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Flexible shape-memory sca�old for minimally
invasive delivery of functional tissues
Miles Montgomery1,2†, Samad Ahadian2†, Locke Davenport Huyer1,2, Mauro Lo Rito3,4,
Robert A. Civitarese2, Rachel D. Vanderlaan3,4, JunWu5, Lewis A. Reis2, Abdul Momen5,
Saeed Akbari6, Aric Pahnke1,2, Ren-Ke Li5, Christopher A. Caldarone3,4 and Milica Radisic1,2,5*

Despite great progress in engineering functional tissues for organ repair, including the heart, an invasive surgical approach
is still required for their implantation. Here, we designed an elastic and microfabricated sca�old using a biodegradable
polymer (poly(octamethylene maleate (anhydride) citrate)) for functional tissue delivery via injection. The sca�old’s shape
memory was due to the microfabricated lattice design. Sca�olds and cardiac patches (1 cm × 1 cm) were delivered through
an orifice as small as 1mm, recovering their initial shape following injection without a�ecting cardiomyocyte viability and
function. In a subcutaneous syngeneic rat model, injection of cardiac patches was equivalent to open surgery when comparing
vascularization, macrophage recruitment and cell survival. The patches significantly improved cardiac function following
myocardial infarction in a rat, compared with the untreated controls. Successful minimally invasive delivery of human cell-
derived patches to the epicardium, aorta and liver in a large-animal (porcine) model was achieved.

Successful engineering of almost all tissues found in the human
body (for example, cardiac1, vascular2, cartilage3, bone4, brain5

and ocular6) has been reported. However, an invasive surgical
approach is still required for their placement in the body. The
alternative approach of minimally invasive injections of cells with
hydrogels does not provide the tissue-level organization required
for immediate functionality7,8. This approach may also result in
compromised delivery-site cell retention9,10.

Here, we describe an approach for the delivery of tissue-
engineered constructs by developing fully functional engineered
tissues that are injectable. To achieve this goal, we focused on
the design of biomaterial scaffolds. Cardiac tissue was used as
the primary model in our system because: cardiomyocytes (CMs)
are extremely sensitive cells, cardiac tissue function can be easily
assessed by contractility measurements, and it is necessary that the
implanted cardiac tissue be immediately functional to reapmaximal
benefits of a regenerative intervention.

Recent advances enable engineering of highly sophisticated heart
tissues that accurately reproduce the functional and structural
properties of native cardiac tissues11; but placing a functional patch
onto the heart requires fully opening the chest12. This limits the
applicability of the patch approach to patients requiring open-heart
surgery for other interventions, for example, coronary artery bypass
grafting. Thus, tissue-engineered patches have been implanted on
human hearts in a small number of isolated cases13. Alginate-
based macroporous cryogels have been used previously in vivo for
minimally invasive delivery of proteins and cells14, and to enhance
cell localization by in situ rehydration of the injected scaffold with a
cell suspension15. However, large functional engineered tissues have
not yet been implanted in a minimally invasive manner16.

In this work, an elastic shape-memory scaffoldwas designedwith
a definedmicrofabricated lattice structure.Wehypothesized that the

scaffold’s shape memory would allow the tissue to collapse during
injection, and subsequently regain its original shape at the desired
location, while maintaining cell viability and tissue function.

Results
Fabrication and characterization of the shape-memory scaffold.
The ideal scaffold biomaterial for a cardiac patch is an elas-
tomer capable of supporting thousands of stretch cycles without
deformation or impeding heart contraction and relaxation. We
selected an ultraviolet (UV)-crosslinkable and elastomeric poly-
mer poly(octamethylene maleate (anhydride) citrate) (POMAC)
(Fig. 1a). This polymer was demonstrated to have tunable me-
chanical properties, be suitable for microfabrication, biodegrade by
hydrolysis, and exhibit non-toxic and minimal inflammatory prop-
erties in vivo17. POMAC prepolymer was synthesized via a polycon-
densation reaction and its chemical structure was confirmed using
Fourier transform infrared spectroscopy (FTIR) and 1H-nuclear
magnetic resonance (1H-NMR) spectroscopy (Fig. 1a–d). The FTIR
peak assessment identified the presence of hydroxyl, alkyl and car-
bonyl bonds and 1H-NMR peak shift and integration confirmed the
polymer backbone structure.

Using a combination of soft-lithography and injection moulding
(Supplementary Fig. 1), we fabricated a family of six shape-memory
scaffolds with dimensions 1 cm × 1 cm × 0.1mm (Fig. 1e). The
goal was to identify the structure most capable of returning to
its original shape after being folded and injected through a 1mm
orifice. Three of these scaffolds were not easily injectable (that is, the
scaffold could not be consistently pushed through a 1mm orifice)
and exhibited reduced ability to fully open following injection into
Dulbecco’s phosphate-buffered saline (PBS) (see Supplementary
Movies 1 and 2 for successful and failed injection, respectively). The
diamond-like design was chosen over the oval designs (Fig. 1f,g)
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Figure 1 | Sca�old synthesis, fabrication and characterization. a, POMAC prepolymer was synthesized by mixing three di�erent monomers
(1,8-octanediol, citric acid and maleic anhydride) at 140 ◦C for 3 h under N2 purge. b, POMAC prepolymer was mixed with Irgacure 2959 and then injected
into a PDMS mould. The mixture was polymerized using UV light to make a POMAC sca�old. c, FTIR spectrum of POMAC showing the hydrogen atom
arrangement in the POMAC chemical structure. The spectrum was recorded from 500 to 4,000 cm−1. d, 1H-NMR spectrum of POMAC prepolymer
confirms the POMAC structure. e, Various lattice designs for POMAC sca�old fabrication. Scale bars, 1 mm. f, Injectability measured by pushing the folded
sca�old through a 1 mm orifice. g, Success of unfolding following injection into Dulbecco’s phosphate-bu�ered saline (n=6). h, Representative uniaxial
tensile stress–strain plots of POMAC and POMAC–rat CMs in long- and short-edge directions (x and y directions, respectively). i, Average e�ective
elasticity values of POMAC and POMAC–rat CMs (Sprague Dawley) in the x and y directions derived from the stress–strain plots (n=3 per group,
Kruskal–Wallis ANOVA on ranks followed by Tukey’s multiple comparison test). Data are reported as means± s.d., ∗∗p≤0.01, ∗∗∗p≤0.001.

with the expectation that the straight lines and grooves present in the
diamond-like design would improve cell guidance and elongation
compared with the oval designs18–20.

The anisotropic (directionally dependent) elasticity of native
heart tissue is an important parameter that was incorporated
into the design of the shape-memory scaffold21,22. The diamond-
mesh scaffold exhibited anisotropic effective elasticity that did
not significantly change with loading of rat CMs (Fig. 1h,i). The
POMAC–rat CM tissues exhibited elasticity of 69.3± 17.4 kPa
(x direction) and 14.7 ± 1.56 kPa (y direction) with an anisotropy
ratio of 4.7. Rat myocardium has 43 ± 9 kPa in the long
myofibre direction and 12 ± 5 kPa in the short direction,
with the ratio of 3.9 (ref. 17). Thus, the effective elasticity
of the patch approached that of the native rat myocardium,
important for appropriate diastolic function. Finite-element analysis
(FEA) demonstrated that uniaxial tension on the diamond-shaped
scaffold lattice resulted in deformation and stress generation
in a directionally dependent manner (Supplementary Fig. 2a).
Comparison of the experimental results and the finite-element
predictions of the scaffold stress–strain response in the x and
y directions demonstrated that calculated effective elasticities
(59.6 and 7.1 kPa in the x and y directions, respectively) agreed with
the corresponding experimental data (Supplementary Fig. 2b).

Engineering cardiac patches in vitro. Injectable cardiac patches
(Fig. 2a) were cultivated in custom-made bioreactors fitted with

carbon electrodes (Fig. 2b). Polydimethylsiloxane (PDMS) posts
in the holder (Fig. 2b) were used to firmly hook the scaffold
(Fig. 2c) in place and maintain its structure during cell culture and
stimulation, preventing undesired tissue rolling and compaction
(Supplementary Movie 3). An array of short PDMS posts in the
holder enabled CMs to wrap around the scaffold struts from all
sides. By day 7 of cultivation, the tissue contracted synchronously
(Supplementary Movie 4), causing in-plane compression and
macroscopic movement of the scaffold due to the low compressive
resistance and high elasticity of the scaffold. Sarcomeric α-actinin
was present in both electrically stimulated (ES) and non-stimulated
tissues, with a higher presence in ES tissues compared with the
non-stimulated controls (Fig. 2d). No significant differences were
observed in the excitation threshold (ET) (defined as the lowest
voltage needed to simultaneously pace cells), whereas stimulated
tissues exhibited a significantly higher maximum capture rate
(MCR) (the maximum synchronous contraction rate after applying
twofold ET) than non-stimulated tissues (Fig. 2e,f, respectively).

During injection, the applied force is stored in the scaffold as
strain energy (or stiffness energy), which then becomes responsible
for the scaffold’s return to its original shape. The dominant loading
mode applied to the scaffold during the injection, out-of-plane
bending, was simulated on unit cells of diamond-like and control
scaffolds (Fig. 3a,b). In addition to the empirical data quantifying
the success rates for injection and unfolding (Figs 1f,g and 3a and
Supplementary Movie 3), calculated strain energies per unit area of
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Figure 2 | Engineering a functional cardiac tissue on a shape-memory sca�old. a, Schematic concept of in vivo application of a functional and injectable
cardiac patch. b, Bioreactor for electrical stimulation (ES) and maturation of engineered cardiac tissue. ES was applied through the carbon electrodes. SEM
images of a holder for seating sca�olds for cell seeding. Scale bars, 2 cm (bioreactor), 5 mm (blue), 500 µm (green). c, SEM images of a sca�old with flaps
for alignment in the bioreactor holder. Scale bars, 5 mm (top left image), 1 mm (blue and green). d, Immunostaining of F-actin (red) and sarcomeric
α-actinin (green) in engineered cardiac tissues made from neonatal Sprague Dawley rat CMs without and with ES. The sarcomeric bands were visible in the
enlarged images. Scale bars, 50 µm. e,f, ET (f) and MCR (f) of contractile cardiac tissues without (n=3) and with ES (n=6). Data are reported as means
± s.d., Mann–Whitney test, ∗p≤0.05.

the scaffold mesh confirmed higher anisotropic energy storage in
the diamond-like mesh (1,274 and 214 µJm−2 in bending moment
applied in the x (Mx) and y (My) directions, respectively) compared
with the control (123 and 48 µJm−2 in the Mx and My direction,
respectively).

There were no significant differences between the percentage of
viable cells before and after the injection of rat CM-based tissues
in vitro (Fig. 3c,d and Supplementary Fig. 4a and Supplementary
Movie 5). The POMAC scaffold mesh exhibited autofluorescence in
the red channel, enabling clear delineation of the scaffold structure
and the viable (green) tissue filling the diamond-shaped lattice.
Functional properties of the tissue were unaffected by injection
(Fig. 3e,f).

The cells remained localized to the application site following
subcutaneous injection of the cardiac tissue in a rat animal model
as determined by far-red dye- (Supplementary Fig. 4b) and firefly
luciferase (Luc)-labelled cells (Supplementary Fig. 5). No significant

differences in bioluminescent intensity (BLI) were found between
surgically implanted and injected Luc(+) cardiac patches 7 and
14 days post-implantation (Fig. 3g,h). In a mouse model, micro-
computed tomography images demonstrated shape recovery of
POMAC scaffolds after subcutaneous injection (Fig. 3i). There
was only a 30% decrease in the measured scaffold area of the
injected scaffolds (suggesting incomplete spontaneous unfolding)
compared with the surgically implanted, manually flattened,
scaffolds (Fig. 3j).

Host response. Seven days after subcutaneous injection, haema-
toxylin and eosin (H&E) staining demonstrated similar morphol-
ogy and cellularity between the surgically implanted and injected
patches, whereas Masson’s trichrome staining was consistent with
reduced fibrosis in the injected group compared with the surgically
placed group (Fig. 4a). Cardiac troponin T (cTnT)-positive cells
were identified in both types of patch (Fig. 4b), with a significantly
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Figure 3 | Sca�old and functional cardiac tissue delivery by injection. a, Images of a POMAC sca�old before and after injection through a 1-mm capillary
glass pipette. Scale bars, 5 mm. b, Distribution of out-of-plane displacement under an applied displacement of uz=0.2 mm to the top edge of the sca�old
unit cell. The left unit cell represents a diamond lattice from a sca�old used for in vitro and in vivo studies. The right unit cell is from a control sca�old, with a
rectangular lattice that exhibited poor injectability in vitro. c, Fluorescence images of live (green) and dead (red) rat neonatal CMs on the sca�old before
and after injection. Note that the POMAC sca�old exhibits autofluorescence in the red channel. Live cells filling the sca�old lattice are shown in green.
Scale bars, 2.5 mm. d, The percentage of viable cells relative to the total number of cells cultured on the sca�old before and after injection of rat neonatal
CM-based patches (n=6). e,f, ET (e) and MCR (f) of rat cardiac tissue before and after injection (n=6). g, Bioluminescence imaging at days 4, 7 and 14
after subcutaneous implantation of surgically implanted (black arrows) and injected (green arrows) Luc(+) Lewis rat cardiac tissues into syngeneic adult
recipients. Scale bars, 2.5 cm. h, Bioluminescent intensity of surgically implanted and injected Luc(+) cardiac patches at days 7 and 14 relative to day 4 BLI
show no significant di�erence. i, Micro-computed tomography images of surgically implanted versus subcutaneously injected sca�olds in adult mice. Scale
bars, 1 cm. j, Injected sca�olds opened up in the subcutaneous space, but exhibited a 30% decrease in the area compared with surgically implanted
sca�olds (n=3 animals per group). Neonatal rat CMs were isolated from Sprague Dawley (c–f) or Lewis (g,h) rats. Data are reported as means± s.d.,
∗p≤0.05.

higher presence of cTnT in injected compared with the surgically
implanted cardiac patches (Fig. 4c). The levels of CD31 (labelling
endothelial cells) and smooth muscle actin (SMA, labelling vas-
cular smooth muscle cells and myofibroblasts) were comparable

between the groups (Fig. 4a,d,e). The inflammatory response to the
patches was not significantly different for surgery versus injection,
evaluated by comparing the ratio of M2 reparative macrophages
(CD163+) to all macrophages recruited to the patch area (CD68+)
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Figure 4 | Subcutaneously injected rat cardiac tissues exhibit signs of vascularization and cardiomyocyte persistence in a syngeneic rat model.
a, Histological analysis of tissue cross-sections of cardiac tissues made from neonatal Lewis rat CMs implanted in a Lewis rat using a surgical approach
(control) or injection after 7 days in vivo for H&E, Masson’s trichrome, CD31, SMA, CD68 and CD163. The CD31 was used to evaluate vascularization of
tissues and SMA was used to label smooth muscle cells and myofibroblasts, whereas CD68 and CD163 were used to stain macrophages within the tissues.
Scale bars, 300 µm. b, Immunostaining of cTnT (red) and cell nuclei (blue) in cardiac tissues implanted by surgery or injection after 7 days.
Autofluorescence is exhibited by the sca�old in the blue and red channels. The injected patch shown here is partially rolled-up. In b, multiple images were
stitched together for final images. Scale bar, 500 µm. c–f, Quantification of cardiac tissues implanted by surgery or injection after 7 days in vivo for cTnT
presence (c), CD31+ vessels (d), SMA+ levels (e) and CD163+ to CD68+macrophage ratio (f). Three animals were used in each group, data are
reported as means± s.d., Student’s t-test, ∗p≤0.05.

(Fig. 4f). There was no appreciable difference in the host response to
the POMAC scaffold alone in comparison to poly(ethylene glycol)
diacrylate (PEGDA) controls when placed on a healthy rat heart
(Supplementary Figs 6 and 7).

Rat functional myocardial infarction study. A rat myocardial
infarction (MI) model was used to assess the functional effects of
cardiac patch implantation (Fig. 5a). This study was performed
using a surgical approach, since the delivery tools and the endoscope
are too large in comparison with the size of the rat chest to
be considered minimally invasive (Supplementary Figs 8 and 9
and Supplementary Movie 6). All rats showed similar cardiac
function by echocardiography pre-MI and 7 days post-MI (pre-
patch implantation) (Supplementary Fig. 10). Implantation of the
patch led to significantly improved fractional shortening (FS)
and left ventricular internal dimension-systolic (LVIDs) 3 and
5 weeks after patch implantation compared with the MI-only
group (Supplementary Fig. 10a,b). LVID-diastolic (LVIDd) was
significantly improved at week 3 in the patch group compared with
the MI-only group (Supplementary Fig. 10c). Two-way repeated
measures analysis of variance (ANOVA) was conducted to assess

the effects of time and patch presence on FS, LVIDs and LVIDd
(Supplementary Fig. 10d). The presence of the patch was confirmed
to be a statistically significant independent factor for improvement
in all measurements. The interaction effect between the patch and
time was found important for maintenance of FS and LVIDs.

Representative pressure–volume (PV) loops measured 5
weeks after patch implantation demonstrated a higher end-
systolic pressure and smaller left ventricular volume in the patch
group compared with MI-only controls (Fig. 5b). PV analysis
supported the echocardiographic data as ejection fraction, Tau
(the isovolumetric relaxation time constant), dP/dt max and
dP/dt min, end-systolic volume and end-diastolic volume were all
significantly improved in the patch group relative to the MI-only
group (Fig. 5c–h). Tau was measured as 18.16 ± 0.94ms and
11.89± 1.08ms for MI-only and patch-treated hearts, respectively.
The typical range of Tau (Weiss method) for healthy adult rats is
7–9.6ms (ref. 23). Therefore, the presence of the patch did not
additionally impede diastolic function.

A visual comparison of the gross heart morphology revealed less
pronounced dilation and a thicker heart wall in hearts that received
patch implantation (Fig. 5i,j). Comparing the wall thickness at
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Figure 5 | Cardiac patch surgical implantation improves left ventricular function and gross heart morphology 6 weeks post myocardial infarction.
a, Experimental protocol for Lewis rat left anterior descending (LAD) myocardial infarction (MI) model treated without and with syngeneic cardiac patches
1 week post-MI. Cardiac function was assessed with longitudinal echocardiography (Echo) and pressure–volume (PV) analysis. b, Representative PV loops
of the rat LV 6 weeks post-MI for MI-only and patch hearts. c–h, Patch placement led to a significantly improved LV ejection fraction (c), end-systolic
volume (d), dP/dt max (e), the isovolumetric relaxation constant Tau (f), end-diastolic volume (g), and dP/dt min (h). i, Representative images of rat hearts
6 weeks after LAD ligation receiving no treatment (MI-only) and patch implantation (5 weeks). 1-mm ruler spacing. j, Representative Masson’s trichrome
staining of short-axis sections of MI-only and patch hearts 6 weeks post-MI. Scale bars, 4 mm. k, Comparison of scar wall thickness of MI-only and patch
rat hearts shows a statistically significant increase in total wall thickness following patch implantation. Data are reported as means± s.d., n=5 with
MI-only, n=6 with patch, Student’s t-test (e,f,g,h,i), Mann–Whitney rank sum test (c,d), ∗p≤0.05, ∗∗p≤0.01, ∗∗∗p≤0.001.

the scar of the MI-only group with the total wall thickness (scar
+ patch) of the patch group, a significant increase was found
(1.26± 0.20mm versus 3.00 ± 0.56mm, P < 0.0001) (Fig. 5k).
Histological analysis comparing MI-only and patch hearts revealed
significantly less collagen in the border zone with a trend for
less collagen in the MI zone (P = 0.19) and epicardial zones of
patch hearts (P = 0.054) (Supplementary Fig. 11). Similar levels
of vascularization and cTnT were observed within each region
(Supplementary Fig. 11).

Implantation of patches in porcine models. Rodent models of
human-CM engraftment are limited by significant differences
in heart rates (rodent 230–600 bpm and human 50–90 bpm)24,25,
volume, contraction dynamics and structure. Models more
comparable to the human heart include non-human primate
(100–130 bpm)24 and pig (60–90 bpm)26. Porcine models are often
used in pre-clinical studies of the cardiovascular system27.We aimed
to demonstrate the minimally invasive delivery of cardiac patches
in a more physiologically relevant porcine model, using cardiac
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Figure 6 | Minimally invasive delivery of organ-specific engineered tissue patches on the porcine epicardium, liver and aorta. a, Image of the minimally
invasive procedure used to implant human engineered cardiac tissue on the porcine heart without open-heart surgery. The ports i, ii and iii are for camera,
tissue, and tweezer-like instrument, respectively. b, Sequential images of human embryonic stem cell-derived CM cardiac tissue implantation on the
epicardium of the pig heart. c, SEM images of cardiac tissue patch on porcine epicardium after 7 h of implantation. Scale bars, 1 mm (left main image), and
100 µm (blue, red). d, Histological analysis for Masson’s trichrome and immunostaining for cTnT (green) and cell nuclei (blue) of tissue cross-sections as
implanted on pig heart by injection after 7 h. Note that the sca�old lattice exhibits autofluorescence in the blue channel. Scale bars, 100 µm. e, Images of
HepG2 liver tissue implanted on the pig liver and histological analysis with H&E staining (n=3). Scale bar, 100 µm. f, Images of primary human vascular
smooth muscle tissue implanted on the pig aorta (n=3).

patches based on human pluripotent stem cell-derived CMs and
customized thoracoscopic tools (Supplementary Figs 12, 13 and 14).
Initially, cardiac patches without flaps were delivered and secured
using a customized fibrin glue (n= 4) (Supplementary Movie 7).
The surgical tool was as small as 0.5 cm in diameter (Supplementary
Fig. 12), but precise positioning without patch damage was difficult
to achieve. We then used patches with flaps that were easier to
handle with forceps both ex vivo (Supplementary Fig. 15) and
in vivo (Fig. 6a,b and Supplementary Movie 8). Two modes of
affixing the patch to the ventricle were compared: by suturing
the patches (n= 4) or by affixing the patch using a customized
fibrin glue (n= 4). As suturing through the keyhole proved to be
difficult due to the limited space in the chest cavity, the patches were
knotted to the ventricle surface through a mini left thoracotomy.
Affixing the patch using fibrin glue proved to be an easier and
equally secure option, as also shown with flap-free patches. None
of the animals suffered any initial major complications, such as

arrhythmias, bleeding, pneumothorax or severe desaturation. The
patches were kept for up to 7 h in the animals followed by harvesting
of the ventricles and patches for further examination. Scanning
electron microscopy (SEM) images indicated successful fixation
of the patch to the porcine left ventricle (Fig. 6c). Live/dead assay
revealed that CMs on the patches retained high cellular viability
after the implantation (Supplementary Fig. 16a) without significant
differences between the implanted, the non-implanted and positive
control patches (Supplementary Fig. 16b). Cells were detected
within the POMAC scaffolds following implantation as revealed
by histological staining for Masson’s trichrome and cTnT (Fig. 6d).
Hepatocyte and smooth muscle cell patches were delivered to the
liver (n=3, Fig. 6e and Supplementary Fig. 17 and Supplementary
Movie 9) and aorta (n= 3, Fig. 6f and Supplementary Fig. 18
and Supplementary Movie 10), respectively. The ability to deliver
thicker, two-layer, tissues to the epicardium was demonstrated
ex vivo (n = 3, Supplementary Movie 11) and in vivo (n = 3,

NATUREMATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

7

http://dx.doi.org/10.1038/nmat4956
www.nature.com/naturematerials


ARTICLES NATUREMATERIALS DOI: 10.1038/NMAT4956

Supplementary Fig. 19 and Supplementary Movie 12). Multiple
cardiac patches (n= 3, up to 3 side by side) were delivered to the
porcine epicardium to cover a larger surface area of the LV ex vivo
(Supplementary Movie 13) and in vivo (Supplementary Fig. 20 and
Supplementary Movies 14 and 15). Multiple hepatocyte patches
(n=3, up to 3 side by side) were also delivered to the porcine liver
to cover a larger area (Supplementary Movie 16).

Discussion
Several in vivo studies have shown the ability of engineered car-
diac patches to replace scar tissue and improve cardiac function28.
However, their implantation on the heart still requires open-heart
surgery. Here, a flexible microfabricated scaffold was developed to
engineer cardiac patches that can be injected in the body, without
compromising cell viability and function, using a minimally inva-
sive approach.

An optimal site for the placement of cardiac patches in the heart
is still under investigation. Due to the high cell density in the ven-
tricular wall (108 cells cm−3), intra-myocardial delivery is inherently
limited by the small volume of free space, whereas endocardial
delivery faces significant risks related to, for example, thrombosis
or embolization. This leaves the epicardium as a preferred choice,
as supported by a clinical trial applying cardiovascular progenitors
derived from human embryonic stem cells onto the epicardium of
patients with congestive heart failure29. Here, epicardially placed
patches resulted in functional improvement following MI in a rat
model. The exact mechanism of functional improvement will be ex-
plored in the future, but current data indicate significant increase in
total wall thickness and decreased collagen levels in the border zone
of the patch-treated hearts, suggesting mechanical reinforcement.
Therefore, the described patch is useful in enhancing myocardial
wall thickness, which may per se have a desired therapeutic effect.
CM transfer appears limited and will require further optimization
of cell seeding and in vivo retention.

Scaffolds provide structural support, tunable chemistry, and
suitable elasticity for cells30. Here, the interconnected scaffold
lattice maintained the physical integrity of the cardiac patch,
enabling synchronous tissue contraction and the shape-memory
property of the living tissue. The effective elasticity values of
POMAC scaffolds are tunable through synthesis17, and approach
those of the native human myocardium (that is, 10–20 kPa at the
beginning of diastole)11,31; important for efficient CM contraction
and relaxation32. It is also expected that the implanted scaffolds
are biocompatible and degrade over time, motivating the use of
biodegradable POMAC18,33, with acute and chronic host response
comparable to the scaffold of the identical geometry produced from
a bio-inert PEG material.

In general, vascularization of engineered tissues is required for
cell survival and function. Here, we observed cells positively stained
for CD31 and SMA within the patches in the rat model after 7 days
and 6 weeks of implantation, which is consistent with previous
studies34. The inflammatory response initially polarizes steady-state
macrophages (M0) into classical pro-inflammatory macrophages
(M1) or alternative pro-healing macrophages (M2 or CD163+)35,
playing a role in vascularization and implant survival. Our data
suggest that the injected patches were not inferior to the surgically
placed patches as measured by the recruitment of pro-healing
CD163+ macrophages and cell retention by luciferase labelling.
Patch delivery is not limited to a single organ as delivery under
the skin, on the heart, on the liver and around the aorta were
all achieved. Although each patch is relatively small, covering of
larger areas is possible by sequential delivery ofmultiple patches and
thickness is increased by stacking prior to delivery. The long-term
integration of the patches should be investigated; for example, the
biodegradation rate of the scaffold could be tailored to potentially
reduce the degree of fibrosis.

In future studies, maturation of the cells on the scaffold could
be improved by progressively increasing the ES rate20. The success
of surgically placed human cardiac patches in a porcine model is
already established36. For further clinical translation, the effects of
the injectable human CM patches on long-term global and local
cardiac function need to be assessed; this study proved only the
feasibility of a minimally invasive delivery method. The delivery
of immunosuppressive agents with the human cell-based patch
itself should also be considered37. The patch delivery method
developed here, based on physical shape-memory properties of the
mesh, may also extend to other types of laparoscopic surgery (see
Supplementary Information).

In summary, a polymeric scaffold was designed to produce
flexible cardiac patches forminimally invasive delivery in vivo, while
maintaining cell viability and function. The keyhole approach still
requires general anaesthesia and a highly experienced practitioner,
thus carrying surgical risk elements. Asminimally invasive surgeries
move towards standardization and lower cost, the designed scaffold
should aid in translational studies.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Synthesis and fabrication of POMAC scaffold. A mixture of 1,8-octanediol
(Sigma-Aldrich, O3303), maleic anhydride (Sigma-Aldrich, 63200) and citric acid
(Caledon Laboratory Chemicals, 2980170) (5:4:1 molar ratio) was melted at 160 ◦C
under nitrogen purge followed by mixing using a magnetic stirrer (200 r.p.m.) at
140 ◦C for 3 h. The resultant POMAC prepolymer was dissolved in 1,4-dioxane and
then precipitated dropwise in deionized and distilled water for further purification.
The prepolymer was then collected and lyophilized for 3 days. Characterization of
the purified prepolymer was performed with 1H-NMR and FTIR as described in
detail in the Supplementary Methods. To make POMAC scaffolds, 5% (w/w) UV
photoinitiator (2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone
or Irgacure 2959, Sigma-Aldrich) and 60% (w/w) poly(ethylene glycol) dimethyl
ether (Mw∼500, Sigma-Aldrich) were mixed with the POMAC prepolymer. PDMS
moulds were fabricated as described in detail in the Supplementary Methods. The
mixture was injected into the PDMS mould capped on a glass slide and exposed to
3,600mJ UV light from the mask aligner, at which point the PDMS cap was
removed and the glass slide and scaffold were exposed to another 3,600mJ
and baked at 80 ◦C for 1 day. The fabricated scaffold was released from the
glass slide by application of PBS and soaked for at least 24 h, followed by three
washes of fresh PBS. Mechanical testing and micro-computed tomography
of implanted POMAC scaffolds are described in detail in the
Supplementary Methods.

Cardiomyocyte seeding and culture on POMAC scaffolds. Fresh neonatal CMs,
isolated according to a protocol approved by the University of Toronto Animal
Care Committee, or human stem cell-derived CMs (prepared as described in detail
in the Supplementary Methods) were pelleted and suspended in a collagen:chitosan
hydrogel at a density of 100million cellsml−1, unless stated otherwise. The
collagen:chitosan hydrogel was made as previously described with final rat tail
collagen type I, chitosan and thymosin-β4 (Cedarlane, CLHOR275) concentrations
of 2.5mgml−1, 1.25mgml−1 and 150 µgml−1, respectively38.

Prior to cell seeding, scaffolds were soaked in 70% ethanol for at least 24 h,
washed five times with PBS, and allowed to soak for at least 3 hours in PBS.
Scaffolds were then coated with 0.2 wt% gelatin solution in PBS at 37 ◦C for 2 h to
enhance cell attachment. The PDMS-based scaffold holder was soaked with 5 wt%
Pluronic F-127 (Sigma-Aldrich) in PBS to avoid cell adhesion. Gelatin-coated
scaffolds were seated in the bioreactor holder (prepared as described in detail in the
Supplementary Methods) and 25 µl of cell suspension was evenly pipetted onto the
scaffold and placed in an incubator for 20min to allow pre-gel formation. Next, an
additional 25 µl of cell suspension was evenly pipetted onto the scaffold and
allowed to gel in the incubator at 37 ◦C for 40min. Sufficient pre-warmed culture
medium (12ml) was then added to the constructs and they were placed in an
incubator. The culture medium was changed every 2 days. The rat CMs were
cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher-Life
Technologies, 11960069) containing glucose (4.5 g l−1), 10% (v/v) fetal bovine
serum (FBS) (Thermo Fisher-Life Technologies, 12483020), 1% (v/v) HEPES buffer
(Thermo Fisher-Life Technologies, 15630080), 1% (v/v) GlutaMAX-I (Thermo
Fisher-Life Technologies, 35050061) and 1% (v/v) penicillin–streptomycin
(Thermo Fisher-Life Technologies, 15140122), while stem cell-derived CMs were
cultured in Roswell Park Memorial Institute medium (RPMI) supplemented with
B27. Culture conditions for engineered tissue patches made of hepatic (HepG2) or
primary vascular smooth muscle cells are described in detail in the Supplementary
Methods. ES, electrical characterization, mechanical testing, SEM characterization,
cell viability analysis and immunofluorescence staining of engineered tissues are
described in detail in the Supplementary Methods.

Finite-element analysis. For relative comparison of bending strain energies of
scaffolds with different designs, a three-dimensional finite-element model of
scaffold unit cells was created using 8-node rectangular elements (Solid185) in
ANSYS software. The scaffold was modelled as a neo-Hookean hyperelastic
material, since the polymer was found to be highly elastic33. However, the
investigated strain fell within the linear range of the bulk POMACmaterial
stress–strain curve39. A Young’s modulus of 996 kPa was used17. To avoid the stress
concentration resulting from a sharp corner, all corners of the unit cell were
rounded with a radius of curvature equal to half of the scaffold thickness. To apply
Mx , the bottom edge of each unit cell was fixed, while a uniform out-of-plane
displacement (uz=0.2mm) was applied to the top edge of the unit cell. Similarly,
to applyMy , the left edge was fixed, and out-of-plane displacement (uz=0.2mm)
was applied to the right edge. A mesh convergence study was performed to achieve
a tolerance of less than 0.5% change in the strain energy by increasing the mesh
density (9,968 and 10,361 per unit area for diamond-like and control
designs, respectively).

The unit cell of a diamond and a rectangular scaffold was used to simulate
uniaxial tensile tests of the scaffold. The simulation was performed using
two-dimensional elements (ANSYS type Plane183) under plane stress conditions.
Periodic boundary conditions were applied to the edges of the model. For instance,

to apply εx=20% as periodic boundary conditions, the corresponding nodes on
the left and right edges were constrained as follows:

UR−UL=εx l (1)

where UR and UL are the displacements in the right and left boundary of the
scaffold unit cell, and l is the unit cell length in the horizontal direction. Equation
(1) can be applied as the nodal displacement constraint equation in FEA.
Finite-model accuracy was confirmed by comparing the experimental and
predicted stress–strain response in the x and y directions.

Animal study ethics. All experiments were performed according to the Guide to
the Care and Use of Experimental Animals from the Canadian Council on Animal
Care and Procedures approved by the Animal Care Committees of the University of
Toronto, Hospital for Sick Children (Toronto, Canada), and University Health
Network (Toronto, Canada). Investigators were not blinded due to the nature of the
experiments. Animals were randomly assigned to their groups and randomly
selected for surgery.

Implantation of cardiac patches in a rat model. For implantation studies, cardiac
patches were based on neonatal Lewis rat CMs. Fibrin glue was made from equal
parts of thrombin (Sigma-Aldrich, T4648, 500 IUml−1 in deionized water with
0.04mmolml−1 CaCl2) and fibrinogen (Sigma-Aldrich, F8630, 110.5mgml−1 in
deionized water with 3,000 IUml−1 aprotinin, Sigma-Aldrich, A3428). For
subcutaneous studies, the implants were coated with a drop of thrombin,
dip-coated in fibrinogen (110.5mgml−1), and then placed in a second drop of
thrombin (9.1mgml−1). Male Lewis rats (∼250 g, Charles River Laboratories)
were administered ketoprofen subcutaneously at the time of surgery. Rats received
a cardiac patch delivered either surgically with tweezers or via injection in sterile
PBS (n=3 per group). Dorsal incisions of 1.5–2 cm and∼0.2 cm were made for
the surgically implanted and injected tissue implant sites, respectively. Incision was
followed by the formation of a subcutaneous pocket. After patch delivery, incisions
were closed using 4-0 Vicryl sutures. After 7 days, tissues were explanted and
immediately immersed in 10% neutral buffered formalin at 4 ◦C for at least 24 h,
then transferred to PBS and stored at 4 ◦C before paraffin embedding and
sectioning by the Pathology Research Program (PRP) (University Health Network,
Toronto, Canada) as described in the Supplementary Methods.

For application on the heart, male Lewis rats (∼250 g, Charles River
Laboratories) were anaesthetized with isoflurane, intubated and ventilated with
positive pressure using a Harvard ventilator prior to incision. Following exposure
of the heart by thoracotomy,∼10 µl of thrombin was pipetted onto the surface of
the LV followed by tissue patches (5mm× 5mm) either with placement by forceps
or injected through a 1mm cannula onto the LV. A drop of fibrinogen/thrombin
was then applied on the patches. The patches were confirmed to remain on the
surface of the LV prior to closure of the thorax with 4-0 Ethicon sutures. The
animals received ketoprofen and buprenorphine postoperatively for two days, and
were euthanized 7 days after the surgery. The hearts were excised, the LV with the
patch isolated, and immediately placed in 10% neutral buffered formalin
(Sigma-Aldrich) at 4 ◦C for at least 24 h. The heart sections were then transferred
to PBS and stored at 4 ◦C before paraffin embedding, sectioning and staining
performed at the PRP as described in the Supplementary Methods.

Bioluminescence whole-animal imaging of implanted tissue. Transduction of
Lewis rat neonatal CMmonolayers was achieved by plating 11× 106 freshly
isolated Lewis rat neonatal CMs into a T75 tissue culture flask pre-coated with
0.2 wt% gelatin solution in PBS at 37 ◦C for 2 h to enhance cell attachment. After
48 h, culture medium containing an adenovirus carrying the firefly luciferase gene
(Ad-CMV-Luc, Vector Biolabs) was applied for 24 h at a multiplicity of infection of
10. Cardiac patches prepared with Lewis rat neonatal CMs (seeded at
50× 106 cellsml−1, one patch per well in a 6-well plate) were incubated
immediately after cell seeding in culture medium (4ml per well) containing the
adenovirus for 24 h at a multiplicity of infection of 10. Prior to imaging
luciferin(+) media (150 µg D-luciferinml−1) was freshly prepared and kept
protected from light by adding sterile filtered D-luciferin in sterile water
(XenoLight D-luciferin K+ salt, cat. no. 122799, PerkinElmer) as per the
manufacturer’s suggestion. A standard curve was generated by trypsinizing CMs in
monolayer, pelleting the cells, resuspending in 10ml of medium, counting the cells,
pelleting the desired number of cells for the initial concentration (8×
106 CMsml−1), and resuspending the pellet in luciferin(+) supplemented media
and carrying out a twofold serial dilution to 5× 105 CMsml−1. A volume of 0.5ml
of cell suspension for each concentration was plated into a black 24-well plate in
triplicate. Luciferin(+) medium alone was used as the blank well. After 15minutes
of incubation time in luciferin(+) medium, luciferase (Luc)+ cells were imaged
with an IVIS Spectrum (PerkinElmer) with automated exposure time in open
bioluminescent mode. After washing day 4 Luc(+) patches with fresh luciferin(−)
medium, luciferin(+) medium was applied and after 15min of incubation patches
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were imaged. Post-imaging, luciferin(+) medium was replaced with luciferin(−)
media. On day 7 post-seeding, Luc(+) patches were selected randomly and
implanted into the dorsal region of adult male Lewis rats (n=8 animals) (∼250 g,
Charles River Laboratories). In each rat, one side of the rat received a patch
delivered surgically with tweezers and one by injection in sterile PBS. On days 4, 7
and 14 rats were anaesthetized with isoflurane (3%) and injected subcutaneously
(0.5ml per side) with freshly prepared sterile filtered 37.5mgml luciferin in PBS
for a total dose of 150mg luciferin kg−1 body weight. A kinetic curve was generated
by imaging the rats every 5min up to 30min post-luciferin injection.

Acute and chronic biomaterial response on the rat epicardium. PEGDA control
scaffolds were prepared from a prepolymer solution made by dissolving 30% (w/w)
PEGDA (Mn∼6,000 gmol−1, Sigma-Aldrich) in PBS at room temperature and
then adding 5% (w/w) UV photoinitiator (Irgacure 2959, Sigma-Aldrich). PEGDA
scaffolds were prepared in the same manner and in parallel with the POMAC
scaffolds. After UV exposure, both the PEGDA and POMAC scaffolds were soaked
in sterile PBS for 24 h, which was replaced by 70% sterile filtered ethanol and
exchanged with fresh 70% ethanol every 24 h for 3 days. Scaffolds were then
washed 3 times in sterile PBS and left to soak for 24 h, followed by a final change of
fresh sterile PBS. Adult male Lewis rats (∼250 g, Charles River Laboratories) were
randomly selected and assigned either PEGDA or POMAC scaffolds (acute: n=5
PEGDA and n=4 POMAC, chronic: n=6 per group). After opening the
pericardial sac, a randomly selected scaffold was placed over the LV and to help
secure the scaffold placement, two 7-0 polypropylene sutures were used by suturing
through the scaffold and the thymic fat pad and a second suture at the apex of the
heart was placed through the scaffold and the pericardial fat. After suturing the
scaffold in position, a drop of the fibrinogen and thrombin solution were
sequentially applied onto the scaffold and the chest was closed after at least 2min.
Rat hearts were excised at 1 week and 6 weeks post-implantation for the acute and
chronic groups, respectively. Hearts were fixed and sectioned into 2-mm-thick
cross-sections using a stainless-steel coronal rat heart slicer (Zivic Instruments)
and taken to the PRP laboratory for paraffin-embedding, sectioning, staining and
histological analysis as described in the Supplementary Methods.

Rat myocardial infarction functional study. A rat MI model was used to assess
the effect on cardiac function by comparing rats with no treatment (MI-only) and
rats that received a cardiac patch. The approach was pursued surgically since the
rat chest is too small with respect to the patch delivery tools to consider the
approach minimally invasive. Echocardiography was used to assess cardiac
function pre-MI (week 1) and at weeks 0, 3 and 5 post patch implantation using an
Acuson Sequoia C256 System with a 15Hz linear array transducer (Siemens
Medical). MI was induced in adult male Lewis rats (∼250 g, Charles River
Laboratories) by ligation of the left anterior descending artery as previously
described40. At 7 days post-MI, rats that did not exhibit a fractional shortening
between 20–40%, as determined by echocardiography, were excluded from the
study. The remaining rats were randomly divided into two groups: MI-only (n=5)
and Patch(+) (n=6). The MI-only animals did not receive cardiac patches and did
not undergo a sham surgery 7 days post-MI. Rats in the Patch(+) group at 7 days
post-MI were anaesthetized and intubated with a rodent ventilator, a thoracotomy
was made and a 1 cm× 1 cm cardiac tissue patch seeded with neonatal Lewis rat
CMs at a density of 15× 106 cellsml−1 (cultured for 7 days) was placed over the MI
area. To ensure patch localization, a single 7-0 suture was placed in the infarct
border zone and through a corner of the patch followed by the application of a drop
of fibrinogen and thrombin. At the 5-week post patch implantation endpoint, PV
catheter measurements (2F Millar Instruments) were completed to assess ejection
fraction, Tau (Weiss method), dP/dt max, dP/dt min, end-systolic and
end-diastolic volumes (measured by conductance) as described previously40. The
PV catheter was inserted into the LV through the apex of the heart in the
borderline of the MI. After PV recordings were complete, the hearts were perfused
with 3ml of 10% (w/v) potassium chloride followed by 10ml of 0.9% normal saline.
After excising the hearts, the aorta and left atria were trimmed and an
intraventricular balloon was inserted into the LV and inflated to maintain a
physiological intraventricular pressure of 20 mmHg. The balloon and potassium
chloride perfusion allows for better morphological preservation and allows for
more accurate quantification of morphology ensuring all hearts were at diastole
when fixed. Excised hearts were immediately fixed in 10% neutral buffered
formalin (Sigma-Aldrich) for 5 days at room temperature, washed 3 times in PBS
and placed into 70% ethanol. Fixed hearts were sliced into five 2mm sections as
described above in the acute and chronic biomaterial response study and images of

the heart cross-sectional gross morphology were captured. The heart sections were
then paraffin-embedded, sectioned (4 µm) and stained by PRP as described in the
Supplementary Methods. The third heart slice from the apex was used across all
rats for analysis and quantification. Scar thickness was calculated by averaging 3
scar thickness measurements for each heart in ImageJ.

Implantation of cardiac patches in pig models. Yorkshire castrated male pigs
(median weight 16.5 kg) were anaesthetized using acepromazine (0.2mg kg−1,
intramuscular (i.m.)), atropine (0.01mg kg−1, i.m.) and ketamine (20mg kg−1, i.m.)
followed by inhalation of isoflurane (5 lmin−1) delivered by a mask. Subsequently,
the animals were intubated and mechanically ventilated. General anaesthesia was
maintained with isoflurane. Two 5mm trocars were used for instrument and
camera port, respectively, while a 10mm trocar was used for the delivery tool.

Delivery of cardiac patches was done using thoracoscopic delivery from the left
side (n=6). The lung was mobilized away from the pericardium to visualize the
left-anterior aspect of the pericardium. The pericardium was opened parallel to the
long axis of the left ventricle and toward the anterior side of the heart. Cardiac
patches made from human pluripotent stem cell-derived CMs were randomly
selected and inserted in a custom-made delivery tube and introduced in the chest
cavity through the 10mm trocar. For live/dead staining and SEM imaging
Hes3-CMs were seeded at 100× 106 cellml−1 and patches that underwent
histology were seeded with iCell CMs (Cellular Dynamics International,
CMC-100-010-001) at 15× 106 cellsml−1. Up to three individual patches (either
single-layer or two-layered patches) were delivered on the surface of the left
ventricle and fixed with customized fibrin glue. Initial experiments used delivery by
thoracoscopy and subsequent mini left thoracotomy to allow suturing of the
patches using a 5-0 prolene suture (n=6).

Using standard laparoscopic instruments and technique, the abdomen was
insufflated with carbon dioxide and the liver was visualized. Up to three HepG2
patches (prepared as described in Supplementary Methods) were delivered using
a 10mm delivery tool and affixed to the upper surface of the liver with fibrin
glue (n=3).

Using standard thoracoscopic techniques described above, primary human
vascular smooth muscle patches (prepared as described in the Supplementary
Methods) were delivered to the aorta at the level of the proximal thoracic
descending aorta (n=3). The lung was mobilized to expose the aorta and the
pleura and loose adventitia was dissected to expose the aorta. Patches were
delivered using the 10mm delivery tool and affixed with the fibrin glue.

After the surgical procedures, the animals were kept anaesthetized and
continuously monitored between 36.5 to 37.5 ◦C for 2–7 h. Immediately after
removing the heart/lung block or liver, the patches affixed to the underlying tissue
were harvested for histological analysis, fixed in 10% buffered formalin for 5 days
and taken to the PRP for paraffin-embedding, sectioning and staining as described
in the Supplementary Methods.

Statistical analysis. All data are presented as the average± standard deviation
(s.d.) and differences with p<0.05 were considered significant. Sample sizes (n)
indicate biological replicates or number of animals. Statistical analyses were
performed in SigmaPlot v12.0 (Systat Software). Normality and equality of variance
were tested before a statistical test. The power was targeted to be greater than 0.8,
using an appropriate two-tailed t-test for comparisons between two groups or an
ANOVA as indicated in the figure captions. In Fig. 3, a paired t-test (d,e), Wilcoxon
signed rank paired t-test (f), Kruskal–Wallis ANOVA on ranks (h), and Student’s
t-test (j) were used. Statistical differences were defined as ∗p≤0.05, ∗∗p≤0.01,
∗∗∗p≤0.001.

Data availability. All data generated or analysed during this study are included in
this published article (and its Supplementary Information files).
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