RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Filamented Light (FLight) Biofabrication of Highly Aligned

Tissue-Engineered Constructs
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Dominic Riitsche, Lee Ann Applegate, Damien Loterie, and Marcy Zenobi-Wong*

Cell-laden hydrogels used in tissue engineering generally lack sufficient

3D topographical guidance for cells to mature into aligned tissues. A new
strategy called filamented light (FLight) biofabrication rapidly creates hydro-
gels composed of unidirectional microfilament networks, with diameters

on the length scale of single cells. Due to optical modulation instability, a
light beam is divided optically into FLight beams. Local polymerization of a
photoactive resin is triggered, leading to local increase in refractive index,
which itself creates self-focusing waveguides and further polymerization of
photoresin into long hydrogel microfilaments. Diameter and spacing of the
microfilaments can be tuned from 2 to 30 um by changing the coherence
length of the light beam. Microfilaments show outstanding cell instructive
properties with fibroblasts, tenocytes, endothelial cells, and myoblasts, influ-
encing cell alignment, nuclear deformation, and extracellular matrix deposi-
tion. FLight is compatible with multiple types of photoresins and allows for
biofabrication of centimeter-scale hydrogel constructs with excellent cell
viability within seconds (<10 s per construct). Multidirectional microfilaments
are achievable within a single hydrogel construct by changing the direction of
FLight projection, and complex multimaterial/multicellular tissue-engineered
constructs are possible by sequentially exchanging the cell-laden photoresin.
FLight offers a transformational approach to developing anisotropic tissues

1. Introduction

Light-based projection techniques are
increasingly being used for fabrication
of biomimetic tissues.' Lately, rapid
biofabrication of complex cellular archi-
tectures has been possible through tomo-
graphic projection of laser light beams.*-¢!
However, most light-guided tissue fabrica-
tion strategies have limited potential for
efficient cell alignment when it comes
to the creation of anisotropic tissues
such as muscle and tendons,”® because
most approaches focus on macrofeatures
(>100 pm) that lack the topographical
cues necessary for the highly aligned cel-
lular and extracellular organization found
in these tissues. For techniques such as
two-photon polymerization and ultrahigh
resolution digital light processing that
can achieve cell-scale (<30 um) resolu-
tion, the incoherent light sources restrict
the photopolymerization occurring in a
small range (<mm), which needs layer-
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by-layer strategies to achieve fabrication

of large tissue-engineered constructs.[*1

The compromise on speed and scalability

limits the translational potential of these
approaches. Instructive guidance cues (e.g., fiber components
and a combination of fiber and extrusion-based bioprinting)
have been widely studied for their potential to advance cell
alignment and maturation of aligned tissue-engineered con-
structs, such as muscle, tendons, nerves, and cartilage tis-
sues.”"" Topological cues with an increased aspect ratio
have been shown to affect the bioactivity of cells in/on the sub-
strate. For example, the rod-shaped microgels (aspect ratio of
10) fabricated by microfluidics or soft lithography are able to
increase cell orientation, which is better achieved through the
void between high-aspect-ratio microrods compared to micro-
spheres.>1% Topological features with ultrahigh aspect ratio
(>20:1) created by micropatterning techniques can effectively
induce cell adhesion and alignment.18] Especially when the
dimensions of the confinement approach the scale of the cell
nucleus (<10 pum), nuclear deformation resulting from these
longitudinal confinements becomes apparent. The elongated
shape of the cell nucleus can influence cell differentiation,
gene expression, and rejuvenation, the latter by chromosome
reorganization and activation of DNA repair mechanisms;1%2%]
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and a change to a rounder nuclear shape can be associated with
disease pathology.*!l At the tissue level, a more elongated cell
nucleus (aspect ratio of 2.5-6) can be observed in anisotropic
tissues like tendons, compared to isotropic tissues (1.1-1.8).12
A high aspect ratio of the nucleus in tenocytes is contributed
to maintaining the phenotype of tenocytes and the expression
of key genes during aging.[?3l However, none of the above tech-
niques provide topological cues for both cell alignment and
nucleus deformation in a 3D environment.

In this work, we show that the phenomenon of optical
modulation instability (OMI)1%24 of filamented light beams
inside a photoresin can be advantageously employed for the
fabrication of highly aligned hydrogel microfilaments (@ <
30 um) inside macrosized (L = 10 mm, ® > 3 mm) hydrogel
constructs. To the best of our knowledge, this is the first use of
OMI for the biofabrication of highly aligned tissue-engineered
constructs. OMI is defined as the spontaneous break-up of a
uniform optical beam into filamented light beams while propa-
gating within optical nonlinear media. Photoreactive polymers
are well-known optically nonlinear media, since their photopo-
lymerization rate and thus their refractive index (RI) change
depend on the intensity of the crosslinking light.>>*] Unidi-
rectional microfilament networks are generated by shining a
partially spatially coherent light beam into a resin-containing
vial. Upon incidence of the filamented light beam onto the
hydrogel interface, microfilaments are seeded by local inten-
sity maxima of the incident light beam. Each local maximum
intensity of light offers a faster crosslinking rate, thus creating
a local maximum RI. In turn, local RI maxima act as optical
traps, resulting in the propagation of the whole micropatterned
polymerization front through the volume of resin via these self-
focusing waveguides, which leads to the permanent recording
of light filamentation. At the same time, local minima of light
intensity are distributed among the localized light beams, cor-
responding to the formation of void spaces where local inten-
sity is below the threshold required for polymerization. These
voids between microfilaments are presented as channel-like
void spaces (microchannels) with ultrahigh aspect ratios after
the removal of uncrosslinked photoresin.

Here, we present a biofabrication strategy for highly aligned
tissue-engineered constructs called filamented light (FLight)
biofabrication, in which highly aligned microfilaments are
induced by the OMI, which is caused by the interaction of spa-
tially coherent light beams with a variety of photoresin compo-
sitions. Cells are rapidly (<10 s) and safely encapsulated into
hydrogel matrix containing unidirectional microfilament net-
works. This approach meets the requirements for engineering
biomimetic anisotropic tissues, including instructive guidance
cues at microscale resolution and fast and cell-friendly pro-
cessing. In the FLight biofabrication, the dimension of micro-
filaments and the void spaces between the microfilaments are
tunable and on the same length scale as cells; this provides
efficient cell guidance properties and supports cell migration
through the interfilament void spaces.

Our strategy provides control of the fabricated hydrogel
constructs at the micro- and macrolevel, i.e., control over the
dimension (2-30 um) and direction of microfilaments, and over
the size, shape, and material composition of projected tissue-
engineered constructs. These advantages offer flexibility in the
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biofabrication of cell-laden hydrogel structures, such as mul-
tihollow/tubular hydrogel structures which have been shown
to improve cell viability prior to vascularization as previously
studied.?®?°! In addition, we show FLight can be efficiently uti-
lized for multicellular/multimaterial biofabrication. Using the
multicellular/multimaterial FLight process, (bio)photoresins
can be cured at desired locations to create complex tissue con-
structs that better mimic the hierarchical organization of native
tissues, such as muscle.”l Hydrogel constructs containing
multiple directional microfilaments can be achieved by per-
forming the FLight process from different directions (Cross-
FLight), which is promising for biofabrication of anisotropic
tissues such as the myocardium.?%3! Finally, we demonstrate
the ability to fabricate larger hydrogel constructs (approximately
cm) by multiple step FLight strategy (Multi-FLight), in which
single hydrogel constructs can be stacked on top of each other
to result in a long hydrogel construct featuring microfilaments
throughout its length for cell guidance and alignment. This also
allows for gradient control over the direction of the microfila-
ments, including different materials and varying physical prop-
erties of the microfilaments, thus enabling the biofabrication of
human-sized muscle engineered constructs and complex inter-
faces (i.e., muscle-tendon junction), incorporating multiple dis-
tinct morphologies/microstructures/cell types.?

2. Results and Discussion

2.1. Optical Modulation Instability and Self-Focusing Induce
Unidirectional Microfilament Networks

The physical phenomenon behind FLight’s ability to form cell
instructive hydrogel microfilaments from photosensitive resins
is illustrated in Figure la. The projected light beam features
intensity noise patterns that translate into unidirectional micro-
filament networks which make up the hydrogel structures.
First, we highlight the physics that gives rise to the formation
of these microfilaments within the photoresins. Figure 1b illus-
trates the relative change of RI and light intensity mapping at
the interface between photoresin and cuvette at different time
points. The image projected onto the transparent photoresin-
containing cuvette features a speckle-pattern intensity noise
originating from the spatial coherence of the input light source.
This small intensity noise is then nonlinearly amplified by
the crosslinking of photoresin, resulting in microscopic resin
waveguides that propagate the filamented light beam front
through the resin volume (i.e., cuvette inner thickness). More
specifically, the initial local intensity noise maxima locally
crosslink the photoresin from cuvette—photoresin interface,
thus inducing a localized increase of RI in the photoresin. In
turn, the photoresin RI changes result in a self-focusing effect
at the interface between crosslinked and uncrosslinked photo-
sensitive material in the z-direction. The formation of local RI
maxima also creates local microwaveguides which optically trap
the incident light beam front and propagate into the photoresin
over a long distance. In other words, the trapped and focused
light beams further crosslink the photoresin, thus continuously
inducing the self-focusing effect and creating long microfila-
ments within seconds. The cumulative effect of multiple local
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Figure 1. FLight biofabrication strategy of hydrogel constructs containing highly aligned microfilaments with efficient cell guidance properties. a) Sche-
matic illustration of FLight strategy for fabricating highly aligned microfilaments and their cell guidance properties. b) Physics of the FLight process
showing relative refractive index (RI) change of the photoresin (top) and light intensity mapping (bottom) at different time points. These maps show
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intensity maxima in proximity to each other produces micro-
filaments in the created hydrogel constructs. Furthermore,
low intensity is distributed between the local maxima as the
pattern indicated in the intensity map, which leads to slightly
crosslinked parts between the microfilaments (Figure S1, Sup-
porting Information). The hydrogel microfilaments and the
slightly crosslinked parts form unidirectional microfilament
networks, ensuring the stability of the entire hydrogel con-
structs. However, such slightly crosslinked parts are not occu-
pied between all of the microfilaments. The uncrosslinked
photoresin between the microfilaments is still present due to
the local minima of intensity noise during the FLight process,
leaving behind ultrahigh-aspect-ratio microchannels in the uni-
directional microfilament networks after washing (Figure 1c). It
is important to note that spatial coherence in the incident light
can be optically tuned, while generation and propagation of
microfilaments are dependent upon optical nonlinearity prop-
erties of the resin (i.e., RI changes upon photo-crosslinking),
thus altering characteristics of the microfilaments. In the next
section, we discuss how the dimensions of the microfilaments
from different photoresins can be tuned.

2.2. Hydrogel Microfilaments for Cell Guidance are Highly
Aligned and Tunable in Dimension

FLight biofabrication was demonstrated using several photo-
sensitive resins based on chain-growth and step-growth
polymerizations.>*¥ Due to the excellent kinetics of the nor-
bornene-thiol reaction, microfilaments were able to be formed
within seconds, thus minimizing potential cell damage from
photo-crosslinking and allowing for the use of low polymer
concentrations. We first produced hydrogel samples using
Gel-NB/4PEG-SH photoresin. The critical light dose for FLight
process was determined by performing a light dose test based
on our previous work.’! For the 2.88% w/v Gel-NB/4PEG-SH
photoresin, a light dose of 195 m] cm™ was used to create a
FLight hydrogel construct with high fidelity to the designed
dimensions (Figure S2 and Table S1, Supporting Information).
A 1 mm diameter hydrogel cylinder was projected (Figure 2a)
and the formation of microfilaments (diameter of 9.8 £ 2.5 um)
within the hydrogel cylinder was confirmed (Figure 2b). Here,
~88% of the microfilaments were parallel (-1° to 1°) to the pro-
jection direction (Figure 2c).

Since the generation of microfilaments is dependent on
spatial coherence of the light beams and nonlinear media, we
tested FLight using a higher concentration of Gel-NB/4PEG-SH
(5% w/v), as well as other common photosensitive biomaterials
(gelatin methacryloyl (Gel-MA), hyaluronic acid methacrylate
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(HA-MA), and alginate methacrylate (Alg-MA)) (Figure 2d).
Microfilaments were formed using all photoresins, with highly
aligned microfilaments in all cases (>86%, —1° to 1°). The pro-
jection dose varied from 180 to 5650 m] cm™ depending on
the resin, as did the diameter of the microfilaments (8.1 + 1.4
to 11.1 + 3.1 um) (Figures S3 and S4 and Table S1, Supporting
Information).

High-aspect-ratio structures can offer cell guidance, and
the ability to tune their dimensions would make FLight appli-
cable to a broad range of aligned tissues having extracellular
matrix (ECM) fibers ranging from 1 to 100 pum.3>3l Here,
microfilaments with varying diameter ranges were fabricated
by adjusting the spatial coherence length using a standard
Kohler illumination system consisting of a 405 nm light-emit-
ting diode light source.’”! Specifically, this light-induced self-
organization depends on spatial coherence of the light source
and strength of the photoreactive material’s RI nonlinearity.1%!
The more spatially coherent the light beam (i.e., the longer the
spatial coherence length I. of the light beam), the broader the
diameter of the microfilaments. In the Kohler illumination
system, the spatial coherence length of the light beam could
be extended between the theoretical range of 3.7 and 25.8 um
(Figure S5a, Supporting Information) by adjusting the aperture
diameter (AD). This range of spatial coherence length allowed
us to control the diameters of microfilaments between 8.3 and
178 um using 5% w/v Gel-NB/4PEG-SH photoresin (Figure 2e).
The mean diameters of microfilaments made from methacry-
loyl resins were 5.0 to 13.6, 2.4 to 8.3, and 4.7 to 13.7 um using
5% w/v Gel-MA, 2% w/v HA-MA, and 2% w/v Alg-MA pho-
toresins, respectively. However, the mean diameter of micro-
filaments was found to be independent of the field diameter
of our Kohler system (Figure S5b,c, Supporting Information),
which further demonstrates that the spatial coherence of the
light beams induced by OMI controls the formation of micro-
filaments and that the microfilaments’ diameter is tunable by
adjusting the spatial coherence length of the light beam.

Due to the reinforcing effect of the unidirectional micro-
filament networks, 3% the FLight hydrogel constructs exhibit
ideal mechanical properties for tissue engineering applica-
tions. Mechanical stimulation can be applied to FLight hydrogel
constructs, which further induces cell alignment and boosts
tissue maturation.>**#l Bulk hydrogel and FLight hydrogel
samples were fabricated using Gel-NB/4PEG-SH or Gel-MA
photoresin for tensile and compressive tests (Figure 2f,g and
Figure S6, Supporting Information). When the tensile tests
were performed in the direction parallel to the microfilaments
(“lI,” along the long axis of microfilament), the yield stress of
hydrogel samples prepared using 2.88% w/v Gel-NB/4PEG-SH
photoresin increased from 2.7 kPa (bulk hydrogel) to 6.0 kPa

the changes that occur in the photoresin near the interface of the photoresin-cuvette. In the initial stage (T = Ty), the photoresin Rl is homogenous,
since crosslinking has not yet begun. However, the nonhomogenous light intensity distribution (speckle noise as shown in the intensity map) leads to
the initial local crosslinking of the photoresin from the local intensity maxima. At T = 0.5T¢jamentations the locally crosslinked photoresin situated at the
local intensity maxima has an increased Rl compared to uncrosslinked photoresin, which results in self-focusing of the incident light beam. This self-
focusing effect causes a continuous growth of local Rl maxima through the photoresin volume, thus guiding and propagating the light beam. Finally,
the original nonhomogenous distribution of light intensity is nonlinearly amplified and integrated by the resin as microfilaments (T = Tqamentation)
due to the self-focusing effect of light beams. The simulation of RI change in photoresin and light intensity mapping was generated using a BPM tool
described in a previous study.®¥l ¢) Long and continuous microfilaments and microchannels are generated in anisotropic hydrogel constructs that
correspond to the local maximum and minimum of light intensity.
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Figure 2. Characterization of FLight hydrogel construct containing microfilaments. a) Bright-field image of entire 1 mm-diameter and 7 mm-long FLight
hydrogel construct created using 2.88% w/v Gel-NB/4PEG-SH photoresin. Scale bar: 200 um. b) Magnified image of microfilaments structuring of the
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(FLight hydrogel), and yield strains increased from 64% to
122%. Similar results were found in the hydrogel samples pro-
duced using 5% w/v Gel-MA photoresin, wherein, the yield
stress and yield strain (in the direction parallel to the microfila-
ments) were found to be 1.8 kPa and 36% in the bulk hydrogel
sample, but increased to 78 kPa and 105%, respectively. Inter-
estingly, we also confirmed the anisotropy in the mechanical
properties of FLight hydrogel constructs. The yield stress and
yield strain of FLight hydrogel samples prepared using 2.88%
w/v Gel-NB/4PEG-SH decreased to 0.4 kPa and 51%, when the
tensile loadings were applied in the direction perpendicular to
the microfilaments (L1). The FLight hydrogel constructs fabri-
cated using 5% w/v Gel-MA also showed decreased tensile
properties (1.1 kPa, 81%) in the perpendicular position com-
pared to the parallel position. The compressive elastic modulus
of cylindrical FLight hydrogel constructs (a diameter of 5 mm
and a height of 4 mm) in the direction parallel to the micro-
filaments increased from 1.8 to 40.7 kPa, when increasing Gel-
NB/4PEG-SH photoresin concentration from 1.44% to 5%.
Likewise, the compression of FLight hydrogel samples revealed
a higher elastic modulus in the parallel position compared to
the perpendicular position; 8.4 kPa versus 2.7 kPa for 2.88%
w/v Gel-NB/4PEG-SH and 15.8 kPa versus 1.9 kPa for 5% w/v
Gel-MA photoresins, respectively. These anisotropic mechan-
ical properties can be explained by the lower crosslinking of
materials, which is consistent with the description of the unidi-
rectional microfilament networks, i.e., the presence of slightly
crosslinked parts between microfilaments; and the failure
occurs first from these parts when mechanical force is applied
in a direction perpendicular to the microfilaments. Moreover,
the deformation recoverability of the FLight hydrogel constructs
was investigated by cyclic loading—unloading tests as shown
in Figure 2h and Video S1 in the Supporting Information. No
residual strain was generated after loading—unloading during
10 min of stretching at a tensile strain of 50% in the air condi-
tion, which suggests that hydrogels containing microfilaments
did not undergo plastic deformation upon tensile loading.

2.3. Channel-Like Voids Guide Anisotropic Cell Migration
in FLight Hydrogel Matrix

The nanoscale pore size of conventional hydrogel networks hin-
ders the diffusion of oxygen and nutrients and lacks cell guid-
ance cues. Micrometer-scale interconnected void spaces should
be present in an ideal tissue engineering matrix, to provide 3D

www.advmat.de

spaces for cell migration, proliferation, vascularization, and
ECM deposition.~#l A large fraction of the FLight hydrogel
matrix is occupied by microchannels with ultrahigh aspect ratio
(>700:1). These microchannels offer void spaces into which the
cell can migrate, causing alignment of the cell and its nucleus.
The FLight hydrogel construct containing fluorescent-labeled
microfilaments was created using 5% w/v fluorescent-labeled
Gel-MA photoresin with subsequent washing of uncrosslinked
photoresin. A large number of microchannels were observed
among the unidirectional microfilament networks, as high-
lighted in Figure 3a (see also Video S2, Supporting Informa-
tion). The void fraction was found to be about 50% in the whole
FLight hydrogel volume, which is independent of the spatial
coherence length of light beams (Figure 3b). Microchannels
were homogenously distributed within the hydrogel volume by
measuring the ratio of microfilaments/microchannels for each
layer in the 3D confocal images (Figure 3c and Figure S7, Sup-
porting Information).

The physical limitation provided by pores smaller than 3 um
has been shown to significantly restrict cell migration in a 3D
tissue matrix.” This size is considered to be the threshold
through which cells cannot pass, due to the limited deform-
ability of the nucleus. Here, the diameter of microchannels was
tuned by adjusting the spatial coherence length of light beam to
ensure effective cell migration through the microchannels. The
mean diameter of the microchannels was increased from 2.7
to 5.8 um when decreasing the coherence length from 172 to
3.7 um using 5% w/v fluorescent-labeled Gel-MA (Figure 3e).
Meanwhile, the mean aspect ratio of microchannel structures
decreased from 1540:1 to 700:1, with increases in the spatial
coherence length (Figure 3f). To achieve cell migration and a
higher aspect ratio for efficient cell guidance, normal human
dermal fibroblasts (NHDFs) were encapsulated in FLight
hydrogels containing microchannels with an average diam-
eter of 3.5 um and an aspect ratio of 1178:1. The NHDFs were
stained by calcein-AM to evaluate their morphology after 1h, 1,
3, and 7 days of culture. In the FLight biofabrication process,
the light beams penetrated the cells and crosslinked the pho-
toresin on both sides of cell, which is defined as the original
encapsulation site. Already after 1 h the spreading of NHDFs
was observed, accompanied by an elongated morphology of
cells and a deformed nucleus near the original encapsulation
site (highlighted by yellow arrows in Figure 3d and Video S3,
Supporting Information). The mean aspect ratio of cells was
increased from 1.24 to 15.8 after 7 days of culture (Figure 3g),
which demonstrates the elongation of cells. Furthermore, an

hydrogel sample. Scale bar: 20 um. c) Distribution of the microfilament diameter, and the distribution of angles’ difference between the orientation of
microfilament and direction of projection (all data were collected from BF images, n = 3). d) Bright-field images of microfilaments in FLight hydrogel
constructs fabricated using 5% w/v Gel-NB/4PEG-SH, 5% w/v Gel-MA, 2% w/v HA-MA, and 2% w/v Alg-MA photoresin. Scale bar: 50 um. e) Diameter
of microfilaments under different spatial coherence lengths by adjusting the AD using a standard Kéhler illumination system (n = 3). f) Left: Tensile
mechanical properties of FLight hydrogel constructs using different concentrations of Gel-NB/4PEG-SH photoresin. The mechanical loadings were
applied parallel to the microfilaments (||). Right: Tensile tests of FLight hydrogel constructs in the parallel direction, in the perpendicular direction of
microfilaments (L), and bulk hydrogels using 2.88% w/v Gel-NB/4PEG-SH photoresin. FLight and bulk hydrogel samples were produced as hydrogel
strands 12 mm long and 1 mm in diameter for tensile testing. g) Left: Compressive moduli calculated from the stress—strain curves obtained from
hydrogel samples prepared using 1.44% w/v, 2.88% w/v, and 5% w/v of Gel-NB/4PEG-SH photoresin. The mechanical loading was applied parallel to
the microfilaments (||). Right: Elastic modulus of FLight hydrogel constructs in the parallel direction, in the perpendicular direction of microfilaments
(4), and bulk hydrogels using 2.88% w/v Gel-NB/4PEG-SH photoresin. Hydrogel samples for compressive testing were prepared as cylinders with a
diameter of 5 mm and a height of 4 mm, n = 3. h) Cycle loading-unloading tensile curve of hydrogel sample prepared using 2.88% w/v Gel-NB/4PEG-
SH photoresin. The test was performed in air conditions with a target strain of 50% in the parallel direction of microfilaments.
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Figure 3. Microchannels present in the FLight hydrogel matrix support cell migration. a) Projected image of unidirectional microfilament networks in
FLight hydrogel matrix produced using 5% w/v fluorescent-labeled Gel-MA photoresin. The white arrows indicate the microchannels between micro-
filaments after washing. Scale bar: 20 um. b) Percentage of microchannels in 3D hydrogel volume created with varying spatial coherence length. All
data were measured from 3D confocal fluorescence images using Imaris software (n = 3). c) The ratio of void area in each scan step on z-stack of
confocal fluorescence images (data collected using Image), 120 steps in the z-direction, 0.5 um distance between steps). d) Fluorescence images of
cell-laden hydrogel matrix. Nuclei and NHDFs were stained by Hoechst 33342 and Calcein-AM after 1 h, 1, 3, and 7 days of culture. At each time point,
the bottom left panels are projected images (max intensity) and the bottom right panels are single, sliced images. The yellow arrows highlight the
original encapsulation site of fibroblasts after FLight process. Scale bars: 20 um. e) Mean diameter of microchannels in FLight hydrogel constructs
produced by light beams with different spatial coherence lengths using 5% w/v fluorescent-labeled Gel-MA photoresin. The diameter was measured as
the distance between microfilaments in fluorescence images. The microchannel was randomly selected from eight different z-steps of confocal images
(10 data per z-step). f) Mean aspect ratio of microchannels in hydrogel constructs fabricated with varying coherence lengths of the light beam (n = 3).
g) Cell aspect ratio at different time points. All data were collected from fluorescence images (n = 3).

increasing number of encapsulated fibroblasts occupied the  a parallel direction to the microchannels. Fibroblasts were first
void spaces between the microfilaments, which may be due  post-seeded on the surface of FLight hydrogel matrix or bulk
to cell migration. Interconnectedness of the microchannels  hydrogel constructs, and the migration depth from the sur-
of the FLight hydrogel matrix (e.g., cells can migrate through  face was measured to evaluate their migration in a perpendic-
interconnected microchannels) was confirmed by the cell wular direction. Fibroblasts on the surface of FLight hydrogels
migration in two directions: in a perpendicular direction and  were observed to migrate into the hydrogel matrix after 1 day
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of incubation, but not from the surface of bulk hydrogels. The
significant differences in cell migration depth show that these
microchannels are interconnected to allow cell migration in a
perpendicular direction to the microchannels (Figure S8a,b,
Supporting Information). Next, by performing the FLight bio-
fabrication in a container containing two types of photoresin, a
hydrogel construct containing different matrix compositions in
the direction of the microfilaments can be achieved. The fibro-
blasts were encapsulated in the cell-laden zone and the migra-
tion of fibroblasts to the cell-free zone in the direction parallel
to the microchannels was investigated. After 3 days of culture,
the presence of fibroblasts/nuclei in the cell-free zone was con-
firmed, which indicated that the encapsulated cells can migrate
in the parallel direction to the microfilaments via the contin-
uous microchannels (Figure S8c, Supporting Information).

Overall, the above results demonstrate that these continuous,
interconnected microchannels between the microfilaments can
support cell migration in the directions both parallel and per-
pendicular to microchannels. Such cell migration is essential
for establishing cell-cell contact in a 3D matrix, such as the
3D network of tenocytes that requires gap junction-mediated
intercellular communication.*) Moreover, microchannels can
induce elongation of cells and support the nuclear migration,
contributing a critical action in maintaining cell phenotypes
and accelerating the fusion of myoblast for cellular reconstruc-
tion after muscle physiological damage.*’]

The regulation of gene expression resulting from reorganiza-
tion of the nucleus upon mechanical confinement has shown
interesting results in the tissue engineering field. For example,
nuclear confinement can induce redifferentiation and repro-
gramming of cell fate by activating DNA repair pathways.[1%:2048]
At the tissue level, gene expression associated with ECM pro-
duction is upregulated in cells with elongated nuclei under
dynamic mechanical loading.'*#>% In this study, we demon-
strated that ultrahigh-aspect-ratio microchannels have unique
advantages for creating highly aligned tissue-engineered con-
structs by inducing mechanical confinement. Different tissue
microenvironments were created using the same bioresin
formulation (2.88% w/v Gel-NB/4PEG-SH photoresin with
NHDFs), including the 3D FLight hydrogel, 3D bulk hydrogel,
and 2D FLight hydrogel. The cells were encapsulated in the
hydrogel construct containing 3D FLight hydrogel, in the bulk
hydrogel, or post-seeded onto the surface of microfilaments (2D
FLight hydrogel). The alignment of cells under different con-
ditions was determined by phalloidin staining after 1 h, 1, 3,
and 7 days of culture (Figure 4a). The cells started aligning in
the direction parallel to the microfilaments after 1 day of incu-
bation in both 3D and 2D FLight conditions, but not in bulk
hydrogel, which again demonstrated the cell guidance property
of microfilaments as physical cues. Compared to 2D FLight,
NHDFs encapsulated within the 3D FLight matrix exhibited a
lower proliferation level (ratio of Ki67 positive cells) on the first
day. However, =76% of the NHDFs were found to be Ki67-posi-
tive cells after 3 days of culture, while this ratio was about 19%
on the surface of FLight hydrogel matrix (Figure 4b). Similar
results have been reported on rejuvenating and proliferating
states of fibroblasts after static compressive force and laterally
restricted culture.’»*2l The mechanical confinement obtained
from the hydrogel matrix could offer a new way to induce cell
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Figure 4. Microchannels provide mechanical confinement to increase
proliferation and collagen formation. a) Immunofluorescence staining of
Ki67 in hydrogel samples fabricated from different strategies after 1 h, 1,
3, and 7 days of culture. Scale bar: 20 um. b) Ratio of Ki67 positive cell in
hydrogel samples at different time points. All data were calculated using
Image) (n = 3). c) Relative change of gene expressions in cell-laden (3D
FLight, bulk)/cell-seeded (2D FLight) hydrogel constructs after 1 h, 1, 3,
and 7 days of culture. The fold change given in the heat map is the mean
value. All data were collected from three biological replicates of hydrogel
samples (with two technical replicates per sample).

proliferation, especially for aged cells with proliferation deficits,
such as tenocytes and tendon stem/progenitor cells.>>>4

Next, we demonstrated that ultrahigh-aspect-ratio micro-
channels and the resulting cell confinement can regulate gene
expression (Figure 4c and Figure S9, Supporting Information).
Upregulation of the mechanosensitive ion channel Piezol was
found at the initial stage (1 h and 1 day) in 3D FLight hydrogel
(ie., cells encapsulated within the hydrogel), compared to
the 3D bulk hydrogel and 2D FLight hydrogel (i.e., cells post-
seeded on the surface). Similarly, we observed an upregulation
of Lamin A/C protein expression (encoded by LMNA gene) in
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3D FLight hydrogel at 1 h; this gene has integral roles in the
transduction of mechanical signals from the cell membrane
into the nucleus and in nuclear stiffness.2%5° Furthermore,
COLI1A1 expression was upregulated at the beginning of incu-
bation, similar to PIEZO1 expression. Earlier studies have dem-
onstrated the relevance of PIEZO1 to the gene expression asso-
ciated with ECM production. For example, the lack of PIEZO1
leads to a decrease in COLIA1 expression, and PIEZO]1 plays a
critical role in ECM deposition during tissue maturation under
mechanical stimulation, such as tensile loading.l®*->% Also, the
lack of these micrometer-sized voids in bulk hydrogel leads to
higher MM P2 expression levels to aid cell migration by remod-
eling the hydrogel matrix.®) However, the decrease in PIEZO1
was found from day 3, which could be explained as a loss of
mechanical confinement. The change in the dimension of
microchannels may be caused by the deformation of microfila-
ments during cell contracting, thus reducing the physical con-
finement on nuclei.®*Z In our future work, we plan to offset
this loss of mechanical confinement by applying additional
static/dynamic tensile loading, which is also critical for the bio-
fabrication of matured anisotropic tissues.[%3!

2.4. FLight Biofabrication of Highly Aligned
Tissue-Engineered Constructs

We demonstrated the ability of FLight to biofabricate highly
aligned tissue-engineered constructs using 2.88% w/v Gel-
NB/4PEG-SH photoresin with four cell types: NHDFs, human
tenocytes (HTs), human umbilical vein endothelial cells
(HUVECsS), and mouse myoblasts (C2C12). Cell viabilities were
found to be above 85% for all cell types 1 h after FLight bio-
fabrication. By contrast, low cell viability of HUVECs (<70%)
was observed in bulk hydrogels, which were prepared using
the same light dose as FLight (Figure S10, Supporting Informa-
tion). However, when the incubation was extended to 21 days,
the viability of C2C12 was about 74% in the FLight hydrogel
samples. To overcome this limitation, a series of hollow micro-
structures several hundred micrometers in diameter was cre-
ated in FLight hydrogel constructs by blocking light from the
designed projection image. The encapsulated C2C12 cells
showed higher cell viability (=89%) in hydrogel constructs
containing multiple hollow channels after 3 weeks of culture.
Therefore, multihollow microstructures (diameter of 216 pum)
were employed in subsequent experiments to achieve higher
bioactivity in cell-laden hydrogel constructs.

The potential of FLight biofabrication in engineering aniso-
tropic tissues is based on the microstructures’ ability to guide
cell alignment and on the alignment of ECM (i.e., self-aggre-
gation into aligned collagen fibers). Using NHDFs, the cell-
guiding property of the microfilaments was tested in structured
samples with a diameter of about 1 mm (light exposure 2.8 s,
containing multihollow microstructures). Phalloidin staining
was used to visualize the capability of microfilaments to guide
cell alignment (Figure 5a). 99% of the NHDFs were elongated
and aligned within £30° of the direction parallel to the microfil-
aments during the 14 days of culture (Figure 5e and Figure S1la,
Supporting Information). The formation of aligned collagen
type I was confirmed from the immunofluorescence images
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using an anticollagen type I antibody (Figure S1lb—e, Sup-
porting Information). On the other hand, no cell alignment
and aligned collagen fibers were found in the bulk hydrogels
due to a lack of cell-guiding cues (Figure S12a—c, Supporting
Information). Similarly, more collagen-positive areas (=48%)
were found in FLight hydrogel than in the bulk hydrogel
(=28%), as shown in Figure 5f. Interestingly, cell nuclei were
also elongated and orientated in the FLight hydrogel con-
structs compared to nuclei of randomly orientated fibroblasts
in the bulk hydrogel sample (Figure 5g and Figure S12d,e, Sup-
porting Information). Recent studies have shown that physical
cues can regulate the shape of cells and nuclei, ultimately
affecting the phenotype, cell behavior, and gene expression. For
example, the presence of fiber components in tissue matrices
can induce fibroblasts to switch their phenotype to a myofibro-
blastic state, characterized by elongated shape.** Furthermore,
laterally restricted cultures of fibroblasts induce de-differentia-
tion and reprogramming, which leads to rejuvenation of aged
fibroblasts.[>1¢4

Next, we studied the alignment of HTs in hydrogel matrix
fabricated by FLight, which has important implications for the
biofabrication of tendon tissue models. Highly aligned filamen-
tous actins (F-actin) were found in HTs after 2 weeks of culture.
Immunofluorescent detection of type I collagen fibers again
demonstrated that the microfilaments provide efficient guid-
ance for cells and their deposited ECM (Figure 5b). Addition-
ally, by introducing a fibroblast-HUVEC co-culture system, we
showed that the formation of highly aligned blood capillaries
could also be guided by FLight technique as detected by CD31
immunostaining in 2 weeks cultures (Figure 5c). Interestingly,
we found the continuous capillaries to be aligned in the direc-
tion parallel to microfilaments, and some vasculatures were
observed with a length >1.4 mm. Blood capillaries were con-
firmed to have lumen, as seen from a cross-sectional view of
the 3D confocal image (Figure S13, Supporting Information).

Finally, C2C12 cells were encapsulated in 2.88% w/v Gel-
NB/4PEG-SH photoresin and FLight was performed to fur-
ther demonstrate its potential in the biofabrication of muscle
tissue-engineered constructs. Upon exposure to differentia-
tion medium containing 2% v/v horse serum, we observed the
fusion of myoblasts and alignment of myotubes as seen with
immunofluorescence staining using antimouse myosin heavy
chain (MyHC) antibody and phalloidin after 3 weeks of culture
(Figure 5d). 95% of myotubes were found to be aligned in the
parallel direction of microfilaments (—30° to 30°) within the
FLight tissue-engineered constructs (Figure 5h). As expected,
the myotubes showed a random orientation in the bulk
hydrogel. Similarly, more highly aligned contractile myotubes
with a higher fusion index were found in FLight hydrogel con-
structs compared to bulk hydrogels (Figure 5i and Video S4,
Supporting Information). It was interesting to observe that over
76% of the myotubes in FLight tissue-engineered constructs
had more than six nuclei per myotube (Figure 5j), which were
not found in the bulk hydrogel samples.

Overall, we have demonstrated that FLight is an effective
strategy for the biofabrication of highly aligned tissue-engi-
neered constructs, with rapid manufacturing times and excel-
lent cell biocompatibility. The cell-guiding physical cues, micro-
filaments, lead to efficient alignment of cells required to create
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Figure 5. Cell guidance properties of microfilaments and maturation of highly aligned tissue-engineered constructs. a) Evidence of NHDFs alignment
using phalloidin staining, and immunofluorescence staining of highly aligned collagen type | in FLight hydrogel constructs after 2 weeks of culture.
Scale bars: 50 um in the top panel, and 20 um in the bottom panel. b) Alignment of HTs and collagen type | fiber in FLight hydrogel constructs at
2 weeks of culture. Scale bars: 50 and 20 um, respectively. ¢) Immunofluorescence images as evidence of highly aligned vasculature in an NHDFs-
HUVEC co-culture system after 2 weeks of incubation. The white arrows highlight a continuous blood capillary with length up to T mm. Scale bars in
top and bottom panels: 100 and 20 um, respectively. d) Immunofluorescence staining of myosin heavy chain (MyHC) and collagen type | in muscle
tissue-engineered constructs after 3 weeks of culture in differentiation medium. Scale bars: 100 and 20 pum in magnified images. e) Distribution of
the angle between the aligned orientation of NHDF and the parallel position to microfilaments in FLight hydrogels, and the distribution of the angle
between the long axis direction of NHDF and bulk hydrogel after 2 weeks of culture. All data were collected from fluorescence images (n = 3). f) Ratio
of collagen type | positive area in NHDFs-laden FLight hydrogels and in NHDFs-laden bulk hydrogels (n = 3). g) Mean value of NHDFs’ nuclei aspect
ratio in FLight and bulk hydrogel constructs (n = 3). h) Distribution of the angle between the myotubes’ aligned orientation and parallel position to
microfilaments in FLight tissue-engineered constructs after 3 weeks of culture in differentiation medium. All data were calculated from the fluorescence
images using Image) (n = 3). i) Fusion index of myoblasts and j) ratio of nuclei number per fused myotubes to evaluate muscle maturation. All results
were measured from fluorescence images (n = 3).
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anisotropic tissue-engineered constructs. FLight offers a critical
advantage over conventional strategies, which are often reliant
on post-seeding of cells onto fiber-based scaffolds and sub-
strates.®! The fact that these techniques merely provide a 2D
microenvironment and inhomogenous cell distribution further
limits their applications. For extrusion-based bioprinting strate-
gies, a high concentration of fibrillar components and smaller
nozzles are often necessary to achieve effective cell alignment,
which can generate significant shear stress on cells.[#66-68]

2.5. FLight/Multi-FLight for Biofabrication of Complex
Hydrogel Constructs

Lastly, we explored the FLight’s potential to create anisotropic
tissue-engineered constructs mimicking in vivo tissue struc-
tures.”l Varying hydrogel constructs with detailed features
were produced using 2.88% w/v Gel-NB/4PEG-SH photoresin
including hollow structures (Figure 6a and Figure S14, Sup-
porting Information) and a hydrogel QR code (7 X 7 mm) with
=220 um feature size. Also, cell-laden tubular hydrogel struc-
tures were created, and the encapsulated NHDFs were stained
with calcein-AM after 7 days of culture (Figure 6b). Monolayers
of NHDFs were observed on the inner and outer walls of the
tubular structures. The subsequent filling of the channels with
a fluorescent-label dye (red) indicated that these tubular struc-
tures were maintained after 7 days of culture. The above results
demonstrated that FLight biofabrication is a promising method
for creating anisotropic hydrogel constructs with free-designed
cross-sectional structures for anisotropic tissue engineering.

A multicellular/multimaterial FLight biofabrication strategy
was established by performing multiple sequential projections
with an exchange of bioresin between projections. Multi-FLight
allows for the creation of hierarchical organization of tissues,
with control over the placement of cells and matrix types. As
shown in Figure 6c¢, multimaterial structures were achieved
with two complementary projection images. With the first
image, the bioresin was spatially cured to create the first part
of the hydrogel structure. After removing the uncrosslinked
bioresin, the second bioresin was loaded into the vial and the
second complementary image was projected. As demonstrated,
acellular FLight hydrogel constructs were produced using two
fluorescent-labeled photoresins (Figure 6d). The CellTracker
Green-labeled NHDFs were mixed with 5% w/v Gel-NB/4PEG-
SH photoresin and the central cylindrical hydrogel structures
were projected. The peripheral tissue-engineered constructs
loaded with CellTracker Red-labeled NHDFs were created by
FLight using 2.88% w/v Gel-NB/4PEG-SH photoresin. The
successful encapsulation of two fluorescent-labeled cells into
the designed hydrogel structure was confirmed (Figure 6e). As
expected, the alignment of cells in both projected hydrogel con-
structs was observed after 7 days of incubation, due to the pres-
ence of microfilament structuring in hydrogel constructs.

Finally, multiple types of FLight biofabrication strategies
were demonstrated, including a multidirectional FLight (Cross-
FLight) and multistep FLight (Multi-FLight). In the Cross-
FLight process, the second projection was performed from
a different direction (1° to 90°) to the previous projection, to
create hydrogel constructs containing microfilaments aligned
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in multiple directions. The multidirectional microfilaments
were observed in the Cross-FLight hydrogel constructs fabri-
cated using 5% w/v fluorescent-labeled Gel-MA photoresins
(Figure 6f). These unique microstructures in Cross-FLight
hydrogel constructs are promising for engineering tissue con-
structs that need complex tissue organization and cell align-
ment, such as myocardial muscle tissues.! The scaling-up
ability of the FLight biofabrication method has been demon-
strated by Multi-FLight, in which single hydrogel constructs
(=5 mm in length) can be stacked on top of each other to result
in a long hydrogel construct (=2 cm in length) featuring micro-
filaments throughout its entire length of the whole hydrogel
constructs. Briefly, the new photoresin, which can be different
from the previous photoresin, was added to the top after the
last FLight process, and then the new FLight process was per-
formed from the top of vial. In Figure 6g, a 2 cm long hydrogel
construct was created, and the fusion of microfilaments from
the different steps of FLight was confirmed from fluorescence
images. These results demonstrated the ability of Multi-FLight
biofabrication to create tissue-engineered constructs containing
continuous microfilaments; and Multi-FLight offers a potential
method for rapid biofabrication of human-scale muscle engi-
neered constructs and complex tissue interfaces (i.e., muscle—
tendon junction), incorporating multiple distinct morpholo-
gies/microstructures/cell types.(?

3. Conclusion and Future Outlook

We have demonstrated a rapid biofabrication method for creating
3D hydrogel constructs containing cell-guiding microfilaments.
The alignment of four types of cells/deposited ECM was achieved
by FLight biofabrication. The ultrahigh-aspect-ratio topological
cues provided by the microchannels had a potent effect on cell and
nuclear morphology. By synergizing with sequential projections
from single or multiple directions, a multicellular/multimaterial
biofabrication strategy that can mimic the hierarchical organiza-
tion of anisotropic tissues was established.

Future investigation into the relationship between photo-
chemistry/optics (e.g., molecular weight, RI changes, wave-
lengths, light intensity, etc.) and control of microfilaments/
microchannels properties (e.g., dimension, tunable void frac-
tion, etc.),® will pave the way for broader application of
this technology. For example, optimized photoresin formula
including RI matching agent (e.g., iodixanol), photoabsorp-
tion dye (e.g., sunset yellow FCF (disodium 6-hydroxy-5-((4-
sulfonatophenyl)diazenyl)naphthalene-2-sulfonate)), and free
radical inhibitor (e.g., TEMPO (2,2,6,6-tetramethyl-1-piperidiny-
loxy)), all show promise to achieve better control of the slight
crosslinking between microfilaments, and better projection res-
olution/light penetration depth with high cell concentration.670!
It can be expected that FLight biofabrication of anisotropic tis-
sues will greatly benefit from the development of photosensi-
tive materials, such as norbornene-functionalized collagen/
chitosan/fibrinogen/silk and norbornene-functionalized decel-
lularized extracellular matrix for enhanced biocompatibility and
tissue functions, or synthetic polymers like norbornene-func-
tionalized poly(vinyl alcohol), acrylate-modified poly(ethylene
glycol), PEG-SH/PEG-NB for tunable degradation rate.[!

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. FLight/Multi-FLight for biofabrication of complex hydrogel constructs. a) Top: Bright-field images (cross-section views) of varying FLight
hydrogel constructs created using 2.88% w/v Gel-NB/4PEG-SH photoresin. Inserts are the projection images used to fabricate hydrogel samples.
Bottom: Projection images used for fabrication of a hydrogel QR code construct (7 x 7 mm), and the photographs of the hydrogel construct; a single
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The FLight hydrogel constructs exhibit ideal mechanical
properties that permit application of mechanical loading,
which shows promise to achieve maturated anisotropic tissues.
As ultrahigh-aspect-ratio topological cues, microfilaments/
microchannels are valuable for a better understanding of cell
behavior and genomic change under mechanical confinement
from a mechanobiological view. Finally, we foresee that FLight
process can be used for the fabrication of acellular grafts, acting
as guidance cues for the in situ regeneration of aligned tissues
such as nerves./!

4. Experimental Section

All chemicals were purchased from Sigma-Aldrich and cell culture
reagents from Gibco unless otherwise indicated.

Synthesis of Gel-NB: The synthesis process of Gel-NB and its
characterization were described in previous study:Fl briefly, gelatin type
A from porcine skin was dissolved at 10% w/v in 0.1 M pH 9 carbonate—
bicarbonate buffer at 50 °C. Then, 1/5 of the total cis-5-norbornene-
endo-2,3-dicarboxylic anhydride (carbic anhydride, CA) necessary to get
the desired Gel:CA ratio was added to the solution. The reaction was
left to proceed for 10 min under stirring prior to pH adjustment to 9
with NaOH 0.5 m solution. pH adjustment and sequential addition of
CA were repeated five times every 10 min. The solution was then diluted
twofold with Milli-Q water prewarmed to 40 °C and the pH adjusted to
7.4 with a solution of HCl 0.5 M. Upon centrifugation for 15 min at 3000
rcf, the supernatant was then dialyzed at 40 °C against Milli-Q water with
frequent water changes for 3—4 days and finally freeze-dried.

For the photoresin preparation, the freeze-dried Gel-NB was
dissolved in phosphate-buffered saline (PBS) and kept at 40 °C for 30
min. The 4PEG-SH (10 kDa, JenKem Technology) was added to the
Gel-NB solution to obtain the desired SH:NB ratio (1:1). Next, a 2% w/v
photoinitiator (Pl) lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) stock solution in PBS was mixed with Gel-NB/4PEG-SH solution
to get a final concentration at 0.05% w/v. The photoresin was filtered by
0.45 um filter (Filtropur S 0.45, SARSTEDT AG) and stored away from
light.

Synthesis of Gel-MA and Fluorescent-Labeled Gel-MA: Gel-MA was
synthesized as previously described.’? The degree of substitution (DS)
was estimated with '"H NMR (Bruker Ultrashield 400 MHz, 1024 scans)
in D20 (Apollo Scientific). Gel-MA lysine integration signal (2.95-
3.05 ppm) was compared to unmodified gelatin lysine integration signal
(2.95-3.05 ppm). Phenylalanine signal (7.2-7.5 ppm) was used as an
internal reference. DS was found to be =45%.

Fluorescent-labeled Gel-MA was fabricated by modifying the
fluorescein-5-isothiocyanate (FITC) or rhodamine B isothiocyanate

www.advmat.de

(RBITC) onto the Gel-MA. Briefly, 10% w/v of Gel-MA was first dissolved
in 100 X 10 m sodium bicarbonate solution. A 0.1% w/v of FITC-
dimethylformamide or rhodamine solution was then added, and the
mixture was stirred at 40 °C for 6 h in the dark. After the reaction, the
mixture was dialyzed against deionized water for 4 days at 30 °C to
remove the unreacted monomers with subsequent freeze-drying to
obtain fluorescent-labeled Gel-MA.

For the photoresin preparation, the freeze-dried Gel-MA was dissolved
in PBS and kept at 40 °C for 30 min. Then, a 2% w/v LAP stock solution
was mixed with Gel-MA solution to achieve a final concentration of 5%
w/v Gel-MA and 0.05% w/v LAP. The photoresin was filtered by 0.45 um
filter and stored away from light.

Synthesis of HA-MA: Low-molecular-weight HA-MA (M,, =
50 000-70 000) was purchased with the DS 20-50%.

For photoresin preparation, HA-MA was dispersed in PBS and stirred
at 4 °C until complete dissolution and then mixed with a 2% w/v LAP
stock solution to prepare 2% w/v HA-MA and 0.05% w/v LAP solutions.
The photoresin was filtered by 0.45 um filter and stored away from light.

Synthesis of Alg-MA: Sodium alginate (M,, > 200 kDa, PRONOVA UP
MVG, NovaMatrix) was dissolved in 25 mL of Milli-Q water to produce
1% w/v solution by continuous stirring. Methacrylic anhydride was
distilled prior to use (20 eq. to hydroxyl groups, 52 mmol, 7.7 mL) and
added; the formed emulsion was vigorously stirred for 24 h at room
temperature. pH was frequently checked and adjusted to 7-8 with
NaOH 0.5 m solution. The solution was transferred to Falcon tubes
and centrifuged at 3000 rcf for 15 min to remove excess methacrylic
anhydride. The aqueous phase was precipitated into ethanol and the
precipitate was filtered through a fritted glass funnel (S4 porosity)
and dried overnight under high vacuum. Dry Alg-MA was dissolved in
Milli-Q water and then dialyzed at room temperature with frequent water
changes for 3—4 days. The Alg-MA was obtained after freeze-drying. 'H
NMR spectra to determine DS were acquired using 1% w/v Alg-MA in
D,0 on a Bruker spectrometer operating at a 400 MHz proton frequency.
DS was found to be =51%.

To prepare the photoresin, the freeze-dried Alg-MA was dissolved in
PBS. Then an LAP stock solution was mixed with Alg-MA solution to
achieve a final concentration of 2% w/v Alg-MA and 0.05% w/v LAP. The
photoresin was filtered by 0.45 um filter before use.

Cell Culture: Tenocytes were kindly provided by Prof. Lee Ann
Applegate and described previously.”l Human fetal progenitor
tenocytes were isolated from the Achilles tendon of a male 14 week
gestation organ donation according to a protocol approved by an ethics
committee. University Hospital of Lausanne (CHUV), Ethics Committee
Protocol No. 62/07: 14-week gestation organ donation, registered
under the Federal Transplantation Program and its DAL (Department
of Musculoskeletal Medicine) Biobank complying with the laws and
regulations. NHDFs were isolated from juvenile foreskin skin biopsies.
The biopsies were obtained under parental informed consent and their
use for research purposes was approved by the Ethical Committee

pixel in the QR code image corresponds to about 220 um. Scale bars: 200 um in BF image and 2 mm in photograph. b) Top: Photograph and bright-
field image of cell-laden tubular hydrogel constructs fabricated using 2.88% w/v Gel-NB/4PEG-SH bioresin. Middle and bottom: Fluorescence images
of tubular constructs from front view and side view. The encapsulated NHDFs were labeled by Calcein-AM, and the RhoD-labeled Dextran was added
into tubular hydrogel constructs after 7 days of culture. Scale bars: 100 um. c) Schematic illustration of multicellular/multimaterial FLight for heterog-
enous biofabrication of anisotropic tissue-engineered constructs. d) Photographs and full scanned fluorescence image of varying hydrogel constructs
achieved by multimaterial FLight process using 5% w/v FITC- and Rhod-labeled Gel-MA photoresin. Scale bars: 2 mm in the photograph and 1 mm
in the fluorescence image. e) Fluorescence images of hydrogel constructs fabricated by multimaterial FLight process on day 0 and day 7. The NHDFs
were labeled by CellTracker Green or Red, and encapsulated in the hydrogel constructs fabricated using 5% and 2.88% w/v Gel-NB/4PEG-SH pho-
toresin, respectively. The side view of cell alignment after 7 days of culture was generated by Imaris from a full scanned 3D fluorescence image. Scale
bars: 200 um in all fluorescence images. f) Schematic illustration of multidirectional FLight process (Cross-FLight) and the fluorescence images of the
aligned microfilaments in the hydrogel constructs. The white arrows indicate the directions of microfilaments (i.e., the directions of FLight projections)
in hydrogel constructs. The zoom-in images show the microstructure of the microfilaments in the cross-zone from the yellow squares. Scale bars:
500 um in photographs and 20 um in microscopy images of microfilaments. g) Schematic illustration of multistep FLight process (Multi-FLight) for
biofabrication of long hydrogel constructs and the confocal images of the fusion of the microfilaments between the different steps of FLight. The white
arrow indicates the direction of the FLight projection (i.e., multistep FLight repeated in the same direction). Scale bars: 1 cm in the photographs and
20 um in microscopy images of the interfaces (i and ii).
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of Canton Zurich (BASEC-Request-Nr. 2018-00269). Tenocytes and
NHDFs were cultured in Falcon Cell Culture Multi-Flask (TC 5-layer,
875 cm?) with DMEM+GlutaMAX-I + 10% w/v fetal bovine serum (FBS)
+ 10 ug mL™" Antibiotic-Antimycotic (Anti-Anti). Myoblasts (C2C12)
were obtained from ATCC and cultured in Dulbecco’s modified Eagle
medium (DMEM) medium + 10% v/v FBS + 10 pg mL™ Anti-Anti for
cell proliferation. Cells were passaged at 90% confluence and detached
using 0.25% Trypsin/ethylenediaminetetraacetic acid. For C2C12
differentiation, the cell-laden hydrogels were incubated in differentiation
medium composed of DMEM + 2% v/v horse serum + 1% v/v Insulin-
Transferrin-Selenium (ITS+, Corning) + 10 ug mL™' gentamicin. Samples
were cultured in a 35 mm petri dish (PS 60/15 MM, Greiner Bio-One)
with frequent medium changes. HUVECs were purchased from Lonza
and cultured in endothelial cell growth medium-2 BulletKit (EGM-2,
Lonza). For the HUVEC-NHDF co-culture system in hydrogel construct,
HUVEC and NHDFs were mixed at a ratio of 1:2 in the photoresin to
prepare the biophotoresin. The fabricated cell-laden hydrogel samples
were transferred into 6 well plates and cultured in a mixed medium
(DMEM:EGM-2 as 1:1).

Preparation of Bioresin: Photoresins were prepared as indicated
above. A 0.2 um filter (Filtropur S 0.2, SARSTEDT AG) was used to
sterilize the photoresins and remove potentially scattering particles. The
NHDFs and HTs were resuspended in photoresins at a concentration of
1 million cells mL ~". The C2C12 was mixed with photoresins at 2 million
cells mL™". For NHDFs-HUVEC co-culture, two types of cells were mixed
at a ratio of 2:1 at a concentration of 1 million cells mL™" in photoresins.

Design of Projection Images for FLight Biofabrication: Projection images
were created using Affinity Photo (Affinity Suite 1.9, Serif Europe Ltd.) with
a fixed resolution of 1024 x 768 pixels. The images were grayscale, with a
pure white color corresponding to 100% light intensity (=62.5 mW cm™2).
The width of each pixel in the projection image was equal to about
27 um. The patterns were corrected by 90° as they were projected, with
a 90° rotation to the vials and cuvettes. The projection images were then
exported as PNG files.

Assemblage of Standard Kohler Illumination System: All components
for assembling a standard Kéhler illumination system were bought from
Thorlabs if not otherwise clarified, including the light source (M405L4).
The assembly and alignment protocols were described in a previous
study.?7) Light intensity in front of the cuvette was measured after each
adjustment of field diameter and/or aperture diameter using a power
meter.

FLight Biofabrication: (Bio)photoresins were prepared as described
above and transferred to sterilized cuvettes or glass vials. The Gel-
NB/4PEG-SH and Gel-MA (bio)photoresins were allowed to thermally gel
at 4 °C for 15 min. For highly viscous photoresins or nonthermoreversible
photoresins (i.e., HA-MA, Alg-MA), the above steps were skipped. The
FLight projections were performed a tomographic volumetric printer
(Tomolite Ver. 1.0, Readily3D SA) without rotation of the photoresin
container, and the light intensity was approximately 62.5 mW cm™.
The projection times were calculated based on the light intensity and
the light doses required for the crosslinking of each photoresin. The
projection images were loaded into the software (Apparite, Readily3D
SA) before starting the projection. Uncrosslinked (bio)photoresin was
washed away using PBS prewarmed to 37 °C. The projected constructs
were removed using a sterile spatula and transferred into PBS or culture
medium.

Compression Modulus Measurements: All samples were prepared
as cylindrical models with a diameter of 5 mm and height of 4 mm. A
circular projection image of 185 pixels in diameter was used to prepare
the FLight hydrogel samples. Bulk hydrogel samples (control group)
were generated by filling photoresin into polymethylsiloxane molds
(5 mm inner diameter and 4 mm height) before UV crosslinking.
Samples were tested by unconfined uniaxial compression using
TA.XTplus Texture Analyzer (Stable Micro systems). A 500 g load cell and
a flat plate probe (15 mm) were used. A 0.2 g preload was applied to
ensure that the samples were in full contact with the plates. Samples
were compressed to a final strain of 50% at a rate of 0.01 mm s, Elastic
compressive modulus was calculated by linear fitting of initial linear
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region (0.5-5%) of the stress—strain curve. The tests were carried out at
25 °C and repeated three times.

Tensile Tests: All samples were prepared as hydrogel strands with a
diameter of 1 mm. A circular matrix (8 x 8) image of 37 pixels in diameter
was loaded to FLight system. Bulk hydrogel samples were created by
pressing the bulk gel through a grid (1 mm, micrometer-sized apertures)
after thermoreversible gelation of photoresin. Microstrands were then
crosslinked under a UV lamp using the same light dose as for the FLight
process. Tensile tests were performed by Texture Analyzer equipped with a
500 g load cell using miniature tensile grips and a 0.1 g preload was applied
before tension. All samples were stretched at a speed of 0.1 mm s~ until
fracture. The loading—unloading curves were measured at a tensile strain of
0-50%, with a tension rate of 0.1 mm s~ over 12 time cycles.

Cell Viability: Hydrogel constructs were washed three times with
PBS after 0, 3, and 7 days of culture and then incubated for 45 min
in FluoroBriteTM DMEM supplemented with 1:2000 calcein-AM
(Invitrogen), 1:1000 Hoechst 33342 (Invitrogen), and 1:500 propidium
iodide (PI, Fluka). Fluorescence imaging was performed with a confocal
laser scanning microscope (CLSM; Fluoview 3000, Olympus) after
three times washing in medium. Z-stacks scanning was acquired from
the surface of constructs at 5 um steps 200 um into the constructs.
The z-projection images were analyzed with Fiji Image). The above
experiment was repeated three times, with the viability of each sample
averaged over three images of randomly chosen areas.

CellTracker Dye Loading: CellTracker Green dye CMFDA (Invitrogen)
and CellTracker Red dye CMTPX were applied to NHDFs in serum-free
medium at a working concentration of 10 X 10~® m. Cells were transferred
to the incubator at 37 °C for 1 h and then washed with PBS three times
for subsequent experiments.

Immunofluorescence Staining: Cell-laden hydrogel constructs were
washed with PBS three times after 7 days of culture and fixed in 4%
paraformaldehyde for 30 min at 25 °C. The strands were permeabilized
with 0.2% Triton-X100 in PBS for 30 min before blocking with 1% v/v
bovine serum albumin (BSA) in PBS for 1 h. The constructs were then
incubated with primary antihuman collagen | antibody (ab138492,
Abcam) 1/500 diluted in BSA-PBS at 4 °C for 12 h. Next, the samples
were washed three times with PBS, incubated with 1/200 diluted
secondary antibody (Goat anti-Rabbit Alexa Fluor 488, Invitrogen),
Hoechst 33342, and pre-prepared phalloidin-tetramethylrhodamine B
isothiocyanate working solution (0.13 ug mL™", P1951) in BSA-PBS for
2 h at 4 °C. C2C12 constructs were incubated with 1/20 diluted primary
antihuman myosin heavy chain antibody (MF-20, DSHB) and 1/500
diluted collagen | antibody for 12 h at 4 °C. The samples were then
incubated with 1/200 diluted secondary antibody (Goat anti-Rabbit
Alexa Fluor 647, Goat anti-Mouse Alexa Fluor Plus 488), phalloidin-
tetramethylrhodamine B isothiocyanate working solution, and Hoechst
for 2 h at 4 °C. Samples were washed with PBS before imaging on
CLSM. NHDFs encapsulated in tubular constructs, encapsulated
in fluorescence Gel-MA, or seeded on the surface were stained by
calcein-AM for 1 h. Tubular constructs were then perfused with 40 kDa
tetramethylrhodamine isothiocyanate-dextran  (TRITC-dextran) for
10 min before confocal imaging.

RNA Isolation and Quantitative Reverse Transcription Polymerase Chain
Reaction: NHDFs were encapsulated into hydrogel samples fabricated
using 2.88% w/v Gel-NB/4PEG-SH photoresin. The tissue samples
were homogenized with tissue grinders and incubated with NucleoZOL
(MACHEREY-NAGEL) at room temperature for 10 min. DNase-free
water was added to the samples and mixtures were centrifugated for
10 min at 12000 rcf. The supernatants were mixed with 70% EtOH
and transferred to the RNeasy mini kit (Qiagen) column to extract
the total RNA. An A260/280 ratio of between 1.8 and 2.1 was accepted
as adequate quality for the RNA samples. The isolated RNA was
transcribed to complementary DNA following the instruction of GoScript
Reverse Transcriptase kit (Promega). The relative gene expression levels
were determined on real-time PCR System (QuantStudio 5, Applied
Biosystems) with the SYBR Green PCR Master Mix (Promega). The
GAPDH housekeeper gene was used as an internal control for the
normalization of RNA levels.
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3D Image Reconstruction: The 3D images obtained using confocal
microscopy were imported into Imaris 9.2.1 for reconstruction of the 3D
model. The measurements in this work were performed by surface and
statistic functions.

Statistical Analysis: Statistical analysis was performed using GraphPad
Prism (x64, v. 9.2.0) and unpaired t-tests. Alpha was set to 0.05 and
differences between two experimental groups were judged to have

represents “no significant difference” between two groups.
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Supporting Information is available from the Wiley Online Library or
from the author.
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