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A B S T R A C T

In this study, chaotic flows are used to biofabricate muscle tissue-like constructs that mimics the hierarchical
architecture of native skeletal muscle. Multi-layered and multi-material filaments (~1.2 mm in diameter) are
easily obtained in a one-step extrusion protocol by using a Kenics static mixer (KSM). These filaments contain
intercalated layers (~130 μm in thickness) of myoblast-laden gelatin-methacryloyl (GelMA)-alginate and physi-
cal barriers composed of alginate. Cells exhibit a high post-printing viability (>85%) and remain highly viable
even at 28 days after bioprinting. Alginate barriers prevent cells from migrating to neighboring layers. The spa-
tially controlled microarchitecture achieved here, resembles a muscle fascicle at each intercalated layer. This
straightforward approach promotes an effective alignment of cells (~60%) with respect to the filament axis. The
expression of myosin and sarcomeric actin was verified at day 28. In summary, we demonstrate the fabrication
of a hierarchically structured engineered muscle-like constructs in a continuous and simple fashion using an ex-
trusion-based technique that modulates printing resolution simply by switching the number of KSM elements in
the printhead.

1. Introduction

Nature is an exceptional factory of living systems composed of extra-
ordinary hierarchical structures. Remarkable examples are the beautiful
layers inside bamboo trees [1], the concentric multilayered structures
that make up a dragonflies' wings [2], and the networks of spicules that
protect and bring support to ‘glass’ sponges [3]. The human body is no
exception, as the highly organized microstructures found in bones [4],
tendons [5], and even in our brains [6] demonstrate that human tissues
also display hierarchical architectures on which complex physiological
functions depend.

In skeletal muscles, the muscle fascicle is the largest structural block
(Fig. 1A) and is represented by a bundle of myotubes (also known as

muscle fibers), capillaries, and nerves. Each myotube contains multiple
myofibrils approximately 2 μm diameter that are formed by packed pro-
tein arrays called sarcomeres [7]. In this hierarchical architecture, the
sarcomere, which is composed of myosin and sarcomeric actin proteins,
is the nanostructured functional unit responsible for skeletal muscle con-
traction [8,9]. The spatial orientation of these proteins within the sar-
comere is what dictates muscle contractile functionality [10]; therefore,
the muscle must be delicately and diligently assembled to ensure unidi-
rectional alignment of the myotubes for the effective contraction of sar-
comeres [11,12].

In tissue engineering, this assembly process has been mimicked by
approaches that include self-assembly [13,14], micromolding
[11,15,16], photo-patterning [17], and 3D-bioprinting [18–21]. After
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Fig. 1. Chaotic bioprinting of a microstructured muscle model. A) Illustration showing the hierarchical organization of the skeletal muscle. The largest structural blocks in this tissue
are the muscle fascicles, i.e., bundles of myotubes. Each of these multinucleated cells contains high-aspect-ratio myofibrils composed of sarcomeres, i.e., the protein assemblies responsible
for muscle contraction. B) Schematics of the bioprinting setup implemented for (I) coextrusion of a myoblast (C2C12)-laden bioink, along with a pristine alginate ink, using a printhead
containing three Kenics static mixer (KSM) elements. (II) Illustration of a chaotically printed filament exhibiting inner layers. Representative bright-field and fluorescence micrographs
showing the (III) cross-sectional and (IV) axial view of printed constructs with several viable C2C12 cells at day 1, and preservation of multilayered architecture, respectively. C) Compu-
tational simulation results of a chaotic printing process. (I) Successive stretching and folding of two materials (represented in blue and yellow) extruded through a KSM printhead. Each
fluid is bifurcated and reoriented by each KSM element, generating an exponential increase in the number of flow streams. (II) The cross-section of the multilayered structure developed
after each KSM element.

establishment of the general structure, further cell orientation and align-
ment is typically promoted or enhanced through physical and chem-
ical stimulation [10,22,23]. Among muscle biofabrication strategies,
extrusion-based bioprinting is one of the most popular due to its rel-
ative simplicity and inexpensive equipment requirements. However,

even in the best case scenario, the resolution of extrusion bioprinters
is ~200 μm [20,24,25], which makes unidirectional accommodation of
skeletal muscle cells difficult to achieve [26].

We recently introduced the concept of continuous chaotic bioprint-
ing, a straightforward extrusion technique that uses chaotic advection
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to create living microsystems composed of mammalian or bacterial cells
at a resolution as small as 10 μm [27]. Chaotic printing uses chaotic
flows to produce highly aligned microstructures in a fast, reproducible,
and predictable fashion that is amenable to mathematical modeling
[28–30]. Based on our previous work, here we have printed, in a single
step, a biomimetic muscle model that exhibits a hierarchical structure of
highly aligned myotubes containing myofibrils displaying a narrow dis-
tribution orientation.

2. Materials and methods

2.1. Cell culture

Mouse myoblasts (C2C12 cell line, ATCC) were expanded in Dul-
becco's modified Eagle medium/high glucose (CAS 9005-38-3,
Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal
bovine serum (Gibco) by culture at 37 °C in a humidified 5% CO2 atmos-
phere.

2.2. Synthesis of GelMA

GelMA exhibiting a high degree of methacrylation was prepared
based on a previously developed protocol with slight modifications
[31]. Briefly, 10% (w/v) type A porcine skin gelatin (Sigma-Aldrich,
USA) was dissolved in Dulbecco's phosphate-buffered saline (DPBS) un-
der stirring at 350 rpm and 50 °C. Subsequently, 20% v/v methacrylic
anhydride (MA) (Sigma-Aldrich, USA) was added dropwise to the solu-
tion at 0.5 mL/min with a peristaltic pump. After a 1 h reaction, four
volumes of DPBS were added to the solution, and unreacted MA was re-
moved by dialysis against deionized water at 40 °C for 1 week until of
the solution reached pH 7.4. The solution was then frozen at −80 °C and
freeze-dried for 4 days. The lyophilized GelMA was stored at −80 °C for
further use.

2.3. Preparation of hydrogels

We prepared hydrogel solutions composed of GelMA (3% and 5%
w/v), alginate (1%, 2%, and 4% w/v) (Sigma-Aldrich, St. Louis, MO,
USA), and 3% GelMA and 1% alginate. The polymers were dissolved
in DPBS. GelMA-containing hydrogels were also mixed with 0.067%
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and heated at
70 °C for 15 min. Solutions were tempered at 40 °C for rheological
analyses.

2.4. Rheological measurements

A rheometer (Anton Paar RHEOPLUS/32 V3.40, USA), equipped
with a plate-plate geometry of 50 mm, was used to evaluate the effect of
temperature on complex viscosity, storage modulus (G′), and loss mod-
ulus (G″) of inks. A temperature sweep was performed from 40 to 4 °C
at a constant frequency and amplitude gamma of 1 Hz and 0.1%, re-
spectively. The gap size between the plate and the hydrogel was set at
0.5 mm. Each sample was initially deposited on the plate at 40 °C for
1 min to equilibrate its temperature prior to starting the measurement.
In addition, a shear rate sweep and a strain sweep were conducted in the
range of 0.1–100 Hz at 30 °C. All rheological measurements were con-
ducted in triplicate.

2.5. Preparation of bioink

We prepared a blend of GelMA and alginate (Sigma-Aldrich, St.
Louis, MO, USA) as follows: 1% alginate was dissolved in DPBS, and
3% (w/v) GelMA and 0.067% LAP were added to the solution. This
blend was heated at 70 °C for 15 min, sterilized by passage through a

0.22 μm syringe filter (Corning®), and then let stand in a water bath
at 37 °C for C2C12 cell incorporation. Separately, another ink composed
of 2% (w/v) alginate in DPBS was sterilized by filtration. Both inks
were then coextruded through a KSM printhead. Inks were maintained
at 37 °C until the printing process was performed.

2.6. Bioprinting system setup

The inks were deposited in syringes and connected through sterile
hoses to a KSM printhead equipped with three KSM elements. Syringes
were placed on a syringe pump and coextruded at a flow rate of 1.5 mL/
min until they reached the tip. Importantly, the nozzle outlet must be
pointing upward until the inks completely fill the printhead to avoid
bubble formation. The nozzle outlet was then carefully immersed in 2%
CaCl2 solution. When the extruded bioinks came in contact with 2%
CaCl2 solution at ~8 °C, alginate was immediately crosslinked, result-
ing in a homogeneous filament with conserved inner layered microstruc-
tures. The extrusion flow rate of 1.5 mL/min was based on preliminary
experiments.

The printed constructs were subsequently deposited in a Petri dish
containing sterile DPBS to allow photo-crosslinking of the GelMA us-
ing UV light at 365 nm for 30 s. Muscle constructs were cultured in ul-
tra-low attachment 6-well plates, each one containing 3 mL of DMEM/
high glucose and supplemented with 10% FBS and 1% penicillin-strep-
tomycin.

2.7. Computational simulations

Computational fluid dynamics simulations were conducted using AN-
SYS Fluent 2020 Software. A multiphase model was implemented to
mimic the coextrusion of fluids through a KSM printhead. A viscosity
ratio of 1:1 (0.2 Pa s) and a density of 1000 kg m−3 were considered.
A constant surface tension coefficient was added to model the interac-
tion forces between the fluids. Tridimensional conformations were dis-
cretized by means of a mesh of triangular elements and a convergence of
results was ensured using a mesh refinement. The Navier-Stokes equa-
tions for a laminar flow were also solved in a transient state. No-slip
boundary conditions were imposed in the fluid-flow simulations.

2.8. Determination of cell viability

The viability of the cells in printed constructs was assessed at days
1, 7, and 28. Cross-sectional cuts were washed three times with PBS
and assayed using a Live/Dead Cell imaging kit (Invitrogen, Carlsbad,
CA, USA) containing 2 mM calcein AM and 4 mM ethidium homodimer
(EtHD1). The samples were placed in a dark humidified incubator at
room temperature for 1 h. They were then washed with PBS and im-
mediately imaged using an Axio Observer.Z1 microscope (Zeiss, Ger-
many) equipped with Colibri.2 LED illumination and an Apotome.2 sys-
tem (Zeiss). The Apotome.2 consists in a system of moving grids cou-
pled with an image analysis algorithm that removes out-of-focus fluo-
rescent signals. Briefly, the system captures a set of images of a particu-
lar field-of-view at different grid-position. The image analysis algorithm
filters the out-of-focus fluorescence and only displays the fluorescence
signals in the plane with the sharpest focus. Every micrograph in the vi-
ability assays was taken with a 10X objective. The intensity of the LED
illuminator and exposure time were 30% and 50 ms for FITC channel,
and 60% and 800 ms for EtHD1 channel, respectively. Wide-field images
were obtained using the stitching algorithm included in the microscope
software (Zen Blue Edition, Zeiss). Viability was expressed as the ratio
of viable cells over the total cell number and was derived from at least
three independent constructs (n = 3).
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2.9. Determination of thickness and area of layers

The layer thickness in the scaffolds printed with three, four, or six
KSM elements was assessed by drawing 12 straight lines from top to bot-
tom on cross-sectional micrographs, in orthogonal orientation to the lay-
ers. Using the line selection tool in the Fiji software (ImageJ), we mea-
sured the distance of each segment of line generated when a drawn line
was cut by each layer in the cross-section. The striation thickness dis-
tribution was expressed as the cumulative frequency of the lengths of
the line segments. We also used the freehand selection tool in the Fiji
software to quantify the area of single layers in cross-sectional cuts. The
results were expressed as the mean of three (n = 3) independent micro-
graphs ± standard deviation.

2.10. Analysis of cell morphology

Constructs were washed with PBS, fixed with 4% paraformaldehyde
for 20 min, and washed three times with PBS to remove reagent traces.
The actin filaments and nuclei were stained using Phalloidin-iFluor
647 reagent (10 μL/990 μL; ab176759, Abcam, USA) and 4′,6-di-
amidino-2-phenylindole (DAPI) (1 μg/mL; D9542, Sigma-Aldrich, USA),
respectively. Samples were incubated with reagents in a dark humidified
incubator at room temperature for 90 min, followed by three washes
with PBS. The constructs were visualized using an Axio Observer.Z1 mi-
croscope (Zeiss, Germany).

2.11. Immunostaining assays

Printed constructs were washed three times with PBS and immersed
in 4% paraformaldehyde for cell fixation at room temperature for
20 min. After three washes with PBS, the cells were permeabilized with
Triton X-100 (0.2% v/v) for 30 min. The non-specific adhesion sites
in the samples were then blocked using bovine serum albumin (1%
w/v) in PBS for 30 min. The constructs were then separately treated
with anti-sarcomeric α-actinin (1:200; sc-58670, Santa Cruz Biotechnol-
ogy Inc., CA, USA) or anti-MYH2 (1:200; sc-53095, Santa Cruz Biotech-
nology, Inc., CA, USA) primary antibodies, and incubated overnight at
4 °C. The next day, the constructs were given three 5 min washes with
PBS and incubated with either goat anti-mouse IgM mu chain conju-
gated with Alexa Fluor 647 (1:1000; ab150123, Abcam, USA), or donkey
anti-mouse IgG H&L conjugated with Alexa Fluor 594 (1:500; ab150108,
Abcam, USA), in a dark humidified incubator at room temperature for
1 h. The cell nuclei were then counterstained with 1 μg/mL DAPI. Flu-
orescence images were captured using an Axio Observer.Z1 microscope
(Zeiss, Germany) in the Z-stacking mode. Reconstructed micrographs
from wide-field and Z-stacked images were obtained using the micro-
scope software (Zen Blue Edition, Zeiss).

2.12. Quantitative determination of cell orientation

We estimated the degree of orientation of muscle cells and myofibrils
using Fiji software (ImageJ). Briefly, the threshold and noise in the mi-
crographs were adjusted to allow analysis only of the sections of inter-
est. We used the directionality tool to compute the degree of orientation
of the samples based on Fourier components, at 37 bins per scalar and
a histogram ranging from −90° to 90°. The frequency of the resultant
values was tabulated to create a polar histogram using a custom-made
algorithm in MATLAB software.

2.13. Scanning electron microscopy

A scanning electron microscope (SEM) EVO/MA25 (Zeiss,
Oberkochen, Germany) with variable pressure was used to observe

cross sections and axial sections of printed C2C12-laden constructs. The
constructs were washed three times with PBS to remove culture me-
dia traces and then immersed in 4% formaldehyde, followed by 4%
paraformaldehyde, for 15 min each. After washing again with PBS, they
were passed through a graded ethanol series (25, 50, 75, and 95% EtOH
for 1 h each) and then placed in a desiccator. The constructs were coated
with gold and visualized by SEM at high vacuum mode.

2.14. Statistical analyses

Data were analyzed by one-way ANOVA using GraphPad Prism 8,
the Welch ANOVA test, and unpaired t-test with Welch's correction for
multiple comparisons. Significant differences between means were de-
noted as follows: * p-value < 0.05, ** p-value < 0.01, or *** p-value <
0.001.

3. Results and discussion

In the present study, we demonstrate the use of chaotic advection
to fabricate aligned and mature muscle tissue. Our straightforward bio-
fabrication approach only requires two hydrogel-based inks, a syringe
pump, and a KSM printhead (Fig. 1B and C).

3.1. Bioprinting strategy

In continuous chaotic bioprinting, the geometry of the printhead de-
fines the microstructure of the printed fiber. For this application, we
used a printhead containing a KSM, which is a sequential array of he-
licoidal mixing elements that induce a spatial–periodic deformation of
two or more bioinks to generate an internal layered microstructure
within the printed filament (Fig. 1C I). The resultant number of lamel-
lae or layers can be calculated according to the model , where s is
the number of layers and n is the number of KSM elements in the print-
head (Fig. 1C II) [27]. Therefore, printing resolution is no longer dic-
tated by the outlet diameter of the nozzle, but instead by the number of
KSM elements used.

Continuous chaotic printing generates layered structures by mixing
these two hydrogel inks in a laminar flow regime [27,30]. An appro-
priate combination of inks is indispensable for successful generation of
structures; the inks must be compatible in terms of rheology, density,
polarity, and interfacial tension [28,29]. Rheology is entangled with
various printing conditions, such as temperature and flow rates. There-
fore, the selection of these variables is key to the success of chaotic
bioprinting. We conducted a rheology analysis of a portfolio of hydro-
gels to identify a combination of inks with matching working properties
and appropriate printing temperatures (Fig. S1, Fig. S2, and Table S1;
Supporting Information). Based on this analysis, we bioprinted our mus-
cle-like-tissue constructs by coextruding a C2C12-laden ink composed of
3% GelMA and 1% alginate, along with a 2% pristine alginate ink, at a
temperature between 30 and 37 °C (Fig. S3; Supporting Information).

In addition, the combination of hydrogels was chosen based on key
functional attributes. GelMA is a cell-responsive hydrogel because it
preserves the cell-anchoring RGD-moieties from its collagen origin and
thereby recapitulates fundamental functions of the extracellular ma-
trix [32,33]. Alginate was used to improve both the extrudability of
our hydrogel blend and the mechanical stability of the resultant scaf-
fold. Importantly, alginate is not a cell-responsive matrix, so it pro-
vides physical barriers within the construct that hinder cell migra-
tion between layers and promote cell alignment within confined layers
[34,35]. We hypothesized that the presence of inner physical barriers
in chaotically printed filaments could help to align myogenic precursor
cells, thereby creating a muscle fascicle at each cell-laden layer. Algi-
nate hydrogels may not be the best option for clinical translation; how-
ever, we foresee that our technology can be adapted for its use with
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other materials. For instance, the adaptation of a supporting bath that
receives the extruded filament would increase the portfolio of useable
bioinks. Also, combinations of materials proven successful for coaxially
extrude hydrogel filaments, should be easily adaptable to our system
[36–38].

Both inks (C2C12-GelMA-alginate and pristine-alginate) were co-
extruded simultaneously at 1.5 mL/min into a 2% CaCl2 bath (the
crosslinking agent for alginate) using a printhead equipped with three
KSM elements (Fig. 1B I). This concentration of CaCl2 was chosen
based on previous reports showing that concentrations below 3% are
not harmful to mammalian cells [20,39–41]. The GelMA was subse-
quently exposed to UV light (365 nm, 950 μW cm−2 power at 7 cm dis-
tance from the UV light source) for 30 s. This time was suitable for
crosslinking methacryloyl groups in GelMA, as well as sufficiently short
to preserve appropriate cell viability [20,39–41]. Extrusion yielded a

homogeneous filament that exhibits eight inner intercalated micro-lay-
ers (Fig. 1B II-IV) of the cell-laden GelMA and pristine alginate.

Fig. 1B III-IV shows a cross-section and axial views of a printed
construct with intercalated parallel layers of C2C12-GelMA-alginate and
pristine-alginate layers. This spatial organization resembles the key
structural features of the muscle fascicle illustrated in Fig. 1A. Fig. 1B
IV also presents a post-printing Live/Dead staining confirming that a
high proportion of C2C12 cells in the construct were viable after the ex-
trusion and crosslinking processes.

3.2. Characterization of chaotically bioprinted constructs

Fig. 2A shows the cross section of chaotically printed constructs at
different culture times, confirming that C2C12 cells were spatially or-
ganized in intercalated layers. Our straightforward biofabrication ap

Fig. 2. Cell viability in chaotically printed constructs. A) Cross-sectional views showing bright-field and Live/Dead staining micrographs at days 1, 7, and 28. Most of cells survived the
bioprinting process (Scale bar: 500 μm). B) Quantification of cell viability at days 1, 7, and 28 (n = 5) (*p < 0.05; n.s.: non-significant differences). C) Velocity profiles of the streamlines
that compose the related multilayered cross-section in an extrusion process through a KSM printhead.
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proach enables long-term viability, as confirmed by Live/Dead assays. A
high post-printing viability was observed (86% ± 10%; Fig. 2B), pre-
sumably due to the laminar flow regime that was maintained during
coextrusion of the inks that minimized the shear stress on the cells
[27]. A significant increase in cell viability (90% ± 3%) was noted at
day 7 of cultivation (p-value ≤ 0.01), and high viabilities were observed
(80 ± 7%) at day 28.

Conventional extrusion bioprinters demand a decrease in the noz-
zle outlet diameter to improve printing resolution, but this reduction
negatively impacts cell viability (<78% for C2C12 constructs) due to
the increase in shear stress at the outlet [21,26,42,43]. In chaotic bio-
printing, the resolution is dictated by the number of KSM elements in
the printhead, so relatively large nozzle outlets (i.e., 1–2 mm) can be
used [27]. For instance, the effective layer thickness is ~130 μm in con

structs printed using three KSM elements with a 1 mm tip outlet (Fig.
S4). This resolution can be further pushed to ~87 μm or even 22 μm
when using four or six KSM elements, respectively, without any need
to reduce the nozzle diameter, and with no increase in the mechanical
shear stress induced by the flow, since the velocity field is not altered
when the number of elements is increased [28]. Indeed, our computa-
tional simulations demonstrate that the distribution of velocity profiles
after each KSM element is quite similar, with a mean value of 3912 ±
6 mm s−1 at the fastest region (red zone) (Fig. 2C).

3.3. Cell spreading and alignment

Our choice of hydrogels was effective in preserving the desired mul-
tilayered structure. Figs. 3 and 4 show that C2C12 cells did not mi

Fig. 3. Preservation of the bioprinted multilayered structure. A) Schematic representation of the internal microarchitecture in the cross-section of a bioprinted filament. B) Scanning
electron micrographs of dehydrated construct-slices showing preserved cell patterns I) at day 7 and 14 (scale bar: 100 μm). (II) Magnification of the same constructs (scale bar: 10 μm).
Vertical arrows show cell-containing layers, and horizontal arrows show alginate physical barriers. The presence of interspersed alginate barriers prevented C2C12 cells from invading
neighboring layers.
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Fig. 4. Proliferation, alignment, and differentiation of C2C12 cells in chaotically printed constructs. (A) Bright-field micrographs showing the proliferation of C2C12 inside chaot-
ically printed constructs at (I) day 1, (II) day 18 (scale bar: 200 μm), and (III) day 28 (wide-field; scale bar: 1000 μm). (B) Fluorescent micrographs of C2C12 cell striations stained with
actin-DAPI [F-actin (red) and nuclei (blue)] at (I) day 1, (II) day 18 (scale bar: 200 μm), and (III) day 28 (wide-field; scale bar: 1000 μm). Cells spread and align mainly near the construct
surface. C) Wide-field Z-stack images of a printed construct at day 28 (scale bar: 1000 μm). (I) Orthogonal and (III) axial projections showing the spreading of aligned multinucleated
cells. D) Degree of orientation of F-actin at days 1, 14, and 28, as estimated from micrographs in panels B and C. E) Immunostaining of (I) sarcomeric α-actin (scale bar: 200 μm), and (II)
myosin heavy chain-2 in constructs at day 28 (scale bar: 20 μm). (III) Myofibrils inside myotubes, surrounding cell nuclei and exhibiting a diameter of 2.1 μm at day 28 (scale bar: 20 μm).
E) Degree of orientation of myofibrils at day 28. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

grate to neighboring layers during the time of investigation. These re-
sults confirm that the intercalated layers containing only alginate can
effectively serve as physical barriers at the microscale and confine cells
to the striation in which they were initially seeded. Scanning electron

microscope images show this conservation of the cell-laden striation pat-
terns over time (Fig. 3).

Continuous-chaotic bioprinting enables the facile fabrication of mul-
tiple micro-barriers (i.e., RGD-free alginate layers) in a 3D filament in a
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one-step protocol. Moreover, chaotic bioprinting concomitantly offers
an unprecedentedly high throughput (>1.0 m min−1 of printed con-
struct) [27] when compared with state-of-the-art bioprinting extrusion
technologies that operate at far lower linear speeds (~0.40 m min−1)
[44].

Fig. 4 also shows bright-field (Fig. 4A) and fluorescence micro-
graphs (Fig. 4B) of cell-laden constructs at different culture times with a
well-preserved multilayered structure. Staining of F-actin (red) and nu-
clei (blue) showed that C2C12 cells started to elongate as early as day 1
after extrusion. As the culture time progressed, the elongated cells spon-
taneously fused with each other, as observed on day 14 (Fig. S5). Cell
spreading was extensive by day 18 in the GelMA-containing layers (Fig.
4A II, 4B II), and Live/Dead assays confirmed that most of these cells
were still alive at day 28 (Fig. 2A and B).

Importantly, we also observed that the elongation and spreading
processes mainly occurred in cells positioned near the construct surface
(Fig. 4B and C). Bright-field and Z-stack micrographs of the constructs
at day 28 demonstrated that cells the steadily fused to each other and
grew along the printed filament (Fig. 4B III, 4C).

The orthogonal and axial projections obtained by fluorescence mi-
croscopy also revealed that multinucleated cells spread in a direction
parallel to the filament main axis (Fig. 4C I-II), thereby displaying
the capacity for alignment that is required for muscle tissue functional-
ity [11,12,45]. We calculated the degree of orientation of cells in the
chaotically printed constructs with respect to the filament axis (0°) from
F-actin staining micrographs using the directionality tool in Fiji soft-
ware (ImageJ; Fig. 4D). The proportion of cells aligned with respect to
the filament axis (0°) increased as the culture time progressed (~30%
and 58% of cells within ±25° at days 14 and 28, respectively). Previ-
ous studies have reported a similar orientation efficacy (~60%) in ex-
periments where C2C12 cells are confined within ~150 μm thickness
grooves in scaffolds [21,46].

Cell alignment is achieved by physiological processes that are both
diverse and fascinating. For example, cell-cell signaling triggers collec-
tive cell migration [47]. During this coordinated behavior, the cells pull
their counterparts in a specific direction, resulting in spatial orientation
patterns [47,48]. Myoblasts, for example, spontaneously fuse with each
other giving rise to multinucleated cells [47,49,50]. Importantly, the
direction of cell alignment is greatly influenced by microscale topogra-
phies, since they impact the organization dynamics of the cytoskeleton,
integrins, and focal adhesions (the protein macro-assemblies that orches-
trate cytoskeleton alignment after cell attachment) [45,51]. Cell orien-
tation is greatly determined by the spatial position at which the focal
adhesions form [52], and when adhesion moieties are absent at radial
directions, the focal adhesions are forced to align toward axially located
cells, thereby promoting bundles of cells to adopt a specific orientation
pattern [53]. Eventually, mature focal adhesions serve as the bridges by
which myotubes physically connect with their surrounding counterparts
[48].

The spontaneous cell alignment in our constructs is most probably a
consequence of concurrent factors, namely the extrusive nature of the
printing process and the chaotic bioprinting process. The result is a rapid
flow alignment and the formation of parallel thin layers of cell-laden
GelMA (suitable corridors for cell proliferation and elongation) sepa-
rated by layers of alginate that constrain radial growth (Fig. 3).

In the case of extrusion-based bioprinting, scaffolds may exhibit
anisotropic patterns that are parallel to the flow direction and these
may influence cell alignment [20,21,54]. Recent work suggests that ex-
trusion bioprinting induces muscle cells to align parallel to the extru-
sion direction [55,56]. The chaotic flow generated by our static mixer
should induce this alignment more effectively than conventional extru-
sive flows. Chaotic flows exhibit an asymptotic directionality [57], and
this property causes a rapid alignment of the extruded material to the
intrinsic flow manifold [58,59]. In addition, the generation of interca

lating layers of alginate and GelMA-alginate should further enhance cell
alignment by restricting cell migration to only the GelMA-alginate lay-
ers. The use of 3% GelMA hydrogels (relatively soft) may also play syn-
ergistic roles in cellular orientation due to its facilitation of cell motility
[60–62].

During alignment and maturation, multinucleated cells develop the
myosin-sarcomeric actin system, a nanomachine that generates and re-
sponds to intercellular forces [50] and enables muscle contraction and
movement [7,8]. These proteins are often used as targets to promote the
differentiation of myoblasts into myotubes [34,63]. Our immunostain-
ing experiment for sarcomeric α-actin (Sa-α) and myosin heavy chain-2
(MHC) identified both proteins in our cell-laden constructs at day 28
(Fig. 4E I-III). In contrast to previous studies [11,22,34,64], we did not
need to use a differentiation medium to promote myotube generation;
instead, we were able to use the basic culture medium recommended for
myoblast cultivation, i.e., Dulbecco's Modified Eagle's medium (DMEM).
Other work has indicated that differentiation medium may not be re-
quired when electrical stimuli are applied to polarize myoblasts to tran-
sition to myocytes [65]. Therefore, our results suggest that the ability
to induce cell differentiation is another important feature of continu-
ous-chaotic bioprinting, since the expression of Sa-α and MHC was spon-
taneously influenced by the evolution of the construct.

In native muscle tissue, each myofibril is ~2 μm in diameter and is
composed of sarcomeres [7]. The main constituents of sarcomeres are
myosin and sarcomeric actin [8,9]. Remarkably, we observed myofib-
rils ~2.1 ± 0.3 μm in diameter containing nuclei and aligned to the fil-
ament axis (Fig. 4E II). In addition, these red-stained fibers exhibited
high degrees of alignment, following a normal distribution (60% my-
ofibrils within ±25° deviation) with respect to the filament axis (Fig.
4F, Supplementary Fig. S6A). In our chaotically printed constructs,
the cell corridors surrounded by alginate barriers effectively aligned the
myofibrils, and this alignment is a paramount factor driving the contrac-
tile capability of myotubes [22,23]. In a future contribution, we will ad-
dress the effects of narrowing the layers on myofibril orientation by sim-
ply printing using more KSM elements; this narrowing is anticipated to
result in even greater cellular alignment [66]. Interestingly, when skele-
tal muscle cells are accommodated in a confined space, the alignment
patterns emerge as a result of the width of the cell corridors [15,18]
and the availability of adhesion moieties [52,53] within those corridors.
Narrower corridors may favor cell alignment in our multilayered con-
structs due to physical constraints [24,26]. However, the presence of
microscale gradients of nutrients and oxygen induces cell migration to
the construct surface [67], thereby working against cellular orientation
along the main filament axes. In principle, narrower RGD-free physical
barriers may be easier to cross in the presence of these gradients.

We also calculated the average area occupied by a single layer
(1.4 × 105 μm2) in the cross-section of constructs printed using a
three-element KSM printhead (Fig. S4B, Supporting Information). Con-
sidering that the myotubes exhibited a diameter of 14.6 ± 3.1 μm at
day 28 (Supplementary Fig. S6B), a single fascicle-like layer could ac-
commodate approximately 827 myotubes. In addition, this cell diameter
is within the diameter range (~10–30 μm) reported for myotubes de-
rived from C2C12 cells [68,69]. Cell orientation might be further poten-
tiated by successive application of physical stimuli, such as electricity,
acoustic excitation, or periodic mechanical stimulation, over the printed
construct [22,50,64,65,70].

Our fabrication strategy enables the bioprinting of constructs com-
posed of fascicle-like layers resembling the hierarchical structure found
in skeletal muscle tissues (Fig. 1A; Fig. 1B III). Overall, we demon-
strated that continuous chaotic bioprinting is a simple-to-handle plat-
form that offers multiple benefits, including the feasibility to biofabri-
cate multimaterial scaffolds to unprecedented printing resolution, pre
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cise spatial accommodation of cells, mimicry of the skeletal muscle mi-
croarchitecture, high post-printing viability, alignment at both the cel-
lular and sub-cellular levels, and differentiation of myogenic precursor
cells without requiring a differentiation medium.

So far, we have demonstrated that our extrusion bioprinting method
is capable of achieving hierarchically aligned architectures easily,
quickly, and at a low cost. A vast number of studies have reported
these structured patterns as relevant for skeletal-muscle function
[34,35,71,72]. However, the functionality and maturation of our mus-
cle-like constructs should be further demonstrated by assessing elec-
tro-conductive and contractile functions (i.e., by calcium imaging), me-
chanical properties (i.e., tension and compression), proteomic profiles
(to assess myogenesis quality), and metabolic functions (i.e., mitochon-
drial activity, glucose, and lactate metabolism) [73–75].

4. Concluding remarks

The fabrication of biologically relevant tissue structures at high reso-
lution and throughput remains a challenge in most conventional biofab-
rication approaches. In this contribution, we expand the use of chaotic
bioprinting to the fabrication of a multilayered muscle-like tissue by
continuous coextrusion of two inks of different composition throughout
a printhead containing a KSM static mixer [27]. This multimaterial co-
extrusion was achieved by first demonstrating that effective chaotic ad-
vection can occur only with an appropriate selection of the inks and
printing conditions (Fig. S2; Table S1). Specifically, we found that
two hydrogels with a distinct composition should exhibit Newtonian-like
behaviors at the working conditions needed for chaotic biofabrication
of multilayered constructs. Coextrusion of bioinks should also be per-
formed at a temperature range distant from Tsg (higher) to avoid nozzle
clogging.

We further demonstrated that inner physical barriers can be incor-
porated into a chaotically printed construct to give rise to a structure
resembling the muscle fascicle. These barriers were generated simply
by coextruding an RGD-free hydrogel (alginate) along with the my-
oblast-laden bioink using printheads containing three KSM elements.
This strategy enabled the fabrication of ~130 μm intercalating layers
containing C2C12 cells and pristine alginate. The muscle cells elongated
and spontaneously aligned over time in our chaotically printed con-
structs, growing along the GelMA corridors and constrained by the pres-
ence of RGD-free physical barriers.

Our simple extrusion method retained a high post-printing cell via-
bility (>86%). Remarkably, these muscle cells remained alive (>81%)
even for extended periods (28 days). Our bioprinted myoblasts differen-
tiated into myotubes expressing myosin and sarcomeric actin, the main
constituents of sarcomeres. We also observed myofibrils of 2.1 μm in di-
ameter that showed a high alignment with respect to the filament axis
(60% of the myofibrils within ±25° deviation).

Overall, our results demonstrate that chaotic bioprinting is a simple
and high-throughput extrusion-based printing strategy that greatly ex-
pands the portfolio of biofabrication techniques and facilitates the scal-
able production of tissue models. Here, we show that high-resolution mi-
crostructures can be achieved within printed filaments. Importantly, the
resolution in chaotic printing is enhanced without increasing shear rate
forces, thereby enabling high post-printing cell viability even at high
velocity. Continuous chaotic bioprinting may offer the opportunity to
study the effect of shear forces on materials and cell alignment in de-
tail. Further, the chaotic flows the Kenics Static Mixer (and other static
mixers) produces are amenable to CFD simulations (as we have shown).
Therefore, the shear forces and the values of local speed can be precisely
calculated at each location of this flow as well as in different operational
conditions (i.e., flow rates) and geometrical configurations (i.e., differ-
ent pipe diameters, numbers of elements, or types of elements).

Despite the multiple benefits of our methodology, its current version
carries some limitations. For instance, the thickness of our filaments (di-
ameter ≈ 1 mm) may be limiting the mass transfer that is essential for
perfusing nutrients and gas to the full construct while effectively remov-
ing byproducts. This may explain the reduced signals of maturation at
the inner region of the filament as compared to the surface. Adapting
our system to concurrently extrude permanent and fugitive materials
(that produce hollow channels) would overcome this limitation.

Our results also suggest that the use of chaotic flows to print mul-
timaterial layered constructs will greatly expand the range of biofabri-
cated tissues models. Here, we chaotically printed constructs containing
adjacent layers of GelMA-alginate and pristine alginate that promoted
the alignment and maturation of myogenic precursor cells. Our findings
have profound implications for the fabrication of other fibrous or fila-
mentous tissues, including cardiac muscle. We envision that chaotic bio-
printing will be useful in other relevant tissue engineering scenarios that
require the presence of aligned cells, adjacent micropatterning of layers
containing multiple cell types, or even vasculature.
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