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Abstract

Four-dimensional (4D) bioprinting is promising to build cell-laden constructs (bioconstructs) with
complex geometries and functions for tissue/organ regeneration applications. The development of
hydrogel-based 4D bioinks, especially those allowing living cell printing, with easy preparation,
defined composition, and controlled physical properties is critically important for 4D bioprinting.
Here, a single-component jammed micro-flake hydrogel (M FH) system with heterogeneous size
distribution, which differs from the conventional granular microgel, has been developed as a

new cell-laden bioink for 4D bioprinting. This jammed cytocompatible M FH features scalable
production and straightforward composition with shear-thinning, shear-yielding, and rapid self-
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healing properties. As such, it can be smoothly printed into stable 3D bioconstructs, which can
be further crosslinked to form a gradient in crosslinking density when a photoinitiator and a
UV absorber are incorporated. After being subject to shape morphing, a variety of complex
bioconstructs with well-defined configurations and high cell viability were obtained. Based on
this system, 4D cartilage-like tissue formation was demonstrated as a proof-of-concept. The
establishment of this versatile new 4D bioink system may open up a number of applications in
tissue engineering.

Graphical Abstract

Single-component jammed micro-flake hydrogels (M FHs) were developed as cell-laden bioinks
for 4D bioprinting. Cytocompatible M FH bioinks without the need of additional fillers are
rheologically favorable for bioprinting via smooth direct ink writing (DIW). A controllable
crosslinking gradient in the 3D printed bioconstructs was achieved, enabling predefined shape
transformations. Ultimately, 4D tissue engineering was demonstrated in a proof-of-concept 4D
cartilage-like tissue regeneration study.
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1. Introduction

Four-dimensional (4D) printing is a rapidly emerging field originating from 3D printing,[]
where the printed structures undergo a transformation in shape, property or functionality[?]
when exposed to a predetermined stimulus such as humidity,[3] temperature, 4] light, ]
current,[8] magnetic field,[] and other energy sources.[8] 4D processes, such as shape
memory, reconfiguration, shape shifting, self-adaptability, and self-assembly, have been
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demonstrated in a wide range of 4D printing systems,[®] including polymers,[19] alloys, [11]
ceramics,[12] liquid crystal elastomers,[23] hydrogels,[14] and composite materials.[5] As
such, this new technology has quickly found widespread investigation and application in
the fields of actuation,[16] robotics,[17] functional devices,[18] and tissue engineering and
regenerative medicine.[*%] In particular, one of the aims of 4D bioprinting, a cutting-edge
sub-field of 4D printing, is to enable printing of biocompatible materials into functional
3D geometrically complex cell-laden constructs (bioconstructs) to engineer and regenerate
tissues or organs.[20: 211 |n contrast to traditional 4D printing, bioinks for 4D bioprinting
must be cytocompatible and the printed bioconstructs must be capable of executing the 4D
process under physiological conditions.[22] However, most materials used for 4D printing
are non-cytocompatible and non-biocompatible and/or require a harsh stimulus to induce
deformation, such as high temperature, an organic solvent, extreme pH, or an abrupt change
in ionic strength.[23] Responsive biomaterials (or bioinks) for bioprinting that permit living
cell printing (cell-laden bioinks) are essential for 4D biomedical applications, but there
remains a dearth of options.

The use of hydrogels as bioinks has multiple intrinsic advantages over other types

of materials, including facile processability, live-cell embedding, and importantly,

capacity for biomimicry of native tissue extracellular matrix structure.[24] Moreover,
hydrogels also exhibit high compatibility with extrusion-based 4D printing techniques.[2%]
However, common hurdles encountered in extrusion-based free-standing printing, including
inadequate printing resolution, unsatisfactory shape fidelity, and frequent nozzle obstruction,
still impede the development of hydrogel-based bioinks.[?] Particularly, specific rheological
properties of hydrogel-based bioinks need to be fulfilled to facilitate printability. For
example, appropriate viscosity and shear thinning properties are critically important to
afford smooth extrudability, while rapid self-healing and sufficient mechanical rigidity

are critically important to afford rapid structural restoration and high shape fidelity

after printing.[25] To obtain inks meeting above requirements, multi-component materials
containing a filler to endow high viscosity and shear thinning properties are typically
employed.[26] The incorporation of fillers presents complexity in ink design and could
result in uncontrolled or undesired bioactive and mechanical properties of the final
generated hydrogel constructs. In addition, it may also be necessary to generate structural
anisotropy (heterogeneous structure) within the 3D printed constructs to enable geometric
transformations.[27] Due to these demanding criteria, the development of single-component
4D bioinks with straightforward fabrication, defined composition, and the ability to
successfully incorporate and maintain living cells remains a significant challenge.

Among hydrogel-based materials, microgels, such as granular hydrogels, have been widely
employed as building blocks for hydrogel construction.[28: 291 Compared to bulk hydrogels,
microgels possess numerous unique properties that make them attractive as printable
materials. For example, since the size of microgels is small (1~1000 um), they can be easily
extruded through a needle. Moreover, physical interactions between the particles can result
in shear-thinning during extrusion.[3%-[31] Nonetheless, to maintain the printed structure of
microgels, a supporting bath[(31] or additional engineering of inter-particle interactions is
often needed.[3%] Granular microgels are specially processed into a “jammed state” under
sufficient conditions of stress and temperature to improve the printability.[32] Microgels
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in the jammed state are densely packed and move along with the adjacent microgels,[33]
leading to a solid-like mass while solid-to-liquid phase transition can be achieved by
external stress. Solid granular microgels with a spherical morphology can be packed to reach
a theoretical maximum particle-volume fraction (¢) of 0.64, which is known as “random
close packing”.134 Even though these closely packed microgels can maintain simple bulk
geometries after printing if left unperturbed, the particles can be readily reorganized and
displaced by a minimal external force.[28] Therefore, a higher ¢ is desirable to allow
microgels to pack more closely and enhance the stability of 3D printed structures. It

is possible that jammed microgels with non-spherical shapes, heterogeneous sizes, and
large deformability contribute to strong interparticular interfacial friction and can boost the
packing density to reach a ¢ higher than 0.74.130. 351 Hence, we conjecture that jammed
microgels with non-spherical and non-uniform morphology could provide better bioprinted
construct shape stability. Although microgels have been used as cell-laden bioinks for 3D
bioprinting,[38] the use of microgels for 4D bioprinting has not been investigated.

In this study, a jammed heterogeneous single-component micro-flake hydrogel (M FH)
system consisting of only ionically crosslinked oxidized and methacrylate alginate (OMA)
hydrogels was developed as a cell-laden bioink for 4D living cell bioprinting. This MFH
can be easily printed into a stable 3D (bio)construct and can be further crosslinked to

form a more robust hydrogel construct with a crosslinking gradient within the hydrogel
when a photoinitiator (P1) and a UV absorber are incorporated. The crosslinking gradient
of the MFHs in the printed 3D (bio)constructs permits controlled morphing into defined
geometries after being cultured in cell culture media (Scheme 1). With this system,
bioconstructs with complex structures and high cell viability were obtained through a
shape transformation of the 3D printed counterparts. Finally, 4D cartilage-like tissue, as

a proof-of-concept, was engineered to demonstrate the potential of the MFH in the field of
tissue engineering and regenerative medicine. The combination of gradient formation with
printable jammed microgels to enable 4D bioprinting is new and unique. To the best of our
knowledge, this is the first example of a jammed microgel system as the cell-laden bioink
for 4D living cell bioprinting.

Results and discussion

OMA with theoretical oxidation and methacrylation of 1% and 30%, respectively, were
synthesized and fully crosslinked with calcium ion (Ca2*) to form ionically crosslinked
hydrogels by dropping the OMA solution (2%) into a Ca?* solution (0.2 M), and then

MFH precursors were fabricated by simple blending using a household blender (Supporting
Information).[37] The as-prepared MFH precursors could be stably stored in 70% ethanol

at —20 °C for few months. The MFH precursors turned into the jammed state with a

flake morphology (41.7 + 19.8 um, Figure 1a and S3) after reconstitution by washing

with the P1- and UV absorber-containing media, most likely due to the volume expansion
during reconstitution (Figure S2). These jammed microgels exhibited solid-like behavior

at low shear strain (Figure 1b). Once the MFHSs receive an increasing shear rate (Figure

1c) or a shear strain > 10% (Figure 1d and 1e), they displayed typical shear-thinning and
shear-yielding behaviors. Importantly, the M FHs underwent rapid and repeatable phase
transitions upon receiving alternating shear strains between 1% and 100%, demonstrating its
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capacity for rapid self-healing (Figure 1f and 1g). The rheological behaviors of this newly
developed M FH agree with our previous findings with different OMA microgel systems.
[31, 37] possessing these properties, the MFHs could be readily extruded evenly through a
needle (Figure S4), form a uniform filament with high printing accuracy (Figure 1h, 117%
of the inner diameter of the needle), and be printed into stable freeform 3D constructs with
various shapes (Figure 1i, 1j, and Movie S1) with high fidelity (Figure 1k) and stability
(Movie S2).

Due to the presence of the methacrylate groups, the microgels can be further stabilized by
photocrosslinking under UV light in the presence of a Pl (Figure S5). The incorporation

of a UV absorber results in the generation of a light attenuation pathway within the
hydrogel and subsequent formation of a gradient in the crosslinking density (structural
anisotropy) (Scheme 1), which has been demonstrated in our previous work.[38] As a

result, crosslinked bulk gradient M FH constructs showed significantly lower elastic modulus
than crosslinked non-gradient M FH constructs (Figure S5). This novel post-printing
anisotropization approach to generate structural heterogeneity within a 3D printed construct
differs from the widely adopted synchronous-programming approach in the current 4D
printing field, by which the structural heterogeneity is generated during printing,[3% thus
making it a more facile and more flexible approach to design a 3D printable (bio)ink for
formation of 4D constructs. The printed construct is then able to morph into a predefined
shape after culturing in media.

To study the shape-morphing behaviors of the 4D constructs, hydrogel bars with a gradient
crosslinking density throughout their thickness were used as prototypes. Unless specified,
hydrogel bars with dimensions of 24 x 4 x 0.6 mm3 were printed at 80% infill density and

4 mm/s printing speed using a 22G needle. Note that the infill density herein correlates

to extruded material volume in a construct and not the spacing between filaments, as

printed filaments would merge under this infill density. The resulting deformations, which
were quantified by bending angles as described in the supporting information (Figure S6),
depend on the structure dimensions, printing parameters, UV crosslinking time, as well as
the incubation media. As expected, the hydrogel bars bent to the high-crosslinked side,
forming a closed or open hydrogel ring, in the three types of media (/.e., deionized water
(diH,0, Movie S3), PBS (pH 7.4), and cell growth media (GM)) (Figure 2a and 2b). The
hydrogel bars in diH,O exhibited much faster bending kinetics and much larger bending
angles than those in PBS and GM, and hydrogel bars in PBS showed slightly higher bending
kinetics and angles compared to GM. The distinct variations in bending angles are caused
by the swelling differences of the hydrogel bars in the respective medias; that is, a higher
swelling ratio, S, led to a larger bending angle (SgH20 > Spes > Sgm, Figure S7). For

those printing parameters determined herein (Figure 2c, 2d, and 2¢), only the infill density
obviously influenced the bending angles, while the printing speed and needle gauge imposed
negligible effects. Higher filling density brought about larger crosslinking-gradient range
due to increased light attenuation, resulting in greater bending.[38] Varying UV irradiation
time resulted in a dramatic impact on the bending of the hydrogel bars (Figure 2f). The
bending angle decreased along with the increase of the irradiation time as a higher light dose
reduces the crosslinking gradient range throughout the thickness of the hydrogel bar.[38]

Adv Mater. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Page 6

Additionally, the bending angle increased with the length of the hydrogel bar but did not
change with the width (Figure 2g and 2h), which aligned with our previous investigations.
[38] The bending behaviors of these crosslinked printed hydrogel bars under different
conditions can be explained by Timoshenko’s theory, a thermal expansion bilayer beam
model describing the bending of a bilayer based on mismatched strain in the two layers,[4%]
which is also widely employed as a empirical theory to interpret the bending behaviors of
bilayer hydrogel systems.[41] According to equation (1) presented in experimental section,
if we approximately view the gradient hydrogel as a bilayer with a high crosslinking layer
and a low crosslinking layer, the resultant bending angle (6) is proportional to the mismatch
of expansion strain (4e), which is attributable to differential hydrogel swelling resulting
from the differences in microgel crosslinking density (D). Thus, it is understood that those
parameters contributing to a larger Ae, such as enhanced swelling media, increased infill
density, and lowered overall crosslinking, could effectively increase the bending angle.
However, Timoshenko’s theory cannot be used to explain the impact of the length on the
bending angle because it assumes bending curvature is independent to beam length.[42]
Interestingly, it was observed that increasing in aspect ratio (length/width) of samples with
fixed width could result in larger bending (Figure 2h), which is consistent with the results
in reported literature,[43] while the change in aspect ratio in samples with varying width

but fixed length did not give rise to observable changes in the bending angle (Figure 2g).
The length of the hydrogel bar is much longer than the width, thereby those hydrogel bars
tend to bend perpendicularly with the longitudinal axis to reach a thermodynamically stable
state. Since the strain only varies in the radical direction (e;) but keeps relatively constant

in the tangential direction (eg) (Figure S7), the bending curvature x does not depend on

the aspect ratio.[44] According to equation (2) in experimental section, the bending angle
only correlates with hydrogel length (L) and curvature (x). That is the reason why length
change rather than width change influences the bending angle in these systems.[4%] These
results indicate that deformation extent can be readily adjusted by tuning the printing
parameters and/or hydrogel dimensions. Thus, by varying these parameters, we may obtain a
pre-programmable tailored deformation.

In addition to programmable deformation, external stimulation can be applied to further
manipulate the shape of a printed construct on demand. To demonstrate the capacity to
control shape changes of the M FH-based constructs by external stimuli, a gradient hydrogel
bar was first incubated in PBS (pH 7.4) to form a curve (Figure 3, 0 min) and then
subsequently transferred to another PBS solution with a different pH to record the shape
changes over time (Figure 3, Movie S4 and S5). The hydrogel bar rapidly stretched after
incubation at a low pH of 2.0 for 1 min 16 s and bent to form a backward-facing curve
upon further treatment to 2 min 22 s. Interestingly, this curve re-stretched and contracted
at a much slower rate until reaching an equilibrium state at 13 min 40 s. After switching
the pH back to 7.4, the hydrogel bar reverted to the initial state in a much slower manner
(from 13 min 40 s to 40 min 58 s). This may be explained by the differential swelling
properties of alginate hydrogel in solutions of different pH. Alginate is a polyelectrolyte
that contains both weak acidic and weak basic groups on the polymer chains and these
groups can respond to the environmental pH via protonation or deprotonation, leading to
a volume change in the way of swelling/shrinkage.[4¢! For instance, the MFH hydrogels
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exhibited much smaller swelling ratios at pH 2.0 than at pH 7.4 (Figure S7). In the initial
state (0 min, Figure 3), the outer side (low-crosslinking side) of the “unclosed” ring is the
high-swelling side and has larger pore sizes than the inner side.[47] Therefore, the protons in
the solution surrounding the hydrogels diffuse into this side at a faster speed.[48] Thus, the
outer side shrank faster than the inner side (high-crosslinking side) due to the better access
to the carboxyl groups on the outer side. As a result, the hydrogel bar rapidly stretched and
bent to the opposite direction in the first 2 min 22s. However, since the available carboxyl
groups, the reactive moiety receiving the protons, are homogeneously distributed inside the
hydrogel, the inverted hydrogel curve at 2 min 22s re-stretched over time, and by 13 min
40s was stabilized as a straightened hydrogel at pH 2.0, showing no further shape change.
After altering the pH back to 7.4, the straight hydrogel bar in the shrunken phase releases
the bound protons to the surrounding solution in a much slower manner due to the smaller
pores compared to the hydrogel bar in the fully swelled state at pH 7.4, thereby exhibiting
a much slower shape recovery process. This is the first example of a single-component

and single-layer hydrogel showing multiple shape transitions with only pH stimulation,
and this multiple-shape transition can be realized in multiple cycles without showing signs
of fatigue (Figure S9). Although the low pH (2.0) is not applicable for live cell culture,

the reversible shape conversion suggests the potential to use this 4D printed hydrogel as

an environment-controlled actuator/robot in some specific conditions, such as the gastric
environment (pH 1.5~3.5).

Hydrogels fabricated with covalently crosslinked and/or ionically crosslinked OMA have
been extensively used as cell scaffolding materials for tissue engineering.[4%] The HMAP is
a highly efficient and cytocompatible UV absorber (Figure S10) for crosslinking gradient
generation.[38] To demonstrate the feasibility to use the jammed M FHs as cell-laden bioinks
for 4D living cell bioprinting, three types of cells were examined: a fibroblast cell line
(NIH3T3), a cancer cell line (HeLa), and primary stem cells (human bone marrow-derived
mesenchymal stem cells, hMSCs). These cells were individually mixed with the PI- and UV
absorber-containing M FHs (5 x 10° cells/mL M FH, Supporting Information) and printed
into hydrogel bars as described earlier, which were then cultured in GM to investigate

the resulting shape changes. The printed cell-embedded hydrogel bars showed comparable
bending with the cell-free counterparts in all cases (Figure 4a), and the encapsulated

cells (Figure 4b, S11i and S11ii) remained highly viable after 24 h culture (Figure 4c,
S11iii~S11vi). The results indicate this 4D system is highly compatible for inclusion of

live cells and may be useful for fabricating other bioconstructs with more sophisticated
geometries.

Inspired by this, we sought to fabricate various bioconstructs with more complex geometries
by integrating gradient formation with a mask-based photolithography or intricate bioprinted
geometric designs. With masked-based photolithography, we locally photocrosslinked

the cell-laden hydrogel bar using photolithography and cultured the hydrogel bar in

GM at 37 °C to elicit more complex shape transformations beyond unidirectional

bending. For example, a pre-formed gradient hydrogel bar with a further discrete local
photocrosslinking (schematic in Figure 4d, Figure S12) or an as-printed hydrogel bar
subsequently photocrosslinked with two separate gradients in opposite directions (schematic
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in Figure 4e, Figure S13) turned into a “biohelix” (Figure 4d) or a “bioS” structure (Figure
4e), respectively, after deformation. Alternatively, by printing M FH bioinks into specific
geometries, cell-laden hydrogels with more complex structures can be obtained. Printed
multi-arm gradient hydrogels morphed into “pseudo-four petal” and “pseudo-six petal”
flowers (Figures 4f, S13a, 49, and S14b). When the cell-laden MFH bioinks were printed
into specific “kirigami-based” structures!% displaying bar-grid patterns, the bioconstruct
with no inner horizontal bars self-curled into a curved cage that crudely resembles the
human rib cage (Figure 4h and S14c), and the construct with inner horizontal bars
self-curled into a “net tube” (Figure 4i and S14d). It is worth mentioning that these
4D-engineered bioconstructs are very robust and can maintain their geometry even when
exposed to strong agitation, with manipulation of the “net tube” presented as an example
(Movie S6).

Currently, all previous 4D bioprinting work only presents shape transformation from 2D
and/or 2.5D (2D structure with a certain addition in the z-direction) to 3D.[51 To the

best of our knowledge, 3D-to-3D shape morphing of cytocompatible biomaterials with
encapsulated cells, enabled by 4D bioprinting or any other means, has not been reported.
3D-to-3D morphing is particularly challenging for hydrogel materials due to the difficulty
in obtaining a stable printed 3D structure with effective structural anisotropy incorporation.
Since our system allows 3D printing and independent anisotropy generation, it is possible to
achieve 3D-to-3D transformations of constructs fabricated in a single print in a controllable
manner. 3D architectures such as a “pillar gripper” (Figure 5a) and a “shark-fin sheet”
(figure 5d) were readily printed. Multiple location-specific crosslinking gradients in the two
representative 3D constructs were then created by controlling the photoirradiation direction
and the regions exposed to light. For example, gradients in the bases of the gripper and

the sheet were created by applying UV irradiation from the bottom of the constructs, while
the gradients in the pillar and shark-fin were created by applying UV irradiation from

the side of the pillar and shark-fin (Figure S15). With this unique structural anisotropy,
complex 3D-to-3D shape morphing with controlled location-specific deformations was then
achieved (Figure 5b, 5c, 5e, and 5f). With advanced designs, 3D constructs with more
sophisticated structures, such as a “double shark-fin” sheet (Figure S16a) and a “double
pillar gripper” (Figure S16c) both presenting a crosslinking gradients from the inner sides
(low-crosslinking sides) to the outer sides (high-crosslinking sides) within the “fins” or
“pillars” and a separate different crosslinking gradient from bottom to top within the
“sheet” or “gripper”, demonstrate the capacity for more complex shape morphing (Figure
S16b, S16d, and S16e). These 3D-to-3D shape transformations suggest the feasibility and
reliability of this system for developing more transformable 3D structures due to excellent
printability and ease of anisotropy incorporation.

To utilize this type of shape morphing strategy for tissue engineering applications, it

is important that the 4D cell-laden constructs enable and/or drive encapsulated cell
differentiation and formation and maturation of new tissue.[52-41 The 4D bioprinting system
reported here enables fabrication of architecturally complex bioconstructs while at the same
time facilitating the engineering of functional tissues. Since the hMSC is a multipotent

stem cell with the capacity to differentiate down multiple connective tissue lineages when
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provided with appropriate environmental cues, it is a promising cell source for engineering
tissues such as cartilage, bone and fat.[5] Hence, we cultured 4D bioprinted hMSC-
incorporated M FHs in chondrogenic media (CM) to induce the formation of cartilage-like
tissue with relatively predefined final configurations. The chondrogenesis of the 4D hMSC-
laden hydrogel bars along with their shape changes was continuously monitored over a
course of 21 days. The initially straight gradient hydrogel bars bent into “C” shapes in

CM within 2 h and the shapes of the bent hydrogel bars changed very little during the
course of chondrogenesis (Figure 6a), suggesting good stability of the 4D bioconstructs.
Meanwhile, the morphologically round cells on day 1 (D1) maintained a predominantly
round morphology and high cell viability after 21 days of culture (Figure 5b, left and right
panels). However, elongation of some of the cells that resided near the hydrogel surface
was observed on D21 (Figure 6b, middle panel). To quantify the chondrogenesis, levels of
DNA and the primary cartilage extracellular matrix component, glycosaminoglycan (GAG),
were analyzed. The DNA content manifested a relatively constant level over time, with no
significant difference found when comparing the experimental groups (EG, 4D bioprinted
hydrogel bars cultured in CM) to the negative control (NC, 4D bioprinted hydrogel bars
cultured in GM) and positive control (PC, 3D bioprinted hydrogel bar photocrosslinked in
the absence of UV absorber cultured in CM) (Figure S17). In contrast, GAG production
steadily increased during the 21 days of culture and was similar to the PC group but
significantly higher than the NC group (Figure 6¢ and S18). This difference in GAG
production was corroborated by the intense positive toluidine blue O (TBO) staining only
in EG and PC samples (Figure 6d). The results imply that the structural self-remodeling

is independent of cell differentiation and tissue maturation, and vice versa. Therefore,

this decoupling of shape morphing with tissue maturation enables flexible 4D design for
4D tissue engineering. With respect to the formation of 4D cartilage-like tissues with
more complex shapes, four- and six-petal flower-shaped cartilage-like tissues were also
fabricated (Figure 6e and 6f). Results from this study demonstrate that this jammed M FH
system satisfies two critically important criteria for its use in 4D bioprinting for tissue
engineering: i) controlled shape morphing capacity and ii) support of new tissue formation
by incorporated cells.

4D bioprinting opens new avenues to fabricate cell-laden constructs with dynamic shape
morphing capabilities and complex configurations, which are beyond the capacity of
conventional 3D bioprinting.[20: 53. 54] The bioprinted constructs can be further induced

to form specific tissues when culturing in an appropriate environment. Thus, this newly
emerging technology also enables morphodynamical tissue engineering, bearing the
potential to biomimic the conformational evolutions occurring during tissue development
and healing.[38. 53. 541 S0 far, a few reports have prepared shape-morphing constructs
through 3D printing to fabricate scaffolds with sophisticated structures and investigate
and/or modulate cell behaviors, such as proliferation,[>¢! alignment,[57] and differentiation.
[58] However, the cells involved in those studies were only seeded on the post-printed
scaffolds rather than encapsulated within the constructs due to the lack of or limited
cytocompatibility of materials, harsh printing process, and/or extreme stimulation conditions
applied to induce shape change. Hence, those studies could not meet the critical requirement
of loading and maintaining viable cells within 4D bioprinted constructs.[?] Although live-
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cell 4D bioprinting was realized using alginate-, silk-, and gelatin-derived cytocompatible
materials,[59: 801 [imitations were still present in terms of either shape morphing or capacity
to use the materials as cell-laden bioinks for direct ink writing (DIW). For example, the
cell-free parts rather than the cell-laden parts in the constructs were the active parts driving
the morphing of the constructs,[> or the inks were just simple macromer solutions lacking
appropriate rheological properties for deposition to form stable freestanding 3D objects.[60]

Here, we report the first 4D DIW bioprinting system enabling live cell encapsulation

using microgels and cells as bioinks. The single-component jammed M FHs by themselves,
without the need of other filler components or a slurry support bath, are rheologically
favorable for excellent printability (Figure 1). Specifically, anisotropy (gradient crosslinking)
was generated using a post-printing anisotropization approach, which liberates the
anisotropy generation from printing. With this approach, the anisotropy formation is tunable,
enabling facile user-adjustable shape morphing (Figure 2). In addition, anisotropy can be
incorporated in multiple ways within a single construct to produce complex 3D geometries
(Figure 4d and 4e). With this system, 4D tissue maturation was also demonstrated using
hMSCs and MFHs in a proof-of-concept 4D cartilage regeneration study (Figure 5).
Cartilage-like tissues with complex geometries, such as “C” shape and four-/six-petal
flowers were engineered. It is noteworthy that curved, bent, folded, and rolled structures
often emerge in tissue morphogenesis during processes such as development of gut villi

and mammary epithelial acini. Our results suggest important progress for 4D live-cell
bioprinting, which would benefit morphodynamic tissue engineering.

3. Conclusion

In this study, a new single-component jammed M FH system with heterogeneous size
distribution has been developed as a cell-laden bioink for 4D living cell bioprinting.

This new bioink showed desirable shear-thinning, shear-yielding, and rapid self-healing
properties, and was directly deposited into various 3D bioconstructs with high resolution
and high fidelity in the absence of a support bath. 4D shape changes were achieved

under physiological conditions and high cell viability was maintained after an effective
generation of a crosslinking gradient within the hydrogels using a specific post-printing
anisotropization method. In addition, it was also demonstrated that multiple-shape
transformations (multiple bending and stretching cycles) could be elicited by a singular,
although non-biocompatible, stimulation (low pH) in this single-component and single-
layer system, which has not been reported in other existing systems. By utilizing this
bioink, shape morphing cell-laden bioconstructs with well-defined configurations were
fabricated by combining photomask-based photolithography and/or intricate geometric
designs. Ultimately, proof-of-concept 4D cartilage-like tissue formation was demonstrated in
curved hydrogel bars and folded four- and six-petal flowers. We anticipate this unique 4D
bioprinting system will have promising applications in 4D tissue and organ engineering and
potentially aid in the study of developmental processes.
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4. Experimental Section

MFH preparation:

To make the stock MFHs, O1M30A (1.2 g) was dissolved in diH,O (60 mL) and then
slowly dispensed (approximately 20-30 mL/min) into a gelling bath containing an aqueous
solution of CaCl, (600 mL, 0.2 M) under fast stirring with a magnetic stir bar. After being
fully ionically crosslinked overnight, the resultant O1M30A beads were collected, washed
with 40 mL of 70% ethanol (EtOH)/water (H,0) once, and then blended using a household
blender (Osterizer MFG, at “pulse” speed) for 2 min with 120 mL of 70% EtOH/H,0.
Then, the OMA microgels were loaded into 50 mL conical tubes and centrifuged at 2000xg
(Sorvall ST40R centrifuge, ThermoScientific, Waltham, MA) for 5 min and stored in 70%
EtOH at 4 °C for future use.

To make the jammed M FHs, the as-prepared microgels above (5 mL) were washed 3 times
by replacing the previous media with 25 mL of diH,O containing P1 (0.05% w/V) and

UV absorber (0.02% HMAP or 0.02% HMAP/0.005% RhB w/V), while vortexing (Fisher
Scientific, 10x speed) for 2 min between washes, and then washed 2 times with 25 mL of
DMEM-LG containing Pl and UV absorber while vortexing (10x speed) for 1 min each time
between washes.

To evaluate the morphology and measure the size of the jammed M FHs, 100 puL of MFHs
were stained with 1 mL of 0.1% safranin O solution for 2 h. After staining, the MFH
mixture was vortexed for 10 s to disperse homogeneously in the media, and then 200 uL of
the stained samples were added into 3 mL of PBS (pH 7.4) and imaged using a fluorescence
microscope equipped with a 14MP APTNA Color CMOS Microscope Camera (AmScope,
Irvine, CA) under a bright field. The average diameter of the MFHs was determined by
measuring 86 microgels in a representative image (Figure 1a) using ImageJ.

Rheological properties of the MFHSs:

Dynamic rheological examination of the M FHs was performed to evaluate shear-thinning,
shear yielding, and self-healing properties with a Kinexus ultra+ rheometer (Malvern
Panalytical). In oscillatory mode, a parallel plate (8 mm diameter) geometry measuring
system was employed, and the gap was set to 1 mm. M FHswere placed between the

plates. All the tests were carried out at 25 °C. Oscillatory frequency sweep (0.1~100 Hz

at 1% strain) tests were performed to measure storage moduli (G”), loss moduli (G”), and
viscosity. Oscillatory strain sweep (0.01~100% strain at 1 Hz) tests were performed to show
the shear-thinning characteristics of the MFHs and to determine the shear-yielding points
at which the jammed M FHs behave fluid-like. To demonstrate the self-healing properties,
cyclic deformation tests were performed at 100% strain with recovery at 1% strain, each for
1 minat1Hz.

4D bioprinting:

The printing of the cell-free and cell-laden bioinks was performed using a 3D printer
(PrintrBot Simple Metal 3D Printer, Printrbot) modified with a syringe-based extruder. More
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information about this printer can be found in the literature.[31- 611 The STL files for printing
were generated from www.tinkercad.com under open license.

To load the cells into the bioink, MFHs and cells (5 x 108 cells/mL bioink) were separately
loaded into two 3 mL syringes. After the two syringes were connected with a female-female
luer lock coupler (Value Plastics), the M FHs and cells were thoroughly mixed, and this
cell-laden bioink was ready to use.

The cell-free and cell-laden bioinks were separately loaded into 1 mL glass syringes
(Hamilton, Reno, NV), which were connected to a stainless-steel needle (McMaster-Carr,
Elmhurst, IL) and mounted into the syringe pump extruder on the 3D printer. A petri dish
was placed on the building platform. The tip of the needle was positioned at the center and
near the bottom of the dish, and the print instructions were sent to the printer using the
host software (Cura Software, Ultimaker, Geldermalsen, the Netherlands), which is an open-
source 3D printer host software. After 3D printing of the bioinks, the resulting constructs
were immediately photocured under UV (EXFO OmnicureR S1000-1B, Lumen Dynamics
Group, Ontario, Canada) at 12 mW/cmZ2. Then the cell-free or cell-laden constructs were
carefully transferred into the wells of 6-well tissue culture plates with 8 mL of media and
further cultured to record shape changes. The hydrogels were imaged, and the bending
angles were quantified according to the previous literature.[54] Briefly, as shown in Figure
S6, a circle was drawn to match well with the shape of the bent hydrogel curve. The
bending angle () is defined as the central angle generated by drawing two lines between
the endpoints of the hydrogel curve and the circle center, respectively. Unless otherwise
specified, MFH bioinks were printed using a 22G needle under 4 mm/s printing speed and
80% infill density and subsequently photocured for 40 s.

The resultant bending angle (6) can be described using the equation below:

6 A &(1 + m)
h[3(1 + m)3 + (1 + mn)(m2 +4

mn

0 x k=

) @

where x denotes the resultant curvature of the bent hydrogel bar, /7 denotes the total
thickness of the hydrogel, 4e denotes the mismatch of expansion strains between the two
layers, and /m and n denote the thickness ratio and the modulus ratio of the two layers,
respectively.

To describe the relationship between the bending angle and the curvature (x). xis defined as
1/r, where r is the radius. Therefore, the length of a hydrogel (L) arc can be described as L =
O0r/180 «, and the bending angle can be expressed as:

180 Lk
T

0=

@

Data presentation and statistical analysis:

All quantitative data was expressed as mean + standard deviation. Statistical analysis was
performed with one-way analysis of variance (ANOVA) with Tukey honestly significant
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difference post hoc tests using Origin software (OriginLab Corporation, Northampton, MA).
A value of p< 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Scheme of the Pl and UV absorber incorporated 4D MFH bioprinting: i) printing the
jammed cell-laden MFH bioinks into a bioconstruct, ii) UV crosslinking to generate a
crosslinking gradient within the 3D printed bioconstruct, iii) culturing in media to drive
shape morphing.
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Figure 1.

(a) Photomicrograph of safranin O stained M FHs. (b) Schematics showing lower packing
density of granular microgels (upper) and more highly packed irregular M FHs (bottom). (c)
Storage (G’) and loss (G”) moduli of MFHs as a function of frequency. Material viscosity
decreases while continuously increasing (d) shear rate and () shear strain over 10% strain.
(f) Crossover of G’ and G” with increasing shear strain indicative of shear yielding. Rapid
recovery of MFHs’ (g) modulus and (h) viscosity by alternating the applied strain between
1% and 100%. (i) Photomicrograph of a filament printed through a 22-gauge (22G) needle
(inner diameter 413 pm). Photographs of 3D printed (j) hydrogel bar (25 x 4 x 1 mm3) and
(k) hydrogel cuboid (10 x 8 x 6 mm3). (I) Fidelity of the as-printed 3D construct in j before
UV crosslinking. Data are presented as mean *standard deviation (+ SD), V= 3.
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Figure 2.
4D shape-morphing behaviors of hydrogel bars in different incubation solutions or

fabricated with different parameters. (a) Hydrogel bending angle kinetics in diH,0, PBS
(pH 7.4), and GM at room temperature. (b) Photomicrographs of deformed hydrogel bars
in diH,0, PBS (pH 7.4), and GM after swelling for 2 h. Effects of (c) infill density, (d)
printing speed, (e) needle gauge, (f) UV irradiation time, (g) hydrogel bar width, and (h)
hydrogel bar length on the bending angles of hydrogel bars cultured in PBS (pH 7.4) for 2
h at room temperature. UV absorber: 0.02% 4’-hydroxy-3’-methylacetophenone (HMAP),
0.005% methacryloxyethyl thiocarbamoyl rhodamine B (RhB) was incorporated to impart
the hydrogel with red color for better clarity. Data are presented as mean = SD, NV'= 3.
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Figure 3.
Video shapshots showing the shape changes of a hydrogel bar in response to different pH

treatments at room temperature.
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Figure 4.
(a) Bending behaviors of MFH gradient hydrogel bars with and without embedded cells.

Insets show representative photomicrographs of the bent hydrogel bars. (b) Photomicrograph
of a NIH3T3-laden M FH-based construct. (c) Representative live/dead image of NIH3T3
fibroblasts in the gradient hydrogel bar. (d) Photomicrograph of a cell-laden “biohelix”
structure. (e) Photograph of a cell-laden “bioS” structure. Photographs of (f) a cell-laden
“pseudo-four-petal” and (g) a cell-laden “pseudo-six-petal” flower. Inset photographs

show the corresponding as-printed structures. Kirigami-based structures and the deformed
configurations: hydrogels in bar-grid patterns (h) without and (i) with inner horizontal

bars. For cell-laden gradient hydrogel bars (insets in a), only 0.02% HMAP was used as
the UV absorber, they were cultured in GM overnight at 37 °C, and then imaged and live/
dead stained. For complex cell-laden hydrogel configuration formation, a mixture of 0.02%
HMAP and 0.005% RhB UV absorbers was used. These bioconstructs were obtained after
culturing in GM at 37 °C overnight, and images were immediately taken after replacing the
GM with FBS for clarity. Data are presented as mean = SD, AV/= 3.
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a

Figureb.
Demonstration of 3D-to-3D shape morphing. A pillar gripper (a) before being subject to

deformation, after being submerged in media (b) less than 10 s and (c) for 60 s. A shark-fin
sheet: (d) as-printed shape, (e) front-view image of deformed shape, and (f) image of
deformed shape with construct on its side. Scale bars indicate 5 mm.
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Figure®6.
MFH based 4D bioprinting for application in tissue engineering. (a) The bending angles of

hydrogel bars in EG and the corresponding photomicrographs depicting the shape changes
of 4D bioprinted cell-laden hydrogel bars in CM over time. (b) Photomicrographs depicting
cell morphology and distribution and live/dead stained cells within the EG hydrogel bars

in CM on D1 and D21. (c) Biochemical quantification of GAG production normalized to
DNA, *p < 0.05 compared to NC at the same time point, *p < 0.05 compared to D7 within a
group. TBO stained (d) hydrogel bars and (e) four- and (f) six-petal flower-shaped hydrogels
after chondrogenesis for 21 days in CM. NC: negative control, 4D bioprinted cell-laden
hydrogel bars cultured in GM; EG: experimental group, 4D bioprinted cell-laden hydrogel
bars cultured in CM; PC: positive control, 3D bioprinted (without incorporation of UV
absorber) cell-laden hydrogel bars cultured in CM. Data are presented as mean + SD, V= 3.
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