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Abstract

Micro-/nano-patterns on hydrogels are widely used in cell patterning. However, manufacturing molds with traditional lithog-
raphy is time-consuming and expensive. In addition, the excessive demolding force can easily damage patterns since
biocompatible hydrogels are ultra-soft or brittle. Here, we presented a novel method for rapid and mass fabrication of
cell patterns. High-precision three-dimensional (3D) printing was used to manufacture a mold with a resolution of 2 pm,
and the gelatin-based hydrogel was cured by thermal—photo-crosslinking so that the low-concentration and low-substitution-
rate hydrogel could be demolded successfully. We found that pre-cooling before illumination made gelatin-based hydrogels
resilient due to the partial regain of triple-helix structures . With this method, arbitrarily customized hydrogel patterns with a
feature size of 680 wm can be fabricated stably and at low cost. When cardiomyocytes were seeded on ultra-soft hydrogels
with parallel groove structures, a consistent and spontaneous beating with 216 beats per minute (BPM) could be observed,
approaching the natural beating rate of rat hearts (300 BPM). Overall, this work provides a general scheme for manufacturing
cell patterns which has great potential for cell ethology and tissue repair.
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Introduction

The interaction between materials and cells is a research
hotspot in tissue engineering and regenerative medicine. In
addition to its biochemical characteristics, the topology of
a material surface has an important impact on cell behav-
iors. Many studies have shown that micro-/nano-structures
close to the cell size have a “contact guidance” effect on
cells [1-4]; that is, the growth orientation of cells tends to be
consistent with the structures. This has been verified in many
cell species such as myoblasts [5], fibroblasts [6], osteoblasts
[7], and epithelia [8]. With the development of micro-/nano-
manufacturing technologies, researchers have been able to
build specific microscale bionic topology to control a series
of cell behaviors such as proliferation, migration, and dif-
ferentiation according to different biomedical requirements,
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which opens wide prospects for application in the repair of
highly oriented tissues such as muscle, nerve, and tendon.
However, most of the existing studies on cell-substrate
interactions are based on materials with poor biocompat-
ibility such as polydimethylsiloxane (PDMS), silicon, and
quartz [3, 9-12] rather than biomaterials with better biocom-
patibility. This is mainly because finding a way to fabricate
delicate micro-/nano-structures on soft or brittle hydrogels is
still a great challenge. Although several additive manufactur-
ing technologies such as digital light processing (DLP) and
two-photon polymerization (TPP) have been used to fabricate
micro-/nano-structures on hard materials, it is still difficult
to guarantee the structural fidelity of hydrogels [13]. Lithog-
raphy technology is mainly aimed at semiconductors [14],
quartz, and glass [15]. High-resolution patterned hydrogels
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have also been produced using nanoimprint lithography tech-
nology [16, 17], but the high cost and complex operation
process limit the applications of this method. Therefore, cast
molding is a more feasible fabrication method for hydro-
gel surface microstructures due to its versatility, simplicity,
and low requirements for laboratory environments [18-20].
Many studies have reported the use of casting molding
methods to produce various micropatterned hydrogels with
relatively high mechanical strength, such as alginate [21] and
silk protein [22]. Nevertheless, since gelatin-based hydrogels
are usually soft and brittle, the excessive demolding force
can easily cause structural damage. Although some studies
have achieved fabrication of micropatterned gelatin-based
hydrogels, they were all based on a high grafting rate [23] or
high-concentration [24] materials. It has also been reported
that sacrificial materials [25], assisted solvent techniques
[26], and flexible fiber [27] were used for demolding. It is still
a challenge to fabricate arbitrarily customized microstruc-
tures with a rapid, simple, and low-cost method.

Improving the mechanical strength of hydrogels can effec-
tively prevent demolding failure. For methacrylate gelatin
(GelMA), increasing the grafting rate can improve the
crosslinking density and mechanical properties, but it also
destroys the amino acid sequence, resulting in lowered
biocompatibility [28]. Increasing the concentration reduces
water content and also affects cell activity. Another strat-
egy is to add another component, such as hyaluronic acid
(HA) [29], alginate [30], poly(ethylene glycol)diacrylate
(PEGDA) [31], methacrylated chitosan (CSMA) [32], or
dextran glycidyl methacrylate (DexMA) [33]. However, the
addition of these reinforcing phases is often very cum-
bersome and brings many obstacles to the manufacturing
process. Therefore, it is very valuable to use a simple and low-
cost method to improve the mechanical strength of GelMA
while ensuring good biocompatibility.

Here, a new method is proposed to realize rapid and mass
manufacturing of soft hydrogel microstructures. First, we
manufactured a male mold with ultra-precision structures
by high-precision DLP printing. Compared with lithogra-
phy technology, it significantly reduced cost and greatly
improved design flexibility. Then, we fabricated a PDMS
female mold by casting molding. Finally, the GeIMA solu-
tion was cast on the PDMS mold with thermal-photo-
crosslinking. Compared with photo-crosslinked GelMA
(PGelMA), thermal—photo-crosslinked GeIMA (TPGelMA)
is harder, denser, and more ductile, while maintaining sat-
isfactory biocompatibility, degradability, and adjustability.
The basic molecular unit of collagen, the triple-helix struc-
ture (THS) [34-36], endows GelMA with reversible thermal
crosslinking characteristics [37, 38]. When temperature is
decreased, partial regain of the THS leads to the solution—
gelation transition of GeIMA [39]. A GelMA with perma-
nent THS, that is TPGelMA, can be obtained by ultraviolet

(UV) curing with cooling. The increased mechanical proper-
ties of TPGelMA greatly reduce the risk of structural damage
during the stripping process.

With this method, cell patterns can be obtained quickly
and stably, which was verified with cardiomyocytes, tendon
stem cells, and fibroblasts. Interestingly, due to the outstand-
ing biological characteristics of gelatin-based hydrogels,
the cells arranged longitudinally as well as interconnecting
transversely and formed a cell network. The cardiomyocyte
patterns beat consistently and spontaneously with 216 beats
per minute (BPM) over a large area. The spontaneous beat-
ing rate reported in many previous studies is lower than 100
BPM [40-43]. This result has broad application potential in
cell ethology, bionic tissue construction, and drug screening.
In addition, this method may become a universal manufac-
turing method for microfluidic chips and microneedles based
on hydrogels (Fig. 1).

Results

Formation principle of the thermal-photo-
crosslinking network

In order to better simulate the in vivo environment and
observe cell behaviors, a variety of biomaterials with excel-
lent properties have been developed, such as GelMA [44],
methacryloyl hyaluronic acid (HAMA) [45], alginate [46],
PEGDA [47], and silk fibroin [48]. Among them, gelatin-
based hydrogels such as GelMA have become more and
more popular for their excellent biocompatibility. GelMA
is a polypeptide material obtained by hydrolytic degradation
and chemical modification of naturally occurring collagen.
Collagen is a component of the extracellular matrix, which
gives GelMA its good cell adhesion [49] and degradability
[50]. In addition, the covalent crosslinking of GeIMA under
UV irradiation makes it easy to form specific patterns, mor-
phologies, and three-dimensional (3D) structures [51, 52].
Because of these two points, GelMA is widely used in tis-
sue engineering [53, 54], cell-behavior regulation [55-57],
organs-on-a-chip [27, 58—60], and drug screening [61].

In the process of GeIMA photo-curing, the photo-initiator
is converted from the ground state to the excited state
under UV irradiation. It induces the methacrylic acid (MA)
group on GelMA to form a covalently crosslinked hydro-
gel. Meanwhile, the highly similar structures of GelMA and
gelatin cause it to form the THS and random coils through
the hydrogen bond between the amide group and carbonyl
group at low temperatures (Fig. 2A). It gives GeIMA unique
reversible thermal crosslinking characteristics. Then, the
irreversible composite crosslinking network can be obtained
by thermal—photo-crosslinking. This denser network leads to
better mechanical properties of TPGelMA.
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Fig. 1 Schematic for fabrication of gelatin-based hydrogel microstructures and their application

The circular dichroism (CD) spectrum is often used to
detect the secondary structure of proteins. The CD spectra
of GM30, GM60, GM90 are compared in Fig. 2B. All three
lines have a negative peak near 198 nm, which is similar to
collagen [62]. The amplitude of the peak decreased when the
substitution rate increased, indicating that the introduction
of MA groups destroyed the original amino acid sequence of
the gelatin chain and hindered formation of THS. The CD
spectra of GM30 at different temperatures also showed that
the formation of THS was promoted by decreasing temper-
ature (Fig. 2C). Fourier transform infrared reflection (FTIR)
analysis showed that the peak of the TPGelMA spectrum was
higher and the frequency also changed significantly, which
was closely related to the increase in the number of hydrogen
bonds (Fig. 2D) [63].
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In terms of mechanical strength, TPGelMA has a higher
Young’s modulus (Fig. 2E) and tensile strength (Fig. 2F)
than PGelMA. For 15% GM30, the Young’s modulus and
tensile strength of TPGelMA are 5 and 12 times higher than
those of PGelMA, respectively. For 15% GMI1M, these val-
ues were reduced to 2 and 4, respectively. As the substitution
rate increased, the rate of strength increase gradually went
down, showing that the introduction of MA group hindered
the formation of THS; this was consistent with the results of
CD spectra. These two kinds of GeIM A also had different vol-
ume change rates in different solvents (Fig. 2G). The results
showed that the volume change of TPGelMA in deionized
water, phosphate-buffered saline (PBS) solution, and 75%
alcohol solution was significantly less than that of PGeIMA,
indicating that the molecular network of TPGeIMA was more
compact.
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Fig. 2 Formation and characteristics of the photo and thermal crosslink-
ing network of GeIMA. A Formation principle of photo-crosslinking
and thermal—photo-crosslinking network. B CD spectra of 0.02%
GM30, GM60, and GM90 at 20 °C. C CD spectra of 0.02% GM30
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*##%p<0.001, ****p<0.0001)
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Mechanical test and establishment of hydrogel
constitutive model

The wet, soft, and brittle properties of hydrogels make it dif-
ficult to measure the mechanical data accurately. So far, most
of the research on the mechanical properties of hydrogels has
been focused on the compression test, which is not compre-
hensive or systematic. To solve this problem, we designed a
series of experimental schemes to obtain various mechanical
data on the hydrogels. Based on this, we established adhe-
sion and damage constitutive models of the hydrogels during
demolding.

A dumbbell-shaped hydrogel specimen was designed for
tensile tests (Fig. 3Ai). The results showed that Young’s mod-
ulus, tensile strength, and elongation at break of TPGelMA
were significantly improved (Fig. 3Aii). After the strain
reached 200%, the slope of the stress—strain curve increased
significantly, which is called the “strain hardening” [64]
effect. Interestingly, this phenomenon did not occur in
PGelMA. Throughout the tensile process, the stress—strain
curve of PGelMA remained linear. It may be that its molec-
ular network was relatively loose and broke before the
molecular chain orientation tends to be consistent.

The high moisture content of hydrogels makes its surface
very wet and slippery and the shear test method for hard
materials is not applicable. Therefore, we designed a shear
test scheme assisted by resin fixtures (Fig. 3Bi). Both resin
and GelMA cross link through covalent bonds, while the
resin has more covalent binding sites than GeIMA. Therefore,
compared with the GelM A material inside, the GeIMA-resin
interface formed a denser network. During the shear test,
the inside of the GelMA material was destroyed first, which
enabled us to obtain accurate shear data. The results showed
that TPGelMA had a higher shear strength and shear modulus
(Fig. 3Bii).

Similarly, the covalent crosslinking properties of resin and
GelMA were used in the test of normal adhesion (Fig. 3Ci)
and tangential adhesion (Fig. 3Di). It should be noted that
the crosslinking principle of PDMS is different, so it is inert
and has almost no crosslinking reaction with GeIMA. There-
fore, the interfacial bonding strength of the GeIMA-PDMS
interface is much lower than that of the GelMA—resin inter-
face. In the normal adhesion test, the separation force and
separation displacement of TPGelMA were larger than those
of PGelMA (Fig. 3Cii). However, in the tangential adhesion
test, the separation force of TPGelMA was close to that of
PGelMA, but the separation displacement was much smaller
(Fig. 3Dii).

Since the normal and tangential adhesion behaviors of
GelMA were highly linear, the linear elastic traction separa-
tion model was used to describe the cohesive behavior during
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the stripping process (Fig. 3E).

In Knn Kns Knt ‘Sn
=t Ky Kss Kyt ds | = K3, (D
t Kne Ko Ky S

where ¢ is the nominal traction stress vector, consisting of
three components (t,, g, #;) which represent the normal and
two shear tractions, respectively. The corresponding separa-
tion vector is 8, which consists of 8, &, and §;. K represents
the stiffness vector in different directions.

Usually, the normal and tangential stiffness components
are not coupled. This means that pure normal separation does
not produce cohesion force in the shear direction and pure
shear slip also does not produce any cohesion force in the
normal direction. Therefore, the terms Ky, Kq, and K need
to be defined and the values of other terms are zero.

Kns = Ky = K = 0. (2)

In the linear elastic traction separation model, the stiffness
in three directions can be defined as

Knn = t[tl/(sg,
Kss = lst/5§’, (3)
Ky = ftt/SO,

where 7} is maximum normal separation force and ¢, ¢ are
maximum tangential separation force. 7 is normal initial
separation displacement and 8¢, §; are tangential initial sep-

aration displacement. In addition, for isotropic materials
K = K. “

Quadratic separation criterion was used to define damage
initialization.

s\* (&) (&)’
O\ (&) 4 (2 2 1, )
& 5 8
where &, is used to signify that a purely compressive dis-
placement does not initiate damage.

The Benzeggagh—Kenane form was used to describe dam-
age evolution (Fig. 3F).

GC + (GSC _ GS) <g—i>

where G§ and G€ represent the critical fracture energies
required to cause failure in the normal and the shear direc-
tions, respectively. 1 is a cohesive property parameter.

n
=GS, (©6)
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where G, G, and G are the work done by the tractions in
three directions.

t
)
(10)

The two basic strain modes of materials are tensile strain
and shear strain (Fig. 3G). Generally, they are different
under the same stress. The actual demolding process usually
involves pulling the material from an edge. In this process,
the stress and strain in different areas are very complex. Butto
simplify, each material element has tensile strain and shear
strain at the same time (Fig. 3H), but in different propor-
tions. For uniformly applied tension and isotropic materials,
the harmonic critical failure strain with the same weight was
used as the damage criterion. Harmonic averaging considers
the effects of both strains and is very sensitive to extreme val-
ues, which is consistent with the actual failure behavior. This
is similar to the “bucket effect”. The weaker side determines
the overall performance. The tensile strength of GelMA is
clearly higher than the shear strength. Therefore, when the
hydrogel is subjected to complex stress, the shear stress limit
is reached first, and the existence of tensile strain will fur-
ther reduce the shear stress limit, which is consistent with the
meaning of harmonic average representation (Fig. 31).

1 1 1
=+, (1)

Emax ey &5

where & and & are the normal stress limit and shear stress
limit, respectively. emax is the harmonic mean strain limit.

Material damage analysis during demolding

The adhesion and damage constitutive models based on
hydrogel materials were established to analyze the mechani-
cal behavior of GeIMA during the demolding process. Since
the material is subjected to both tangential and normal adhe-
sion (Fig. 4Aii), the strain on different surfaces is also
different. For systematic discussion, the material-mold con-
tact area was divided into four surfaces: TOP, BOTTOM,
SIDE, and CORNER (Fig. 4Aiii). In addition, based on
the angle between the demolding force and microstructures,
the demolding method was divided into two modes: for-
ward pulling (FP) (6=0°) and lateral pulling (LP) (6=90°)
(Fig. 4Ai). Obviously, for the simple groove structure, FP is
the best scheme, but it is not always so simple in the fabrica-
tion of microstructures. These two directions were selected
to form an orthogonal datum, and complex situations could
then be characterized by the combination of these two direc-
tions.

@ Springer

ABAQUS software was used for simulation analysis, and
the results showed that the microstructures on PGeIMA were
seriously damaged (Fig. 4Bi), while the microstructures on
TPGelMA remained intact (Fig. 4Bii). For PGelMA, in the
process of FP, more than half of the material units on the
contact surface were damaged, and the damage was mainly
concentrated on the TOP. It might have been caused by the
stress concentration effect. In addition, the material defor-
mation of the BOTTOM and CORNER was very similar, but
the SIDE was very different. This showed that the BOTTOM
and CORNER had similar stress conditions since the force
was applied evenly in FP, but the SIDE was mainly affected
by shear force (Fig. 4C). In the process of LP, more than half
of the material units were still damaged, but the deformation
of different surfaces had also changed greatly due to very
uneven application of force. The material damage still mainly
occurred on the TOP, but almost no material was damaged on
the BOTTOM. At the same time, the material deformation of
the CORNER was different from that of the BOTTOM, but
closer to that of the SIDE (Fig. 4D). In contrast, TPGeIMA
exhibited much better demolding quality. Neither FP nor LP
caused serious structural damage. Similar to PGeIMA, the
material damage mainly occurred on the TOP, and the other
three surfaces remained intact during stripping (Figs. 4E and
4F). Interestingly, in the process of LP, the material deforma-
tion of the BOTTOM and CORNER became similar, which
showed that the stress conditions of these two surfaces were
very similar.

On the whole, the strain of PGelMA was significantly
larger in the demolding process, up to 400%, while the
maximum strain of TPGelMA was about 70%; this was con-
sistent with the tangential adhesion test data. The higher
strength of TPGelMA enabled rapid and stable production
of micropatterned hydrogels. During each working process,
the residue caused by material damage affects the fidelity
of microstructures, which in turn seriously affects quality
and efficiency. However, our scheme could realize multiple
demolding without cleaning. Good demolding quality could
not only reduce the failure rate but also the number of mold
cleanings required.

Fabrication of hydrogel surface microstructures

3D printing has great economic benefits and production
efficiency. It is a very flexible method of customizing the
required structures and shapes with higher fault tolerance. In
this study, the male mold could be inverted several times to
make the duplicate female molds, which is a very important
factor for standardized batch manufacturing. For lithography
technology, even if the resolution is high enough, uncontrol-
lable disturbances will occur in each manufacturing process,
making it impossible to fully guarantee consistency between
two batches. It is worth mentioning that DLP printing also
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quite time-consuming to build cross-scale structures with
lithography.

We designed a parallel microgroove mold with a depth
and width of 10 pm to verify the feasibility of the fabrication
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scheme (Fig. 5A). A 10-mm-class macroscale is enough to
meet most application scenarios of biofabrication. TPGeIMA
with microstructures was made intact (Fig. 5B), while
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the microstructure on PGelMA was severely damaged and
difficult to distinguish (Fig. 5D). In addition, the same PDMS
mold was demolded several times to verify the integrity of the
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hydrogel in each process. The results showed that there was
no residue on the mold after demolding (Figs. 5Ci and 5Cii).
Consequently, there was no need to clean after demolding,
which greatly shortened the process flow. The demolding
process was repeated five times, and the mold was still as
clean as new (Fig. 5Ciii).

In order to conduct a comprehensive analysis of the pro-
cess window, we chose GM30 to GM5M, with a sequential
increase in mechanical properties but a decrease in bio-
logical properties, for the demolding test (Fig. SE). The
integrity of hydrogel samples is affected by the stripping
process, so the same method was used to demold all the
hydrogel samples, that is, stripping the hydrogel from one
side, as in the simulation analysis. We found that regard-
less of the crosslinking method or pulling method, we
could not successfully demold 5% GM30. For TPGelMA,
the lower limit of the process window was 7% GM30. In
this situation, TPGelMA could be used to fabricate sim-
ple structures with a depth-to-width ratio (DWR) of less
than 1.5. Because only the FP method could be used, only
unidirectional parallel structures such as grooves could be
demolded. But when the DWR was lower than 0.5, com-
plex microstructures such as curves and circles also could
be manufactured. In contrast, the lower limit of the pro-
cess window for PGeIMA was 10% GMI1M, and in this
situation, only simple structures with a DWR of less than
1 could be manufactured. Even for the highest strength
of 10% GMSM, we could only realize the manufactur-
ing of complex structures with a DWR less than 0.5. The
highest DWR was directly related to the strength of the
material. In general, the DWR of low-concentration and
low-substitution hydrogels (such as 7% GM30) is about
1.5:1 and that of high-concentration and high-substitution
hydrogels (10% GM1M-GMS5M) can reach 4:1. Obviously,
the thermal—photo-crosslinking method greatly improved
the process window of GeIMA demolding manufacturing.
Importantly, GeIMA with a low substitution rate had better
biological properties, indicating a higher application value
for biomedicine.

In order to verify the ability to fabricate complex struc-
tures, we constructed ladder-like structures ranging from a
macroscale of 5 mm to a microscale of 10 wm (Fig. 5F).
This cross-scale structure has good application value in pho-
toelectric sensing and bionics. The traditional lithography
technology usually requires multiple exposures, and this
scheme reduces process complexity while ensuring high res-
olution. Figures 5G and SH shows the ring array and curve
array structures, respectively. A multistage bifurcation vas-
cular structure has often been used to build tumor migration
models and simulate the microenvironment in vivo [65].
Figure 51 shows the three-level bifurcation vascular structure
from 80 to 10 wm, and Fig. S1 (Supplementary Information)
shows the microneedle structure.

The contact-guidance effect based
on micropatterned hydrogels

Thermal-photo-crosslinking maintains the biocompatibil-
ity of gelatin-based hydrogels to the greatest extent while
improving mechanical strength. This is because the cell adhe-
sion sites on the collagen molecular chain are not destroyed.
To verify this, we inoculated cardiomyocytes, tendon stem
cells, and fibroblasts on PGelMA (Figs. 6Ai, 6Aii and 6Aiii)
and TPGelMA (Figs. 6Bi, 6Bii and 6Biii), and performed
LIVE/DEAD analysis on the third day. The results showed
that different cells had good bioactivity on two kinds of
hydrogels. To verify the contact-guidance effect of micropat-
terned hydrogel on cells, we constructed parallel stripe
patterns (Fig. 6C) using tendon stem cells and constructed
ring patterns (Figs. 6Di and 6Dii) using cardiomyocytes. It
was evident that the nuclei were arranged according to the
designed pattern, and the cytoskeleton also grew along the
direction of the microstructures. In contrast, the hydrogels
with demolding failure had hardly any influence in pattern-
ing the cells (Fig. S2 in Supplementary Information).
Microstructures of different scales and hardness have dif-
ferent effects on cell behavior. Generally speaking, structures
close to the cell size have an obvious contact-guidance effect
[3, 9, 10]. We used hydrogels with parallel microgrooves of
different size and hardness to conduct “contact guidance”
experiments on fibroblasts (Figs. 6Ei, 6Eii and 6FEiii, Fig. S3
in Supplementary Information). The results showed that the
groove structure with a width of 10 wm, which was equivalent
to the size of fibroblasts, had the best orientation effect on
fibroblasts. At the same time, higher hardness was conducive
to the orientational growth of fibroblasts. It may be that softer
materials are more prone to deformation and degraded faster
during cell culture (Fig. S4 in Supplementary Information).

Construction of micropatterned cardiomyocytes

Because hydrogels have excellent biological properties and
are very soft, they are conducive to cell growth. On pat-
terned hydrogels, cells can grow rapidly and interconnect
into a network. These cell patterns on hydrogels can form a
microenvironment more consistent with the actual situation
in vivo (Fig. 7A).

To further verify the biological function of micropatterned
cells, we analyzed the beating and functional protein expres-
sion of cardiomyocytes. Fluorescence microscopy (Fig. 7Bi),
light microscopy (Fig. 7Bii), and electron microscopy
(Fig. 7Biii) of cardiomyocytes in the control group showed
that the cells grew in a disorderly fashion and were dis-
tributed randomly. The connections between cells were also
very messy. In contrast, the cardiomyocytes in the experi-
mental group were arranged more regularly (Fig. 7Fi). Light
microscopy (Fig. 7Fii) and electron microscopy (Fig. 7Fiii)
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also clearly showed that cells connected to form a more
orderly network.

The video analysis software Image] was used to assess
the beating of cardiomyocytes and showed that the beating
speed was 24 BPM in the control group (Fig. 7C, Video S1
in Supplementary Information), which was an order of mag-
nitude slower than the beating speed in the organism. The
beating speed of cardiomyocytes in the experimental group
was 216 BPM (Fig. 7G, Video S2 in Supplementary Infor-
mation). In the experimental group, not only was the beating
speed of cells increased 10 times, but beating consistency
was greatly improved. Cell contraction time, peak-to-peak
time, peak time, and relaxation time in the control group were
longer (Fig. 7E). Moreover, the data tolerance was almost the
same as the average value, which showed that the regularity
of cell beating was very poor. In the experimental group,
the tolerance of cell-beating data was only about one-tenth
of the mean value (Fig. 7I). This showed that cells not only
beat faster but also beat more regularly. A staining analysis
with sarcomeric alpha actinin showed that the micropatterned
cardiomyocytes had the sarcomere structure, which was dis-
tributed longitudinally along with the cells (Figs. 7Hi, 7Hii
and 7Hiii). This is more in line with the actual situation in
the organism. In contrast, actin in the control group was dis-
organized (Figs. 7Di, 7Dii and 7Diii). This showed that the
patterned cardiomyocytes were closer to the real state of the
organism in structure and function, which is very significant
for understanding cell behavior and constructing artificial
biological tissue.

Discussion

Based on the thermal response properties of gelatin-
based hydrogels, we attempted a microstructural fabrication
method of ultra-soft hydrogels for cell patterning. This
method extended the process window, enabling the fabrica-
tion of a range of microstructures from high-concentration,
high-substitution hydrogels to low-concentration, low-
substitution hydrogels. However, it should be noted that this
method still posed difficulties for fabrication of hydrogels
with a concentration of 5%. Perhaps surface modification of
the mold could solve this problem. In fact, the two major
factors that affect the demolding process are the strength of
the material itself and the properties of the interface. Sur-
face modification is also an effective way to improve the
release process of ultra-soft hydrogels. Mold surface modifi-
cation can effectively reduce bond strength and thus material
damage. We measured the tensile/shear strength (collectively
referred to as mechanical strength) and adhesive strength of
hydrogels fabricated by traditional and novel methods; see
Figs. 3Aii-3Dii, respectively. The results showed that the
mechanical strength and adhesive strength of the hydrogels
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prepared by the new method were improved, but the improve-
ment in mechanical strength was greater, which made the
demolding process easier. Conceivably, the use of surface
modifications (such as plasma treatment) to reduce adhesive
strength would have the same effect. However, it should be
noted that the surface treatment method is usually not durable
enough, and the effect is reduced after several repeated
demolding processes. Therefore, research is still needed on
how to realize fabrication of ultra-low concentration hydro-
gels.

In addition, we tried some other commonly used hydro-
gels for demolding manufacturing, such as F127DA, HAMA,
and PEGDA. The results showed that 10% concentrations of
F127DA and HAMA can be successfully demolded without
additional treatment due to their own sufficient strength (Figs.
S6A and S6B in Supplementary Information). However,
when the concentration is further reduced, some problems
may arise. The very soft and brittle nature of PEGDA makes
it difficult to fabricate high-precision microstructures at high
concentrations (Fig. S6C in Supplementary Information).
Therefore, a persistent challenge is finding a way to achieve
high-precision fabrication of some soft and brittle hydrogels
without thermal response.

Conclusions

In summary, we propose a thermal-photo-crosslinking
method to realize hydrogel surface microstructure demolding
manufacturing with high precision. First, the male mold is
fabricated by high-precision DLP printing. Then, the flexible
female mold is cast by PDMS. Finally, thermal-photo-
crosslinked gelatin-based hydrogels can be stripped from the
mold without damage. Mechanical tests showed that Young’s
modulus and tensile strength of TPGelMA were significantly
improved with this approach. In addition, LIVE/DEAD
experiments on a variety of cells verified high cell liv-
ability (>80%) on TPGelMA hydrogels. The simulation
and experimental results showed that structural damage in
the demolding process is significantly reduced by using
the thermal—photo-crosslinking method. Various patterned,
bionic, and cross-scale microstructures with feature sizes of
6—80 wm were fabricated by this method. Finally, different
cell patterns were achieved by adjusting microstructure size.
The cardiomyocyte patterns produced a large area of fast
and regular beating. Moreover, the protein expression and
cell morphology were closer to the real situation in vivo.
We believe that the soft-hydrogel microstructure-fabrication
method described here has important potential for tissue engi-
neering and regenerative medicine, because it could provide
a universal platform for biomimetic tissue, organs-on-a-chip,
cell ethology, and microfluidics.
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Table 1 Abbreviations of different types of GelMA

Abbreviation ~ GM30 GM60 GMO90 GMIM GM3M GM5M

Model EFL-GM-30 EFL-GM-60 EFL-GM-90 EFL-GM100-M1 EFL-GM100-M3 EFL-GM100-M5
Degree of 30% (—NH,) 60% (—NHa) 90% (—NH,) 100% (—NH,) 100% (—NH,) 100% (—NHy)
substitution 0% (—OH) 0% (—OH) 0% (—OH) 10% (—OH) 30% (—OH) 50% (—OH)

Experimental section
Material preparation

The following abbreviations (Table 1) were used to refer to
different types of GeIMA (Suzhou Intelligent Manufacturing
Research Institute, Suzhou, China). From GM30 to GM5M,
the substitution rate of the MA group on the gelatin molec-
ular chain increased gradually (Fig. S5 in Supplementary
Information).

GelMA solutions of different concentrations were dis-
solved in PBS (Qizhenhu Biological Technology Co., Ltd.,
Hangzhou, China) according to mass volume ratio, and 0.5%
(w/v) lithium phenyl-2, 4, 6-trimethylbenzoylphosphinate
(LAP) was added. Then, the solution was placed in a water
bath at 50 °C for 1 h to fully dissolve the solute.

High-resolution DLP printing device and parameters

We used an ultra-high-precision DLP printer (S130, BMF
Nano Material Technology Co., Ltd., Chongqing, China)
to print the resin male mold with precision microstruc-
tures (HTL, BMF Nano Material Technology Co., Ltd.,
Chongqing, China). For the base part of the mold, the expo-
sure intensity, exposure time, and slice layer height were set
t0 40, 4 s, and 40 pwm, respectively. For parts with microstruc-
ture, the exposure intensity, exposure time, and slice layer
height were set to 50, 0.3-0.5 s, and 5 pwm, respectively.

Casting of PDMS mold

95% ethanol solution was used for ultrasonic cleaning of
resin molds for 5 s, and then, fluorinated liquid (MX056,
Suzhou Pengrui Nano Technology Co., Ltd., Suzhou, China)
was used to ultrasonic clean molds for 5 s a second time. The
cleaned resin mold was placed in an oven at 80 °C for 1 h. Sub-
sequently, the resin mold was irradiated with a high-power
405-nm UV lamp (353,536, Jingshang Lighting Technology
Co., Ltd., Ningbo, China) for 3 min as a post-curing treat-
ment. Finally, the above steps were repeated two more times.

The PDMS (Sylgard 184, DOW Chemical Company, Mid-
land, USA) main agent and catalyst were mixed at a mass
ratio of 10:1 and poured into the resin mold, which was then
placed in an 80 °C oven to cure for 30 min.

Mechanical and swelling tests, FTIR, and CD analysis

Unless otherwise specified, for the preparation of PGelMA
specimens, GelMA solution was fully cured by irradiation
with a high-power UV lamp for 40 s at 37 °C. To prepare
TPGelMA specimens, GeIMA solution was placed in a 4 °C
refrigerator for pre-cooling for 5 min and then cured under
the same light conditions.

In the tensile test, PGelMA specimens were printed
by a biological DLP printer (EFL-BP8600, Suzhou Intel-
ligent Manufacturing Research Institute, Suzhou, China).
TPGelMA specimens were fabricated by casting GelMA
solution in the PDMS mold. Both kinds of specimens had
the same size and structure. The thickness, width, and length
of the tensile part were 1, 2, and 12 mm, respectively. The
specimens were tested with a 20-N force sensor on a univer-
sal testing machine (UTM2102, Shenzhen Suns Technology
Stock Co., Ltd., Shenzhen, China) at a constant tensile rate of
10 mm/min, and the data were drawn as a tensile stress—strain
curve. The slope of the linear region of the stress—strain curve
corresponding to 0%—-20% strain was taken as the Young’s
modulus.

In the shear test, the resin sheets were first printed as aux-
iliary fixtures. For PGeIMA specimens, a small amount of
solution was dropped onto the resin fixture with a rubber-head
dropper. Then, another resin clamp was placed alternately,
making the length and width of the overlapping area 5 and
10 mm, respectively. Finally, the PGeIMA was cured with
UV light. TPGelMA was pre-cooled and cured in the same
way. The specimens were tested with a 20-N force sensor
on a universal testing machine at a constant tensile rate of
2 mm/min, and the data were drawn as a stress—strain curve.

In the normal and tangential adhesion test, a DLP printer
was first used to print the resin fixtures. Then, the PDMS
base plate was fixed. A small amount of GelMA solution
was dropped onto the PDMS base plate and then the resin
fixture was covered, making the length and width of the con-
tact area 5 and 10 mm, respectively. Finally, TPGelMA and
PGelMA specimens were prepared in the way described. The
specimens were tested with a 20-N force sensor on a univer-
sal testing machine at a constant tensile rate of 2 mm/min.
The resin clamp was pulled away from the substrate in nor-
mal and tangential directions, and the data were drawn as
stress-displacement curves.
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PGelMA

TPGelMA

Fig.6 Contact-guidance effect of different cells on micropatterned
hydrogels. LIVE/DEAD analysis of cardiomyocytes Ai, tendon stem
cells Aii, and fibroblasts Aiii seeded on PGeIMA on the third day.
LIVE/DEAD analysis of cardiomyocytes Bi, tendon stem cells Bii, and

Ten percent (w/v) of GM30 solution was used for swelling
tests. Cylindrical specimens with a diameter of 7 mm and
thickness of 5 mm were prepared by two curing methods.
Then, they were placed in 75% ethanol solution, PBS, and
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PGelMA

TPGelMA

PGelMA

TPGelMA

fibroblasts Biii seeded on TPGeIMA on the third day. C Parallel stripe
pattern constructed by tendon stem cells. D Ring pattern constructed
by cardiomyocytes. E Effects of micropatterns of different sizes and
materials on fibroblast orientation

deionized water for 2 h. Finally, the diameter of the speci-
mens was measured under the optical microscope. Because
the hydrogel material is isotropic, its volume change is pro-
portional to the third power of the diameter change.
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Contact guidance

Flat
TPGelMA °

Fi Micropatterned
TPGelMA

Fig. 7 Beating and protein expression of cardiomyocytes on micropat-
terned and flat hydrogels. A Cells were seeded on micropatterned hydro-
gels to simulate their real situation in vivo. Fluorescence microscopy Bi,
light microscopy Bii, electron microscopy Biii, sarcomeric alpha actin

GMIM was dissolved in pure water at a mass/volume
ratio of 15%, and then, TPGelMA and PGelMA samples
were prepared for FTIR analysis. First, the FTIR spectrum
of pure water was used as the benchmark; then, the colloidal
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staining analysis D, and cell-beating analysis C and E of cardiomy-
ocytes on flat hydrogels. Fluorescence microscopy Fi, light microscopy
Fii, electron microscopy Fiii, sarcomeric alpha actin staining analysis
H, and cell-beating analysis G and I of cardiomyocytes on micropat-
terned hydrogels

GelMA sample was placed on the FTIR spectrometer (Vertex
70, Bruker Scientific Instruments Co., Ltd., Germany) to scan
the spectrum. The spectral data interval was 0.5 cm™!.
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0.02% (w/v) GM30, GM60, and GM90 were dissolved
in pure water. The CD spectra from 230 to 190 nm were
recorded at 20 °C using a spectropolarimeter (J-1500-150ST,
JASCO Corporation, Japan) with a 1-cm-path-length cuvette.
Then the GM30 solution was heated to 37 °C in a water bath
and the CD spectrum was measured again.

Simulation analysis

ABAQUS software (Dassault Systemes, France) was
employed to simulate the demolding process with different
crosslinking methods and pulling directions. The model with
parallel groove structures was established, and the mechan-
ical data for TPGelMA and PGelMA were input. We used
explicit dynamic analysis. The interfacial viscous behavior
was defined by the contact plane interaction, and the har-
monic mean stress limit was used as the damage criterion.
Four-core parallel operation was used to improve the opera-
tion speed.

Cell culture and seeding on micropatterned
hydrogel

Micropatterned GelMA tablets were placed in high-glucose
Dulbecco’s modified Eagle medium (HG DMEM) (10-013-
CV, Corning, USA) and soaked at 4 °C overnight. Then,
the cells were dissociated from the culture dish with 0.25%
trypsin (25-051-C1, Corning, USA) for 10 min. The 10-pL
cell suspension and 10-pwL Trypan blue solution (T10282,
Invitrogen, USA) were mixed and injected into the cell-
counting plate and counted with a cell counter. The cell
suspension was prepared in different concentrations. The
GelMA tablets were washed with HG DMEM three times
and transferred to a 48-well plate with the striped side up.
Then, 450 L of HG DMEM and 50 pL of cell suspension
were added to each well successively. Tendon stem cells (CP-
M176, Procell Life Science Technology Co., Ltd., Wuhan,
China) were subjected to the same procedure.

Cell viability analysis

Calcein AM/PI reagent (Beyotime Biotechnology Co., Ltd.,
Shanghai, China) was used for the cell LIVE/DEAD assay.
First, the cell-laden hydrogel chips were washed with PBS
for three times. Then, Calcein AM and PI were diluted with
PBS at a ratio of 500:1 and mixed evenly in the dark. Each
hydrogel chip was fully soaked in 1 mL staining solution
and incubated at 4 °C in the dark for 30 min. Finally, after
washing with PBS, hydrogel chips were detected by fluo-
rescence microscopy (OLYMPUS FV3000). The excitation
wavelengths of living and dead cells were 488 and 545 nm,
respectively.
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Cell morphology analysis

F-actin and nucleus were stained to analyze cell morphology.
First, the cell-laden hydrogel chips were washed with PBS
for three times and fixed with 4% paraformaldehyde solution
for 30 min. After that, samples were washed with PBS again.
Then, rhodamine staining solution (Beyotime Biotechnol-
ogy Co., Ltd., Shanghai, China) and DAPI staining solution
(Beyotime Biotechnology Co., Ltd., Shanghai, China) were
diluted with PBS at a ratio of 500:1. Each hydrogel chip was
fully infiltrated with 0.3 mL Rhodamine staining solution and
incubated at 4 °C in the dark for 8 h. Then, hydrogel chips
were cleaned with PBS and stained with DAPI for 8 h in the
dark. Finally, the chips were washed with PBS and imaged
using a fluorescence microscope (OLYMPUS FV3000).

Cardiomyocyte beating analysis

We used an automated open-source software tool (MUSCLE-
MOTION) [66] to analyze the beating of cardiomyocytes.
First, the recorded video of cardiomyocytes beating was
divided into TIFF format image sequence at a frame rate
of 30. Then, MUSCLEMOTION software was used to ana-
lyze the image sequence. The frame rate option was set to
30, and the other options were set to the default.

Scanning electron microscope (SEM) analysis

For micropatterned hydrogel with cells, first, the samples
were fixed with 4% paraformaldehyde (Solarbio Co., Ltd.,
Shanghai, China) for 8 h at room temperature. Then, they
were rinsed three times with PBS and soaked for 15 min
each time. Subsequently, 1% osmic acid solution (Structure
Probe, Inc, USA) was used for secondary fixation for 1 h.
Finally, for dehydration, the samples were soaked in a series
of ethanol solutions (30%, 50%, 70%, 80%, 90%, 95%, and
100%) for 15 min each time. After that, the samples were
critical-point dried. Finally, they were coated with platinum
and imaged in the SEM system (SU-8010, Hitachi Co., Ltd.,
Japan).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00207-1.
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