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Abstract:
Tissue engineering holds promise to replace damaged tissues for repair of vital organs in the
human body. In cardiac repairs specifically, approaches have been developed for
intramyocardial delivery of cells and the epicardial delivery of tissue engineered cardiac
patches, providing benefit of cell localization and tissue structure respectively. However, to
improve cell retention and integration, there is a need for the intramyocardial delivery of
functional tissues while preserving anisotropic muscle alignment. Here, we developed a
biodegradable z-wire scaffold that supports the scalable gel-free production of an array of
functional cardiac tissues in a 384-well plate format. The z-wire scaffold design supports
cellular alignment, provides tunable mechanical support and allows for tissue contraction.
When the scaffold is imparted with magnetic properties, individual tissues can be assembled
with macroscopic alignment under magnetic guidance. When used in combination with a
customized surgical delivery tool, z-wire tissues can be injected directly into the myocardial
wall, with controlled tissue orientation according to the injection path. This modular tissue
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engineering approach, in combination with the use of smart scaffolds, could expand opportunity
in functional tissue delivery.

Introduction
Tissue engineering applies the principles of biology and engineering to create functional tissues
from human cells and scaffolds to replace damaged tissues in patients. Thus far, engineering of
almost all tissues of the human body (e.g., cardiac1, 2, vascular3, cartilage4, bone5, brain6, eye7,
etc.) has been reported. Although the structure of large organs can be extremely complex, many
key components of an organ are often made of individual repeating functional units (e.g.,
cardiomyocytes in myocardium, nephrons in kidney, and lobules in liver, etc.). Therefore,
assembling complex tissues with macroscopic structural organization from smaller tissue
modules is an attractive tissue engineering technique. Current modular tissue assembly
strategies are limited by 2-dimensional (2D) patterning8, passive 3-dimensional (3D)
aggregation9, or manual manipulations10. Specifically, in the development of cardiac tissue
engineering modules, existing design strategies fail to address the need for automatic
anisotropic tissue assembly from modular tissues. Achieving 3D anisotropic tissue alignment
and orientation in a scalable manner is critical for the fabrication of large-scale cardiac tissue
while maintaining proper contractile function.

Furthermore, to perform therapeutic repairs using lab-grown tissues that have organized tissue
structures, strategies employing in vivo delivery often involve invasive implantation surgery.
On the other hand, delivery of cells with injectable hydrogels can be achieved in a minimally
invasive manner, but the lack of tissue-level organization impedes the immediate functionality
and the retention of the injected cells11-17. Shape-changing scaffolds have been used to implant
engineered tissues through a keyhole surgery approach, but with limited regenerative impact
given that delivery is localized to the organ surface, such as the myocardial surface of the
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heart18. Recent studies showed the functional improvement from the epicardial implantation of
engineered cardiac patches is not necessarily owed to tissue engraftment, but to cellindependent effects (e.g., activation of immune cells or mechanical supports) and mechanical
coupling19. To further improve cardiac functions and attain functional integration with host
tissues, it might be necessary to bypass the cardiac epithelium with intramyocardial delivery of
functional tissues directly to the infarcted regions to re-muscularize the infarcted tissues and
achieve electro-mechanical integration. For this reason, there is a need for the intramyocardial
delivery of functional cardiac tissues in a minimally invasive manner to overcome the
challenges in both cell delivery and epicardial implantation of engineered tissue patch by
facilitating cell retention/survival, re-muscularization, functional coupling, and reduced
arrhythmias.

To address challenges in tissue assembly and delivery, here we report a new strategy for guided
tissue assembly in vitro and the intramuscular delivery of engineered tissues in a surgical
setting. With the incorporation of nanoscale magnetic particles within a micro-scaffold (here
referred to as z-wire scaffolds), we developed biodegradable, magnetically responsive scaffolds
that support the high-throughput gel-free formation of cardiac tissues with subsequent
macroscopic tissue assembly behavior in vitro. In application, z-wire scaffolds support the
intramuscular delivery of cardiac tissues with minimally invasive injection using a customized
surgical delivery tool. To reproduce the anisotropic properties of the native myocardium20-24, zwire scaffolds support microscopic cellular alignment through topographical guidance and
scaffold-mediated tensile forces. Macroscopic tissue alignment can be controlled through either
magnetic guidance in vitro or by controlling the angle of tissue injection during in vivo delivery.
Collectively, we demonstrate that z-wire scaffolds can guide biological growth in stepwise
fashion at multiple length and time scales from in vitro tissue assembly to surgical delivery.
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Results
Micro-scaffold fabrication
Guided assembly of complex biological tissues from individual tissue modules requires smart
scaffolds with advanced functionalities in addition to basic structural support. We developed
smart magnetically responsive micro-scaffolds from a biodegradable polymer, poly(glycerol
sebacate) acrylate (PGSA) (Supplementary Figure S1a). PGSA is a biocompatible and
bioresorbable elastomer that has received market approval in Europe for clinical use as a
surgical sealant25, 26. Other U.S. Food and Drug Administration (FDA) approved synthetic
polymers, including polylactones, poly(L-lactide), poly(glycolide) and their copolymers, are
too stiff and therefore noncompliant when used in elastic tissues such as the heart27. PGSA26
has been extensively tested in animal models including vascular grafts28, tissue scaffolds20 and
adhesives25, etc. It can be rapidly crosslinked by ultraviolet (UV) light. By controlling UV
exposure time, photo initiator concentration, and post-molding heat-crosslinking, the Young's
Modulus of PGSA was fine-tuned to the range of 0.5-1MPa, which is close to the young’s
modulus of the native myocardium (Figure S1b-d). Complete hydrologic degradation of PGSA
was confirmed under accelerated conditions (alkaline, 0.1M NaOH), where the microfabricated
z-wire scaffolds presented complete material degradation within six hours (Figure S1e).

Using standard microfabrication techniques29, a poly(dimethylsiloxane) (PDMS) sheet
containing an array of 384 z-wire scaffold molds was fabricated. PGSA prepolymer solution
was cast into the mold and photo-patterned into an array of 384 z-wire scaffolds. The scaffolds
were subsequently released from the PDMS mold by immersing in an ethanol solution. Z-wire
scaffolds have a zig-zag shape with a strut diameter of 100μm, which functions like a spring to
facilitate scaffold compression (Figure S2a). This design is critical to functional tissue
contraction; the bulk structures of synthetic elastomers are nearly incompressible, but such
spring-like design can harness structural elasticity to support cyclic scaffold compression in
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cardiac tissue contraction. Moreover, the z-wire functions as a structural support to facilitate
tissue compaction and remodeling, but also provides tension to induce alignment and elongation
of the assembled cardiomyocytes along the scaffold.

Scalable gel-free tissue production
To facilitate high-throughput cell seeding and tissue assembly, we 3D printed a customized
384-well plate with funnel-shaped wells and rounded rectangular bottoms (0.5´3.5 mm)
(Figure 1a, Figure S2b). Designed to match the layout of the 384-well plate, this array of
micro-scaffolds was dropped into the customized 384-well plate in one step (Figure S2b). The
funnel-shaped well design inherently directed and positioned the micro-scaffolds to the bottom
of the wells (Figure 1b). To assemble the z-wire tissues, a cardiac cell mixture of induced
pluripotent stem cells (iPSC) derived human cardiomyocytes and primary human cardiac
fibroblasts was pipetted into the wells with a repeater pipette at a concentration of 0.3 million
cells per well (Figure 1b). The plate was then centrifuged at 150G for 1min to pack the cells at
the bottom of the wells and encapsulate the micro-scaffolds (Figure 1c-e). The cardiac cells
quickly self-assembled and started to contract around the scaffolds in 24h; the compaction
process reached completion in 3-4 days (Figure 2a-b). The entire cell seeding process was
carried out with standard tissue culture equipment (e.g., pipettes and centrifuge), which can be
readily scaled up (e.g., with multi-channel pipettes). Most importantly, our cell seeding process
does not require the use of any hydrogels (e.g., Collagen I, Fibrin, or Matrigel™, etc.), which
can be expensive and introduce animal-derived growth factors not yet approved for clinical use
and prone to batch-to-batch variation (e.g., Matrigel™). With the support of the z-wire scaffold,
we found that the cells can naturally assemble on their own without a hydrogel matrix.

The z-wire scaffolds provided sufficient structural support for the formation of an elongated
tissue, without hindering contraction, by allowing for structural compression (Video S1). As
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seeded cells connect with each other and aggregate around the z-wire scaffold, the cells
collectively exert a force onto the z-wire scaffold, attempting to compress the scaffold.
However, the relatively rigid z-wire scaffold, instead of being compressed, exert a counter force
onto the tissue, forcing the tissue to elongate along the scaffold. This scaffold-induced tension
within the tissue readily aligned the cardiac cells, hence leading to the formation of a muscle
fiber (Figure 2a,e,f). Without structural support from the scaffold, the tissue quickly formed a
spheroid, inhibiting cardiac muscle alignment (Figure 2a,c,d). F-actin staining highlighted
uniform cellular alignment along the scaffold, while cell orientation appears to be random in
the scaffold-free cell aggregates (Figure 2c-f, Figure S3). Sarcomeric-α-actinin staining
revealed the presence of elongated cardiomyocytes with visible cross-striation intertwined with
cardiac fibroblasts (Figure 2g-i). Scaffold-induced tensile force also presented a synergistic
improvement of endothelial cell assembly and alignment along the scaffold struts. (Figure 3ab). In three days, a rudimentary vasculature network was visible throughout the entire tissue.
Network integrity was highlighted by vessel interconnectivity and high density, with maximum
vessel separation of 100-200µm. The assembled tissues can contract macroscopically and
compress the scaffold (Video S1). The contraction of the z-wire tissue can be traced (Figure
3c-d). The amplitude and frequency along with other contraction parameters were extracted
(Figure 3e). If needed for drug testing applications, the amplitude of tissue contraction could
be translated into force of contraction. This can be done by simulating the correlation between
contraction force and the mechanical compression of the z-wire scaffolds. With this approach,
a large array of tissue can be seeded and cultivated at a time (Figure 3f). The assembled tissues
can also be easily released and collected from the plate for further manipulation or
transplantation, as they were not anchored in the plate for cultivation (Figure 3g).

Magnetic guided tissue self-assembly in vitro
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To impart magnetic capability to the z-wire scaffolds, magnetic iron oxide (II, III) nanoparticles
(<10nm in diameter) were dispersed in the PGSA prepolymer solution at concentrations of 0.2%
(m/m) with sonication. The polymer nanocomposite was then cast onto the PDMS mold and
crosslinked under UV light (15mW/cm2 for 60min). The additional crosslinking time was
required to achieve the desirable mechanical properties as the dispersed magnetic nanoparticles
deflect light and reduce UV penetration efficiency. After photopolymerization, the
nanoparticles were permanently trapped inside the polymer until polymer degradation.
Magnetic fields offer an attractive opportunity to externally guide the assembly of individual
functional tissues as: (1) magnetic fields are easy to generate and can penetrate thick materials
and biological tissues to provide guidance in a remote fashion30, (2) commercially available
magnetic nanoparticles are widely used in bioimaging, and have been shown to be nontoxic and
can be excreted from the body over time31, 32, and (3) magnetic fields can be easily directed
with magnets into various patterns, with potential to guide organ-specific tissue organization.

We chose to use <10nm nanoparticles because it has been shown that nanoparticles under 10nm
can be readily excreted from the body31. Nanoparticle inclusion did not interfere with the
degradation of the scaffolds (Figure S1e). To guide the organization of z-wire scaffolds and
assembled micro-tissues, commercially available Neodymium magnets were used to generate
a magnetic field with a local strength up to 0.5T (Figure 4a-b). We observed that the orientation
of a cluster of micro-scaffolds embedded with magnetic nanoparticles was easily controlled on
demand with a magnetic field strength above 0.13T using a hand-held magnet (Figure 4a-b,
Figure S4, Video S2). Using the same procedure, a cluster of micro-tissues was readily
assembled. The micro-tissues quickly aligned in the direction of the magnetic field and
assembled in a dense cluster with localization of the magnet (Figure 4c). Culture of the
clustered micro-tissues for three days in the presence of the magnetic field presented the
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formation of intercellular junctions at tissue contact points, suggesting the formation of an
integrated tissue (Figure 4d).

Ex vivo surgical tissue delivery and assembly
Given the small size of z-wire supported micro-tissues (300µm in diameter and ~3mm in
length), they were easily loaded to, and injected with, a syringe without disrupting organized
tissue structure. To demonstrate the feasibility of delivering the micro-tissues surgically with
syringe injection, we developed a customized syringe with inserted plunger to optimize tissue
loading and injection (Figure S5). After loading, tissues were stored inside the needle prior to
injection to ensure a smooth delivery by the plunger. Scaffold presence provides important
structural stability to the delivery process; elongated tissues without scaffolds fold and crumble
with handling, and cannot be easily manipulated, loaded, or injected while maintaining any
predictable structural orientation (Figure 5a). With the z-wire scaffold, the injection process
was quick and gentle; injected tissues showed comparable viability to tissues pre-injection
(Figure 5b).

To visually demonstrate and understand the mechanistic intramuscular delivery of the microtissues in real time, we used a transparent gelatin hydrogel matrix that mimicked the
extracellular matrix properties of cardiac tissue for the purpose of demonstrating intra-organ
delivery (Figure 5c). In this model, the syringe needle carrying the z-wire tissues precisely
delivered the tissues with ease at the site of injection (Figure 5d). We found that injected tissues
consistently self-aligned in the direction of injection without the need of magnetic guidance
(Video S3-6). This is likely because the orientation of the delivered tissues is constrained by
the open space created along the injection path, presenting an opportunity for localized tissue
organization. The same injection can be repeated multiple times, delivering an array of micro-

8

tissues with uniform alignment without the use of magnets (Figure 5e). Alternatively, multiple
z-wire tissues can be injected at the same location with one injection (Figure 5f, Video S7).

Translation of this process was demonstrated with the delivery of z-wire tissue to the
myocardium of a heart cadaver (Video S8). Although the injection process could not be seen
directly as it is taking place, visualization was achieved with a tissue clearing technique (Figure
6a) which allowed us to visualize the injected tissue in its entirety, completely embedded inside
the myocardium wall and oriented in the general direction along the myocardium wall (Figure
6b-c). The boundary of the GFP labelled z-wire tissue following injection was visible,
confirming maintenance of in vivo tissue micro environmental structure. (Figure 6d). Next, we
implanted tissue subcutaneously to the dorsal region of an adult Long Evans rat (Figure 6e).
One month after implantation, the z-wire tissue began to integrate with the host tissue, where
the infiltration of host cells to the implant, including fibroblasts and blood vessels, was clearly
visible (Figure 6f-h). A moderate host response was observed with the infiltration of giant cells
and macrophages near the implantation borders which is consistent with previous studies25.
Future studies are needed to examine the rate of vascularization and the extend of
cardiomyocytes retention and survival in the tissue implant, especially in the myocardial
environment. Furthermore, to validate the therapeutic benefit of z-wire tissue delivery for
cardiac repairs, we are currently developing ultrasound guided minimally invasive
intramyocardial tissue delivery in a rat myocardial infarction model. The fact that z-wire tissue
could be oriented during delivery without the use of magnetic particles also simplified the
scaffold design, further reducing barriers to clinical translation. Building on this work, we
envision functional cardiac tissues could feasibly be delivered with intramyocardial injection,
bypassing the epicardium while maintaining a high-level tissue organization with respect to the
host tissues.
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Discussion
We have demonstrated for the first time the scalable tissue production of elongated cardiac
tissues in the format of 384-well plate. Produced tissues can be easily extracted and remain
mechanically stable for manipulation during implantation. Although the current prototype
contains PDMS materials, an entire customized 384-well plate could be manufactured with cell
culture plastic (e.g. polystyrene) using an injection molding technique for large scale
production33. When magnetic particles were integrated into the scaffold structure, the z-wire
scaffolds presented self-assembly capability controlled by remote magnetic guidance.
Imparting magnetic particles into z-wire scaffolds is a less invasive strategy than incorporating
magnetic particles inside cells34. Since we grow the tissue around the z-wire scaffolds, only
cells will directly interface with the host micro-environment, further minimizing undesired host
response. When multiple z-wire tissues cluster together, tissues physically contact and naturally
integrate with one another. In less than 3 days of culture, integrated tissues do not fall apart,
even in the absence of the magnetic field. In the case of cardiac tissue engineering, such design
would avoid any conduction blocks generated by the presence of physical scaffolds in between
the tissues. Furthermore, tissue contraction will not be constrained by the scaffold, as each
scaffold is physically separated from one another. To help further mature the cardiac tissue in
vitro, the mechanical properties of the z-wire scaffold could be fine tuned in future studies.
Electrical stimulation could also be incorporated to accelerate tissue maturation. In this study,
the generated magnetic field from the use of one external magnet can cover a large area which
is beneficial for aligning a large quantity of tissues. If various local alignments are needed in
the tissue construction, an array of micro-magnets could be used to generate different magnetic
fields locally. However, due to the potential interference between different magnetic fields,
tissue patterning using magnetic field will inherently have relatively low resolution.
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To fill an entire 384-well plate requires 115 million cells at the seeding density presented here.
When considering scale up for future clinical studies where it has been suggested that close to
one billion cells are required for transplantation15, a total of nine plates would be needed. This
is a small number of plates for an application of this scale, especially if multi-channel pipettes
up to 384 channels (VIAFLO 96/384) are used to facilitate efficient and even aliquoting.
Currently, it is possible to create thousands of tissue spheroids with a stirring bioreactor, but
here we present the first feasible approach to assemble elongated functional tissues at a large
scale. Furthermore, because no expensive hydrogel materials are required, our process reduces
the production costs to the costs of cells. Moreover, unique from a bioreactor-based tissue
production process, in this multi-well plate format each tissue could be routinely imaged with
a high-content imaging system to track and monitor the culture condition of every single tissue
over time. This capability allows us to identify and eliminate low-quality tissues (e.g., tissues
that do not form properly or do not function at an expected level) by quantifying cell compaction
and assessing the quality of cardiac tissue contraction. Currently, there are no any other methods
that allow quality control in a high-throughput manner with precision. In our experiments, we
noticed that tissues could compress or bend the z-wire scaffolds to various extents (Figure 3d).
This indicates that the optimization of scaffold mechanical property and quality control of the
tissues selected for implantation will be essential to achieve consistent therapeutic results.

When injected using a customized injection tool, a cluster of z-wire tissues can be delivered,
and their positioning and orientation can be controlled inside the myocardium of a heart with
one or multiple injections. For clinical applications, the z-wire tissue can be engineered simply
by using clinically approved PGSA polymer and cells. There is no presence of hydrogel derived
from animals, magnetic particles, or other potentially toxic or non-degradable materials, which
significantly reduce the barrier of translation. In future work, we aim to demonstrate long-term
cardiac functional improvement with minimally invasive intramyocardial delivery of z-wire
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tissues in vivo. Functional tissue integration in vivo will also be examined in future studies.
Given that injection is a simple delivery method that requires minimal surgical manipulation in
vivo, the delivery process could be guided by ultrasound imaging in both animal studies and
human clinical trials. The same strategy could be applied to repair skeletal muscles or neuronal
tissue where intra-tissue delivery is required and tissue structural organization is important. The
degradation rate of PGSA could be further modulated to support the specific duration of
different tissue healing processes26. The combination of minimally invasive delivery of modular
functional tissues and the use of smart scaffolds with self-assembly capabilities can potentially
change the way we surgically apply a variety of tissue engineered products.

Conclusions
The use of z-wire scaffolds provides a way to manipulate engineered micro-tissues both in vitro
and in vivo. To date, the field has been rooted in enhancing the precision of scaffold fabrication,
especially with the emergence of 3D printing technology, where the scaffolds are often viewed
as static structural supports and lack dynamic functionalities. Appreciating the complex and
dynamic nature of human tissues, we offer a tissue assembly strategy that imparts scaffolds
with dynamic functionalities to guide tissue assembly over for in vitro culture and in surgical
delivery. Recognizing this fourth dimension in bio-fabrication could change the way we
approach tissue and organ engineering.

Experimental section
Polymer synthesis
Poly(glycerol sebacate) acrylate (PGSA) was synthesized according to protocol used
previously35. Briefly, the prepolymer was first synthesized with a polycondensation reaction
between equimolar of glycerol (Sigma, G5516-1L) and sebacic acid (Sigma, 283258-250G).
The two reagents were combined and allowed to react at 120°C under nitrogen purge for 1h and
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then under vacuum for 24h. The resulting prepolymer (20g) was then dissolved in 200mL of
anhydrous dichloromethane with 20mg of 4-(dimethylamino) pyridine (Sigma, 107700-25G).
The reaction flask was cooled to 0°C under a nitrogen purge. 3.05mL Acryloyl Chloride was
slowly added to the reaction flask parallel to an equimolar amount of trimethylamine. The
reaction was allowed to reach room temperature and was stirred for an additional 24h. The
resulting mixture was dissolved in ethyl acetate, filtered, and dried at 45°C and 5Pa. Finally,
2% or 5% (w/w) photoinitiator (PI) 2-hydroxy-1-[4(hydroxyethoxy)phenyl]-2- methyl-1
propanone (Irgacure 2959) was added and thoroughly mixed with the polymer solution. The
resulting PGSA polymer mixture was stored at 4°C and protected from light. The polymer
structures were verified using 1H NMR spectroscopy as shown in Figure S1a.

Z-wire scaffold fabrication and characterization
A SU-8 master mold containing an array of 384 z-wire structures matching the standard 384well plate was designed in AutoCAD and fabricated according to standard photolithography. A
PDMS mold was then replicated from the SU-8 master mold. PGSA polymer mixture was
spread onto the PDMS mold with a glass slide to fill the structural features on the PDMS mold.
Excessive PGSA polymer were scraped off. The PDMS mold filled with PGSA polymer was
then placed inside a transparent bag filled with nitrogen and placed under a UV lamp. To
crosslink the PGSA polymer a UV energy output of 15mW/cm2 was applied for a duration of
30 to 120 min. All experiments used an exposure time of 60min unless the contrary is stated.
The crosslinked PGSA z-wires were immersed in 70% ethanol to sterilize as well as to release
the z-wires from the PDMS mold. To impart the z-wires with magnetic properties, magnetic
Iron (III) oxide nanoparticles (Sigma, 544884-5G) were mixed with the polymer solution at
0.2% (m/m) prior to casting and UV-crosslinking. To characterize the degradation of the z-wire
scaffolds, the scaffolds were placed in 200µL of 0.1M NaOH solution at room temperature for
6h to accelerate the hydrolytic degradation process. A brightfield image was acquired every 2h
13

until the z-wire scaffolds visible disappeared, confirming complete degradation. Five to six zwire scaffolds were used. For the mechanical testing of the PGSA material, PGSA discs with a
thickness of 0.5mm and a radius of 1mm were fabricated at 30, 60, 90 and 120 min of UV
exposure. Discs were washed with 70% ethanol in order to remove the non-crosslinked
polymer. Compression tests were performed on CELLSCALE® UniVert™ mechanical tester
with a 3mm cylindrical compression probe at room temperature. Young’s modulus was
calculated from the stress and strain curve.

Fabrication of customized 384-well plate and assembly
A customized 384-well plate containing funnel-shaped wells was first designed in AutoCAD,
and the design was inverted to create the design for a mold. The mold design for the customized
384-well plate was 3D printed with a Stratasys 3D printer using Tangoblack plus ink. The
printed mold was washed in NaOH solution for two days, dried and then baked at 80°C for one
day. The mold was then coated with Trichloroperfluorooctyl silane (Sigma, 448931-10g). A
PDMS plate was replicated from the 3D printed mold. The PDMS plate was hard-baked at
300°C for 15min before it is glued onto a CELLSTAR® OneWell™ polystyrene plate (VWR,
30617-592) with additional PDMS glues. To assemble the z-wire scaffolds onto the plate, the
PDMS plate was first filled with 70% ethanol. Then the PDMS mold containing the UVcrosslinked PGSA z-wires was capped onto the plate so that each z-wire scaffold was placed
onto each well. Then the PDMS mold was pressed against the plate to release the z-wires
scaffolds in 70% ethanol and dropping each z-wire into its corresponding well. The plate was
then centrifuged for 30sec at 1000RPM to push the z-wires to the bottom of each well. The
plate was left in 70% ethanol to sterilize for 2h. Lastly, the ethanol in the plate was slowly
switched to culture media after 2-3 media changes and ready for cell seeding.

Tissue production and in vitro assembly
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Fresh cardiomyocytes were isolated from 2-day-old neonatal Long Evans rat pups as we
previously reported with minor modifications36. Briefly, rat pups were euthanized by
decapitation and their hearts were collected and placed in ice-cold PBS. The hearts were then
quartered into small pieces and digested overnight in a 0.5% (w/v) solution of porcine trypsin
(Sigma, T4799) in PBS at 4°C overnight. After, the hearts were further digested in a 50% (w/v)
solution of Collagenase II (Worthington, LS004176) in PBS at 37°C in a series of five 8min
digestions. The collected cells were pre-plated in T75 flasks for 60min at 37°C and 5% CO2.
The supernatant was collected, and the nonadherent cells were classified as the enriched CM
population and the adherent cells were classified as the enriched fibroblast population. Primary
human cardiac fibroblasts or a mixture of 50% iPSC-derived human cardiomyocytes (hiPSCCMs) and 50% primary human cardiac fibroblasts were used for seeding. HiPSC-CMs were
purchased from Cell Dynamics or differentiated from a healthy hiPSC line using a 2-D
monolayer protocol in a chemically defined medium37. Human cardiomyocytes were used
wherever possible. But due to the limited supplies of human cardiomyocytes, rat
cardiomyocytes were used to demonstrate high-throughput tissue production and tissue
assembly where large quantities of cells are needed. Rat cardiomyocytes were also used for the
ex vivo tissue injection into rat hearts and for in vivo implantation in immuno-competent rats.

Rat cardiac cells were cultured in cardiac culture media that is composed of Dulbecco’s
modified Eagle’s medium (Gibco) containing glucose (4.5g/L), 10% (v/v) fetal bovine serum
(FBS; Gibco), 1% (v/v) Hepes (100U/mL; Gibco), and 1% (v/v) penicillin-streptomycin
(100mg/mL; Gibco). Human cardiac cells were cultured in plating media purchased from
Cellular Dynamics (R1132). Cells were suspended in culture media at 40 million cells per mL.
Next, 7.5µL of cell suspension were pipetted into each well which is equivalent to 0.3 million
cells per well. The plate was then centrifuged for 1min at 150G to aggregate the cells to the
bottom of the well and completely embeds the z-wire with cells. The plate was placed in an
15

incubator, and media was changed once every day for one week. The cells self-aggregated and
compacted around the z-wires over four days. The length of the tissue was measured in Adobe
Photoshop from the brightfield images. For tissue delivery or implantation, tissues were
removed and collected from the plate with a 1mL pipette where the pipette was cut to create a
larger opening or sterile tweezers.

A mixture of 50% primary rat cardiomyocytes, 20% primary rat cardiac fibroblasts, and 30%
green fluorescent protein human umbilical vein endothelial cells were used for the fabrication
of vascularized microtissues. Cells were cultured in endothelial cell growth medium 2
(Cedarlane labs, C-22011) containing 10% (v/v) fetal bovine serum (FBS; Gibco). Cells were
suspended in culture media at 100 million cells per mL. Next 10µL of cell suspension was
pipetted into each well which is equivalent to 1 million cells per well. The plate was then
centrifuged for 1min at 150G to aggregate the cells to the bottom of the well and completely
embeds the z-wire with cells. Tissues were cultured for nine days prior to analysis. The GFPendothelial cells in the Z-wire tissues were images with confocal microscope (Nikon A1
confocal with ECLIPSE Ti microscope), as well as a Cytation™ 5 Cell Imaging Multi-Mode
Reader (BioTek Instruments, Inc. Montreal, Canada). For the tissue assembly experiment, zwire tissues were extracted and assembled with magnetic guidance from the neodymium
magnet with a magnetic induction of 434 mT and cultured for an additional three days under
the magnetic field to allow tissue integration. Magnetic induction was measured at multiple
distance points from the magnet using a teslameter (Weite Magnetic Technology Co. WT10A)
as shown in Figure 4b.

Immunoﬂuorescent staining and imaging
To assess the morphology of the engineered cardiac tissues, the tissues were first fixed in 4%
(w/v) paraformaldehyde in PBS for 15min at room temperature, then permeated and blocked in
16

5% FBS and 0.25% Triton X-100 in PBS for 1hr. Next, the tissues were incubated in primary
antibody against sarcomeric a-actinin (mouse, 1:200, Abcam, ab9465), overnight at 4°C,
followed by incubation with a secondary antibody, Alexa 488 conjugated anti-mouse
immunoglobulin G (IgG) (1:200, Life Technologies, A21202) and a phalloidin 594–conjugated
anti–F-actin (1:300, Life Technologies, A22285). Tissues were then washed and imaged with
a confocal microscope (Nikon A1 confocal with ECLIPSE Ti microscope). DAPI was used to
visualize cell nuclei. In order to determine the difference of cell alignment between the scaffold
and no scaffold groups, tissues coherency analysis was made using ImageJ plugin OrientationJ
as previously shown38. Coherency is a measurement of coherent directionality that is calculated
to indicate whether local image features are oriented or not38. Higher coherency values indicate
a strongly coherent orientation of the local fibers whereas low values indicate no preferential
orientation. This parameter has been used to measure elastin and collagen architecture and
orientation in arterial and scar tissue38, 39. In order to assess the viability of the tissues after the
injection process, an assay to detect living and dead tissue was performed before and after
injection. The z-wire tissue was first loaded into the delivery tool and then injected into a six
well plate. The tissues were then stained with 5-Carboxyfluorescein diacetate 95% (CFDA)
(Sigma, C4916-25MG) at a working concentration of 0.0025mg/mL, as well as propidium
iodine (PI) (Sigma, P4864) at a working concentration of 0.001 mg/mL in PBS. Live and dead
images were captured with the Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek
Instruments, Inc. Montreal, Canada) as shown in Figure 5b.

Tissue contraction analysis
Video analysis of contracting tissues was made using ImageJ plugin MuscleMotion following
previously published procedures40. Frequency was calculated dividing the number of recorded
beats by the length of video sample multiplied by 60 to obtain beats per minute. Contraction
time was calculated by subtracting the time point at which the contraction amplitude peak was
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highest minus the time point at which the contraction curve started rising from baseline.
Relaxation time was calculated by subtracting the time point at which the contraction curve
returned to baseline minus the time point at which the contraction amplitude peak was highest.
Amplitude of contraction was calculated by measuring the tissue contraction (relaxed tissue
length minus contracted tissue length). Rising slope of contraction curve was calculated by
subtracting the highest amplitude of contraction minus the baseline amplitude of contraction
before that peak and then dividing by the contraction time.

Tissue delivery and injection
For the fabrication of the delivery tool, a 22G needle was glued with epoxy to the piston of a
1mL syringe and was left to dry overnight. The barrel of the 1mL syringe was assembled with
a 19G needle. The piston with the 22G needle was placed into the syringe’s barrel with the 19G
needle. The 22G needle was trimmed to the length of the 19G needle so that they both aligned
as shown in Figure S5. The collected z-wire tissues were then loaded into the delivery system
from the needle side using a fine tweezer. A transparent heart model was made by heating a
mixture of 7% (w/v) gelatin from bovine skin (Sigma, G9391-100G) in distilled water at 90°C
for 15min and then cooling it on a plastic heart model at room temperature for 1hr as shown in
Figure 5c. Collected micro-tissues were injected into the gelatin heart with either multiple
injections of single tissue or a single injection of multiple tissues as shown in Figure 5d and 5f
respectively. Z-wire tissues were injected into a cadaveric heart using the same procedure. After
injection, the heart was sliced into 1mm thickness, and individual tissue slices were cleared in
70% (v/v) T 2,2'-Thiodiethanol (TDE, Sigma, 166782-500G) solution for 7 days prior to
imaging.

Subcutaneous implantation

18

All procedures below were performed at the core Animal Facility of McMaster University
under a protocol (AUP# 181246) approved by the Committee on Animal Care. For in vivo
implantation, we delivered rat z-wire cardiac tissue into the subcutaneous space located on the
dorsal region of adult Long Evans rats. The animal was first anesthetized with 3% isoflurane at
a flow rate of 1 L/min. 5 mg/kg Carprofen analgesic was administered subcutaneously, and the
dorsal pouch was prepared for surgery. A 1cm incision was made on the dorsal region and the
z-wire micro-tissues (n=5) were delivered into the subcutaneous space. The incision was
sutured using absorbable 4-0 vicryl sutures. For post-operative pain management, carprofen
was administered subcutaneously for two days. The animals were monitored for four weeks,
followed by euthanization with CO2 inhalation. The site of injection was later isolated and
processed for histological studies. Briefly, tissue explants from the site of injection were fixed
in 10% formalin, processed and sectioned. Tissue sections (4µm thick) were stained with
Masson’s trichrome and Hematoxylin and Eosin.

Sample size and statistical analysis
For all experimental data, normality and equality of variance were tested using SigmaPlot, as
we have previously reported41. One-way ANOVA in conjunction with Tukey’s test at p < 0.05
and a power greater than 0.90 was used to determine the statistical significance. Means and
standard deviation are plotted in all graphs. * denotes significant differences with p < 0.05.
Sample size (n) for each experiment is described in the figure caption. A minimal of n=3
independent samples were used for all experiments.
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Figures

Figure 1. Design and operation of z-wire 384-well plate. a, A customized 3D printed 384well plate with funnel-shaped wells to facilitate tissue assembly. b, A schematic outlining the
process of (1) scaffold loading, (2) cell seeding, (3) tissue formation, and (4) tissue release. ce, Brightfield images of (c) an empty funnel-shaped well, (d) a well loaded with a microscaffold, and (e) a well seeded with a cardiac tissue. Scale bar, 1mm.
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Figure 2. Production of iPSC-derived human cardiac z-wire tissues. a, Brightfield image
of tissues assembled with or without z-wire scaffolds. Scale bar, 1mm. b, Quantification of the
tissue length of tissues assembled with (n=5) or without z-wire scaffolds (n=3) over time. *
denotes significant differences between the scaffold and scaffold free group with p<0.05. Data
displayed as mean ± SD and statistically assessed with two-way ANOVA. c-d, Fluorescent
images of an iPSC-derived human cardiac tissue assembled without z-wire scaffold and stained
for F-actin (red) and DAPI (blue). e-f, Fluorescent images of iPSC-derived human cardiac zwire tissue stained for F-actin (red) and DAPI (blue). F-actin staining shows the collective
alignment of the cellular structure. Z-wire scaffold autofluorescence in blue color. Final image
is stitched from multiple images (e). Scale bar: 30μm. g-i, High magnification fluorescent
images of a z-wire cardiac tissue stained for F-actin (red), sarcomeric α-actinin (green), and
25

DAPI (blue). The staining shows the presence and alignment of human cardiomyocytes within
the tissue. Scale, 20μm.

Figure 3. Scalable production of vascularized neonatal rat cardiac z-wire tissues. a,
brightfield image overlaid with fluorescent images of a z-wire tissue assembled with 30% GFPendothelial cells (green), 50% rat cardiomyocytes, and 20% rat fibroblasts over time. Scale bar,
1mm. b, confocal fluorescent image of vascularized cardiac tissue stained for F-actin (red) and
GFP-endothelial cells (green). Final image is stitched from multiple images (b). High
magnification images show regions of the tissue labeled by white dotted boxes. c, Brightfield
image of z-wire tissue overlay with outlines of the tissue in relaxation (red) and contraction
(blue) state. d, Representative tissue contraction traces. Scale bar shows the amplitude of
contraction and time. e, Summary of functional parameters from tissue contraction (n=3). Data
displayed as mean ± SD. f, A brightfield image showing an array of cardiac z-wire tissues. g,
A brightfield image showing a cluster of cardiac z-wire tissues released from the plate.
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Figure 4. Magnetic guided anisotropic tissue assembly in vitro. a, Magnetic alignment of zwire scaffolds. b, Correlation of magnetic field strength to distance from the magnet. The grey
region is the cut off distance within which the z-wire scaffolds can respond to the magnet. c,
Brightfield images show the self-alignment and physical integration of a cluster of neonatal rat
z-wire tissues in response to an external magnetic field and after 3 days in culture post assembly.
The ruler shown is in mm scale. d, fluorescent image of assembled neonatal rat z-wire tissues
containing GPF-endothelial cells (green) 3 days post assembly. The final image is stitched from
multiple images. Scale bar, 2mm. High magnification images show regions of the tissue labeled
by white dotted boxes and highlights the integration between tissues.
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Figure 5. Tissue injection and delivery. a, manipulation of iPSC-derived human cardiac tissue
with or without z-wire shows scaffold-free tissue lack mechanical strength to support tissue’s
own weight for surgical manipulation and injection. Black dotted circles indicate the tissue
located at the tip of a tweezer. b, Live and dead staining with CFDA (green) and PI (red) on
cardiac tissues with or without surgical injection in vitro. Z-wire scaffold autofluorescence in
red color. Scale bar: 1mm. c, Surgical injection of iPSC-derived human cardiac tissues into a
gelatin-based transparent heart model. d, high magnification images show the release and
alignment of an iPSC-derived human z-wire issue in the orientation of the needle. Released zwire tissue is embedded and immobilized inside the gelatin-based transparent heart model. e,
Image of a cluster of tissues all oriented in the same direction after multiple injections. f, Image
of multiple tissues delivered and aligned in a single injection. Dotted white circle outline the
injected tissues. Black arrow indicates the orientation of alignment
28

Figure 6. Ex vivo Intra-muscular tissue delivery and in vivo tissue biocompatibility. a, A
slice of heart chamber before and after tissue clearing. b-c, Brighfield image of a heart slice
with an injected neonatal rat z-wire cardiac tissue in the myocardium. scale bar, 1mm. d,
Fluorescent image of an injected neonatal rat z-wire cardiac tissue in the myocardium showing
implanted GFP-endothelial cells around the z-wire scaffold. The heart muscle has a green
fluorescent background. Scale bar, 1mm. e, Image of neonatal rat z-wire tissue immediately
after implantation. f-h, Histological section of subcutaneously implanted neonatal rat z-wire
tissue stained for (f) H&E and (g-h) Masson’s Trichrome after 1 month. In H&E staining, cell
bodies are labeled in pink and cell nucleus are labeled in purple. Masson’s Trichrome staining,
collagens and extracellular matrices are labeled in green and blood vessels are labeled in dark
red color. The implanted scaffold has no color and is shown in white color. Scale bar, 100μm.
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Figure S1. Chemical composition and degradation of PGSA micro-scaffolds. a, NMR of
PGSA prepolymer shows the chemical structure and composition of the synthetic polymer.
Molecular structure of the R group is shown in the dotted box. b, E elastic modulus of UV+Heat
crosslinked PGSA (n=8) and UV crosslinked PGSA (n=7). *p<0.05. data displayed as mean ±
SD and statistically assessed with one-way ANOVA. c, Repeatability of elastic modulus
quantification in between different batches of PGSA at different UV exposure times. d,
comparison of elastic modulus of PGSA with 2% and 5% (m/m) photoinitiator (PI). e,
Brightfield images of the degradation process of PGSA z-wire scaffolds with 2% PI in 0.1 M
NaOH solution. Z-wire scaffolds degraded to completion within 6h.
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Figure S2. PGSA z-wire scaffold in customized 384-well plate. a, Image of the z-wire
scaffold from side view and top view. Dimensions of the z-wire scaffold are labeled. b, Image
of an entire customized 384-well plate loaded with micro-scaffolds and a zoomed-in image of
the plate. The z-wire scaffolds appear in a yellow color.
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Figure S3. Quantification of tissue alignment. a, Visual directional analysis of cardiac
tissue stained for F-actin with or without z-wire scaffolds. The features are gathered in a color
map in HSB mode where hue indicates orientation, saturation indicates coherency. b,
Histogram of orientation distribution of F-actin staining for cardiac tissue with or without zwire scaffolds. The presence of a peak shows that the scaffold group had a higher alignment
in comparison to the no scaffold group. c, Coherency analysis shows a higher orientation
consistency in the scaffold group. n=3, * p<0.05. Data displayed as mean ± SD and
statistically assessed with one-way ANOVA.
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Figure S4. Magnetic alignment of z-wire scaffolds in vitro. a-b, Magnetic alignment of zwire scaffolds in response to magnetic field of various direction. Red arrows indicate the direct
of the magnetic alignment.
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Figure S5. Customized surgical delivery tool from modified syringe for tissue injection. A
22-gauge needle that serves as a plunger is fitted inside a 19-gauge needle to push out the loaded
tissues during injection. The z-wire tissues are loaded to the needle section of the syringe. The
luminal space inside the needle is used as a reservoir for the z-wire tissues.
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Supplementary videos
Video S1. Contraction of engineered z-wire cardiac tissues.
Video S2. Magnetic guided z-wire scaffold alignment and assembly in vitro.
Video S3. Delivery of single z-wire tissues with multiple injection on transparent heart model
for visualization – injection 1
Video S4. Delivery of single z-wire tissues with multiple injection on transparent heart model
for visualization – injection 2
Video S5. Delivery of single z-wire tissues with multiple injection on transparent heart model
for visualization – injection 3
Video S6. Delivery of single z-wire tissues with multiple injection on transparent heart model
for visualization – injection 4
Video S7. Delivery of multiple z-wire tissues with a single injection on transparent heart
model for visualization.
Video S8. Ex vivo intramyocardium delivery of z-wire tissues on cadaveric heart.
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