely applied process for
producing aligned nanofibers to induce the organiza-
tion of cellular sheets [13—16]. Anisotropic nano archi-
tectures, assembled by magnetic-field-directed self-
assembly, provided sufficient physical cues to align
cells independent of the extracellular matrix composi-
tion [17]. Microgrooves generated by uniaxially
stretching poly (e-caprolactone) films provided geo-
metric cues to align hMSCs [18-20]. Photolitho-
graphic techniques have been notably utilized to

pattern microchannels for aligning stem cells by
applying polydimethylsiloxane (PDMS) as a con-
structing material [21, 22]. Although these studies
greatly advanced this research field, it is still challen-
ging to fabricate biomimetic tissue scaffolds in the
manner of integrating the topographical cues into a
hierarchical architecture. Thus, we expect a multi-
scale fabricating technique, featuring a simple and ver-
satile approach for generating topographical surface
structures on a macro-architecture, may significantly
advance related studies in the future [23, 24].

Herein, we used smart natural lipids (i.e., soybean
oil epoxidized acrylate (SOEA)) as ink material to fab-
ricate biocompatible, topographical, and 4D dynamic
shape-changing tissue scaffolds. SOEA is derived from
soybean oil which is a natural, renewable resource and
is attracting greater attention as biomaterials in recent
years [25, 26]. We expect that SOEA could provide
new features for scaffold fabrication since it is fairly
new as an ink material used in 3D/4D printing. We
developed unique surface micropatterns with SOEA in
an innovative manner. This strategy provided stable
surface structures over a large area, favorable bio-
compatibility, and optimal integration for effectively
regulating behavior of hMSCs. Photolithographic-ste-
reolithographic-tandem strategy (PSTS), referring to
the sequential treatment of the same ink feedstock
with  photolithography and  stereolithography
(figure 1), was utilized, where a 10 ym depth liquid
film was observed for the first time after photo-
lithography and further solidified with stereo-
lithography to generate complex micropatterns.
Compared to previously reported works, this study
illustrated that scaffolds fabricated with a PSTS pro-
cess not only possess subtle surface micropatterns but
also exhibit dynamic 4D shape change after external
stimulation. The 4D smart shape change property may
provide seamless integration with damaged tissues or
organs [10]. Considering the PSTS scaffolds are film-
like structures, the PSTS technique has great potential
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for development of patching scaffolds. Stem cell cardi-
omyogenesis on the PSTS cardiac patch was tested by
immunofluorescence staining and qRT-PCR analysis.
Greater marker expression on 4D scaffolds was
observed, indicating the application potential in car-
diac patches.

2. Materials and methods

2.1.Reagents and materials

Soybean oil epoxidized acrylate (SOEA, contains 4,000
ppm monomethyl ether hydroquinone as inhibitor),
formaldehyde 10% (neutral buffered), and acetone
(=99.5%) were obtained from Sigma-Aldrich (MO,
USA). Bis (2,4,6-trimethylbenzoyl)-phenylphosphine-
oxide (Ciba Irgacure 819) was purchased from Ciba
Specialty Chemicals (Basel, Switzerland). Alpha mini-
mum essential medium (MEM Alpha (1x)+Gluta
MAX™L.1), Texas Red®-X Phalloidin, l-glutamine
and penicillin/streptomycin solution were obtained
from Thermo Fisher Scientific (MA, USA). Fetal
Bovine Serum (FBS) was purchased from Gemini
Bioproducts (CA, USA). DAPI (4”,6-Diamidino-2-
phenylindole, dihydrochloride) was purchased from
Anaspec Inc (CA, USA). Phosphate-buffered saline
(PBS), without calcium & magnesium, and Trypsin/
EDTA (1 x 0.25% Trypsin/2.21 mM ethylenediami-
netetraacetic acid (EDTA) in Hank’s balanced salt
solution without sodium bicarbonate, calcium and
magnesium) were supplied by Mediatech Inc (VA,
USA). Primary hMSCs were obtained from healthy
consenting donors at the Texas A&M Health Science
Center, Institute for Regenerative Medicine.

2.2. Preparation of 4D printing ink

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 bis(2,4,6-trimethylbenzoyl)-phenylphosphine-
oxide was added. The mixture was shaken mildly by
hand and a 150 rpm Standard Analog Shaker (VWR
International, PA, USA) alternatively to reach ahomo-
genous yellow solution that was subsequently put into
a container under vacuum overnight to remove the
acetone. The final product was a sticky yellow liquid
and used directly as smart ink for 4D printing.

2.3. Design of scaffolds

The expected structure was drawn with Autodesk123D
software (Autodesk Inc, CA, USA), and saved as a. stl
format file which was then loaded into the software
Slic3r which is licensed under the GNU Affero General
Public License, version 3. The infill density and the
printing speed were assigned in Slic3r. Other typical
parameters assigned in Slic3r include: 0.2 mm layer
height, 0.2 mm first layer height; vertical shells-
perimeters 0; horizontal shells—solid layers, top 0,
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bottom 0; 90° infill angle, 10 mm? solid infill threshold
area; skirt, loop 0; extrusion width, first layer 0%.

2.4.4D printing protocol

A typical PSTS printing of SOEA, where photolitho-
graphic and stereolithographic strategies were used in
tandem, is illustrated in figure 1. First, we developed
the complex outline of the desired biomedical scaf-
folds by applying the method of soft lithography which
is widely applied for lab-on-a-chip applications [27].
Compared to a complicated master device used in soft
lithography studies, we easily printed shadow masks of
the scaffold’s outline with acrylonitrile butadiene
styrene (Fortus 250 mc, Stratasys, MN). A predesigned
structure was photolithographically obtained with
desired complex outlines such as triangles and circles.
A thin liquid film (10 gm depth) was observed after
photolithography, which, to the best of our knowl-
edge, has never been reported previously and will be
further discussed in ‘Results and discussion’. We
assume this particular phenomenon is a crucial feature
for new topographic generation. Second, the unsolidi-
fied thin liquid film was subsequently printed as ink
via a table top stereolithography system developed in
our lab based on the existing Solidoodle® 3D printer
platform [28]. A typical stereolithography set-up
consists of a container with a liquid photopolymeriz-
able resin and a UV laser held by galvanometers [29].
Directed by a CAD program, the laser beam traces a
design onto the resin creating a hardened layer. Here,
we replaced the ink container with the unsolidified
thin liquid film, and the unpolymerized thin liquid
layer is thereafter selectively solidified by the high
intensity laser beam. After PSTS printing, the fabri-
cated scaffold was soaked overnight in 95% ethanol to
remove unpolymerized ink and photo initiator. Lastly,
the scaffold was sterilized with 70% ethanol for 30 min
and soaked in phosphate-buffered saline (PBS) over-
night prior to cell culturing.

2.5. Cell culture and adhesion study

hMSCs (passage No. 3—6) were cultured in complete
media composed of alpha minimum essential medium
supplemented with 16.5% fetal bovine serum (FBS),
1% (v/v) I-glutamine, and 1% penicillin:streptomycin
solution, under standard cell culture conditions
(37 °C, a humidified, 5% CO,/95% air environment).
For hMSC attachment studies, the 4D test samples
were cut into 8 mm diameter specimens. hMSCs were
seeded at a cell density of 50 000 cells/specimen, and
cultured for 4 h. The specimens were washed three
times with PBS to remove non-adherent cells. The
attached cells were lifted with trypsin/EDTA, quanti-
fied with a CellTiter 96” Aqueous Non-Radioactive
Cell Proliferation Assay, and analyzed spectrophoto-
metrically using a Thermo Scientific Multiskan GO
Spectrophotometer at 490 nm.
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2.6. Cell alignment analysis

For cell alignment observation, hMSCs were seeded at
a cell density of 100000 cells/specimen (8 mm dia-
meter), and cultured under standard cell culture
conditions for 3 days. Media was exchanged every
other day. 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 15min. The double-stained
samples were imaged on a Zeiss LSM 710 confocal
microscope.

The alignment of hMSCs was quantified using
reported methods with a slight modification [11]. The
confocal images were analyzed with NIH Image J soft-
ware 1.49 V (National Institutes of Health, USA). The
cells were isolated from the background by setting a
threshold value of the reflection intensity. The direc-
tion of the microchannels, or microgrooves, was set as
an angle of 0°. The cell major axis with respect to the
direction of the microchannels or microgrooves was
defined as the cell orientation. Cells were considered
to be aligned if their angles fell into +10° from the ori-
ginal benchmark.

2.7. Cardiomyogenic differentiation and
immunofluorescence analysis

hMSCs were seeded at a cell density of 200 000 cells/
specimen, and cultured in complete media under
standard cell culture conditions for 24 h. Then cardio-
myogenic differentiation media (complete media plus
5-azacytidine, a chemical induction agent) was added,
and cultured for 24 h. After that, the samples were
cultured in the complete media for 3 weeks, and the
media was exchanged every other day.

Ata predesigned time, the samples were fixed with
10% formalin for 15 min, permeabilized in 0.1% Tri-
ton X-100 for 10 min and blocked in 5% bovine serum
albumin solution for 30 min. Then cells were incu-
bated with primary antibodies at 4 °C overnight. The
following primary antibodies for detecting cardio-
myogenesis were used to stain: mouse monoclonal
anti-Cardiac Troponin I antibody (Santa Cruz Bio-
technology) and rabbit polyclonal anti-Sarcometic
Alpha Actinin antibody (Abcam). Troponin I (cTnl) is
cardiac regulatory proteins that control the calcium
mediated interaction between actin and myosin. Sar-
cometic Alpha Actinin is a specific alpha-cardiac acti-
nin, existing as Z lines and dots in stress fibers of
myotubes in cardiac muscle. After incubation with
primary antibodies, goat anti-mouse IgG-H&L (Alexa
Fluor® 594) (Abcam) and goat anti-rabbit IgG-H&L
(Alexa Fluor® 488) (Abcam) were added as secondary
antibodies and incubated for 1 h, respectively. Finally,
the nuclei were stained with DAPI. Fluorescence
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images were observed, and captured using a confocal
microscope.

2.8. Quantitative RT-PCR

The cardiomyogenic gene expression of all samples
including myosin heavy chain (MHC), desmin, and
myocardin (MyoC) were analyzed by real-time quanti-
tative reverse transcription polymerase chain reaction
(QRT-PCR) assay. The RNA purification was per-
formed per the protocol provided by Life Technologies
Company. Specifically, the total RNA contents were
extracted from the samples by using Trizol reagent.
The RNA quality and concentration were determined
from the absorbance at 260 and 280nm with a
microplate reader. RNA samples were reverse-tran-
scribed 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 genes was
normalized against the house keeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The
relative gene expression of the 4D-printed scaffold was
normalized against the control group to obtain relative
gene expression fold values, and calculated via the
2-delta delta 2722Ct) cycle-threshold method. Pri-
mer sequences are as follows: GAPDH, forward primer
5-ATGTTCGTCATGGGTGTGAA-3" and reverse
primer 5-TGTGGTCATGAGTCCTTCCA-3’; MHC,
forward primer 5-GATGGCACAGAAGTTGCTGA-
3’ and reverse primer 5'-CTTCTCGTAGACGG
CTTTGG-3'; desmin, forward primer 5-TCGGCT
CTAAGGGCTCCTC-3' and reverse primer 5'-CGTG
GTCAGAAACTCCTGGTT-3';  MyoC, forward
primer 5’-CTCGGCTTCCTTTGAACAAG-3’ and
reverse primer 5'-CTTCCCAGAGAATCCATCCA-3'.

2.9. Statistical analysis

Statistics for quantitative tests were performed using
ANOVA and Tukey’s multiple pairwise comparison
(p < 0.05 for significance) unless otherwise stated.
Values reported are mean =+ standard deviation,
n = 6, and significant differences are specified in
figures.

3. Results and discussion

3.1. The unique unsolidified thin liquid film

During PSTS printing, an unsolidified thin liquid film
was observed after photolithography. Accordingly,
this phenomenon was further investigated through a
curing-drawing experiment, as shown in figure 2(a).
Solidification of SOEA was observed as expected, but a
very thin, sticky, unpolymerized SOEA layer on the
top of solidified SOEA was confirmed; softly drawing
on the unsolidified thin film on the surface of the
polymerized SOEA creates the drawn pattern notice-
able in figure 2(b). How this mechanism was created is
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Figure 2. Observation of the unsolidified thin ink film after photolithography. (a) Operation procedure. (b) Inspection of the drawn
patterns on the unsolidified thin ink film: (i) Photo of the pattern. (ii) Microscopy of the pattern after surface plot treatment. (c)
Photolithographic polymerization of different monomers: (i) Before polymerization. (ii) After photolithography. Soy, polymerized
SOEA; MMA, methyl methacrylate acid; MA, methacrylate acid; MAA, methyl acrylate acid, and AA, acrylate acid.

/ p
-
Draw

Engraved pattern

not completely understood, and it is assumed that
complete polymerization is hindered by the relatively
higher oxygen concentration at the air/oil interface. In
consideration of the molecular structure of SOEA,
which is obtained by reacting acrylate acid with
epoxidized soybean oil, we compared SOEA to acrylate
acid (AA), methyl acrylate acid (MAA), methacrylate
acid (MA) and methyl methacrylate acid (MMA).
Polymerized AA and MA are white and brittle while
polymerized MAA and MMA are transparent, similar
with polymerized SOEA (figure 2(c)). However, the
unpolymerized thin liquid film was not detected for
those materials, indicating that this property is unique
to SOEA. Additionally, SOEA is easily operable and
suitable as an ink material in view of its non-volatile
property while other chemicals have strong odors and
volatilize rapidly in the air.

3.2. The uneven distribution of laser beam

The laser beam is critical for ink solidification during
stereolithography as shown in figure 3. The distance
from the laser head to the ink surface is 2 mm and a
bright light dot is clearly visible as a dark board is
placed under the laser head (figure 3(a)). As the

distance between the laser and the dark board is
increased, we observed that the beam spreads out with
non-uniform intensity, especially as the distance
approaches 4 cm (figures 3(b)—(d)). This non-uniform
intensity is further confirmed by converting the light
spot into black/white, manipulating with an intensity
threshold value in a range from 0 (black) to 255 (white)
(figure 3(e)). When the threshold value is 80, a white
scattered light spot is clearly visible; distribution of
higher energy spots is readily available by increasing
the threshold value, as shown in figure 3(e)-(iii) with
threshold value 110. The non-uniform laser beam
intensity distribution might be an unfavorable prop-
erty in laser beam studies, but this unique feature is
important here and will be used for the first time to
develop aligned microgrooves.

3.3. Surface microstructures of fabricated scaffolds

Through stereolithography, SOEA can be directly
polymerized in a classical process. Samples fabricated
by stereolithography are compared with the samples
created with the PSTS technique in the present study.
Through stereolithography of SOEA, microgrooves
were generated on the bottom surfaces of control
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Threshold 80

110.

Figure 3. The laser beam of stereolithography. (a) The distance between the laser and the dark board is 2 mm which is used for printing
scaffolds. (b) The distance is 1 cm. (c) The distance is 2 cm. (d) The distance is 4 cm. (e) Analysis of the laser dot on dark board shown
in (d). (i) Threshold chart. (ii) The light distribution as threshold value is 80. (iii) The distribution of laser light as threshold value is

samples while their top surfaces are flat. The aligned
microstructures are displayed in figure 4(a); by adjust-
ing the infill density (represented in percentages
indicating how much the resulting solid model is filled
in with material according to Slic3r software; here the
distance between printed lines is controlled by adjust-
ing the infill density), a series of micropatterns with
varying groove sizes are readily obtained. The groove-
forming mechanism is assumed to be the result of the
cone-shaped laser beam. When the laser passes over
SOEA, the profile of the solidified SOEA will be close
to a triangle. As the infill density is 60%, the printed
microstructure is exactly the estimated triangle as seen
in figure 4(a)-(i). When the infill density is higher than
60%, the triangles will overlap each other, forming the
aligned wrinkle-like microstructures as shown in
figure 4(a) (i)—(v).

In contrast, PSTS fabricated microstructures are
remarkably different (figure 4(b)). The non-stereo-
lithographic area forms microchannels, while the
laser-illuminated area forms ridges (figure 4(b)-(i)). By
adjusting the infill density, a series of micropatterns
with different channel widths can be readily obtained.

Moreover, additional microgrooves were generated on
the ridges of these scaffolds, which are caused by the
uneven distribution of the laser light (figure 4(b)-(iv)).
The fractured profile of the ridge indicates that its
thickness is approximately 10 um (figure 4(b)-(v)).
Although both stereolithographic samples and PSTS
samples possess aligned microstructures, the width of
grooves on stereolithographic samples reaches
400 pm (figure 4(a)-(i)) and exhibits random wrinkle
distribution (figure 4(a) (ii)-(v)); the depth of their
grooves is a wide range of 30-260 um (figure 4(a)-
(vi)). The PSTS samples have an adjustable channel
width and their channel depth is about 10 pm, while
the depth of the microgrooves on the ridges is only
3 pum (figure 4(b)-(vi)). The micro-surficial structure
on the ridges of the PSTS samples is also observable
with a microscope, which further confirms the highly
aligned topographical cues generated by stereo-
lithography (figure 4(c)). The fine microstructures
on the samples developed by the PSTS technique
tissue

may better mimic topographic native

microenvironments.
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Figure 4. SEM and microscope images of the fabricated samples. (a) (i)—(v) SEM images of stereolithographic samples with different
infill densities and (vi) the groove depth chart. (b) (i)—(iii) SEM images of the samples developed by PSTS with different infill densities.
(iv) The microgrooves on the ridge. (v) The fractured profile of the ridge and (vi) the depth chart. (c) (i) Microscope images of the
microgrooves on the ridge. (ii) The microscope image after surface plot treatment.

3.4.hMSC behavior on fabricated scaffolds groove direction, which is assumed to be the major
All fabricated scaffolds were investigated for hMSCs mechanism for cell alignment on the micropatterns
alignment, and the results are shown in figure 5. On  (figure 5(a)). From the side view, hMSCs not only fall
the stereolithographic samples, the cells attach inside into the grooves but also spread on the steep sidewalls
the grooves, spread and expand, aligning with the on either side of the grooves (Figures 5(a) (a2)—(c2));
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Figure 5. Confocal images of hMSC spreading on different micropatterns. The hMSCs were dyed with Texas Red (red) and 4/,6-
diamidino-2-phenylindole (blue). (A) (al)—(i1) Top view of stereolithographic samples. (a2)—(i2) Side view of stereolithographic
samples; (B) (j1)—(r1) The separated view of blue dye for the PSTS samples. (j2)-(r2) The separated view of red dye for the PSTS

(b) Day1

Infill 30%

Infill 50%

Infill 70%

this may be due to the rough surfaces of the sidewalls,
which support cell attachment. When the infill is
higher than 60%, the micropatterns are wrinkle-like,
and the cell sheet becomes flatter as the infill value
increases (Figures 5(a) (d1)—(il), (d2)—(i2)). For the
PSTS samples, the channels partially share the same
characteristics with channels fabricated using photo-
lithographic techniques; that is, micropatterns fabri-
cated using both techniques have flat bottoms. The
width of the channel also has a great effect on the cell
alignment (Figures 5(b) (j1)—(r1), (j2)—(r2)). When the
infill is 30%, the channel width is about 250 ym and
the hMSCs do not grow solely along the direction of
the channel. When the infill is 50%, the channel width
is 120 um and the alignment of hMSCs is noticeable.
Moreover, when the infill is 70%, the channel width is
65 pum, which is closer to the length of a normal hMSC,
and the cells are highly aligned in the direction of the
channel. When the hMSCs are growing inside the

channels with widths approaching the cell length, they
may sense the walls of channels and adjust their
direction of growth. Additionally, hMSCs spread on
the microgrooves of the ridges (figures 5(b), (02), (r2)).
The growth of hMSCs on the ridges may be due to the
low channel depths (approximately 10 ym). The well-
aligned microgrooves, averaging roughly 3 ym in
width, on the ridges may have been another contribut-
ing factor. The microgrooves provide structures simi-
lar in size to the structures formed by stretching
polycaprolactone (PCL) films, indicating this scale of
topographical cues may be favorable for h(MSC adhe-
sion and growth [18-20]. Compared to stretched PCL
film, the microgrooves created by the PSTS have a
longer linear range, which is a potential benefit for cell
alignment. The hMSCs growing on both channels and
ridges are closely connected and form one continuous
cellular sheet (figures 5(b), (02), (r2)). Although both
stereolithographic and PSTS samples can align
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hMSCs, it is very clear that the PSTS samples exhibit a
smooth and well-organized cell sheet while the stereo-
lithographic samples show rough and un-evenly
distributed cells. Therefore, only PSTS samples were
used for cardiomyogenic differentiation studies in
later sections.

The alignment of hMSCs on the printed scaffold
was quantified and the results are depicted in
figure 6(a), further confirming that all micropatterns
can direct the alignment of hMSCs. Among the fabri-
cated micropatterns, the PSTS sample with an infill of
70% shows the highest alignment efficiency. The
highly aligned microgrooves on the ridges may lead to
this efficient alignment. In comparison to a sample
with a 50% infill, the narrower channel width on the
70% sample was credited with the improved align-
ment. In contrast, the uneven surfaces and wrinkle-
like structures of the micropatterns on the stereolitho-
graphic samples may be responsible for their relatively
lower alignment compared to the PSTS sample at an
infill of 70%.

3.5. Cytocompatibility of SOEA based scaffolds

In reported works regarding cell alignment, the most
often applied polymeric materials are PDMS and PCL,
both supporting the attachment and growth of hMSCs
[18, 30]. The polymerized SOEA was compared to
PDMS and PCL regarding their biocompatibility for
hMSC proliferation. As shown in figure 6(b), over all
time points, both PCL and the polymerized SOEA
showed significantly higher cell number than PDMS
which is widely utilized for studying cell alignment
with photolithography techniques. No statistical dif-
ference is found between the polymerized SOEA and
PCL. Considering the favorable cell biocompatibility
of the polymerized SOEA, together with the processing
features of the PSTS technique, SOEA has
great application potential for cell-aligned tissue
engineering.

3.6. Fabrication of scaffolds with complex patterns
The self-established stereolithography and PSTS tech-
niques are not only suitable for linear micropatterns
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Figure 7. (a) A triangle micropattern by stereolithography with an infill density of 70%. a, The designed triangle pattern in Slic3r; (b),
The SEM image of the printed triangle scaffold; (c), The confocal micrograph of hMSC growth on the microstructure (both blue and
red dye); (d), The separated view of blue dye corresponding to cell’s nuclei; (e), The separated view of red dye corresponding to cells’
cytoskeleton. (b) A circular micropattern developed by PSTS with an infill density of 70%. (a), The designed circular pattern in Slic3r;
(b), The SEM image of the printed circular scaffold; (c), The confocal micrograph of hMSC growth on the microstructure (both blue
and red dye); (d), The separated view of blue dye corresponding to cell’s nuclei; (e), The separated view of red dye corresponding to
cells’ cytoskeleton. (¢) The demonstration of this technique for complex and large patterns in an efficient way. (a), The logo of The
George Washington University; (b), The designed pattern in Slic3r; (c), The scanned image of the printed scaffold, approximately

6 x 6 cm; (d), The scanned image after increasing brightness and contrast in a Photoshop software. (d) The dynamic 4D shape change
controlled by different thicknesses. a, 4D star structure after printing. (b)—(d), the shape change after external stimulation ((b), 100 m

thick; (), 150 pm thick; and (d), 300 pm thick). Samples were stained with Nile red (0.01% in the ink). (e), The thickness vs.
curvature.
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but also easily replicate other complicated patterns
such as a triangle (figure 7(a)) and a circle (figure 7(b)).
As shown in figure 7(a) (a)—(d), a triangle scaffold was
developed by stereolithography of SOEA, and the
hMSCs grew along the pattern. As shown in figure 7(b)

(2)—(d), a circular scaffold was fabricated by the PSTS,
and the hMSCs proliferated along the designed direc-
tion. The hMSCs not only grew in the channels but
also on ridges, forming a particularly uninterrupted
circular cell sheet. Compared to the stereolithography,
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Figure 8. Beyond 4D printing—shape memory effect. (A) Illustration of the shape memory process. (), to increase temperature over
transferring temperature; (II), to exert a shape change with enforced restriction; (III), fix a temporary shape at lower temperature; (IV)
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shape memory process with 4D-printed heart-shaped construct. The flat heart-shape construct gradually recovered its original rolling
shape as the construct was putina 37 °C environment. Scale bar, 2 mm.
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a uniform and well-organized cell sheet was obtained
through PSTS, as mentioned earlier. These demon-
strations suggested that the PSTS procedure developed
in this study is versatile, creating various cell alignment
patterns. Additionally, this PSTS technique is simple,
fast and easy for fabrication of complex, large scaffolds.
As demonstrated in figure 7(c), a scaffold is developed
from the logo of The George Washington University.
The outline of the logo was first drawn in the 123D
software; the aligned pattern established in the Sli3r
software is shown in figure 7(c)-(b). The desired
structure was then obtained with the printing system.
In order to observe the whole structure, the scaffold
was scanned with a scanner (Xerox D95 Copier-
Printer from Xerox, Norwalk, CT). The scanned image
is shown in figure 7(c)-(c) but nothing is observable
with the naked eye because the polymerized SOEA is
transparent and very light in color. By increasing the
light contrast of this image in Photoshop software
(Adobe Photoshop CC2014, San Jose, CA), the devel-
oped micropattern is clearly visible, as shown in
figures 7(c)—(d), which is well matched with the

designed pattern in figures 7(c)-(b). The size of the
designed scaffold is around 6 x 6 cm, and was readily
printed in 15 min. The process, from the design to the
fabricated scaffold, is very similar with other rapid
prototyping processes; this further supports the great
application potential of PSTS for cell-aligned tissue
engineering.

3.7.4D and beyond dynamic shape change

More interestingly, the PSTS printed thin film scaffold
(thickness less than 300 pim) was autonomously bend-
ing or self-assembling into rolling structures when
triggered by external stimulation (immersion in etha-
nol for 10 min) (figure 7(d)). As shown in figures 7(d)
(2)—(d), the blooming of flowers can be controlled with
different sample thicknesses. We presume that the 4D
mechanism is based on the generated internal strength
during photolithography. Self-folding of hydrogels
fabricated by UV exposure has been previously
reported [31]. As UV light is attenuated through the
thickness of the gel, a cross-link density gradient is
formed. This gradient gives rise to differential swelling

11
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and a bending moment, resulting in the gel folding
[31]. In this study, a cross-link density gradient may be
generated during photolighography, which induces
the internal strength. The release of the internal
strength resulted in the self-folding of developed
scaffolds, which makes our research fall into the realm
of 4D printing as self-assembly right after 3D printing.
The precise control of the bending of the fabricated
scaffolds by adjusting thickness (figures 7(d) (e)
provides a simple way to tailor the sample for catering
various curvature of damaged tissues or organs, which
is critical to achieve better tissue integration. More-
over, in our previous study, we investigated the shape
memory property of the cured SOEA material which
fixed a temporary shape at —18 °C and fully recovered
its original shape at human body temperature (37 °C)
[26]. The inherent capacity of shape memory

polymers, to fix a temporary shape and recover their
permanent structure under suitable stimuli, is similar
in principle with the 4D dynamic process [32-35].
This specific capacity is also a widely used strategy to
achieve minimally invasive surgeries. 4D printing-
shape memory materials is becoming a new, and
rapidly expanding research area in the additive manu-
facturing field [26, 36—39]. Therefore, the scaffolds
fabricated in our study not only perform self-folding
right after printing (4D printing), but also possess
shape memory properties (5D printing). The shape
memory process of a heart-shaped scaffold in the
present study is demonstrated in figure 8. These
advanced properties provide great potential for both
better integration of the scaffolds with damaged tissue
or organ and minimally invasive surgery poten-
tial [4, 26].
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3.8. Cardiomyogenic differentiation of hMSCs on
the PSTS scaffolds

We investigated the cardiomyogenic differentiation of
hMSCs on the 4D-fabricated scaffolds. The samples
prepared by photolithography without aligned micro-
structures were used as control. Immunofluorescence
analysis detected the expression of cardiac troponin I
and sarcomeric-a-actinin (figures 9(a), (b)). Greater
marker expression on 4D scaffolds was observed,
compared to control samples. Cell alignment was also
observed on the 4D-printed scaffolds via a-actinin
staining, further verifying our alignment hypothesis.
Cardiomyogenic differentiation of hMSCs was also
evaluated at the genetic level by determining the
expression of MHC, desmin and MyoC using qRT-
PCR. Expression of these markers was significantly
up-regulated in hMSC groups cultured on 4D scaf-
folds, compared to the controls (figure 9(c)). These
results align with other reported work on the effect of
forced alignment of neonatal rat mesenchymal stem
cells undergoing cardiomyogenic differentiation on
the time course and degree of functional integration
with surrounding host cardiac tissue [12]. Thus, the
aligned micro-surficial structures created with PSTS in
the present study will significantly increase the appli-
cation potential of the fabricated scaffold for cardiac
patch applications.

4. Conclusions

The novel PSTS technique provides added value over
current printing technologies. Photolithography is
extremely fast, developing films in seconds with varied
thicknesses [38]. More importantly, the photolitho-
graphic process induces a cross-link density gradient
enabling scaffold self-bending, a 4D feature. Stereo-
lithography is versatile for drawing complex surficial
micropatterns, but is obviously slower than the photo-
lithographic process for fabricating films because of its
layer-by-layer process. The PSTS technique incorpo-
rates the advantages of photolithography and stereo-
lithography for making self-assembling, patching
scaffolds. In particular, the uneven distribution of laser
beam, subtly utilized in this study for generating
microgroove structures for the first time, provides an
inspiring way to develop topographical tissue engi-
neering scaffolds.

4D scaffolds with unique surficial micropatterns
are fabricated using the PSTS technique. The micro-
patterns are generated on a thin ink film residue
(10 pm depth), observed for the first time in our lab.
The scaffolds exhibit excellent cell compatibility, and
hMSCs actively grow along the developed micro-
patterns, resulting in uninterrupted cellular sheets.
Compared to PDMS, the solidified SOEA exhibits sig-
nificantly higher h(MSC proliferation and does not dif-
fer statistically from PCL. Complex patterns are
fabricated readily and rapidly. More interestingly, the

SMiao etal

scaffolds possess self-assembly and shape memory
properties, which propel this research beyond the area
of 4D printing. Cardiomyogenic differentiation of
hMSCs on the printed scaffolds showed significantly
increased marker expression, which implies its great

potential for the cardiac tissue engineering
applications.
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