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ABSTRACT

We present a method for reproducible manufacture of multi assay platforms with tunable
mechanical properties for muscle tissue strip analysis. The platforms result from stereolithographic
3D printing of low protein-binding poly(ethylene glycol) diacrylate (PEGDA) hydrogels.
Contractile microtissues have previously been engineered by immobilizing suspended cells in a
confined hydrogel matrix with embedded anchoring cantilevers to facilitate muscle tissue strip
formation. The 3D shape and mechanical properties of the confinement and the embedded
cantilevers are critical for the tissue robustness. High-resolution 3D printing of PEGDA hydrogels
offers full design freedom to engineer cantilever stiffness while minimizing unwanted cell
attachment. We demonstrate the applicability by generating suspended muscle tissue strips from
C2C12 mouse myoblasts in a compliant fibrin-based hydrogel matrix. The full design freedom
allows for new platform geometries that reduce local stress in the matrix and tissue, thus reducing

the risk of tissue fracture.

KEYWORDS Microtissue engineering; PEGDA; Hydrogel; Stereolithography; Fibrin; Matrigel,;

C2C12

INTRODUCTION

Hydrogel materials made from biological or synthetic macromolecules are widely applied in the
life science area, including in analytics and advanced cell culture. Hydrogels offer tunable protein
and cell adhesion properties, widely variable mechanical properties, and controllable diffusivity

of dissolved compounds. Hydrogel materials have traditionally been cast into their targeted final
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3D shape, which limits the attainable design freedom. The recent emergence of 3D printing
methods enables direct and fast manufacture of highly complex 3D shapes. Major 3D printing
methods for hydrogels include mechanical extrusion of polymer solutions (including cell-laden
hydrogels used in bioprinting)! and spatially selective photochemical cross-linking
(stereolithography)? of macromolecules.

Engineering of miniaturized tissue-like 3D cell aggregates, for example contractile muscle tissue
strips, is a key application of hydrogel 3D printing. Here, we explore the use of high-resolution
stereolithographic 3D printing of a synthetic polymer — poly(ethylene glycol) diacrylate (PEGDA)
— into a force sensing and cell seeding hydrogel unit supporting the formation of contractile
microtissues from a suspension of muscle cells in a biological polymer hydrogel
(fibrinogen/Matrigel). Free-form 3D microshaping of the synthetic hydrogel parts enables broad
tuning of the force responsiveness as well as guidance of the microtissue formed into a well-
defined 3D shape with low residual stress. The combination of a low cell-adherent 3D printed
PEGDA hydrogel mold and a high cell-adherent fibrin hydrogel as cell matrix supports the robust
formation of stable contractile microtissues needed for their applications, for example in drug
development and safety screening. Our previous work on photochemically anchored poly(ethylene
glycol) (PEG)? and PEGDA* hydrogel coatings demonstrated their ability to limit non-specific
adsorption of proteins, DNA, and small lipophilic drug molecules, which is essential for their use
in drug testing devices. This is a significant advantage over previously published device solutions
57 using poly(dimethyl siloxane) (PDMS) that is known to absorb and deplete dissolved lipophilic
compounds.!°

Engineered muscle tissue strips (MTS) are of broad interest in application areas such as drug

screening, individualized medicine, disease modelling, and tissue grafts. As a result, methods to
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obtain a mature and robust muscle tissue have been explored during the last decade. !'"!° A shift
in tissue culture platform design from 2D cantilevers with adherent cells 22 towards free hanging
tissues between cantilever beams has been pursued as this 3D conformation seems to have a
positive effect in both tissue formation and maturation.>* 2% Producing a physiologically relevant
3D environment will promote cell differentiation and tissue formation compared to standard 2D
or matrix encapsulation as it mechanically directs the cells to elongate and form better cell-cell
connections.>?73¢

A main challenge in contractile microtissue engineering is the robustness of the constructed
tissues against ‘necking’ behavior leading to subsequent failure.*! Previous studies have shown the
importance of cantilever stiffness and matrix composition on the robustness of the engineered
tissue.?**133 However, the effects of geometrical features of the cantilever itself have not been
extensively studied, likely due to the limited 3D design freedom of conventional molding
approaches. Here, we present a fast method for producing tissue formation platforms using
synthetic PEGDA hydrogels to generate muscle microtissues. We employ a custom-built
stereolithographic 3D printer to reproducibly manufacture tissue culturing platforms with
microstructures for optical tracking and for promotion of tissue formation in designs that cannot
be obtained by conventional molding or 3D printing methods. This allows for a broader design
spectrum and gives the possibility to further explore the mechanically induced tissue-
differentiation possibilities. The introduction of optical markers further enables accurate

contraction analysis valuable in upscaling for industrial use.

MATERIALS AND METHODS

Stereolithographic 3D Printing and Printing Solution Composition.
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3D structures made from poly(ethylene glycol)diacrylate Mn 700 g-mol! (PEGDA, 455008,
Sigma-Aldrich) hydrogels are obtained by projection stereolithography using a previously
described custom-built high resolution 3D printer.> The printer uses one-to-one projection of
dynamic images displayed on a Digital Mirror Device (DMD) with a pixel pitch of 10.8 um in
both lateral dimensions. The aqueous printing solutions contain 5 mg/mL photoinitiator (lithium
phenyl-2.,4,6-trimethylbenzoylphosphinate, LAP, Allevi or 900889, Sigma-Aldrich) and 9 mg/mL
photoabsorber (quinoline yellow, QY, 309052, Sigma-Aldrich) dissolved in ultrapure MilliQ
water (MQ, Merck-Millipore) with either 200 mg/mL PEGDA (20% PEGDA’) or 500 mg/mL
PEGDA (‘50% PEGDA’). The solution components are mixed at room temperature and degassed
for 30 min to avoid bubbles that would interfere with the initiator light and cause deformations in
the 3D printed object.

Computer aided design (CAD) structures are drawn using Autodesk Inventor Professional with
dimensions fitting a multiple of the pixel pitch (10.8 um) of the printer’s DMD. This secures the
best possible dimension accuracy of the printed subject compared to the CAD design dimensions.
The CAD structure is sliced with a thickness of 20 um using the open source Slic3r software

(www.slic3r.org). The sliced structure is 3D printed with 365 nm light with an intensity of 20

mW/cm? using 3 s or 5 s of light exposure for 50% PEGDA and 20% PEGDA, respectively. The
structure is 3D printed on a surface treated glass cover slip (22 x 22 mm #4, Menzel-Gléser). The
surface treatment provides a methacrylate layer on the cover slip to enable chemical crosslinking

between the print and the glass cover slide.?

Analysis of the Relative Degree of Swelling and Dimensional Change.
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The dimensional stability of the 3D printed materials is assessed by measuring the time-
dependent swelling of printed circular PEGDA cylinders immersed in water and by microscopy
analysis of rectangular PEGDA blocks having rectangular indentations or protrusions at their
surface. Circular cylinders of diameter 6 mm and height 5 mm are printed in 20% PEGDA and
50% PEGDA. The printed cylinders are weighed immediately after printing. The cylinders are
then placed in MQ water and weighed every hour for 6 h. The MQ water is exchanged twice and
cylinders are left in MQ water for a total of 16 h before the weight is determined again. Cylinders
are dried at 60 °C for 8 h and the weight is monitored every second hour to obtain the stable dry
weight. The equilibrium volumetric swelling ratio, 0, is determined for 5 cylinders of 20%
PEGDA and of 50% PEGDA using Eq. (1), where V' is volume, p is mass density, ¢ = m;/mg is
the equilibrium mass swelling ratio, and m is the mass. Subscripts s and d indicate the swollen and
dry polymer respectively, while ppo and psol are the polymer and solvent mass densities.

0=1+22¢-1n=7 (1)
sol d

The dimensional change after swelling is determined by printing 4x5x1 mm?® blocks of 20%
PEGDA and 50% PEGDA having rectangular surface indentations and protrusions with widths of
108 um to 324 um and a 1:3 width to length aspect ratios. The widths are designed to be multiples
of the DMD’s 10.8 um pixel pitch to achieve the highest possible spatial resolution. The depths of
indentations and heights of protrusions are 100 um for all surface features. The samples are imaged

by microscopy immediately after printing and after equilibrium swelling in MQ water. The

dimensions of the structures are determined using the F1JI/imageJ software package.>*

Compression Modulus Analysis.
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Circular cylinders of diameter 6 mm and height 5 mm are printed in 20% PEGDA and 50%
PEGDA and left in MQ water overnight to reach their equilibrium swelling ratio. The dimensions
of the swollen cylinders are determined, and the shear modulus is measured in a uniaxial
compression test using an Instron 5967 (Instron, MA). Samples are placed wet between two
parallel plates and compressed at a rate of 0.5 mm/min at room temperature until sample failure.
The shear modulus (G) is determined by plotting the engineering stress () against the 1-A~ ratio
according to Eq. (2), where 4 is the extension ratio. Linear regression is performed in the linear

region of -4 (0.2 to 0.6 for 50% PEGDA and 0.2 to 0.8 for 20% PEGDA) to determine G.*

o=6(1-) )

Cantilever Stiffness Analysis.

Cantilevers of designed length 850 um and diameters of 100 pm, 200 um and 300 pm are printed
in 20% PEGDA and in 50% PEGDA. The printed cantilevers are placed horizontally in an aqueous
environment with one end at a fixed height on a scale. A piezoelectric actuator is used to displace
the free end of the cantilever vertically by 220 pm (Electronic Supporting Information, Figure S1).
The measured weight increase on the scale is used to calculate the actuation force. The stiffness,
k, is determined using Eq. (3) derived from the Euler-Bernoulli beam theory. F, E and 7 are the
force, Young’s modulus, and moment of inertia, respectively. L, x, and 6 denote the length of the
cantilever, distance from the fixed end to the point of force application, and the vertical

displacement, respectively.

F=k-§=—"—"26 3)

The moment of inertia for a circular cylinder is given by Eq. (4) where d is the cylinder diameter.
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Five independent samples are analyzed for each condition, except for 100 pm diameter

cantilevers in 20% PEGDA where only 3 samples are analyzed due to inconsistent printing.

Preparation of MicroArray Platforms.

Three different MicroArray Platforms (MAP) are produced for generating Muscle Tissue Strips
(MTS). Two designs are selected from previously investigated cell seeding platforms with the use
of vertical cantilevers reported by Legant et al.?* and by Mills et al.'***° (Figure 1a and b). The third
design (Figure 1c) is developed to minimize stress concentrations around the vertical cantilevers
to promote a more robust MTS formation. 3D printed MAPs are washed in phosphate buffered
saline (PBS) for at least 24 h after printing. The liquid is exchanged two times to wash out any
residual print solution from the cross-linked PEGDA network. Sterilization is performed by
immersing the printed MAPs in 70% v/v ethanol/water for 10 minutes followed by UV-C exposure
(254 nm) for 15 minutes (Mini UV Sterilisation Cabinet, Cleaver Scientific). The MAPs are stored
sterile in PBS until use to ensure exchange of water to PBS prior to cell culture. Before seeding
cells into the MAPs, the PBS is removed and the platforms are blotted dry with sterile lint free

paper to make sure the wells are empty.

Cell Seeding and Cell Culture.

C2C12 mouse myoblasts (C3H muscle myoblast, 91031101, Sigma-Aldrich) are used at passage
5 to 8. Cells are kept in culture using growth medium composed of DMEM high glucose (Sigma-
Aldrich) with 10% fetal bovine serum (FBS) (Sigma-Aldrich), and 1% Penicillin/Streptomyocin

(P/S, Sigma-Aldrich). Tissue formation is initiated by casting cells suspended at 10x10° cells/mL
Page 8 of 34
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in a solution of 10 mg/mL fibrinogen (F8630, Sigma-Aldrich), 0.5 pug/mL aprotinin (A1153,
Sigma-Aldrich), 20% (v/v) Matrigel (354277, Corning), and 3 U/mL thrombin (T7513, Sigma-
Aldrich) in growth medium into the prepared MAPs. The solution is kept on ice to prevent gelation
until casting. The larger MAP wells (‘MINIMAP’, Figure 1b; ‘LOWSTRESSMAP’, Figure 1c)
are filled individually with 3.5 pL of the cell suspension. The smaller MAP wells (‘MICROMAP”,
Figure 1a) are filled in a two step process. First, 200 pL of cell suspension is loaded on top of all
wells of the MAP. Second, the MAP is spun in a centrifuge at 200 g for 10 s to force the suspension
into the wells, similar to the process used in the work by Legant et al.>*

The loaded MAPs are incubated at 37 °C for 30 min to let the fibrin matrix form before growth
medium is added. After 2 days in culture, the medium is changed to DMEM high glucose with 2%
FBS and 1% P/S to enhance the fusion of myoblasts to myotubes.*®* Medium change is conducted
every 2-3 days throughout the culture time.

Optical tracking of tissue formation.

The wells of a LOWSTRESSMAP printed in 50% PEGDA and with a cantilever diameter of
100 pm are imaged from day 1 after seeding until full tissue formation. Tissue contraction is
monitored using a custom made stage incubator mounted on a Motic stereomicroscope. Images
are recorded every 5 min. A custom made tracking software is used to track the optical markers on
the cantilever tops in the acquired image sequences.

Viability Staining.

Staining is performed by incubating for 1 h at 37 °C with 2 ug/uL Calcein AM (15560597,
Fisher Scientific), 4 pg/mL propidium iodide (81845, Sigma-Aldrich), and 2 pg/mL Hoechst
34580 (H21486, Invitrogen). Samples are then washed with medium before confocal imaging on

a Zeiss LSM700 using a Zeiss 10x/0.3NA Epiplan Neofluar objective with excitation at 405, 488,
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and 555 nm for Hoechst 34580, calcein AM, and propidium iodide, respectively. The recorded z-

stacks are collapsed to a 2D image in FIJI/ImageJ by maximum intensity projection.

Cryopreservation and Immunohistochemistry.

Cell-laden MAPs are fixated in 4% paraformaldehyde (PFA) for 30 min, washed in PBS and
cryo protected by incubation at room temperature in a 10 mg/mL solution of poly(ethylene glycol)
My 10 kg-mol™! (PEG10k, 92897, Sigma-Aldrich) for 6-8 h followed by incubation in 100 mg/mL
PEG10k overnight at 4 °C. The samples are gently dried to remove excess PEG10k and transferred
into embedding medium (Tissue-Tek OCT Compound, Leica) before being snap-frozen on
isopentane chilled on liquid nitrogen and stored at —80 °C. For immunohistochemistry, 10 pm to
20 um thick sections are cut at -25 °C using a cryo microtome (Leica 3050) and dried.

For a-actinin labeling, cryo sections on glass slides are first washed with PBS to remove excess
OCT and then permeabilized in 0.2 % Triton X-100 for 5 min and blocked in blocking buffer (2%
w/v BSA and 5% v/v horse serum in PBS) for 1 h at room temperature (RT). The sections are then
incubated for 2 h at RT in blocking buffer with 1:200 monoclonal anti-a-actinin (sarcomeric) IgG
produced in mouse (A7811, Sigma-Aldrich). They are subsequently washed twice with PBS and
incubated for 2 h at RT in the dark with 2 pg/mL polyclonal FITC-conjugated goat F(ab’)2 anti-
mouse IgG (H+L) (SAB4600388, Sigma Aldrich) in blocking buffer. Afterwards, sections are
stained with 2 pg/mL Hoechst 34580 for 15 min and washed 3 times with PBS. The sections are
imaged with a Nikon Ti2/Yokogawa CSU-W1 spinning disc confocal microscope using a Nikon
Plan Apo A 20x/0.75 NA objective with excitation at 405 and 488 nm for Hoechst 34580 and FITC,

respectively. The resulting image stacks are processed using F1JI/Image].
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RESULTS AND DISCUSSION

Design and Manufacture of Multi Assay Platforms (MAPs).

Controlling the cellular orientation and the mechanical environment are key factors to achieve
better and more robust translation from single cells to tissue. Various MAP designs using similar
design concepts have been reported over the last decade.?*?%!32> All have shown aligned growth
of contractile cells, including fibroblasts, myotubes, and cardiomyocytes.>’” However, previous
reports mostly use low throughput manufacturing methods. The authors also observe tissue
damage and failure due to high internal stresses in the formed tissues. Most research has employed
rectangular cantilevers that are likely to induce large tensile stress in the seeded cell-laden matrix
hydrogel during initial hydrogel compaction and subsequent tissue formation. The stress is
predicted to be maximum along the center line of the microtissue suspended between the
cantilevers.®! The full design freedom offered by stereolithographic 3D printing can be exploited
to integrate tissue guide structures that reduces the intermittent and final stress. Another key design
aspect is the microtissue size, with smaller sizes needing fewer cells per tissue but also likely
complicating the seeding procedure due to the tiny matrix volumes used. Large tissues are easier
to handle but may suffer from core cell death and propensity for tissue failure due to insufficient
oxygen and nutrient diffusion to the tissue core. We investigate both design parameters by using
stereolithographic 3D printing of PEGDA to functionally reproduce two formerly published
rectangular PDMS cantilever designs of different sizes as baseline for evaluating a new design

overcoming the residual stress limitations of the rectangular cantilever format.
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Figure 1. Multi Assay Platform (MAP) designs containing wells with integrated cantilevers for
tissue formation. (a) Micro-well MAP (MICROMAP) with 170 micro wells using rectangular
cantilevers. (b) Mini-well MAP (MINIMAP) with 10 mini-wells using rectangular cantilevers. (c)
Low residual Stress MAP (LOWSTRESSMAP) with 10 mini-wells using circular cantilevers with
a cantilever end engineered to minimize local stress in the forming muscle microtissue. The
LOWSTRESSMAP design additionally includes a 3D triangular micromarker at the cantilever end
to facilitate automated optical tracking of the cantilever end displacement. Scale bars 2 mm (top

row) and 500 um (bottom row).

One design reported by Legant et al.* uses microsized cantilevers and tissues (‘MICROMAP”)
(Figure 1a), while the other design reported by Mills et al.>> employs mesosized cantilevers and
tissues (‘MINIMAP’) (Figure 1b). Both MAP designs have showed successful tissue formation
using contractile cells. We also introduce a new MAP format, LOWSTRESSMAP, designed to
lower the stress concentrations in the formed tissues around the edges of the cantilever end (Figure
Ic). A droplet shaped enlargement with soft edges to reduce local stresses (referred to as
‘biomechanical cue’) is added at the top of a cylindrical cantilever to guide the location of the

tissue formed. It is shaped with rounded edges to reduce stress concentrations and secure the tissue
Page 12 of 34
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from slipping off the cantilevers. Printing times are 8 min for the 170-well MICROMAP design
and 17 min for the 10-well MINIMAP and LOWSTRESSMAP designs. All MAPs are fabricated
in PEGDA having low protein-binding surface properties to prevent unwanted cell attachment.
The material properties of cross-linked PEGDA vary greatly with the concentration of the printing
solution components and with the exposure time. Solution composition and exposure times are

chosen to provide robust and reproducible manufacturing of the chosen cantilever designs.

Mechanical Characterization of 3D Printed PEGDA Hydrogels.

The shear modulus of hydrogels printed using 20% PEGDA and 50% PEGDA is determined by
a uniaxial compression test. Increasing the PEGDA concentration from 20% to 50% results in
nearly an 8-fold increase in shear modulus from 0.47 + 0.046 MPa to 3.6 = 0.46 MPa. The denser
network formed at the higher PEGDA concentration results in a more brittle platform, which
makes it more susceptible to notching and subsequent failure during handling. The lower PEGDA
concentration is consequently preferred to create a more flexible and stable MAP3® in the handling

process during cell seeding and analysis.
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274  Figure 2. Mean volumetric swelling ratio of (a) 20% PEGDA and (b) 50% PEGDA measured on
275 5 mm high and 6 mm diameter cylinders immersed in MQ water after printing. Cylinders incubated
276  for 16 h are dried for 8 h at 60 °C before measuring the dry polymer mass. Error bars show the

277  standard deviation (n=5).

278

279 Dimensional Stability of 3D printed PEGDA Hydrogels.
280 MAP design features are carefully selected to give a robust platform with visible markers and
281  robust structures. Reliable dimensions are therefore essential to MAP characteristics. PEGDA has

282  a higher affinity for water than for itself and will swell after printing, when transferred from the

Page 14 of 34



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

printing solution to pure water.** The equilibrium volumetric swelling ratio, Q, is reached after 3
h for 3D printed objects in 20% PEGDA and in 50% PEGDA immersed in MQ water at room
temperature (Figure 2). The relative volumetric increase from pristine print to equilibrium swelling
is 15.3% for 50% PEGDA and 9.2% for 20% PEGDA. The swelling ratio is higher at lower
PEGDA concentration due to a higher initial water content in the samples. However, the relative
volumetric swelling from pristine print to equilibrium swollen state will increase with increasing
concentrations of PEGDA, as seen in Figure 2. Thus, the change in size over the designed
dimensions will be larger at higher PEGDA concentrations.

Extruded features will increase in size post swelling as described above. The cantilevers of the
printed MAP will therefore be larger than their CAD design dimensions. The microscopic
dimensional change of the printed samples is determined by making CAD designs with rectangular
indentations and protrusions (Electronic Supporting Information, Figure S2). The feature widths
are measured immediately after printing, as well as after swelling to equilibrium. Measured
dimensions are compared to the original CAD dimensions. Figure 3 compares the CAD design to
the initially printed dimensions and the final post-swelling dimensions. For both PEGDA
concentrations, protrusions exhibit less deviation from nominally designed dimensions to post-
swelling than indentations. MAP designs are therefore largely constructed as protrusions with
regards to cantilevers and well boundaries to ensure stability. Protrusion-based designs such as the
MINIMAP and LOWSTRESSMAP further benefit from using less material, thus easing the post-
manufacture washing procedure.

Indentations in selected structures of the LOWSTRESSMAP function are chosen as optical
markers since indentations are easier to visualize by microscopy than extrusions. In general, the

relative precision is higher for larger structures than for smaller structures at both PEGDA
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concentrations (Figure 3). Feature sizes are therefore carefully considered when designing features

such as optical markers and mechanical cues to ensure manufacturability.
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Figure 3. Measured dimensional change of the initial printed width and the equilibrium swelling

width of rectangular indentations and protrusions, relative to the nominal width of the CAD design.

Nominal widths range from 108 um to 324 um, and the designs are printed in 20% PEGDA and

50% PEGDA. Error bars show the standard deviation (n = 3). *p<0.05 ** p<0.01 *** p<0.001.

Controlling Cantilever Stiffness by Design and Print Composition.

Quantitative readout of the MTS contraction force depends on knowledge of the mechanical

properties of the cantilevers on which the MTS are anchored. The cantilever stiffness depends
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strongly on its dimensions and can therefore easily be modified by design. The moment of inertia
and thereby the stiffness of cantilevers with a circular cross-sectional area is predicted to depend
on the fourth power of cantilever diameter as described by Eq. (4). The stiffness of 850 um long
circular 3D printed cantilevers with diameters of 100 pm, 200 pm, and 300 um is determined
directly by measuring the force needed to deflect the cantilevers by a fixed distance (220 pm). The
stiffness of cantilevers in 20% PEGDA is 0.07 = 0.006 N/m (mean + SD) for a nominal diameter
of 100 pm, 0.3 + 0.08 N/m at 200 um diameter, and 2.4 £ 0.3 N/m at 300 um diameter. A similar
correlation is observed for cantilevers in 50% PEGDA with a measured stiffness of 0.16 + 0.04
N/m for a nominal diameter of 100 pm, 3.05 £ 0.35 N/m at 200 um nominal diameter, and 19.2 +
0.66 N/m at 300 um nominal diameter. Figure 4 illustrates that cantilever stiffnesses covering
almost 3 orders of magnitude are accessible by varying the print design and the PEGDA
composition. As a lower bound on the available dimensions, we found that the aspect ratio of 100
um diameter cantilevers is too high to be stably produced in 20% PEGDA, whereas the 100 pm
cantilevers in 50% PEGDA are robustly printed due to the higher cross-linking density. Even lower
stiffnesses can be achieved by using longer cantilever designs, since their stiffness scales with the
negative third power of their length (see Eq. (3)). Contractile cells adapt their cytoskeleton to form
an elongated structure depending on the mechanical influence provided by the cantilevers. The
optimal stiffness for robust formation of contractile tissue will depend on the specific cell line. It
is important to match the cantilever stiffness to the contractile strength of the cells to avoid tissue

necking and subsequent breaking.?!-2
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Figure 4. Cantilever stiffness dependence on the design diameter for 850 um long circular
cantilevers printed in 20% PEGDA or 50% PEGDA. Error bars show the standard deviations (n =

5).

Varying the PEGDA concentration or the cantilever diameter changes the cantilever stiffness
and thus the force needed to deflect it. Using the mouse myoblasts C2C12 cell line, we show a
strong correlation between cantilever stiffness and the ability of the tissues to deflect the
cantilevers. Figure 5 shows that stiffnesses up to 0.3 N/m (compare with Figure 4) allow the formed
tissues to deflect the cantilevers with larger deflection observed at lower stiffness. The tissues exert
a force of 38 +£ 7 uN (mean+SD, n=5) calculated from the deflection of the cantilevers seen in side

view (Figure 5) and the measured cantilever stiffness (Figure 4).
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Figure 5. Deflection of cantilevers with varying diameter and PEGDA concentration. All
cantilevers are of equal height and the formed tissues consist of an equal number of cells. A strong
correlation between cantilever stiffness and the ability of the mouse myoblast tissue to deflect the
cantilevers is observed. Cantilever deflection is seen at both concentrations for cantilevers of 100
um diameter and for 20 % PEGDA 200 pm diameter. No deflection is observed for the remaining

cantilevers. Scale bars 200 pm.

Formation of Muscle Tissue Strips.

C2C12 mouse myoblasts are cast at 10x10° cells/mL in a fibrin/Matrigel matrix in the three
different MAPs. C2C12 cells will start to differentiate when they are in close proximity to each
other.** Upon differentiation, the myoblasts fuse and form myotubes. Elongation of the cells is a
sign of differentiation and shows alignment of the sarcomeres responsible for cell contraction.*!
When the sarcomeres align, the cells can exert more force in the direction of the elongation. As
the cell laden fibrin matrix is embedded around the cantilevers, the cells’ contraction of the matrix

is restricted by the cantilevers causing them to form an elongated structure and eventually an MTS.
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The stiffness of the cantilevers will continue to provide an opposing force when the cells are
contracting, which is believed to aid the differentiation of the myoblasts into muscle cells.”** After
24 h of culture, the cells have started to contract the fibrin matrix and form a tissue surrounding

the two cantilevers (Figure 6). Two days after seeding, well-defined tissues are seen in all designs.

a) c)

Day O

Day 1

Day 2

Day 3

Figure 6. Tissue formation is observed over 4 days from cell loading into (a) MICROMAPs, (b)
MINIMAPs, and (c) LOWSTRESSMAPs, until compacted tissues are observed at day 3. White

scale bars 250 um. Black scale bars 500 um.
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In the MICROMAP, the formed tissue is surrounded by excess cells captured in the matrix
without contributing to the tissue formation (Figure 7 a,b). The MICROMAP format requires fewer
cells per well due to the small well size, but requires a highly inefficient cell seeding method with
a lot of lost cells. In both the MICROMAP and MINIMAP, tissues are at risk of thinning and
ultimately breaking due to necking as seen in Figure 7 (b and d) marked with yellow dashed lines.
Necking is known to cause engineered tissues to fracture regardless of cell type and poses a serious
challenge in tissue engineering.?*>!? Circular cantilevers provide an advantage over rectangular
cantilevers by not introducing the same degree of stress concentrations around the corners. This
reduces the risk of the thinning and ultimately breaking of the tissue that is seen in the
MICROMAP and MINIMAP tissues (Figure 6). Tissues created in our LOWSTRESSMAP design
using circular cantilevers with soft-edged biomechanical cues show no thinning around the
cantilevers at day 3 of culture. This MTS also exhibit a more defined tissue formation as seen in
Figure 6¢ and Figure 7 (e, ). All engineered tissues show a high cell viability and a tight cellular

structure with aligned cells (Figure 7 (a, c, €)).
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Figure 7. Optical micrographs of C2C12 microtissues cultured for 3 days in MICROMAP (a and

b), MINIMAP (c and d) and LOWSTRESSMAP (e and f) designs. All seedings use C12C12 at
10x10° cells/mL in a 10 mg/mL fibrin gel with 20% v/v Matrigel. (a, ¢, €) Maximum intensity
projections of confocal fluorescence stacks of cells stained for live cells (green, calcein AM), dead
cells (red, propidium iodide), and nuclei (blue, Hoechst 33450). The printed cantilevers are also
seen in the blue channel due to autofluorescence of PEGDA. (b, d, f) Maximum intensity
projections of confocal bright field stacks. Yellow dashed lines indicate the areas where the tissues

are thinning from the stress induced by the edge of the cantilevers. Scale bars 200 um.

Cryosectioned slices of the MINIMAP and LOWSTRESSMAP tissues show that the tissue
wraps around the cantilevers at the top so that these are fully surrounded by the tissues formed, as

required for optimal force transmission (Figure 8a,b). The tissue in the MINIMAP design fully
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enclose the cantilever ends and substantial parts of the cantilever length, which does not allow for
a well-defined attachment point as required in the Euler-Bernoulli theory for calculating the
contraction force (Figure 8a). In contrast, the mechanical cue added at the top of the circular
cantilevers in the LOWSTRESSMAP design causes less necking and better confinement of the
tissue near the free cantilever end (Figure 8b). Figure 8c shows that the cells in the
LOWSTRESSMAP design are aligned in the direction of the opposing force acting on the tissue
from the cantilever. Cells are multinucleated suggesting that the myoblasts have fused to form
myotubes. Introducing a biomechanical cue at the top of the cantilever makes the tissue form
uniformly around the cantilever (Figure 8b). The alignment and uniformness of the MTS indicate

that all cells experience the same opposing force and develop uniformly within the tissue.
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Figure 8. Brightfield micrographs of (a) MINIMAP and (b) LOWSTRESSMAP designs with
C2C12 muscle tissue strips after fixation and cryosectioning (20 pm thick slice). (¢) Spinning disc
confocal image of the LOWSTRESSMAP muscle tissue strip seen in (b) stained for a-actinin

(green) and nuclei (blue). Scale bars: 200 um.

As discussed, the new LOWSTRESSMAP design includes a visually distinct marker on top of

each cantilever. The marker is seen as a triangle in Figure 6¢c and Figure 7f. When tissues form
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around the cantilever at the cue on top of the cantilevers, the height of tissue attachment is well-
defined. This enables reliable calculation of the contractile force based on cantilever stiffness and
deflection. The time-dependent cantilever deflection can be determined by optical tracking of the
incorporated optical markers (Electronic Supporting Information, Video V1 and V2), thus enabling

calculation of the force exerted by the cells in the engineered muscle tissue strip.

CONCLUSIONS

Our results show that high-resolution stereolithographic 3D printing of PEGDA hydrogels can
mass-produce micromechanical objects, such as cantilevers, with high precision and with high
accuracy. High accuracy is achieved by characterizing and accounting for post-printing swelling
properties of hydrogels in the print design and in the choice of printing solution composition.
Precise and accurate micromanufacturing enables fast and robust fabrication of cell seeding
platforms for use in microtissue engineering, in a format that can be upscaled for commercial
production. The cantilever stiffness is easily controlled by changing its design, which makes the
platform suitable for various cell types with different contractile properties. The use of circular
cylindrical cantilevers with an integrated stress-reducing biomechanical cue at their ends results
in well defined muscle tissue strips without observable necking. Tissues are consistently formed
at the bottom of the biomechanical cue, thus fixing the height of attachment on the cantilever. This
is in contrast to the extended and variable length of attachment observed on rectangular cantilevers.
A consistent and short length of tissue-cantilever attachment is key to subsequent reliable force
readout, as the underlying Euler-Bernoulli theory requires a single well-defined point of actuation

to translate observed cantilever deflection to exerted tissue force.
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