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Abstract (Whole Thesis) 

BACKGROUND: epicardial patch transplantation is a promising approach to restore some of the cardiac 
function lost after myocardial infarction (MI). Advances in 3D bioprinting, 3D cell culture and transplantation 
methods at surgery have provided hope that this approach could soon benefit heart failure patients. The 
optimal content of 3D bioprinted patches (the “bioink” extruded by a 3D bioprinter) is not known. Patches 
containing a suspension of 3D vascularised cardiac spheroids (VCS; 3D aggregates of cells / microtissues) in 
hydrogel may confer an advantage compared to freely suspended cells or hydrogel without cells. The 
mechanisms underlying the benefit of epicardial patch transplantation approaches have not been fully 
elucidated and this is needed for widespread clinical translation. To be fully compatible with cardiothoracic 
surgical approaches in future, patches should be transplantable by minimally invasive robotic approaches. 
METHOD: Alginate-gelatin (AlgGel) patches were optimised ex vivo for cardiac applications, followed by in 
vivo transplantation of patches in mice modelling MI. For the ex vivo optimisation phase, three different 
bioprinters were used to bioprint patches with different bioink contents which were incubated up to 28 days 
and analysed. For the in vivo phase, new patches were 3D bioprinted using the optimal methods determined 
in the previous (ex vivo) experiments and surgically transplanted to the epicardium in infarcted mice. For 
these in vivo experiments, we cultured mixed cardiac cells: induced pluripotent stem cell derived 
cardiomyocytes (iCMs), human coronary artery endothelial cells (HCAECs) and cardiac fibroblasts (CFs). Cells 
were cultured using hanging drops to generate VCS which were suspended in AlgGel to create bioink for 3D 
bioprinting of patches. Study control groups (in vivo) were: the same cells freely suspended in AlgGel, AlgGel 
without cells, MI without treatment and sham surgery (no MI and no treatment). The primary outcome was 
cardiac function (left ventricular ejection fraction, LVEF%) measured up to day 28 post surgery. Additional 
analyses included: electrical mapping, histology, cell quantification by flow cytometry and mRNA (gene 
expression) profiling. Alongside these experiments, we developed novel surgical robotic minimally invasive 
instruments designed to transplant similar patches at human scale. We prototyped a heart patch transplanter 
device and demonstrated its potential utility in a world-first operation on a pig cadaver. RESULTS: Ex vivo 
patches incubated for 28 days allowed for self-organisation of endothelial cells into networks and contractile 
activity within patches. In vivo transplantation of patches in mice modelling MI resulted in a “return to 
baseline” improvement in median LVEF%. Our results measured median baseline (pre-surgery) LVEF% for all 
mice at 66%. Post-surgery, LVEF% was 58% for Sham (non-infarcted) and 41% for MI (no treatment) mice. 
Patch transplantation increased LVEF%: 55% (acellular; p=0.012), 59% (cells; p=0.106), 64% (spheroids; 
p=0.010). The VCS group was associated with improved electrical mapping profiles, lower infarct sizes, 
changes in host immune cell numbers and a gene expression (mRNA) profile which was closest to sham mice 
(with no MI). As proof-of-concept, similar scaled-up AlgGel patches were successfully transplanted in a 
porcine cadaver using a prototyped robotic minimally invasive surgical instrument. CONCLUSION: Epicardial 
transplantation of patches improves cardiac function in mice modelling MI. The use of VCS in alginate-gelatin 
bioink seems to offer advantages compared to freely suspended cells or hydrogel alone. The fact that 
hydrogel alone without cells confers some restoration of myocardial function suggests that the mechanism 
is not fully accounted for by the cellular portion of the bioink. Further studies are needed with a focus on 
whether host immune cell modulation is a key mechanism underlying the benefit of this approach. Since our 
most successful treatment group (VCS) had a similar transcriptome compared to non-infarcted (sham) mice, 
further studies should also include transcriptomic analyses to confirm reproducibility of this finding. If it is 
confirmed that immuno-genetic mechanisms underly patch-based approaches to myocardial protection after 
MI, this may change the focus of treatment strategies and avoid wasted resources and potentially patient 
harm (from treatments which are not aligned with the underlying mechanism). Our robotic minimally 
invasive patch transplantation operation represents a first step on a potential pathway towards 
transplantation at human surgery (without the need for traditional open surgery). For translatability, patch 
development should work towards being compatible with robotic and/or minimally invasive transplantation. 
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PART 1 – INTRODUCTION 

1.1 – Thesis introduction, hypothesis and aims 

Background 

The goal of this thesis as it was initially being conceptualised in 2019 was to discover if it might be possible 
to protect the myocardium after a heart attack by transplanting ‘heart patches’ to the epicardium. Our team 
considered whether specific techniques might be advantageous for such an approach. Specifically, we 
considered a new approach combining extrusion 3D bioprinting (to generate hydrogel patches) with clusters 
of cells (microtissues) called spheroids directly suspended in the hydrogel. The author of the thesis, a 
practising cardiothoracic surgical trainee in the UK without prior laboratory experience, came to Sydney to 
team up with laboratory scientists, learn the techniques and access the equipment needed to embark on this 
project. The resultant thesis herein was the product of a significant multidisciplinary, cross-university 
collaborative effort. 

Additionally, the thesis evolved over time as new challenges were identified during the project which were 
not foreseen at the outset of the PhD. The most notable example of this is detailed in the final section (Part 
3) which describes the invention of robotic surgical instruments to transplant heart patches at relevant
human anatomical scale. This award-winning innovative teamwork was borne out of the collaboration of a
clinician with cardiothoracic surgical knowledge working with bioengineers and robotics specialists with
complementary skills and knowledge.

Introduction 

The following thesis introduction, hypothesis and aims were generated and refined in light of the literature 
reviews performed as part of this thesis (Chapters 1.2, 1.3 and 1.4). Those review chapters complete the 
Introduction Section (Part 1 of this Thesis) and contain full, detailed exploration of the challenges and 
techniques outlined in this concise opening Chapter (1.1). Since many of the chapters in this ‘thesis-with-
publications’ have been published as peer-reviewed articles, concise ‘Thesis’ summaries and/or additional 
discussions frame those publications which are inserted as published. This allows for important content 
appropriate for a thesis but not for a published article and also contextualises or connects the published 
articles/chapters into a coherent whole. The following paragraphs summarise the findings of our literature 
review process which led to the formation of our hypothesis.  

Even today, for patients with a heart attack leading to heart failure, the gold standard treatment is a heart 
transplant (MacGowan, Crossland, Hasan, & Schueler, 2015). This is waiting-list dependent, requires 
immunosuppression to prevent organ rejection and carries a high mortality rate of 15% at 1 year (Lund et al., 
2017). In this context there has been a strong incentive to develop therapeutics aimed at restoring some of 
the cardiac function which is lost after myocardial infarction (MI) (Beyersdorf, 2014).  

One approach which has shown promise for myocardial regeneration is transplantation of patches to the 
heart surface (epicardium) (Wang et al., 2021). The mechanisms behind the reproducible improvements in 
cardiac function with this approach have not yet been fully elucidated (Vagnozzi et al., 2019). Nonetheless, 
epicardial patch transplantation has been shown to be safe in early human trials (Menasché et al., 2015; 
Menasché et al., 2018), building on preclinical animal studies which have shown it to be efficacious (Zhou, 
Zhou, Zheng, Zhang, & Hu, 2010). 

Patches may be generated by various methods (Miller et al., 2012), but the now widespread technique of 3D 
bioprinting promising a method of patch fabrication which is scalable, safe, reproducible and allows for 
precise control of patch morphology (Maiullari et al., 2018; Zhang et al., 2016).  

The substance of the patches themselves in terms of the hydrogel matrices and the cellular content has also 
been the subject of significant bioengineering research (Mancha Sánchez et al., 2020; Visconti et al., 2010). 
The perfect hydrogel characteristics have not been determined, but these are often evaluated in terms of 
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printability or durability and the hydrogel must provide an optimal environment for the cells contained within 
the gel (Bociaga, Bartniak, Grabarczyk, & Przybyszewska, 2019; Gillispie et al., 2020).  

The optimum cellular (or biomaterial) content within the hydrogel “bioink” has also not been determined 
(Gentile, 2016). In fact, recent research has suggested that the cellular content may not be as important as 
stimulating a host immune response in the tissue underlying a transplanted patch (Vagnozzi et al., 2019). For 
example, it remains an open question whether patient-specific (immunocompatible) tissues generated from 
reprogrammed stem cells (induced pluripotent stem cell-derived cardiac tissue) would be beneficial 
compared to foreign cells or even acellular biomaterials (Domenech, Polo-Corrales, Ramirez-Vick, & Freytes, 
2016).  

Recent “3D” cell culture techniques have introduced the idea that culturing cells in 3D (such as in hanging 
drops) may have benefits over traditional “2D” culture (allowing cells to interact in three dimensions which 
better recapitulates the physiological microenvironment) (Polonchuk et al., 2017). By mixing cardiac cells in 
hanging drop cultures they coalesce into 3D aggregates termed “spheroids” (Gentile, 2016). More 
specifically, if a mixture of cardiomyocytes, endothelial cells and fibroblasts (the most frequent cells in the 
myocardium) is allowed to culture in 3D, these will form primitive vascular connections and display rhythmic 
contractile activity (Gentile, 2016). These so-called Vascularised Cardiac Spheroids (VCS) can then be used for 
various applications, including as the cellular component of cardiac bioink for 3D bioprinting (Mironov et al., 
2009). Using these pre-vascularised myocardial microtissues to “print” cardiac patches using a 3D bioprinter 
is a novel and promising method to overcome several of the pitfalls which have held back progress in 
regenerating the myocardium.  

A pressing and unanswered question for the field of patch-based myocardial regeneration is: if we invent 
patches which restore myocardial function – how will they actually be transplanted to patients (Wang et al., 
2021; Zhu et al., 2021). The field has so far envisaged traditional open surgical approaches to transplant 
patches by open heart surgery (Chachques et al., 2007; Menasché et al., 2018). It is possible that by the time 
this therapy is ready for clinical use, minimally invasive and/or robotic surgical transplantation methods will 
be needed (Christopher David Roche, Zhou, Zhao, & Gentile, 2021; Wang et al., 2021; Zhu et al., 2021).   

The thesis herein hypothesises that 3D bioprinting of heart patches using VCS will promote cardiac 
regeneration: 

Part 1 introduces critical background considerations, including: 1) an overview of current challenges for the 
field; 2) a systematic scoping review which (for the first time) gathers the literature on the technique of 
omental reinforcement of epicardially transplanted patches; and 3) an in-depth contextual exploration of 
how VCS can be generated and their wider applications.  

Part 2 presents: 1) the optimisation of cardiac patches in the laboratory (including methodological details for 
patch generation) with an emphasis on printability, durability and vascularisation; 2) the complete surgical 
method for in vivo patch transplantation in a mouse model of MI; and 3) an in vivo preclinical study of patches 
transplanted in mice modelling MI including analyses of functional and structural outcomes. 

Part 3 contains early proof-of-concept demonstrations for robotic minimally invasive surgical instruments to 
transplant patches to the epicardium. This award-winning innovation provides a new way to transplant 
patches, potentially an important moment in pivoting the field away from its focus on traditional open 
surgery.  

Part 4 discusses the findings presented within this thesis. The relevance of the work and future directions are 
discussed, including the particular importance of biomedical ethics for this field, the need for mechanistic 
understandings of why this approach seems to work and the importance of considering the method of patch 
transplantation for clinical translation. 

Taken together, this thesis contributes many new insights for the field of patch-based myocardial 
regeneration. With an emphasis on 3D bioprinting, VCS (3D cell culture), a feasibility-focused mouse model 
of MI and robotic minimally invasive surgical instruments, the findings herein will be of interest to a broad 
multidisciplinary readership. This includes bioengineers optimising biofabrication techniques as well as 
surgeons seeking technology to restore myocardial function for heart failure patients in the clinic.  
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1.2 – Current challenges in three-dimensional bioprinting heart tissues for cardiac surgery 

Summary: 

The following narrative review was published in the European Journal of Cardio-thoracic Surgery in 
2020. It outlines the current challenges in 3D bioprinting heart patches for cardiac surgical approaches 
to restoring myocardial function after MI. It includes details of how 3D cell culture, 3D bioprinting and 
stem cell techniques may be combined in pursuit of the goal of myocardial regeneration. It touches 
on approaches which have not succeeded in the past (such as direct injection of stem cells), complex 
issues to do with feasibility of patient-specific tissue compared to tissue which is not patient-specific 
but may be stored in a “bio-bank”. It introduces the important fact that the mechanism behind the 
benefit of patch-based myocardial regeneration is not yet understood. It presents current best 
achievements in bioengineered patch contractility and vascularisation. It also explores surgical 
considerations, for example whether reinforcement of patches with the omentum or suturing of patch 
bioengineered blood vessels to host vessels might be possible and/or needed for survival of patches. 
At the time of writing, Altmetric ranks this paper 1st out of 36 articles of a similar age in this journal 
(and 40th out of 2759 articles in this journal since records began). 
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ABBREVIATIONS

CFs Cardiac fibroblasts
CMs Cardiomyocytes
3D 3-Dimensional
ECM Extracellular matrix
ECs Endothelial cells
ESCs Embryonic stem cells
iPSCs Induced pluripotent stem cells

INTRODUCTION

With recent advances in the technological triad of induced pluri-
potent stem cells (iPSCs), 3-dimensional (3D) cardiac microtissues
(referred to as ‘cardiospheres’, ‘cardiac spheroids’, ‘cardiac orga-
noids’ [1]) and 3D bioprinting, the enticing prospect has arisen of
fabricating cardiac tissues to replace diseased native tissues and
to regenerate damaged hearts [2–10].

The incentive for this is strong: in the UK, 30–40% of patients
diagnosed with heart failure will die within 1 year of diagnosis
with an additional 10% annually thereafter [11]. Moreover, the
period before death is associated with a severe disease burden
and reduced quality of life [12]. For end-stage patients, the gold
standard treatment is a heart transplant [13]. However, this is not
suitable for all, carrying significant morbidity and a global mor-
tality rate of �15% and 25% at 1 and 5 years, respectively [14]. In
addition, there is significant urgency to find a treatment, which is
not waiting list dependent, for those patients awaiting a donor.
Last year, patients on the Australian heart transplant list had a
56% chance of being transplanted by the end of the year, a 31%
chance of being carried over to next year and a 3.5% chance of
dying whilst waiting [15]. For the UK, the equivalent figures were
29% transplanted, 55% carried over and 3% dying [16]. The me-
dian waiting time for an adult categorized as non-urgent on the
UK heart transplant list approaches 3 years [16].

In this context, several new approaches have been developed
for regenerating the myocardium [4–7, 9, 10, 17–23]. Recent
studies have demonstrated the feasibility for 3D bioprinting of
myocardial tissues from patient-derived stem cells; however,

limitations of such approaches still remain, including full vascu-
larization and synchronous contractile activity [5, 9, 10]. This re-
view explores why this is difficult and why it is worth pursuing.

CHALLENGES: OVERVIEW

General challenges limiting engineered cardiac tissues include (i)
limited tissue survival following transplantation; (ii) limited ability
to generate tissue of adequate size; (iii) optimizing the mix of car-
diac cell types; (iv) cell sourcing from patients; (v) the immature
phenotype of stem cell-derived cardiac cells; (vi) safety concerns
for potentially undifferentiated stem cells; and (vii) immunogen-
icity requiring immunosuppression (Table 1).

Other considerations particularly pertaining to myocardial
generation are the need for: (i) a vascular network spanning
many orders of magnitude from arterial to capillary level and (ii)
a synchronously contractile, electrically conductive tissue.

STEM CELLS AND THEIR NICHE

It is not feasible to use mature, differentiated, adult myocardial
cells for the therapeutic regeneration of myocardial tissue, as
these cells exhibit reduced viability and proliferation when
engrafted [17]. Instead, current approaches prefer stem cells that
can be coaxed into desired, fully differentiated forms in response
to microenvironmental cues, which can be controlled [4–6]. With
the exception of bone marrow transplant, stem cells have not ful-
filled their expected clinical potential in regenerative medicine
[24]. However, the advent of iPSCs provides a promising cell
source for regeneration, including 3D bioprinting of myocardial
tissue [5, 9, 25, 26].

It has long been understood that the stem cell microenviron-
ment, called the ‘niche’, provides cues that determine how tissues
develop and function [27–29]. These cues include extracellular
matrix (ECM) proteins, temperature and oxygen, which are
known to influence tissue growth and stem cell behaviour [28].
Cells in a suboptimal niche may not survive and will perform
poorly [28]. Cells implanted directly into diseased host myocar-
dium exhibit poor survival and ability to organize into functional

Table 1: Challenges for the development of bioengineered cardiac tissues

General Vascularization Contractility

Cell survival postimplantation in diseased
environment

Observation of appropriate vascular tissue matur-
ation without cell destruction or alteration

Integration with host depolarization-repolarization
wave without arrhythmogenicity

Host immune response to implanted material Functional validation of the bioprinted vascular tree Engineering the correct electrochemical environment
for cardiomyocyte maturation

Possible biological scaffold needed with its
own biofabrication challenges

Surgical integration with pre-existing host
vasculature

Coculture with other cell types for appropriate matur-
ation of stem cell-derived cardiomyocytes

Correct cell mix mimicking mature myocardial
tissue

Vascular lumen generation and integration of hier-
archical arteriovenous tree segments

Optimization of 3D culture techniques required for
formation of cell–cell connections

Expanding cells to an appropriately high
number

Stem cell selection for clinically useable vascular cell
source

Reproducibility and scalability to meet
demand

Time requirement for vascular tissue maturation
in vitro (pre) and in vivo (post) implantation

Cost-effectiveness
Ethics/safety

3D: 3-dimensional.
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tissues, as they lack the appropriate microenvironment [17, 30].
The native heart contains �2 billion cardiomyocytes (CMs) and
many more of other cell types [31]. The exact cardiac cell ratio is
not universally agreed upon; however, fully differentiated adult
human ventricular myocardium contains 33% CMs, 24% endo-
thelial cells (ECs) and 43% other cells (including fibroblasts) [32].
To provide a 3D microenvironment for cells to grow before their
transplantation, they have been cultured as 3D patches [4, 6, 22].
To further improve cell patch survival, these have been delivered
either under host pericardium [33] or matured on vascular host
omental tissue before transfer to the epicardium [34].

In addition to the niche, it is important to consider that differ-
ent stem cell types present their own unique challenges (Table 2)
[29].

‘Embryonic stem cells’ (ESCs) are pluripotent (i.e. they may dif-
ferentiate into mature cells of any of the 3 original germ cell
layers), do not undergo senescence in culture and can self-renew
indefinitely [29]. However, whilst harvesting from an embryo
raises ethical concerns, the host would also require immunosup-
pression from their implantation [29, 33] and there is a risk of
developing malignancy [29, 35].

‘Multipotent adult stem cells’, such as mesenchymal stem cells
from either bone marrow-mesenchymal stem cells or adipose tis-
sue-mesenchymal stem cells, could be readily isolated from the
host [29]. This eliminates ethical concerns, and as autografts,
there is no need for immunosuppression [29]. However, unlike
ESCs, adult stem cells have a limited differentiation repertoire, a
finite ability to self-renew and undergo senescence during
in vitro expansion [29].

Alternatively, somatic cells (skin/blood/urine) can be reprog-
rammed into iPSCs by transfecting them with a variety of tran-
scription factors [25, 26]. Like adult stem cells, autologous iPSCs
are patient specific and not isolated from an embryo [29]. Yet,
like ESCs, they self-renew without undergoing senescence and
can be coaxed to differentiate into almost any mature cell
phenotype in culture [26, 29, 36]. However, iPSCs present the risk
of teratoma formation when transplanted if not fully differenti-
ated [29]. An additional risk comes from using a virus to transfect
the stem cell factors, which may place the patient at the risk of
malignancy [25]. As an alternative, they can be reprogrammed
using a non-integrating RNA vector and without the use of a viral
vector [25].

3-DIMENSIONAL BIOPRINTING AND BIOINK
CHALLENGES

The definition of biofabrication for regenerative medicine is: ‘the
automated generation of biologically functional products with
structural organization from living cells, bioactive molecules,
biomaterials, cell aggregates such as microtissues, or hybrid cell-
material constructs, through bioprinting or bioassembly and
subsequent tissue maturation processes’ [37].

In this process, the 3D bioprinter is used to deposit bioink(s) in
hydrogels to generate viable and functional tissues, with the
end product controlled by the 3D bioprinting platform used [38].
For cardiac tissue, some of the most common systems use
extrusion-based bioprinters with pneumatic or screw-driven

Figure 1: Extrusion-based 3D bioprinting and cell viability. (A) Four-nozzle extrusion 3D bioprinting system using pneumatic force to extrude 4 different bioinks. In
this example, bioinks are extruded directly into a crosslinker solution, which acts on the bioink to create bonds within the bioprinted structure to retain its shape. (B)
Downward arrows with greater size indicate greater velocity centrally in the bioink and lower velocity at the periphery, which is in contact with the chamber wall.
Upward arrows show resulting shear stress on cells in bioink during 3D bioprinting. Greater shear at the periphery results in stressed cells (orange) and some dead cells
(red). Shear stress can be reduced by slowing down the velocity of extrusion, which is readily controlled in 3D bioprinting (reproduced with permission from Blaeser
et al. [18]). 3D: 3-dimensional.

Table 2: Limitations of using stem cells for 3D bioprinting
myocardial tissue

Stem cell type Known limitations

Embryonic Immunosuppression required
Ethical concerns
Teratoma formation

Adult Finite capacity for self-renewal
Limited mature cell types
Senescence in culture

Induced pluripotent Teratoma formation

3D: 3-dimensional.
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rotational force to move cellular bioink through a nozzle [3]. The
bioprinting method chosen is critical to meet the challenge of
delivering cells with minimal shear stress and avoid damaging
them in the process (Fig. 1) [18]. A variety of approaches, bio-
printers, bioinks and hydrogels to print cells into 3D myocardium
have been explored [3, 5].

Ideal bioinks for cardiac regeneration should mimic the native
3D myocardial microenvironment [6, 30]. Bioinks based on car-
diac tissue spheroids (which are scaffold free, self-sustainable cell
aggregates with a defined diameter and cell number) have been
used as building blocks in this process (Fig. 2) [20, 30, 39].
Optimizing cell-specific challenges should be considered when
creating cardiac spheroids in bioinks for heart tissue. This
includes a clinically relevant scale-up of cell numbers for trans-
plantable bioprinted heart tissues [3, 40]. In addition, mature
adult CMs cannot be used for spheroid-based bioinks as they
have low adhesive properties and do not form spheroid cultures
[41], whereas proliferating neonatal and iPSC-derived CMs (iPSC-

CMs) form spheroids within a few days [30]. Furthermore, add-
ition of more adhesive cells to the cellular mix within a spheroid,
such as cardiac fibroblasts (CFs), reduces the time for spheroid
formation [42]. ECs are a third important cell type found in the
human heart, and in vitro cardiac spheroids have been generated
using a ratio of primary adult CMs:ECs:CFs of 1:3:6, which was
optimal for adult CM viability, whereas for CMs derived from
iPSCs, a ratio of 2:1:1 was optimal for iPSC-CMs, ECs and CFs, re-
spectively [36, 42].

The use of preformed vascularized microtissues such as sphe-
roids for 3D bioprinting offers the prospect of overcoming many
bioink cell-related challenges for tissue engineering of viable
and functional myocardium [6, 43]. This includes, but is not limited
to, generating a vascular system within the bioink and better inte-
gration of physiological contractile function, including speed of
contraction, contraction amplitude and calcium transients [1, 44].

In addition to the cellular component, the hydrogel used to
support cells in bioink plays a major role in overall patch

Figure 2: Three-dimensional cardiac microtissue generation and physiology. (A) Standard 2-dimensional cell culture of human-induced pluripotent stem cell-derived
cardiomyocytes. (B) Single (�200 lm diameter) cardiac spheroid microtissue—a 3-dimensional aggregate of cardiac cells with ability to control spheroid size and cell
number and optimize cell–cell interactions, 3-dimensional mechanical signals and extracellular support. (C) Two methods for generating cardiac spheroids: U-shaped
non-adhesive wells (top panel) and hanging drop cultures (bottom panel). (D) Two types of field pacing chambers for providing electrical stimulation to spheroids for
the optimal maturation of cardiomyocyte phenotype: a perfusion chamber (above) and culture dish (below) with electrodes to allow for field potential stimulation
across cardiac spheroid culture area (modified with permission from Zuppinger [1]).

R
EV

IE
W

503C.D. Roche et al. / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/500/5835731 by guest on 11 January 2022

Page 27 of 220



geometry, size, survival and function by better mimicking the
mechanical properties of the native ECM [45]. Hydrogel/bioink
composition determines important characteristics such as bio-
compatibility, biodegradability, paracrine signalling, non-
immunogenicity and stiffness, all of which present optimization
challenges [46–48]. To date, the formulation of cardiac bioinks
with optimal chemical–mechanical properties to better control
the cardiac niche has not been defined [46, 48]. The requirement
for a cell-friendly, flowing bioink limits other factors such as the
precision and resolution of the print, although this may be
improved by applying microfluidic devices to the extrusion noz-
zles of bioprinters [9, 49]. Whilst the bioink must flow well during
the print, it should also be mechanically robust and yet still allow
for the tissue to remodel and the cells to interact in the post-
printing phase [46].

Several hydrogels have been tested for cardiac tissues, either
using natural materials (such as decellularized cardiac ECM [46]
and gelatin-based hydrogels combined with fibrinogen, alginate
or hyaluronan [47]) or synthetic-origin materials (such as polyur-
ethane) [50]. Decellularized cardiac ECM promotes angiogenesis
and cell proliferation but cannot be easily isolated from the same
donor heart [46]. Gelatin has excellent rheological properties and
biodegradability, but its use is highly temperature dependent
[47]. Electrically conductive polymeric hydrogels such as

poly(ethylenedioxythiophene) allow for improved cell electroac-
tivity, whilst they present undesired properties such as increased
hydrophobicity and reduced elasticity [45, 51]. Other hydrogels
may present cell-specific paracrine signalling factors [48].
Therefore, the challenges associated with engineering the optimal
hydrogel are of paramount importance and should address sev-
eral chemical and biomechanical parameters.

VASCULARIZATION

Another major challenge for creating a cardiac patch is engineer-
ing a hierarchical vascular tree (Table 1) [10, 39]. The maximum
tissue diameter without the development of a necrotic core
varies since it depends on cell-specific oxygen consumption, but
it generally is common in any cardiac tissue thicker than
�200 lm in diameter [9, 30]. Neovascularization has been
attempted by culturing cardiac tissues in highly vascular areas
in vivo, such as the omentum [34]. Others have used hydrogels
from dissolved omentum, with potential use for 3D bioprinted
cardiac tissues [5, 44]. However, to date, only capillary-sized, dis-
organized vasculature has been generated and recreating a fully
branched vascular network for cardiac tissue engineering remains
a challenge (Fig. 3) [4–6, 9, 10, 19, 49].

Figure 3: Vascularization in tissue-engineered cardiac patches. (A) CD31 expression (green) in a cardiac patch generated by a fibrinogen moulding method and
engrafted in pigs (modified with permission from Gao et al. [4]). (B) CD31 expression (green) in a cardiac patch generated by a net moulding method and engrafted in
rats (modified with permission from Yang et al. [19]). (C) CD31 expression (red) in a fibrin-based cardiac patch generated by a spheroid fusion method and engrafted
in mice (modified with permission from Mattapally et al. [6]). (D) CD31 expression (green) in a cardiac patch generated by a 3-dimensional bioprinting method (modi-
fied with permission from Noor et al. [5]). (E) CD31 expression (red) in a cardiac patch generated by a 3-dimensional bioprinting method (modified with permission
from Zhang et al. [10]). (F) vWF (red) and lamin A/C (green) expressions in a cardiac patch generated by a 3-dimensional bioprinting method and engrafted in mice
with the evidence of host-patch anastomosis (modified with permission from Maiullari et al. [9]). Scale bar appearances are due to source data. vWF: von Willebrand
factor.
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Further progress is being made in engineering vascularized tis-
sues by co-culturing CMs with ECs. For example, a microvascular
network was achieved in spheroid cultures containing rat ECs,
CMs and fibroblasts before their implantation in nude rats [52]. It
has been suggested that a better branched vascular network
could be achieved by fusing prevascularized spheroids [20, 39,
43]. Vascular network anastomosis between graft and host in vivo
is critical for new blood flow to promote the engraftment and
function of transplanted patches [7, 9, 20, 39, 53]. At a cellular
level, such graft–host anastomoses may form directly, for in-
stance by a ‘wrap and tap’ mechanism whereby graft lumen-
forming ECs anastomose with host vasculature by wrapping
around host vessels and ‘tapping’ through the vessel walls, facili-
tated by matrix metalloproteases [54]. Paracrine signalling includ-
ing a ‘secretome’ of cytokines, exosomes and growth factors such
as vascular endothelial growth factor is a major regulator of tissue
angiogenesis and potentially of cardiac regeneration [4, 9, 23, 48,
55].

The emerging evidence that regenerative transplanted tissue
may act by mechanisms other than direct replenishment of lost
cells would explain why functional improvement has been seen
for patches containing only 8 million cells [4, 33]. It would be ad-
vantageous if paracrine mechanisms turned out to be more im-
portant than numerical replenishment, as another major
challenge is how to expand replacement cells, including non-
myocytes (such as ECs and CFs) and myocytes, to a high enough
number [3, 40].

An alternative method to bioprinted cardiac tissues is to pre-
form a vascular scaffold. This may be bioprinted in patterns such
as networks by depositing cellular bioink [8, 10, 49]. For example,
Zhang et al. [49] used microfluidic printheads to bioprint ECs
within hydrogels. These were fixed in position by ionic and ultra-
violet (UV) light crosslinking. The ionic crosslinker (calcium chlor-
ide) was added to the alginate scaffold in real time during the
print, followed by UV crosslinking of gelatin methacryloyl.
Following formation of a vascularized scaffold, CMs were added
to the construct to generate cardiac tissue.

CONTRACTILE FUNCTION

For myocardial tissue to first engraft in the host and eventually
improve cardiac function, it should not only synchronously con-
tract by itself but also together as a functional syncytium with the
host [40]. Electrical properties of cells and tissues, such as cardiac
excitation-contraction coupling, calcium transients and cell–cell
interactions, are critical [1, 40, 51]. iPSC-CMs do not present the
fully mature contractile behaviour typical of adult cells, unless
they are cultured with additional cellular and extracellular stimuli,
such as electromechanical conditioning, electrical field stimula-
tion and continuous pacing (Fig. 4 and Videos 1 and 2) [21, 56].
Cardiac spheroids from iPSC-CMs spontaneously develop syn-
chronous contractile function, which is linked with improved
speed and amplitude of contraction, and calcium transients com-
pared to single-cell cultures [1, 36, 42]. Adding conductive poly-
mers propagates the electrical signal between different areas in a
cell culture, providing assistance with current passage in the ab-
sence of fully developed cell–cell electrochemical pathways [51,
57]. Overall, physiological contractile function and integration of
engineered tissue with the host remain some of the main chal-
lenges to overcome (Table 1) [1, 21, 56].

PRECLINICAL SUCCESS

In animal models of myocardial infarction, functional improve-
ment after the engraftment of heart patches generated from cells
in moulding devices has already been demonstrated in mice [6],
rats [19] and pigs [4]. Direct injection of hydrogel laden with
paracrine signalling factors has shown a significant reduction in
infarct size from 38% to 16% in a rat model of myocardial infarc-
tion [48]. Furthermore, a small rat-sized cardiac ventricle (1/
250th the size of a human ventricle) has been tissue-engineered
by MacQueen et al. [58]. However, this only approximated 100
millionth (-108) of the contractile work of a native human ven-
tricle. Indeed, at �1%, the ejection fraction of this model was
�1/50th of a normal rat’s ejection fraction and the cell density
was 10-fold less than normal for a rat. Other studies that used 3D
bioprinting reported improved cardiac patch vascularization,
automation and precision in vitro and in vivo in mice [5, 9, 10].
These studies provide examples demonstrating significant pre-
clinical progress and pave the way for human trials and scaled up
models.

SURGICAL PERSPECTIVES

Whilst surgical treatment of aortic, coronary and valve disease
can now be undertaken with excellent results, repair or recon-
struction of the contractile pump element, the myocardium, is
currently limited [2]. Excluding infrequently performed proce-
dures such as the Dor (pericardial-lined Dacron endoventricular
circular plasty) [59] and Batista (reduction ventriculoplasty) [60]
procedures, the only option beyond resynchronization is trans-
plantation [7]. Whether this is human or genetically modified
xenotransplantation, the loss of the recipient’s heart is obligatory
and absolute dependence on the function of the new heart fol-
lows. Cellular cardiomyoplasty has been evaluated to allow the
augmentation of existing cardiac function but, despite showing
some functional merit, has largely been disappointing overall
[23].

Early clinical trials using ESC-derived cardiac cells in patients
have shown promising results by culturing cells in a patch before
transplantation [33, 61]. Following the first case report of a cellu-
lar patch applied to a human heart in 2015 [61], the same group
reported that transplantation of these patches in 6 patients with
heart failure is safe (the ESCORT trial) [33]. Cardiac patches of
�20 cm2 were surgically applied to the epicardium of patients
undergoing coronary artery bypass surgery and secured under a
pericardial flap (Fig. 5). As the patches were not 3D bioprinted,
the advantages of a scalable manufacturing process were not
present; nonetheless, the trial paved the way for more extensive
trials testing efficacy.

With prevascularized patches, the study by Maiullari et al. [9]
showed that host-patch anastomosis in mice is feasible using 3D
bioprinted poly(ethylene glycol)-fibrinogen hydrogels embedded
with iPSC-CMs and human umbilical vein ECs (Fig. 3F). An aug-
mentative approach may be the use of pro-angiogenic factors to
promote vascular fusion between graft and host, similar to that
which is observed during vascular development [43].

To progress with the transplantation of thick bioprinted heart
tissues with potentially low-calibre vasculature in patients, the
surgeon may be tasked with creating a macroscopic anastomosis
of the graft to an existing blood supply [53]. This would especially

R
EV

IE
W

505C.D. Roche et al. / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/500/5835731 by guest on 11 January 2022

Page 29 of 220



be true if naturally forming low-calibre anastomoses to the dis-
eased native myocardial tissue underneath the graft were insuffi-
cient. Foreseeably, microsurgical anastomoses may have to be
made initially to allow time for naturally occurring graft–host
connections to form [53].

One approach to promote host-patch vascular anastomosis
could be to use non-diseased, larger-calibre source vessels such
as the gastroepiploic or thoracodorsal artery with the tissue culti-
vated on the omentum or the latissimus dorsi muscle, respective-
ly. Bioengineered tissue could be allowed time to form

anastomoses with the underlying tissue, and capillaries formed
from ECs within a tissue-engineered cardiac patch can retain pa-
tency [53]. Blood flow through the graft could be assessed in ad-
vance whilst it lay on its incubating native tissue. Once blood
flow and viability of the patch are demonstrated, it should be
surgically feasible to then rotate a flap to the myocardium within
the pericardium without loss of blood supply (Fig. 6).
Conversely, minimally invasive procedures could be used to
transplant bioprinted cardiac tissues in innovative ways for car-
diac surgical patients [62].

Figure 4: Electrical stimulation of cell culture leads to greater contractility in engineered cardiac tissue. Beating macrotissues were generated by seeding induced pluri-
potent stem cell-derived cardiomyocytes and human fibroblasts in a 3-dimensional porous scaffold and culturing for 14 days as either control (no electrical stimula-
tion) or ‘CardioSlice’ (electrical stimulation applied whilst culturing). (A) Human cardiac macrotissues after 7 or 14 days of culture, either without (control) or with
(CardioSlice) electrical stimulation (scale bars 2.5mm) (see also Videos 1 and 2). (B) Contraction amplitude of control versus CardioSlice bioengineered cardiac tissues.
Fractional contraction area (compared to area of the tissue at rest) is represented over time, and control tissue remains close to 1.0 when contracting whereas
CardioSlice patches contract to 0.85 (85% of size of tissue at rest). (C) The percentage of FAC for control (unstimulated) versus electrically stimulated CardioSlice car-
diac macrotissues. (D) MCR for control compared to electrically stimulated CardioSlice macrotissues when paced. At 14 days, CardioSlice macrotissues were able to
be paced at over 4Hz, approximately double the MCR of control tissues. (E) Beating cardiac macrotissue velocity maps after 14 days of culture. Blue colours and
shorter white mini arrows represent lower velocities. Higher velocities (redder areas and longer mini arrows) were observed in CardioSlice macrotissues versus con-
trols (scale bar 2.5mm). (F) Alignment analysis comparing direction of the electrical field vector and subsequent beating direction of bioengineered cardiac tissues.
The order parameter cos2h was used: random distribution gives values close to 0 whereas parallel alignment gives values close to 1 (modified with permission from
Valls-Margarit et al. [21]). FAC: fractional area change; MCR: maximum capture rate.
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TRANSLATIONAL PERSPECTIVES

As is expected when multiple emerging technologies/techniques
(iPSCs, 3D culture, bioprinting) make rapid preclinical gains,
translation of the preclinical potential into a useful clinical thera-
peutic presents specific challenges [40, 63, 64]. Laboratory work-
flows for autologous iPSCs are appealing in offering a fully
patient-specific supply of tissue; however, they can be relatively
difficult and resource intensive to achieve for 1 patient per work-
flow [23]. For translation, workflows need to conform to good
manufacturing practice standards, usually making them more
challenging, for example, by replacing commonly used xenogen-
eic laboratory products such as foetal bovine serum with human
serum album or carrying out the work in a fully certified good
manufacturing practice facility [63, 64]. An alternative, using allo-
geneic iPSCs from donors, comes with the advantage of poten-
tially being able to cryobank multiple haplotyped iPSCs and
iPSC-derived cells or tissues [23, 40]. Having the cells banked in
cold storage could allow for a more technically, logistically and
economically feasible solution: an ‘off-the-shelf’ selection of a
best-matched tissue at the time of need [23, 40]. However, this
would be accompanied with immunosuppression, difficulties
acquiring matched tissue (especially for diverse ethnic groups)
and a likely need for international coordination for a large
enough tissue repository [23, 40].

DISCUSSION

Whilst 3D bioprinting of a fully functional human myocardial
patch has not yet been achieved, there are several areas where
3D bioprinting of other tissues has already reached clinical trials.
For example, 3D bioprinting of ears of 5 children showed
promising results up to 2.5 years of follow-up [65]. However, 3D
bioprinting of heart patches presents a different level of
complexity.

Important questions remain regarding the application of
bioprinted tissue for human cardiac surgery and the patient
population it will most benefit [2, 3]. Whether advances in
other technologies, such as ventricular assist devices, or even a

refined surgical plication technique, could be combined with
bioprinted heart tissue in innovative ways remains an open
question.

Throughout this review, there has been an assumption that the
optimal microenvironment of cardiac tissue should be achieved,
but this may not be required and good results may be obtained
even in the absence of cells [55, 62]. Recently, a study showed
that macrophages may play a major role in cardiac regeneration
by inducing inflammation following stem cell injection [66]. It is
possible that mechanisms such as this could be implicated in the
surprising finding that even acellular patches or hydrogels
applied to the heart may have a positive effect on cardiac regen-
eration via the immune response [55, 62]. Nevertheless, any for-
eign material or cells within a patch will lead to an immune
response with a rim of fibrosis, potentially isolating the graft from
the host [40]. Therefore, a better understanding of these mecha-
nisms may be beneficial to developing novel approaches to bet-
ter couple the graft with the host. These may include the use of
either conductive polymers (to allow electroactivity to bypass the
fibrotic rim) [57], sacrificial hydrogels disintegrating over time [8,
53] or adjunctive anti-inflammatory and/or ‘pro-survival’ com-
pounds [67, 68].

It would be critical to compare the cost-effectiveness of a stem
cell-derived 3D bioprinted cellular patch to other techniques for
long-term treatment but with the price of bioprinters falling rap-
idly [38], cells derived from patients themselves and workflows
utilizing basic laboratory materials [1, 47], there is reason to
speculate that 3D bioprinted patient-specific multicellular
patches could be a cost-effective surgical therapeutic.

For end-stage cardiac pathology, this is one of the few emerg-
ing technologies that provides hope of a cure. It is unique in that
it may offer a paradigm-shifting solution for patients with cardiac
failure who could otherwise only be ‘cured’ with a heart trans-
plant. This potential generates considerable media attention
which raises specific ethical considerations. These are only re-
cently being elucidated in the bioethical literature, for example,
how media hype can inflate expections for desperate patients,
which may also create an environment for unscrupulous health
providers, or how public misinformation may impact patients’
decision-making significantly [63, 69]. Safe translation of animal

Video 1: Bioengineered human cardiac tissue showing spontaneous beating
after 14 days in culture—non-stimulated control tissue shown (reproduced with
permission from Valls-Margarit et al. [21]).

Video 2: Bioengineered human cardiac tissue showing spontaneous beating
after 14 days in culture—electrically stimulated (CardioSlice) tissue shown
(reproduced with permission from Valls-Margarit et al. [21]).
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to human trials may require new 3D bioprinting-specific regula-
tion [69].

CONCLUSION

For patients with non-functional areas of myocardium, 3D bio-
printing of personalized heart tissues presents several challenges
but also the potential to develop a clinically available approach
in the coming years. If successful, this technology has the
potential to re-shape the cardiac therapeutic environment,

resolve an unmet need for surgical practice and actualize a
long-standing desire for surgeons to promote cardiac regener-
ation in patients.
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1.3 – Omentum support for cardiac regeneration in ischaemic cardiomyopathy models: a 
systematic scoping review 

Summary: 

The following systematic scoping review aimed to capture a snapshot of the state of the literature for 
epicardial patch-based myocardial repair strategies. Our previous narrative review had encountered 
the unanswered question of whether reinforcement of patches using the greater omentum is 
beneficial for structural and functional cardiac outcomes in the host. Since no literature review had 
previously answered this question we framed our scoping review in terms of omentum support 
(omentopexy) for epicardial patch-based studies of ischaemic cardiomyopathy. We received a letter 
to the editor regarding this article which is included, along with our reply, in the Appendix. At the time 
of writing, Altmetric ranks this paper 7th out of 58 articles of a similar age in this journal (and 252nd out 
of 2759 articles in this journal since records began). 
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Abstract

OBJECTIVES: Preclinical in vivo studies using omental tissue as a biomaterial for myocardial regeneration are promising and have not
previously been collated. We aimed to evaluate the effects of the omentum as a support for bioengineered tissue therapy for cardiac re-
generation in vivo.

METHODS: A systematic scoping review was performed. Only English-language studies that used bioengineered cardio-regenerative
tissue, omentum and ischaemic cardiomyopathy in vivo models were included.
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RESULTS: We initially screened 1926 studies of which 17 were included in the final qualitative analysis. Among these, 11 were methodologic-
ally comparable and 6 were non-comparable. The use of the omentum improved the engraftment of bioengineered tissue by improving cell re-
tention and reducing infarct size. Vascularization was also improved by the induction of angiogenesis in the transplanted tissue. Omentum-
supported bioengineered grafts were associated with enhanced host reverse remodelling and improved haemodynamic measurements.

CONCLUSIONS: The omentum is a promising support for myocardial regenerative bioengineering in vivo. Future studies would benefit
from more homogenous methodologies and reporting of outcomes to allow for direct comparison.

Keywords: Omentum • Cardiac regeneration • Omental flap • Omentopexy • In vivo models • Vascularization

ABBREVIATIONS

LVEF Left ventricular ejection fraction
MI Myocardial infarction

INTRODUCTION

Ischaemic heart disease remains the leading global cause of mortal-
ity and is rising in prevalence with population growth, ageing effects
and shifting epidemiological trends [1, 2]. For end-stage heart failure
patients, transplantation and mechanical circulatory assistance devi-
ces are 2 of the limited options to restore a better quality of life [3].
Donor shortage and the limited regenerative potential of myocar-
dium have led to the recent development of numerous cell-based
therapies for cardiac tissue engineering [2, 4–10].

The omentum has been used as a support for cardiac bio-
engineering to overcome some of the challenges in myocardial
regeneration, such as poor vascularization and engraftment of
bioengineered tissue [2, 11–14]. It has regenerative properties
that have been exploited in surgical techniques, such as omental
transposition, where the omentum is extended or wrapped
around another tissue to promote healing, including the heart in
cardio-omentopexy [15]. It is thought that these regenerative
capabilities are linked to the presence of angiogenic factors,
including vascular endothelial growth factor, basic fibroblast
growth factor and an abundance of progenitor cells [16]. Its
abundance of collagens, glycosaminoglycans and adhesive pro-
teins is hypothesized to support the morphological, physiological
and biochemical properties of bioengineered cardiac tissues to
be more akin to native myocardium [17, 18].

Rapid preclinical progress with omental-cardiac support has
not previously been collated; therefore, we conducted a system-
atic scoping review [19]. The primary aim was to determine what
is currently known about the effectiveness of the omentum as a
biomaterial in regenerative strategies for in vivo models of myo-
cardial infarction (MI). The outcomes of interest that will be
explored include: (i) engraftment of bioengineered cardiac tis-
sues, (ii) tissue vascularization, (iii) reduction in pathological car-
diac remodelling and (iv) functional cardiac and haemodynamic
improvement. Gaps in the literature will be identified, and future
research directions indicated.

MATERIALS AND METHODS

Eligibility criteria for initial database search

Any English-language study in a peer-reviewed journal reporting
on the use of the omentum in bioengineered cardiac tissue was
considered in the original database search. Only original scientific

articles were included. Conference abstracts, letters, case reports,
editorials without a full text and reviews were excluded.

Search strategy and screening process

The databases Embase, Medline, PubMed, Scopus and Web of
Science were searched by 1 reviewer (H.W.) from inception until
6 August 2019. The search terms used were: (omentum OR
oment*) AND (cardiac OR heart).

Identified studies were imported into bibliographic manage-
ment software, Endnote X9 (Clarivate Analytics, Philadelphia,
PA, USA), and duplicated studies were deleted. One reviewer
(H.W.) screened the title and abstract of each citation. For each
eligible citation, the full text was obtained and independently
screened by 2 reviewers (H.W. and C.D.R.) for the assessment of
full-text inclusion. Reference lists of included articles were also
searched for additional studies not captured by the original
search. Disagreements were resolved by discussion. The criteria
for full-text inclusion were as follows:

• The use of the greater omentum as a biomaterial, flap or in
omentopexy;

• An ischaemic cardiomyopathy model (animal and/or
human tissue);

• The implantation of biomaterials, including non-cardiac cell
types, onto the infarcted heart; and

• Implantation efficacy expressed in terms of morphological,
biochemical or physiological integration with host tissue.

Data extraction

Extraction tables were used to standardize the collection of data from
the included studies (Tables 1–6). One reviewer (H.W.) extracted the
data initially, and the second reviewer verified the data (C.D.R.).

RESULTS

Study selection and characteristics of studies

The process of study selection into the review is represented in
Fig. 1, a PRISMA flowchart [37]. A total of 17 studies met the in-
clusion criteria. The 11 comparable studies using a pedicled
omental flap technique underwent comparable data extraction
(Tables 1–4). Those using non-comparable methodologies [31–
33] or control groups [34–36] were separated out and are dis-
played in Tables 5 and 6, respectively.

Of the 17 selected studies, 6 used a rat MI model [23, 25, 29, 30,
33, 35], 7 used a porcine MI model [20–22, 24, 28, 32, 34], 3 used a
rabbit MI model [26, 27, 36] and 1 used a sheep MI model [31].
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Bioengineering cardiac tissue involved a variety of approaches,
including the use of skeletal myoblast cells [20, 24, 25, 31, 34],
cells derived from the omentum itself [31, 32], scaffolds for factor
delivery [26–28, 33], atrial tissue [29], hepatic tissue [35], uterine
tissue [36] and stem cells [21–23, 30].

Fourteen studies transplanted the bioengineered tissue onto
the MI and/or peri-infarct area whereas the remaining 3 [21, 31,
32] reported the injection of cells into the same areas.

Effects of omentum support on bioengineered
tissue engraftment

Measures of engraftment were reported in 9 methodologically
comparable studies (those using a pedicled omental flap to sup-
port bioengineered tissue) using various metrics at various time
points (Table 2). They were tested between the time period of
7 days to 3 months across these studies, with most reporting
effects in 4 weeks or less after treatment.

Transplanted cell retention. In 6 methodologically compar-
able studies, cell survival was evaluated following transplantation
(Table 2) [22, 23, 25, 29, 30, 34]. Only one study [23] found that the
omentum had no effects in promoting cell survival. All remaining
studies reported greater cell survival and/or decreased apoptosis
for omentum-supported treatment compared to bioengineered tis-
sue applied without supportive omentopexy (Table 2).

Cell markers. From all of the 17 selected studies, the most
common report of a structural integration marker was the presence
of connexin-43, a gap junction protein, critical for propagation of
the depolarization impulse between transplanted cells and host
myocardium [30, 32, 33, 36]. In 2 of these studies, a higher expres-
sion of connexin-43 was observed in omentum-supported groups
compared to treatment without omentum [30, 32]. Only one paper
reported on the presence of troponin-T and actinin staining to cor-
roborate microscopic observations of distinctive bundled cardiac
muscle structures in transplanted tissue [33]. However, this was not
compared to their frequency in control groups.

Structural integration. Two of 17 studies described fibre or-
ganization of the bioengineered tissue [22, 33]. Omentum-
supported neonatal cardiac cells in an alginate scaffold and cardi-
omyocyte cell sheets transplanted onto ischaemic myocardium
both exhibited desirable attributes, such as striation and elongation
[22, 33]. Kawamura et al. [22] reported that the omentum contrib-
uted to the further maturation of induced pluripotent stem cell-
derived cardiomyocytes, characterized by larger cells with well-
aligned and organized sarcomere structures with positive staining
for myosin heavy chain and myosin light chain-2 in the trans-
planted area at 2 months after omentum-supported treatment.

Infarct size. In the 4 methodologically comparable studies
examining changes in infarct size, 2 reported a decrease after

Table 1: Studies which used a pedicled omental flap as support for bioengineered tissue to regenerate the myocardium

First author Year In vivo
model

Coronary artery
for MI

Intervention interval
after MI

N per
groupa

Bioengineered cardiac tissue Mode of tissue delivery

Kainuma et al. [20] 2015 Pig LCA 2 weeks 11 Skeletal myoblast cell sheet Transplantation onto MI/
peri-infarct area

Kanamori et al. [21] 2006 Minipig OM1 + 2 Distal D1 1 h 5 Autologous bone marrow-
derived mononuclear cells

Injection into MI/peri-in-
farct area

Kawamura et al. [22] 2017 Pig LAD 1 month 7 Human iPSC cardiomyocyte
cell sheets

Transplantation onto MI
area

Lilyanna et al. [23] 2013 Rat LAD 2 weeks 11 Fibrin graft containing cord-
lining mesenchymal stem
cells

Transplantation onto MI
area. Attached using fibrin
glue

Shudo et al. [24] 2011 Minipig LAD 4 weeks 6 Cell sheets consisting of skel-
etal myoblast cells

Transplantation onto MI/
peri-infarct area

Suzuki et al. [25] 2009 Rat LAD At initial procedure 10 Myocardial cell sheets Transplantation onto MI
area

Takaba et al. [26] 2006 Rabbit Cx 4 weeks 8 Gelatine hydrogel sheet with
bFGF applied

Transplantation onto MI
area

Ueyama et al. [27] 2004 Rabbit Cx At initial procedure 10 Gelatine hydrogel sheet with
bFGF applied

Transplantation onto MI
area

Yajima et al. [28] 2018 Pig LAD 4 weeks 6 Gelatine compressed sponge
immersed in ONO-13301ST
(slow-releasing synthetic
prostacyclin agonist)

Transplantation onto MI
area

Zhang et al. [29] 2011 Rat LCA 3 weeks 17 Autologous tissue patch
from left atrial appendage

Transplantation onto MI
area

Zhou et al. [30] 2010 Rat LCA 8 weeks 16 Cell patch of polylactic acid-
co-glycolic acid polymer
seeded with mesenchymal
stem cells

Transplantation onto MI
area

aDefined as the treatment group in which both the bioengineered cardiac tissue and greater omentum were applied.
bFGF: basic fibroblast growth factor; Cx: circumflex coronary artery; D1: first diagonal artery; iPSC: induced pluripotent stem cell; LAD: left anterior descending
coronary artery; LCA: left coronary artery; MI: myocardial infarction; OM1 + 2: obtuse marginal coronary artery 1 and 2.
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omentum-supported treatment compared to the control group not
using the omentum [24, 27] and 2 reported no difference [23, 29].
Omentum support was shown to increase myocardial wall thickness
in 2 methodologically comparable studies [20, 26] and one that did
not use a pedicled omental flap [33], although 2 studies showed no
significant difference with omental flap support [27, 29]. All studies
that examined percentage collagen in the myocardium demon-
strated collagen attenuation, leading to decreased cardiac fibrosis,
in omentum-supported treatment [20, 30, 35].

Overall results showed that omentum support had a favour-
able effect on the engraftment of cells for bioengineering strat-
egies to regenerate the heart after MI.

Effects of omentum support on vascularization

Blood vessel formation. Direct blood vessel communication
between the bioengineered tissue and omentum was observed in
4 methodologically comparable studies as contributing to a net-
work of vessels that would anastomose with the host myocar-
dium (Table 3 and Fig. 2) [20, 21, 26, 27]. Whilst most
comparable studies demonstrated that support with a pedicled
omental flap led to greater vessel density in the transplantation
area, there were variable reports of whether arteriolar or capillary
density was increased (Table 3).

Of all 17 selected studies, 7 reported that arteriolar density was
improved [21, 23, 25–28, 35], whilst 5 reported that capillary
density had improved [22, 25, 30, 31, 35] and 2 did not specify
vessel diameter [20, 33]. No negative relationship between blood

vessel density and use of omentum support was reported in any
study.

Angiogenic markers. Of all 17 selected studies, many corro-
borated the observation of increased vascularization with the up-
regulated expression of genes related to angiogenesis [20, 22, 24,
25, 28–30, 33, 35]. The most commonly reported up-regulated
gene in omentum-supported tissue was vascular endothelial
growth factor [20, 22, 24, 25, 30, 35]. There were also reports of
increased basic fibroblast growth factor [22, 35] and smooth
muscle actin [28, 33].

Blood flow. Taken together, these results suggested that
omentum support conveyed a proangiogenic effect. However,
despite the potential for this to lead to increased myocardial
blood flow or coronary flow reserve, only 2 studies in total
reported that treatment supported by the omentum was superior
to that of other treatment groups for blood flow [20, 26]. Two
studies reported that omentum support made no significant dif-
ference to observed blood flow [21, 28].

Effects of omentum-supported bioengineered tis-
sue on cardiac remodelling and function

Remodelling. Eight studies reported that bioengineered tissue
supported with a pedicled omental flap decreased cardiac
remodelling (Table 4). Seven studies reported a decrease in left
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Table 2: Measures of engraftment outcomes of bioengineered cardiac tissue with omentum

First author Cell retention Fibre organization and contacts formed Infarct size, scar and wall changes

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Kainuma et al. [20] Engrafted area remaining with time Collagen content
Day 7 = 0.3 mm2 Day 7 = 0.07 mm2 8% 13%
Day 28 = 0.15 mm2 Day 28 = 0.05 mm2 LV wall thickness

912 mm 688 mm
Myocyte size
16 mm 20 mm

Key findings �3–4� increased area of grafted cells
remained in situ with omentum supporta

Scar collagen attenuation, less thick LV wall,
reduced hypertrophy with omentum
support

Kawamura et al.
[22]

Cell % survival rate Myosin heavy chain/myosin light chain-2
positive (striated filaments)

1 month = 90%
3 months = 58%

1 month = 61%
3 months = 24%

Present Not reported

Key findings Improved grafted cell survival with
omentum supporta

Well-organized sarcomere structure
in cells with omentum
support (not compared to
control)

Lilyanna et al. [23] Bioluminescence photon emission flux
of labelled live donor cells (photons/s)

Scar size (LV cross sectional area
% containing fibrosis)

Day 1 = 6.5� 107

Day 14 = 1.5� 105
Day 1 = 7.6� 107

Day 14 = 6.8� 105
34.7% 35.7%

Key findings Donor cell attrition rate in vivo over
time comparable with or without
omentum support

Minimal difference in scar with or
without omentum support

Shudo et al. [24] Infarct area
�6% �11%

Key findings Infarct size (infarcted LV/total LV estimated
by computer-based planimetry of
Masson trichrome-staining) reduced with
omentum supporta

Suzuki et al. [25] Cardiomyocyte survival
46% 31%
Cell sheet thickness
120 lm 70 lm

Key findings Improved graft survival with omentum
support

Takaba et al. [26] Dynamic % wall thickening of infarct region
49% 41%

Key findings % fractional wall thickening (assessed by
cine MRI for quantitative wall motion)
increased with omentum support

Ueyama et al. [27] Infarct size
10% 16%
LV circumference
48 mm 56 mm
Scar circumference
16 mm 24 mm
Infarct area wall thickness
2.5 mm (ns) 2.0 mm (ns)

Key findings Reduced infarct size, dilatation and scar. No
significant difference in wall thickness

Zhang et al. [29] Atrial tissue patch graft presence
after 4 weeks

Scar thickness

In situ Not seen �0.4 mm (ns) �0.35 mm (ns)
Infarct size
�38% (ns) �39% (ns)

Continued
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ventricular end-diastolic diameter in the range of 2–25%, and 5
studies reported a decrease in left ventricular end-systolic diam-
eter in the range of 10–27% (Table 4). For reverse remodelling,
the study that reported the most beneficial effect did not involve
a pedicled omental flap, but rather pre-vascularization of a car-
diac patch on the omentum, supplemented with angiogenic fac-
tors, before transplanting the patch without omentopexy onto
the heart [33]. Nevertheless, combining bioengineered tissue with
an omental flap favoured reverse remodelling, especially at 4
weeks or later after intervention (Table 4).

Function. The most common measure of functional improve-
ment reported was the left ventricular ejection fraction (LVEF).
Omentum-supported bioengineered tissue improved the LVEF by
up to 82% as a relative increase on absolute values compared to
controls receiving bioengineered tissue alone (Table 4). Conversely,
omentopexy alone without a bioengineered tissue was not enough
to significantly improve LVEF [25, 29]. Results for fractional shorten-
ing and fractional area change were reported with less frequency
than LVEF with only 3 studies reporting a significant increase in
fractional shortening [26, 29, 30] and 1 study reporting an increase
in fractional area change [27] with omentum support (Table 4).

DISCUSSION

This is the first review that systematically evaluates the effects of
omentum support for bioengineering of cardiac tissues in MI mod-
els in vivo. Although all the included studies demonstrated that the
omentum conferred a benefit in at least one of the outcomes
assessed (engraftment, vascularization, remodelling, function), only
a few studies reported on all outcomes. Furthermore, a few did not
contain optimal control groups. This makes it difficult to draw con-
clusions of how effective the omentum is compared to controls or

other bioengineering strategies. Our results highlight the variability
of methodologies and results between studies (such as the treat-
ment modality combined with the omentum, the model of MI and
the outcome measures). This limits the extent to which the benefit
of the omentum can be compared across studies.

The synergistic proangiogenic potential of omentum-
supported bioengineered tissue was instrumental in most studies
to promoting greater vascularization than bioengineered treat-
ment or omentopexy alone. The development of a microvascula-
ture between the coronary and gastroepiploic circulation was
reported (Fig. 2) [20, 21, 26, 28]. The up-regulation of several
angiogenic genes and proteins (e.g. vascular endothelial growth
factor and smooth muscle actin) suggested that angiogenesis and
vessel maturation are supported by the omentum (Table 3).
However, most studies demonstrated that enhanced vasculariza-
tion of the bioengineered tissue did not ultimately correlate with
increased myocardial blood flow [20, 21, 28, 34]. Therefore, add-
itional studies are needed to make progress from these results
before they can be translated into clinical trials.

As shown in Table 4, bioengineered tissues with omentum
support reported positive effects on cardiac function at 4 weeks
in 6 studies. Suzuki et al. [25] reported an improvement at 1
week, and Kawamura et al. [22] reported an improvement at 3
months. All studies reporting a significant positive effect on func-
tion (Table 4) also reported enhanced vascularization (Table 3).
Five studies reported both improved engraftment and cardiac
function (Tables 2 and 4). Altogether, this suggests that both vas-
cularization and engraftment are required for a cardiac functional
improvement. Furthermore, 2 studies [25, 29] showed that the
omentum by itself did not significantly improve cardiac function.
Despite promising functional results, future studies would benefit
from observations of long-term outcomes as some measure-
ments, such as LVEF, have limited prognostic power in predicting
clinical benefit across long time horizons.

Table 2: Continued

First author Cell retention Fibre organization and contacts formed Infarct size, scar and wall changes

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Omentum-
supported
bioengineered
tissue

Comparison
group:
bioengineered
tissue no
omentum support

Key findings Troponin-stained graft survived
with omentum support but did not
without omentum support

No significant difference in scar thickness
or infarct size with or without
omentum supporta

Zhou et al. [30] Quantification PCR of grafted cellsb Connective protein Cx-43 expressionc Collagen (scar) density
Week 1 = 14.1 units
Week 4 = 2.6 units

Week 1 = 3.8 units
Week 4 = 1.2 units

0.23 units 0.19 units 16% 26%

Key findings Cell survival rate in vivo over time
improved with omentum support

Higher levels of Cx-43 suggested
enhanced structural coupling
of transplanted cells to host myocardium.
Sham group (baseline) level = 0.31; MI
with no treatment group level = 0.11

Reduced % fibrillar collagen in the
infarction zone (semiquantitatively meas-
ured by picrosirius red staining under
polarized light microscopy)

aNumerical data extrapolated from graphical figure.
bUnits expressed as ratio of optical density under UV light compared to reference sample at the same time.
cCx-43 protein expression determined by western blot. Units expressed as ratio to the level of b-actin which was run on all blots.
Cx-43: connexin-43; LV: left ventricle; MI: myocardial infarction; MRI: magnetic resonance imaging; ns: result not statistically significant; PCR: polymerase chain re-
action; UV: ultra-violet.
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Table 3: Measures of vascularization outcomes of bioengineered cardiac tissue with omentum

First author Blood vessel character Blood vessel dynamics Up-regulated vascular
markers in omentum-
supported tissue

Omentum-supported
bioengineered tissue

Comparison group: bio-
engineered tissue no
omentum support or
omentopexy alone

Omentum-supported
bioengineered tissue

Comparison group: bio-
engineered tissue no
omentum support or
omentopexy alone

Kainuma et al. [20] Total CD31+ endothelial cells (mature and immature
vessels)

1st branching order vessel diameter VEGF (endothelial cells)
PDGF-b (pericytes)
Ang-1 (endothelial cells)
Tie-2 (angioblasts)
VE-cadherin (adult endo-
thelial cells)
PECAM (CD31) (endo-
thelial cells)

�425 cells/mm2 �275 cells/mm2 �225 mm �170 mm
Functionally mature vessels (CD31+/Lecithin+) 2nd–4th branch vessel diameter
�375 cells/mm2 �225 cells/mm2 No difference No difference
Structurally mature vessels (CD31+/SMA+) Resistance vessels (3rd–4th order)
�120 cells/mm2 �30 cells/mm2 �2–3� more vessels �2–3� fewer vessels
% Maturation (structurally mature vessels/total) Acetylcholine challenge (resistance vessel diameter

dilation)
�31% �12% 28% (3rd order vessels)

32% (4th order vessels)
18% (3rd order vessels)
21% (4th order vessels)

Gastroepiploic-coronary anastomoses Dobutamine challenge (resistance vessel diameter
constriction)

Present (Absent)b 31% (3rd order vessels)
34% (4th order vessels)

9% (3rd order vessels)
29% (4th order vessels)

Gastroepiploic-coronary anastomotic tight junctions Global CFR change (ratio pre:post-treatment)
Present (Absent)b 1.3 0.9
Gastroepiploic-coronary anastomotic ink leakage MBF (resting or stressed)
Minimal (Widespread)b No difference No difference

Key findings 1. Increase in total vascularity and mature vascular-
ity peri-infarct at 28 days with omentum supporta

2. Anastomoses formed between omental and cor-
onary circulation only if bioengineered tissue
omentum-supported

1. Greater number and responsiveness of resistance
vessels (3rd–4th order in descending hierarchy of
calibre)

2. Increase in global CFR change and no change in
MBF pre- to post-treatment with omentum
supporta

Up-regulation of mul-
tiple vascular molecu-
lar markers suggesting
increased vascular cel-
lularity with omentum
support

Kanamori et al. [21] Arteriole (>50 mm) density Regional MBF (infarct or non-infarct wall, resting or
stressed)

27/mm2 18/mm2 No difference No difference
Capillaries (<50 mm) density Regional MBF ratio infarct: non-infarct wall (resting

or stressed)
109/mm2 (ns) 88/mm2 (ns) No difference No difference
Gastroepiploic-coronary anastomoses via omentum-
supported tissue
Present No comparison data

Key findings 1. Arteriole density increased but no significant dif-
ference for capillaries (<50 mm)

2. Anastomoses formed between omental and cor-
onary circulation via omentum-supported bioen-
gineered tissue

No difference in regional MBF (assessed by spectro-
photometry of coloured microsphere cardiac injec-
tion with femoral arterial blood reference sampling)
with omentum support compared to bioengineered
tissue without omentum support

Kawamura et al. [22] Capillary density VEGF (endothelial cells)
bFGF (fibroblasts/
angiogenesis)

111 units/mm2 51 units/mm2

Key findings Increased capillary density at the transplanted area
(assessed by semiquantitative immunohistochemistry
for vWF) with omentum support

Up-regulation of
markers suggesting
increased endothelial
cells and angiogenesis
with omentum support

Lilyanna et al. [23] Functional blood vessels as % of LV scar area
18% 8%
Structural blood vessels
6/hpf (400�) 3/hpf (400�)

Key findings Increased vascularity with functional staining (infused
DiI+ vesselsc) and structural staining (Masson’s tri-
chrome) with omentum support

Shudo et al. [24] Capillary density VEGF (endothelial cells)
vWF (endothelial cells)170/mm2 125/mm2

Key findings Increased capillaries (anti-vWF antibody immunola-
belled capillaries) with omentum support

Up-regulation of
markers suggesting
increased endothelial
cells

Continued
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Table 3: Continued

First author Blood vessel character Blood vessel dynamics Up-regulated vascular
markers in omentum-
supported tissue

Omentum-supported
bioengineered tissue

Comparison group: bio-
engineered tissue no
omentum support or
omentopexy alone

Omentum-supported
bioengineered tissue

Comparison group: bio-
engineered tissue no
omentum support or
omentopexy alone

Suzuki et al. [25] Small vessels VEGF (endothelial cells)
vWF (endothelial cells)70/hpf 20/hpf

Key findings Increased small vessels observed (anti-vWF antibody
immunolabelled vessels) with omentum supporta

Up-regulation of
markers suggesting
increased endothelial
cells

Takaba et al. [26] Arteriole (>50 mm) density Regional MBF
31 vessels/mm2 26 vessels/mm2 2.8 ml/min/g 2.3 ml/min/g
Gastroepiploic-coronary anastomoses via omentum-
supported tissue

Regional MBF drop on clamping gastroepiploic artery
pedicle

Present No comparison data 2.8–1.9 ml/min/g No comparison data
Key findings 1. Increased arterioles (anti-SMA antibody immuno-

labelled arterioles) with omentum support
2. Anastomoses formed between omental and cor-

onary circulation via omentum-supported bioen-
gineered tissue

1. Infarct regional MBF increased with omentum
support

2. Clamping gastroepiploic pedicle for omentum-
supported bioengineered tissue caused 32% drop
in host infarct regional MBF

Ueyama et al. [27] Arteriole (20–100 lm) density Subjects with LV collateral vessels on angiography via
gastroepiploic artery pedicle

23/mm2 14/mm2 7/7 (2/7)b

Collateral vessel description
Rich (Poor)b

Patent collateral vessel proportion (angiographic
score)
0.8 (0.1)b

Key findings Increased arterioles (anti-SMA antibody immunola-
belled arterioles) with omentum support

Dye injection into gastroepiploic pedicle at immedi-
ate post-mortem angiography showed favourable
collateral vessel patency for omentum-supported
bioengineered tissue compared to omentopexy
alone

Up-regulation of
markers suggesting
increased endothelial
cells

Yajima et al. [28] Arteriole (CD31+/SMA+) density Global MBF CD31 (endothelial
cells)
SMA (smooth muscle
cells)
VEGF (endothelial cells)
(ns)
bFGF (fibroblasts/
angiogenesis) (ns)

31/mm2 20/mm2 �1.3 (ns) �1.0 (ns)
Capillary (CD31+) density Territorial and regional MBF
�98/mm2 (ns) �90/mm2 (ns) No difference No difference
Vessels >100 mm diameter CFR proportional change on occlusion of Cx artery

with gastroepiploic pedicle not occluded
�1.5/mm2 (ns) �1.2/mm2 (ns) �1.0 (�0.7)b

Key findings Increased arteriole (CD31+ and SMA+ vessels) density
and no difference for capillaries (CD31+ vessels) or
>100 mm diameter vessels in peri-infarct area with
omentum supporta

1. No significant difference in MBF with omentum
support

2. On clamping the Cx coronary artery for subject
animals with LAD infarcts there was no change in
CFR with omentum-supported bioengineered tis-
sue compared to a 30% drop in CFR with omento-
pexy alone without bioengineered tissue

Up-regulation of
markers suggesting
increased endothelial
cells

Zhang et al. [29] Capillary (VEGF+) density VEGF (endothelial cells)
(ns)�48/0.2 mm2 (ns) �28/0.2 mm2 (ns)

Key findings No difference in capillary (VEGF+ vessels) density
with omentum support versus bioengineered tissue
alonea

No difference in up-
regulation of VEGF

Zhou et al. [30] Microvessel (vWF+) density VEGF (endothelial cells)
226/mm2 109/mm2

Key findings Increased vessel (anti-vWF antibody immunolabelled
microvessels) density with omentum support

Up-regulation of VEGF
suggesting increased
endothelial cells

aNumerical data extrapolated from graphical figure.
bComparison to bioengineered tissue without omentum support is not applicable for this assay as no connection to gastroepiploic circulation is possible in this
group. Therefore control group result is for omentopexy alone (no bioengineered tissue).
cDiI is DiIC18 (1,10-dioctadecyl-3,3,30 ,30-tetramethylindocarbocyanine perchlorate) fluorescent dye.
Ang-1: angiopoietin 1; bFGF: basic fibroblast growth factor; CFR: coronary flow reserve; Cx: circumflex coronary artery; LV: left ventricle; MBF: myocardial blood
flow; ns: result not statistically significant; PDGF-b: platelet-derived growth factor-b; PECAM: platelet endothelial cell adhesion molecule; SMA: smooth muscle
actin; VEGF: vascular endothelial growth factor; vWF: von Willebrand factor.
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Limitations

Limitations of this review include those inherent to the scoping
review methodology, namely that other relevant studies may not
have been included. Aside from those not in English, there re-
main innovative in vitro studies utilizing the omentum for bioen-
gineered cardiac tissue that fell outside the scope of this review
because they were not tested in vivo. Most studies captured by
our scoping review used a pedicled omental flap, which is feas-
ible in human surgery. This is perhaps why it featured so promin-
ently and may lend itself to a smooth translation from the
laboratory into clinical practice. However, only 17 publications
out of 1926 were admissible for the lack of translation of in vitro
work into in vivo experiments, which highlights a gap between
scientists and clinicians. This should be addressed in all future
studies to facilitate translating preclinical in vivo studies to human
trials.

The tendency towards positive results from the studies found
in this review may also present a publication bias. No studies in
this review reported a detrimental effect and only a few reported
no overall difference as a result of omentum support. This was
despite the cardiac and diaphragmatic impairment that an
omentopexy might cause in animal models. The results may also
present attrition bias whereby animals that died as the result of
the initial grafting procedure were not analysed. Furthermore, pre-
clinical studies that pioneer new techniques are susceptible to sci-
entific design weaknesses such as operator skill variability,
tweaking of methods during experiments, non-randomization of
animal subjects, small sample sizes and non-blinding of research-
ers [38]. Future in vivo experiments should explicitly address all of
these points, adhering to an established experimental planning
guideline, uploading protocols to un-editable repositories before
work begins and including more systematic reporting on cardiac
and respiratory functional outcomes beyond the LVEF.

Table 4: Cardiac functional outcomes of bioengineered tissue with omentum support compared to bioengineered tissue without
omentum supporta

First author LVEDD % decrease LVESD % decrease LVEF % increase FS % increase FAC % increase Measurement interval
after treatment

Kainuma et al. [20] 10% (ns)b 13% (ns)b 12% (ns)b 2 weeks
16%b 16%b 24%b 4 weeks

Kawamura et al. [22] 5% (ns) 1 month
8% (ns) 2 months

25% 26% 16% 3 months
Lilyanna et al. [23] 15% (ns) 15% (ns) 6% (ns) 4 weeks
Shudo et al. [24] 24% (ns)b 36%b 26%b 4 weeks

25% (ns)b 27%b 22%b 8 weeks
Suzuki et al. [25] 0% (ns)b 3%b 1 week

10% (ns)b 8%b 4 weeks
12%b 18%b 8 weeks

Takaba et al. [26] -3% (ns)b 82% 5% (ns)b 4 weeks
2% 36% 8 weeks

Ueyama et al. [27] 26%b 26%b 2 weeks
21% 41% 4 weeks

Yajima et al. [28] 5% (ns) 14% (ns) 34% (ns) 4 weeks
Zhang et al. [29] 8% 10% 10% 6.3% 4 weeks
Zhou et al. [30] 13% 12% 13% 11% 4 weeks

aData expressed as % decrease or % increase (whichever is the desirable outcome) between the absolute values for the omentum-supported and non-omentum-
supported groups.
bNumerical data extrapolated from graphical figure.
FAC: fractional area change; FS: fractional shortening; LVEDD: left ventricular end-diastolic diameter; LVEF: left ventricular ejection fraction; LVESD: left ventricular
end-systolic diameter; ns: result not stastically significant.

Figure 2: Collateral blood vessel formation between the Cx and the GEA in omentum-supported bioengineered tissue applied to the heart in a rabbit model of Cx in-
farction. (A) The whole specimen (scale bar = 10 mm). (B) Collateral formation between occluded Cx and GEA (scale bar = 1 mm). (C) Scanning electron micrograph of
collaterals between occluded Cx and GEA. Reproduced with permission from [36]. Cx: circumflex coronary artery; GEA: gastroepiploic artery.
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The omentum has also been used in non-cardiac tissues for the
promotion of regeneration and superior bioengineering techni-
ques. In particular, the pedicled omental flap has been used in vivo
for spinal wound repair [39] and synthetic patch reconstruction of
the anterior abdominal wall [40]. Hepatocytes on biodegradable
scaffolds [41] and tracheal [42] tissue have also been shown to
grow successfully on the omentum. The common mechanism be-
hind the regenerative potential of the omentum is likely due to its
numerous paracrine factors and immunological mediators pro-
moting the optimal stem cell niche [43]. A deeper understanding
of the mechanisms regulating non-cardiac tissue regeneration may
lead to future innovative approaches in cardiac bioengineering.

CONCLUSION

The omentum is a promising tissue for cardiac bioengineering.
It has demonstrated its ability to enhance transplanted cell en-
graftment, vascularization and host cardiac function. The mech-
anisms that confer functional cardiac benefit are not fully

understood and require further experimental consideration.
Future studies that examine these mechanisms and outcomes
would benefit from a more homogenous approach to method-
ology that promotes a more detailed understanding of mechan-
istic processes and outcomes, which is important for clinical
translation.
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Table 6: Studies that did not use a control group allowing for the comparison of bioengineered tissue with or without omentum
support

Author Year MI model
in vivo

Coronary artery
for MI

Intervention
interval after MI

Subjects
(n)/group

Bioengineered
cardiac tissue

Method utilizing
omentum

Mode of tissue
delivery

Kainuma et al. [34] 2018 Minipig LAD (distal) 4 weeks 2 Skeletal myoblast cell
sheet

Pedicled omentum
flap

Transplantation onto
MI area using trans-
phrenic peritoneo-
scopy-assisted
omentopexy

Shao et al. [35] 2008 Rat LAD 30 min 11 Hepatic tissue
resected from the left
lobe of the liver

Pedicled omentum
flap

Transplantation onto
MI area

Taheri et al. [36] 2008 Rabbit LAD At initial procedure 6 Autologous graft
using uterine
segment

‘Reinforcement’ of
myometrial patches

Transplantation onto
MI area

LAD: left anterior descending coronary artery; MI: myocardial infarction.

Table 5: Studies that did not use an omental pedicled flap method

First author Year MI model
in vivo

Coronary artery
for MI

Intervention
interval
after MI

Subjects
(n)/group

Bioengineered cardiac
tissue

Method utilizing
omentum

Mode of tissue
delivery

Bourahla et al. [31] 2010 Sheep LAD (distal)
D2

3 weeks 10 Omental cells or skeletal
myoblast cells

Isolation and expansion
of autologous omental
mesothelial cells

Injection into MI
area

De Siena et al. [32] 2010 Pig LAD 45 min 13 Human fat omentum-
derived stromal cells

Isolation and expansion
of human fat omentum-
derived stromal cells

Injection into prox-
imal MI border zone

Dvir et al. [33] 2009 Rat LAD 1 week 11 Alginate-based cardiac
patch containing neo-
natal cardiac cells and
pro-survival and angio-
genic factors (stromal
cell-derived factor-1,
IGF-1, VEGF)

Cardiac patch was vascu-
larized on the omentum

Transplantation onto
MI area

D2: second diagonal coronary artery; IGF-1: insulin-like growth factor 1; LAD: left anterior descending coronary artery; MI: myocardial infarction; VEGF: vascular
endothelial growth factor.
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1.4 – Generation and applications of cardiac spheroids 

Summary: 

The following book chapter was invited by the editor of Tissue Engineering and Regeneration and is 
currently with the editor pending publication. This chapter provides detailed context about 
(vascularised) cardiac spheroids, including the different methods by which they can be generated and 
the different applications they have been used for. A central hypothesis of this thesis is that there is a 
benefit to using cardiac spheroids in bioink for 3D bioprinting of patches (rather than freely suspended 
cells not precultured in spheroids). The importance of this chapter to the thesis is therefore that it 
provides a detailed description of what cardiac spheroids are. The chapter shows that there are many 
methods to generate spheroids, each with advantages and disadvantages (for this thesis the method 
we chose to use is the hanging drop culture). The chapter also shows that cardiac spheroids have been 
used for other applications (such as disease modelling and drug testing) whereas our use of cardiac 
spheroids for direct suspension in bioink is a novel avenue which has not been fully explored for these 
so-called “mini-hearts”.  
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Abstract 

This chapter describes the methods for the optimal engineering of cardiac spheroids as well as 
their applications. As 3D cardiac cell aggregates, they are scaffold-free self-sustainable cultures 
with a defined diameter and cell number. They can be generated from either primary cells or 
stem cells, in the optimum microenvironmental “niche”. Commonly known as “mini-hearts”, 
their applications include: i) disease modelling; ii) drug screening and cardiac safety testing as 
high-throughput assays. Patient-derived spheroids may also represent a significant 
contemporary breakthrough in the field of iii) cardiac regenerative medicine, a field in which 
the clinical incentive is strong. In this rapidly evolving field, cutting-edge techniques such as 
the use of cardiac spheroids amalgamated into a cardiac “bio-ink” for use in novel 3D 
bioprinting processes makes it tempting to speculate that new cardiac spheroid-derived 
therapeutic options may be on the horizon for patients. Cardiac spheroids represent a novel and 
exciting in vitro model of the heart, presenting many opportunities to advance cardiac 
knowledge and therapeutics. 

Keywords: cardiospheres, mammospheres, micromasses, microtissues, 3D cell culture, 
cardiac organoids 
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1 Introduction 

3D cellular culture of cardiac cells is a rapidly evolving multidisciplinary field with significant 
potential to re-shape the cardiac clinical and research landscape. Three-dimensional cultures 
better approximate the biochemistry and physiology of tissues and organs (Wu, Giri, Sun, & 
Wirtz, 2014). Cardiac spheroids, also known as cardiac organoids (amongst several other 
names), are 3D aggregates of cardiac cells which are scaffold-free self-sustainable systems 
with a defined diameter and cell number (Gentile, 2016). These specialised microtissues have 
been in use for many years (Gahwiler, 1999; Halbert, Bruderer, & Lin, 1971; Sperelakis, 1978; 
Yechiel & Barenholz, 1986) but have recently received increasing attention as new 
technologies have impacted both the techniques of their generation and also the applications 
for which they are being used (Chimenti et al., 2017; Kelm & Fussenegger, 2004).  

There are many methods for their generation, including (but not limited to) hanging drop 
cultures (Yang et al., 2019), microwells (Noguchi et al., 2016), rotary spinner flasks (Bursac et 
al., 1999; Gettler, Zakhari, Gandhi, & Williams, 2017), suspension in specialised media 
(Leung, Lesher-Perez, Matsuoka, Moraes, & Takayama, 2015), microfluidics 
(Khademhosseini et al., 2007) and bioprinting (Mehesz et al., 2011; Moldovan, Hibino, & 
Nakayama, 2017; Ong et al., 2017). These techniques are not exclusive and are being combined 
in different innovative ways, for example by combining either microwells and rotating devices 
(Hookway, Butts, Lee, Tang, & McDevitt, 2016; Nguyen et al., 2014), or microfluidics and 
bioprinting technology (H. Zhao et al., 2018) (Fig. 1).  

Spheroid cultures are being employed for several in vitro and in vivo applications, such as: i) 
disease modelling; ii) drug screening; iii) and cardiac safety testing; iv) 3D bioprinting of 
cardiac tissues; and v) cardiac regeneration. 

The future directions in both their methods of generation and applications are exciting and 
rapidly evolving. Progress is being made towards full, scalable automation for spheroid 
generation (Mehesz et al., 2011; Moldovan et al., 2017; Tung et al., 2011). Generation of 
personalised cardiac spheroids from patient-derived cells offer the prospect of patient-
specificity, notably in cardiotoxicity and therapeutic response testing as well as patient-specific 
regenerative cardiac tissue fabrication (M. Campbell, Chabria, Figtree, Polonchuk, & Gentile, 
2018). This chapter will also allow for a broad discussion on the engineering of spheroids 
beyond the use of cardiac cells, with concepts including tissue vascularisation potentially 
applicable to other spheroid types, such as liver, kidney, brain and cancer spheroids. 

In highlighting some of the methods of cardiac spheroid generation and the applications of 
cardiac spheroids, before discussing some of the emerging paradigms and future directions this 
rapidly-evolving field is likely to take, this chapter aims to guide the reader to better understand 
the potential cardiac spheroids have to shape clinical and pre-clinical cardiovascular research. 

2 Generation of Cardiac Spheroids 

2.1 Hanging Drop Cultures 

The first description of a hanging drop culture dates to 1907 with frog neural cells (Gahwiler, 
1999). Hanging drop cultures in their simplest form can be generated from pipetting cellular 
fluid onto a petri dish and inverting the dish (Foty, 2011). Cells aggregate at the bottom of the 
drop and adhere to each other forming a spheroid (Leung et al., 2015). One of the first 
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application of this procedure in the cardiac field was described by Anna Wobus who used it for 
embryonic stem (ES) cell differentiation (Wobus, Wallukat, & Hescheler, 1991). For a more 
advanced culturing technique, specialised hanging drop plates can be used such as the Perfecta 
3D® 96-well hanging drop plate (3D Biomatrix, MI, USA) (Polonchuk et al., 2017). For higher 
throughput, 384-well hanging drop plates (Tung et al., 2011) and 850 well hanging drop 
devices, Elplasia™ Mpc 350 (Kuraray Co., Ltd., Tokyo, Japan), have been described (Yang et 
al., 2019).  

Additionally to dedicated hanging drop devices, the inversion of a low-adhesive plate with U 
bottom wells in it can generate spheroids. This method combines the upward-facing low 
adhesive surface (microwell) method initially, followed by the downward-facing hanging drop 
method, in the same hydrophobic polystyrene plate (Neto et al., 2015). Another similar 
published method used a generally hydrophobic plate but with wettable areas where the fluid-
based cellular material would aggregate into spheroids which were then inverted to turn them 
into hanging drops (Oliveira et al., 2014).  

The formation and control of spheroids in hanging drops has been well-studied and continues 
to yield interesting results. For example, altering the composition of the cell media by adding 
varying concentrations of methylcellulose and/or collagen controls spheroid circularity and 
compaction in hanging drops, with optimal conditions determined by the cellular composition 

Figure 1. Spheroid generation. A, F and G reproduced from Madeline Campbell et al. (2019); B, 
C, D and E reproduced from Lv, Hu, Lu, Lu, and Xu (2017). 
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of the spheroid (Leung et al., 2015). Others have reported the significant differences in cell 
behaviour within spheroids by cell type, for instance with endothelial cells migrating to the 
periphery of the hanging spheroid culture (Kelm & Fussenegger, 2004).  

 

2.2 Microwells and Low-Adhesive Surfaces 

It has long been known that culturing cells in flat monolayer sheets on low-adhesive surfaces 
such as polystyrene causes them to eventually dissociate from the surface and aggregate into 
3D clusters (Halbert et al., 1971). To keep spheroids compartmentalised and facilitate uniform 
generation, microwell arrays specifically designed for spheroid formation are readily available 
and 96-well plates with coated low adhesive wells are commonly chosen to successfully 
generate cardiac spheroids (Koudan et al., 2017; Mattapally et al., 2018; Noguchi et al., 2016). 
Alternatively, moulds can be used to generate a pattern of imprinted cylindrical recesses in 
non-adhesive hydrogel sheets (such as agarose) which can then be used to generate cardiac 
spheroids, or, by altering the recess shape from cylindrical to elliptical, to generate fusions of 
spheroids into more elongated rows of 3D microtissues (Kim et al., 2018). 

The specific methodologies employed for ideal cardiac spheroid generation are variable as 
spheroid formation is influenced by several factors. For instance, the shape of the wells (U-
shaped or V-Shaped are frequently chosen but other shapes are available) determines the 
success of spheroid generation for specific cardiac cell lines. Bartulos et al. (2016) showed that 
cardiac progenitor cells expressing ISL1-LIM–homeodomain transcription factor (a protein 
expressed by cardiac progenitor cells involved in the development of all four cardiac chambers) 
will not form spheroids in V shaped wells, or in hanging drops, but will form spheroids in U 
shaped wells. In the same study, highlighting how microwell array spheroid culture lends itself 
to manipulation of the spheroid-generating process, it was shown that addition of the rho-
associated protein kinase (ROCK) inhibitor, Y27632, halved the time taken for spheroids to 
form in the microwells from 24 to 12 hours.  

It has been observed that the generation of spheroids in microwells is the product of the balance 
between cell-to-cell adhesion forces and cell-to-microwell adhesion forces (Hookway et al., 
2016). Furthermore, as cells may change inside the spheroid over time, for example from 
induced-pluripotent stem cells (iPSCs) to iPSC-derived cardiomyocytes (iPSC-CMs), they 
have different interactions with the microwells as they change phenotype, suggesting the choice 
of the microwell plate may also need to be optimised to better match the cell type as cell 
maturation progresses (Hookway et al., 2016). 

In another experiment which manipulated upward-facing low adhesive spheroid culture, Lee 
et al. (2015) generated and edited small spheroids (microspheres) on AggreWell™ 400 inserts 
(Stem Cell Technologies, Vancouver, Canada) which contain 1200 spheroid-generating wells 
per insert. In this study human embryonic stem cells formed embryoid bodies, or EBs 
(spheroids formed from embryonic stem cells, or ESCs, which may develop into mature cells 
from any of the three germ cell layers) interspersed with polycaprolactone (PCL) or PCL and 
gold. EBs were then transferred into standard microwell arrays where they were differentiated 
into cardiomyogenic spheroids through the addition of specific cytokines. The AggreWell™ 
spheroid culture plates required centrifugation for cells to populate the wells. Their method 
highlights that the combined use of more than one technique allows for precise control and 
manipulation of the spheroid generation process.  
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2.3 Rotation and Spinner Flasks 

The use of rotational force has been employed in diverse ways to generate spheroids. In a non-
cardiac example, spheroids of chondrocytes and polyglycolic acid (PGA) were generated in a 
rotating bioreactor both within the Earth’s gravity and in space where zero-gravity conditions 
yielded more spherical spheroids (Freed, Langer, Martin, Pellis, & Vunjak-Novakovic, 1997). 
For those without access to NASA-built rotating bioreactors, standard spinner flasks with a 
magnetic rotating bar at the base have been used to culture cardiac spheroids PGA scaffolds 
suspended from the flask’s bung into the swirling media to which cells are added (Bursac et 
al., 1999). Others have used standard conical (Erlenmeyer) flasks on a gyratory agitator, 
rotating 20mls of media containing cells at 75rpm, which can be stepped up for larger volumes 
to a 100ml stirred (spinner) flask (Stirred DASbox minibioreactor (Eppendorf, Hamburg, 
Germany)) (Kempf et al., 2014). It has also been shown that by taking spheroids generated in 
a centrifuged microwell array and placing them in 10mls of media in a 10cm circular dish on a 
rotatory orbital shaker in an incubator spheroids can be forced to aggregate in the centre of the 
swirling media (Hookway et al., 2016; Kinney, Saeed, & McDevitt, 2012). It has been argued 
that rotatory bioreactors are a promising method for scaling up to large scale production of 
cardiac spheroids (Kempf et al., 2014) as well as for control of multicellular coaggregation of 
cardiac spheroids, for example with human pluripotent stem cell-derived cardiomyocytes and 
cardiac fibroblasts (Hookway et al., 2016). 

2.4 Cell Media Formulations 

The knowledge that cellular clustering and spheroid formation depends on the interaction of 
the specific growth media used and the cell type being cultured is perhaps intuitive and has 
been well established for some time (Moscona & Moscona, 1952). The media used in the 
techniques outlined above interacts with cardiac spheroids and can be altered to control 
spheroid formation (Leung et al., 2015).  

Messina et al. (2004) described cardiosphere-growing medium, a mixture of IMDM, 
DMEM/F-12, B27, mercaptoethanol, epidermal growth factor, basic fibroblast growth factor, 
cardiotrophin-1, thrombin, antibiotics and L-Glut, used as part of a cardiosphere generation 
method which has been repeated since (Davis et al., 2009; Smith et al., 2007). In a modification 
of this method, Chen et al. (2013) added cardiac fibroblast conditional medium (CFCM) which 
contains cardiac fibroblast paracrine factors obtained by incubating the medium with cardiac 
fibroblasts before use. They also manipulated the isolation of cardiac progenitor (Sca-1+) cells 
used to form cardiac spheroids by a magnetic indirect antibody labelling and separation process 
and allowed cardiac spheroids to form on a poly-D-lysine-coated dish. Further illustrating how 
the media can be manipulated in innovative ways to generate spheroids, Parfenov et al. (2018) 
described a method which did not label the spheroids (in this case they used sheep 
chondrocytes) but used paramagnetic media containing gadolinium (Gd3+) and an externally 
applied magnetic field to levitate the unlabelled chondrospheres to generate 3D living tissue 
constructs.  

When generating cardiac spheroids from cardiac progenitor cells, it is also known that the 
choice of supplements added to the media influences cardiosphere culture and even seemingly 
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subtle modifications to the media used to generate cardiospheres may have profound effects 
(Chimenti et al., 2014). Chimenti et al. (2014) observed that when replacing the commonly-
used xenobiotic medium supplement, foetal bovine serum (FBS), with gamma-irradiated FBS 
from three different supplying companies, whilst the products were supposedly similar, two of 
the suppliers’ formulations caused a significant reduction of the number of successful spheroid 
cultures. In absence of the media supplement B27 the absolute cell number of cardiospheres 
was decreased but the size of the cardiospheres increased. Removing B27 from the media also 
caused a 10-fold reduction of cardiosphere expression of c-kit suggesting a reduction in the 
phenotypic stemness of the cardiac progenitor cells being used.  

 

2.5 Microfluidics 

Microfluidic techniques, which employ the flow of small volumes of fluids to generate and 
manipulate microtissues, offer the ability to both generate and test cardiac spheroids in the 
same microfluidic process. This is appealing, especially for high-throughput testing, as it skips 
the step of moving the cardiospheres from the generating platform to the testing platform 
(Vadivelu, Kamble, Shiddiky, & Nguyen, 2017). Some have argued that, just as 3D cellular 
culture models are superior to monolayer culture for drug testing, the flow which is integral to 
a microfluidic system is necessary to properly evaluate human cellular responses on a more 
physiological basis than fluid-static cultures allow (Moya, Tran, & George, 2013). Others have 
shown that microfluidic systems where the cellular aggregates generated are not explicitly 
three-dimensional (i.e. monolayers) can be used (Kobuszewska et al., 2017; Qian et al., 2017).  

A basic microfluidic device, or chip, for generation of spheroids can use U-shaped traps and as 
cellular fluid flows past, the cells collect in the traps and the low adherent coating of the traps 
causes cells to aggregate into spheroids. This method has been described for fibroblasts and 
human hepatoma cells (Fu et al., 2014). Another device used a “hanging” microfluidic system 
which could generate hanging drop style spheroids whilst passing fluidic flow through the 
spheroids to deliver nutrients (Frey, Misun, Fluri, Hengstler, & Hierlemann, 2014).  

One of the appeals of microfluidic devices is the ability to generate 3D cardiac spheroids and 
then introduce a drug within the same platform. One group used a vacuum-assisted microfluidic 
chamber to achieve this, generating 3D cardiac microtissues from induced pluripotent stem 
cell-derived cardiomyocytes (iPSC-CMs) and rat cardiac fibroblasts in fibrin-based hydrogel 
solution (Visone et al., 2019). The cell-hydrogel solution was injected and beating cardiac 3D 
microtissues aggregated. After this they performed experiments with injections of doxorubicin, 
sotalol and verapamil into the chambers and were able to obtain results on the same cardiac 
spheroids generated within the unit. It is worth noting that this technique does not require the 
assembled cardiac tissues to be spheroidal. For example, Mathur et al. (2015) demonstrated a 
microfluidic chamber where hiPSC-CMs could be assembled into beating elongated structures 
in rows which performed well as biomimetic cardiac organoids when tested with various 
compounds.  

Highlighting the use of combined techniques for spheroid generation, Osidak et al. (2019) 
added a turnstile-valve microfluidic device to the dispensing part of a bioprinter which allowed 
for precise control of alternating passage of pre-formed spheroids through the nozzle and 
detection of spheroid deposition by a sensor. For the primary use of a microfluidic-bioprinter 
combination to form spheroids de novo, H. Zhao et al. (2018) combined a microfluidic device 
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with a 3D bioprinter and demonstrated the ability to control the spatial architecture within 
spheroids, even infusing their spheroids with a tai-chi inspired emblem.  

2.6 Bioprinting and Spraying 

3D bioprinting as a method of spheroid generation is appealing as it has the potential to allow 
for scalable, uniform, automated mass production of spheroids. As well as the example 
presented by H. Zhao et al. (2018) (Fig. 2), true direct 3D bioprinting of cellular spheroids has 
been described by Jakab et al. (2008). Their 3D bioprinter, custom made by nScrypt (Orlando, 
FL, USA), is piston-driven and extrudes spheroids through a micropipette nozzle. The 
spheroids themselves are generated in a previous step in their method by a custom-built 
apparatus which pushes cells through a 500μm diameter micropipette and slices off cylinders 
with a height:diameter ratio of 1:1 which subsequently round-off into spheroids. These pure 
cellular spheroids without supporting hydrogel material are extruded from one nozzle of their 
bioprinter as spheroids whilst another nozzle of the same bioprinter extrudes collagen type 1 
as hydrogel patches of 1cm x 1cm x 0.2cm into which the spheroids can be deposited.  

Another interesting example, which falls outside the definition of bioprinting but has 
similarities of mechanism and appeal for spheroid generation, was put forward by Munarin and 

Figure 2. 3D bioprinting of spheroids with a microfluidic device and airflow injector at the 
print nozzle allows for precise geospatial control of depositional patterns within spheroids. 
(a) 3D printer with microfluidic device and airflow injector at the print nozzle opening. In this
example, spheroids are printed into a 6-well plate containing crosslinking solution of calcium
chloride (CaCl2) Subsequent patterning within spheroids is shown in lower image with spheroids
suspended in media having different spiral-shaped patterning within them. (b) Magnified
diagrammatic representation of the cell-laden bioink (green) fusing with acellular bioink (red) in a
PDMS microfluidic device. The airflow needle spins the spheroid at the point of deposition
allowing for precise geometrical patterning of cells within a spheroid. Reproduced from H. Zhao
et al. (2018).
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Coulombe (2015) in the form of the Var J30 Bead Generator (Nisco, Switzerland). This 
machine was used to jet spray ‘microspheres’ of alginate into a gelling bath which were then 
incorporated into a scaffold used for cardiac regeneration. The microsphere diameters could be 
controlled and were typically 100µm (range between 50 and 450µm), similar in size to typical 
spheroids. Whilst the spheroids generated in this experiment were not cellular themselves, 
when engrafted onto rat hearts they provided a scaffold for host cardiac cells to grow around. 
The method was not attempted with cells, but with manipulation it could foreseeably provide 
inspiration for a novel jet-spray method of primary cellular spheroid generation in the future 
as it has been shown that even stem cells can survive bioelectrosprays and aerodynamically-
assisted bio-jetting without gross cellular damage (Mongkoldhumrongkul, Flanagan, & 
Jayasinghe, 2009). 

For primary, high-throughput bioprinting/bio-depositing of cellular spheroids, Mehesz et al. 
(2011) have described a method which produced more uniform diameter spheroids than 
standard hanging drop culture using an eight-channel dispenser, the epMotion 5070 automated 
pipetting system (Eppendorf, Hamburg, Germany). Using that system yielded 5856 spheroids 
in 12 pipetting movements. Similar experiments for robotic bioprinting of cells into spheroids 
are underway, including those with cardiac cells specifically, using contemporary bioprinters 
such as the ‘Rastrum’ (Inventia Life Sciences, Sydney, Australia) and peer-reviewed data for 
cardiac spheroid-depositing technologies are anticipated.  

In addition to direct 3D bioprinting of spheroids, automated, spheroid-handling systems have 
been designed (Blakely, Manning, Tripathi, & Morgan, 2015) which is in keeping with the 
vision of fully automated, scalable microtissue production where the 3D bioprinter is supported 
by an automated production-line (Mironov, Kasyanov, & Markwald, 2011). Ongoing research 
is yielding novel techniques such as the Kenzan (‘mountain of needles’) technique which uses 
a biological 3D printer, the ‘Regenova’ (Cyfuse Biomedical, Tokyo, Japan), for spheroids 
based on a robotic aspirator of spheroids initially cultured in a standard 96-well microarray. 
The robotic arm then places the spheroids onto microneedles which allows for precise 
deposition of the spheroids in a subsequent step in the process to generate secondary spheroid-
based structures (Moldovan et al., 2017).  

3 Applications of Cardiac Spheroids 

3.1 Cardiac Regeneration 

Whilst bioprinting is currently emerging as a cutting-edge method to generate spheroids de 
novo from deposition of cell-laden material, it is also one of the applications for spheroids once 
they have been formed (Mironov et al., 2009). In a method conceptually similar to the ‘Kenzan’ 
method described above, Ong et al. (2017) used a 3D bioprinter to print cardiac spheroids onto 
a needle array. The adjacently positioned spheroids were then allowed to fuse to form a 
spontaneously-beating cardiac patch. In one notable (non-cardiac) example, Bulanova et al. 
(2017) passed preformed spheroids through a bioprinter to generate a functional mouse thyroid 
gland organoid.  

Not all methods of spheroid-based cardiac regeneration utilise a 3D bioprinter, as illustrated by 
trials which aim to directly inject cardiospheres or similar cardiosphere-derived cells into the 
heart (Chakravarty et al., 2017; Makkar et al., 2012; Tseliou et al., 2013; Yee et al., 2014) or 
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incorporate them into formed heart patches first (Noguchi et al., 2016). Clinical trials such as 
the CArdiosphere-Derived aUtologous stem CElls to reverse ventricUlar dySfunction 
(CADUCEUS) trial showed that autologous cardiosphere-derived cell injection is safe in 
humans (Makkar et al., 2012) and paved the way for other trials such as the ALLogeneic Heart 
STem Cells to Achieve Myocardial Regeneration (ALLSTAR) Trial (Chakravarty et al., 2017) 
and the Halt Cardiomyopathy Progression (HOPE)-Duchenne trial for patients with Duchenne 
Muscular Dystrophy with cardiac fibrosis (Taylor et al., 2019). These trials utilised a method 
of intracoronary injection cardiosphere-derived cells generated from deceased human donors.  

Others have sought to pre-form cardiac patches before implantation, such as Noguchi et al. 
(2016) who generated beating heart patches by culturing spheroids in a microarray and then 
transferring them to a gyrating, standard low-adhesive petri dish. The cardiospheres in that 
study were formed from co-culture of rat neonatal ventricular cardiomyocytes, human dermal 
fibroblasts and human cardiac microvascular endothelial cells and the resulting patch contained 
some microvascular channels within the patch. Mattapally et al. (2018) generated spheroids 
from hiPSC-CMs and embedded them in a fibrin patch before engrafting them in mice with 
myocardial infarction. They observed a high (>25%) engraftment rate and a cardiac functional 
improvement, a significant part of which they attributed to a paracrine mechanism. 
Interestingly, as they worked with cardiac spheroids of 800µm diameter without them 
developing necrotic cores, they challenged the conventional belief that spheroids should not be 
able to exceed around 200µm diameter before central apoptosis and necrosis occurs. Using a 
similar method in a porcine model, Gao et al. (2018) used cardiac spheroids to generate larger 
heart patches (4cm × 2cm × 1.25mm) which were found to show a functional improvement in 
large animals with myocardial infarction. It is perhaps worth noting here that the most advanced 
studies along these lines, with large cellular patches implanted in humans (Menasché et al., 
2015; Menasché et al., 2018), did not used a spheroid-based approach and seeded cells directly 
into fibrin-based patches. Nonetheless, it has been argued that spheroid-based approaches may 
ultimately have more success as the attrition rate may be lessened when compared to isolated 
cardiac cells and cardiac spheroids as building blocks for heart regeneration by preformed 
macroscopic tissue is considered a promising method (Mironov et al., 2009).   

 

3.2 Disease Modelling 

The use of cardiac spheroids for disease modelling and pathophysiology testing is not a new 
idea (Yechiel & Barenholz, 1986). One of the reasons for recent anticipation in the various 
fields which employ cardiac spheroids is that with the advent of induced pluripotent stem cells 
(iPSCs) (Takahashi & Yamanaka, 2006; Yoshioka & Dowdy, 2017; Yoshioka et al., 2013), it 
is possible to use patient-specific stem cells to generate cardiac spheroids or similar 3D 
microtissues of non-spheroidal morphology which are specific to and compatible with a given 
patient (M. Campbell et al., 2018; Cashman, Josowitz, Johnson, Gelb, & Costa, 2016). For 
instance, primary cells of a patient with a genetic disease causing cardiac pathology may be 
obtained with relative ease from the skin or elsewhere, can be reprogrammed to revert to 
stemness and then cultured towards expressing a desired mature cardiac phenotype(Cashman 
et al., 2016).  

Techniques using cardiac patient-specific cells have mainly been described as part of methods 
which combine 3D and monolayer techniques, where it has been demonstrated that human 
dermal fibroblasts taken from the skin of patients with inherited cardiac conditions can be 
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reprogrammed to generate iPSC-CMs which retain the genotype and phenotype for that disease 
(Cashman et al., 2016; Goldfracht et al., 2019; Itzhaki et al., 2011; Maizels et al., 2017). In one 
notable example, iPSC-CMs were injected into moulds to generate large (2 million patient-
specific iPSC-CMs per 4mm outer-diameter mould) engineered heart tissue rings 
(Zimmermann et al., 2002), for patient and disease-specific modelling of the long QT syndrome 
and catecholaminergic polymorphic ventricular tachycardia (Goldfracht et al., 2019).  

As testing on 3D tissues in vitro becomes more widespread, it may be that, beyond cardiac 
spheroids, tubular myocardial structures (Amano et al., 2016; Cashman et al., 2016), even 
whole beating miniature ventricles (MacQueen et al., 2018) provide enhanced (although 
increasingly complex and difficult to utilise) models for 3D tissue disease modelling. However, 
with spheroids able to recapitulate the 3D microenvironment with only a few thousand cells, 
their smaller size, large number of repeats, relative ease of use and potential for scalable 
automation makes them appealing alternatives to large constructs and it is envisaged this will 
have significant implications for both patient-specific and non-patient-specific disease testing 
(M. Campbell et al., 2018; Eglen & Reisine, 2019).  

For disease models which do not have to be patient-specific, access to human stem cell derived 
cardiac spheroids (as opposed to having to obtain primary cardiac tissue) is opening up the 
field of 3D tissue for modelling of pathophysiological processes such as cardiac fibrosis 
(Figtree et al., 2017) (Fig. 3). The way in which cardiospheres are used for disease modelling 
can be employed in diverse ways. This is illustrated by the work of Ebert et al. (2007) who 
cultured mouse embryonic stem cells into spheroidal EBs in hanging drops to study cardiac 
ischaemia-reperfusion. When cultured in this way, this cell type is known to differentiate 
towards a cardiomyocyte phenotype (Maltsev, Wobus, Rohwedel, Bader, & Hescheler, 1994). 
The cells in this case were observed to be contracting and were labelled with 
superparamagnetic fluorescent microspheres. They were injected directly into mouse hearts 
following ischaemia and then tracked by MRI to model reperfusion. This study serves as a 
useful illustration that there are not always clear boundaries between definitions of what is or 
is not a cardiac spheroid or between methods that work with spheroids and those that do not: 
there was no definitive moment when the EBs became cardiac spheroids and when the cardiac 
spheroids dissociated into individual cells as they were subsequently plated in a T75 flask, 
infused with magnetic microspheres, aspirated, injected into the mouse ventricles and observed 
to complete the model of cardiac ischaemia-reperfusion.  

3.3 Drug Screening and Cardiac Safety Testing 

Accounting for all processes and lost capital opportunity costs, bringing a drug to market has 
been estimated to cost $1.8 billion US dollars per drug and take an average time of 13.5 years 
(Paul et al., 2010). For cardiovascular drugs the success rate for a compound making it from 
phase I trials to regulatory approval has been found to be 8.7% (DiMasi, Feldman, Seckler, & 
Wilson, 2010). In the USA between 1980 and 2009, 3.5% of drugs approved for market had to 
be withdrawn due to safety concerns which became apparent after introduction of the drug to 
the market (Qureshi, Seoane-Vazquez, Rodriguez-Monguio, Stevenson, & Szeinbach, 2011).  
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On this backdrop, the appeal of 
novel 3D models which can model 
the effect of compounds on tissues 
in the laboratory in a biomimetic, 
reliable and inexpensive way is 
evident. For example, testing of 
compounds on cardiac spheroids 
presents the opportunity for early 
prediction and prevention of the 
hugely wasteful investment in drugs 
which then have to be removed from 
the market due to cardiotoxicity 
discovered at the end of the drug 
development process. 

Evidence that 3D culture is superior 
to 2D for this purpose is mounting 
(Neto et al., 2015; Polonchuk et al., 
2017; Tomlinson et al., 2019; Tung 
et al., 2011) and is not just 
applicable to cardiac spheroids. For 
instance, it has been shown that 3D 
spheroids formed from mouse 
fibroblast L929 cells in hanging 
drop culture show a greater 
resistance to doxorubicin, an 
anticancer drug with cardiotoxic 
effects, than 2D cultures (Neto et al., 
2015). More closely recapitulating 
the human heart, Polonchuk et al. 
(2017) showed that co-cultured 
‘mini beating hearts’ could be used 
for drug testing and toxicity 
pathophysiology assay (Fig. 4). 
Their group generated cardiac 
spheroids from hanging drops 
composed of a mix of human 
coronary artery endothelial cells, 
cardiac fibroblasts derived from 
induced pluripotent stem cells 
(iPSCs) and either human primary 
adult cardiomyocytes harvested 
from patients undergoing cardiac 
surgery or iPSC-derived 
cardiomyocytes from 
reprogrammed stem cells. With this 
physiologically relevant model they 
were able to determine that 
endothelial nitric oxide synthase 
was implicated in the mechanism of 

Figure 3. Cardiac Spheroids as a model of cardiac 
fibrosis. (A) Generation and treatment of vascularised 
cardiac spheroids (VCSs) with pro-fibrotic TGFβ1 and/or 
doxorubicin. (B) Confocal microscopy images of a VCS 
stained for markers of cardiomyocytes (blue), endothelial 
cells (green) and cardiac fibroblasts (red). (C) TGFβ1 
upregulates collagen deposition in VCSs (PicroSirius Red 
staining). Reproduced from Figtree, Bubb, Tang, Kizana, 

d G il  (2017)  
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doxorubicin toxicity. They also confirmed that for these cells a 2D (monolayer) model obtained 
different results.  

Tomlinson et al. (2019) have provided further evidence that cardiac spheroids can unlock 
findings which monolayer cultures overlook due, for example, to monolayer cultures lacking 
the intercellular crosstalk and relationship between cells and extracellular matrix which are 
important, especially when testing the effects of compounds. Highlighting that cardiac 
spheroids can be used for more complex drug testing than simply adding a cardiotoxic agent 
and measuring its effect, they tested cardiac spheroids with doxorubicin combined with 

Figure 4. Cardiac spheroids as a model for drug toxicity assay. (A) Confocal microscopy (left 
panel) and 3D-rendered (central and right panels) images of a vascularised cardiac spheroid 
generated from iPSC-derived cells (iCS) stained with antibodies against markers for 
cardiomyocytes (red), cardiac fibroblasts (green) and endothelial cells (blue). Blue sticks follow 
the vascular network within the iCS. (B-C) Doxorubicin(DOX)-induced toxicity in iCSs is 
dependent on endothelial nitric oxide synthase (eNOS). (B) Live/dead ratios of control iCS vs 
cardiac spheroids composed of two or three cell types exposed to 10µM DOX and L-NIO (a 
competitive antagonist of eNOS). DOX-induced toxicity is reduced in presence of L-NIO. (C) 
Live/dead ratios of control vs iCS where NOS3 is silenced in different cell types before treatment 
with 10µM DOX. When compared to control (scramble) shRNA, DOX-induced toxicity is reduced 
when NOS3 is silenced in either endothelial cells or cardiac fibroblasts. (D) Schematic 
summarising the mechanisms of DOX-induced toxicity in iCSs using chemical and genetic 
inhibitors. Reproduced from Polonchuk et al. (2017). 
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dexrazoxane (a cardioprotective agent which is co-administered with doxorubicin to reduce the 
risk of cardiotoxicity in selected patients). They observed a cardioprotective effect in their 
cardiospheres and also co-administered other agents, the NRF2 activators bardoxolone-methyl 
(CDDO-me) and sulforaphane, showing that the model could be used for complex multi-
compound testing. Trastuzumab (Herceptin) has also been tested in a similar cardiac spheroid 
model and the model was able to elucidate an in vivo mechanism dependent on trastuzumab’s 
effect on resident human cardiac stem cells.  

Interestingly, the latest publication of Blinova et al. (2019) reported no significant correlation 
between the subject-specific iPSC-derived cardiomyocyte APD and QT responses to the same 
blocking drugs, dofetilide and moxifloxacin. Among various factors affecting correlation, 
using 3D cardiac spheroids instead of the monolayer cultures should be considered for future 
studies of patient-specific responses in the “clinical trial in a dish”.   

Another important driver for this bio-mimetic technology is the ability to test toxins and 
perform experiments where damage to cells is the primary endpoint (Forsythe et al., 2018). 
Drug-induced cardiotoxicity is one of the main reasons for compound withdrawal from 
development. Current regulatory mandated assays do not capture the complexity of arrhythmia 
or the in vivo animal studies cannot be extrapolated to humans. The strategy that integrates 
human iPS-cardiomyocytes engineered into a 3D system replicating cardiac physiology 
presents an opportunity to develop a robust, physiologically relevant in vitro functional assay. 
This better predicts clinical outcomes while limiting animal usage, improving preclinical 
decision making and reducing development costs. 

3.4 High-throughput Assay and Automation 

To fully realise the potential of cardiac spheroids as a paradigm-shifting methodology for drug 
testing, it is necessary to turn the testing platform into a high-throughput, scalable and low-cost 
alternative to traditional methods. To this end, (non-cardiac) spheroids of cancer cell lines in 
384-well hanging drop plates have been combined with automated liquid dispensing robots to
demonstrate high-throughput, automated assay by adding anti-cancer drugs (Tung et al., 2011).

One of the limitations of high-throughput assay is how to continue with full automation at the 
data analysis phase. Progress is being made in this aspect, for example Sirenko et al. (2017) 
have described automated confocal microscopy and 3D Ca2+ oscillation (flux) assay using fast 
kinetic fluorescence imaging (FLIPR, FortéBio, CA, USA) to automatically analyse cardiac 
spheroids in 96 or 384-well plates. The CellOPTIQ®platform from Clyde Bioscience, which 
can be used for cardiomyocytes in various formats, combines the three cardinal measurements 
in cardiac assessments by recording voltage, calcium and contraction in one experiment using 
standard 96 well plates and modern voltage sensitive optical sensors.  

Besides optically-based methods and technologies, the 3D self-rolled biosensory arrays present 
a promising approach to study cardiac electrophysiology of human electrogenic spheroids in 
an organ-on-e-chip platform in the future (Kalmykov et al., 2019). 

Page 62 of 220



4 Discussion and Future Perspectives 

Whilst it is increasingly evident that cardiac spheroids represent an important advance from 
monolayer techniques, every system has advantages and disadvantages and monolayer 
techniques may remain preferable in certain situations. For example, Bursac, Parker, Iravanian, 
and Tung (2002) have argued that, when studying electrical propagation, monolayer provides 
certainty that the entire signal is produced from only one layer of cells which allows for direct 
comparison with computer simulations and 2D theoretical models.  

Even single cell testing can yield important insights, as illustrated by a recent study of patient 
and disease-specific cells using iPSC-CMs derived from skin cells of a patient with Brugada 
syndrome and the SCN10A mutation (El-Battrawy et al., 2019). The experimental model 
chosen was effective for the study of single cell phenotype and single-cell ion channel 
behaviour but did not account for cell-cell interactions, hormone and neural regulating factors. 

Beyond spheroids, for truly comprehensive study in 3D, it may be that even more 
physiologically relevant tissues than spheroids are required, such as fused cardiac spheroids in 
rows (Kim et al., 2018), filamentous fibres mimicking heart muscle (Huebsch et al., 2016; Ma 
et al., 2018; Y. Zhao et al., 2019), larger constructs such as slices of heart tissue cut with a 
microtome (Kang et al., 2016), 5mm diameter discoids (Bursac et al., 1999), doughnut-shaped 
engineered heart tissue (Eschenhagen et al., 2002; Schlick et al., 2019; Tiburcy, Meyer, Soong, 
& Zimmermann, 2014), or even miniature whole heart chamber models (MacQueen et al., 
2018). Indeed, high-throughput techniques including automated analysis of Ca2+ transients 
have been described in ring-contractile 3D-engineered heart tissue with inner diameter 2mm, 
outer diameter 4mm and height 5mm (Hansen et al., 2010; Stoehr et al., 2014; Tiburcy et al., 
2017). In addition, the ‘Biowire II’ model of cylindrical trabecular strips of heart tissue 
presented by Y. Zhao et al. (2019) was able to generate chamber-specific (atrial and ventricular) 
results and they observed that to model polygenic disease such as left ventricular hypertrophy, 
it will be critical to be able to provide a chronic increased workload to the cardiac tissue at least 
over many months which their model was able to sustain. On a smaller scale, which combines 
the ease of use associated with cardiac spheroids with the biomimetic physiology of larger 
engineered heart tissue constructs, the Micro-Heart Muscle (μHM) array developed by 
Huebsch et al. (2016) may offer an insight into a future in which 3D cardiac tissue culture will 
combine ease of generation and analysis with ever closer recapitulation of native cardiac 
structure and physiology.  

Eventually, the purpose and the mechanistic question will determine the model to be utilized 
in specific studies.  And the recent FDA white paper co-authorized by academic and industrial 
experts outlines the general validation principles for the models to be used e.g. in the safety 
pharmacology field (Li, 2019). 

5 Conclusions 

Replicating the native myocardium in vitro requires departure from standard 2D cell culture 
and combining concepts in tissue engineering, material science and cardiomyocyte biology. 3D 
culture of cells provides a more biomimetic model than traditional non-3D methods. Cardiac 
spheroids can be generated using diverse methods which can be combined either in series 
within the same experiment or within the same apparatus using elements of different generation 
techniques combined together in innovative ways.  
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Cardiac spheroids have opened up new avenues in cardiac regeneration, disease modelling and 
compound testing. As a model, cardiac spheroids are well-suited to techniques which test 
patient-specific or disease specific cells. Due to their ease of use and their advantages compared 
to non-3D techniques, they occupy a space between 2D culture techniques and more 
complicated macro-structural tissue engineered constructs which are currently more difficult 
to fabricate and use. In future, it is envisaged that cardiac spheroids combined with scalable 
automatic techniques will dramatically change the way cardiac tissues can be engineered, 
cardiac diseases can be modelled and cardio-active compounds can be tested. 
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1.5 – Closing remarks to Part 1 

The three literature reviews conducted within this section examined the current challenges for the 
field of myocardial regeneration (1.2), presented a snapshot of preclinical approaches to patch-based 
myocardial repair strategies (1.3) and explored cardiac spheroids in terms of current methods of 
generation and applications of these microtissues to date (1.4).  

The challenges identified in our surgical narrative review (1.2) included the known challenges of how 
to bioengineer patches with a hierarchical vascular tree and how to promote contractile function (with 
patches integrating and contracting with host tissue). It also uncovered critical considerations to do 
with the practical aspects of translating these patches to the clinic. Specifically, how to transplant 
them, which might need methods of transplantation other than via open traditional surgery. For the 
purposes of this thesis, this sowed the seeds which led to the invention of surgical minimally invasive 
robotic transplantation instruments (3.1 and 3.2).  

Further exploring the question of how to create an optimal environment for patches to integrate with 
host tissue, our narrative review (1.2) uncovered a surgical proposal to reinforce patches by 
sandwiching them between host epicardium and the omentum. This had not been fully explored 
before, so when we ran our systematic scoping review (1.3) for a snapshot of the literature, we added 
the criterion that studies returned by our search terms had to use a pedicled omental flap to reinforce 
the various bioengineered patches employed by the studies we captured in our search. For the first 
time, we collated studies which reinforced their patches with the omentum, still attached to its 
original blood supply (the gastroepiploic artery). We found that omentum support seemed to benefit 
patch-based repair strategies. A future direction of the work contained in this thesis is to perform our 
in vivo experiment detailed in Chapter 2.4 (for which we used a mouse model of MI) in a large animal 
model (sheep or pig). For that future study, based on our systematic scoping review, it would be 
beneficial to secure transplanted patches under a pedicled omental flap (rather than the pericardium). 

Also borne out of Chapter 1.2 (where we identified current challenges for the field), we identified that 
the mechanisms underlying the reproducible benefit of epicardial patch transplantation are not 
understood. In fact, it might be that inducing and/or modulating host acute inflammation is one of the 
main mechanisms by which this strategy seems to work. This is critical, because it calls into question 
whether direct cell replenishment, mechanical reinforcement, or even vascularisation and 
contractility are not completely aligned with why patches seem to work. If it turns out that 
inflammation is desirable, it also calls into question the strategy of using patient-specific induced 
pluripotent stem cell (iPSC)-derived cells. Patient-specific patches could be generated by 
reprogramming cells (such as from a skin biopsy) into iPSCs and then stimulating them to become, for 
example, cardiomyocytes. In theory, patches could be generated which were an exact 
immunocompatible match to the patient from whom the original skin sample was taken. This sounds 
appealing, with no need for immune suppression to prevent patch rejection, but if inflammation is 
actually a desirable outcome of patch contact with underlying host tissue, then this whole strategy is 
called into question. This is especially important when the relative difficulty of protocols to generate 
such a patient-specific cardiac patch is taken into account. If a synthetic material can achieve the same 
result because the mechanism is induction of underlying inflammation, then pursuit of patient-specific 
patches may be the wrong approach. Having uncovered these complex considerations for the field, 
we took steps to provide some clues about the underlying mechanism, such as performing immune 
cell analysis of tissue samples by flow cytometry (Chapter 2.4, Figure 6), transcriptome (mRNA) 
analysis (2.4, Figure 7) and ensuring we had robust control groups for our in vivo experiment to include 
a control treatment group with hydrogel patches without cells (2.4).  
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Finally, we performed a thorough evaluation of vascularised cardiac spheroids written as a book 
chapter (1.4). We hypothesised that 3D bioprinted heart patches would promote myocardial function 
after MI, and within this we utilised VCS within our patches. This novel approach aimed to maximse 
the success of our patches by pre-culturing cardiac cells in 3D (rather than merely suspending them in 
hydrogel as “free” cells). Therefore, it was important to fully understand what these VCS are, how they 
are generated and what applications they have been used for previously. Our chapter revealed a very 
diverse range of methods to generate spheroids, of which hanging drop cultures was one technique 
(and the one we selected for our experiments contained in the rest of this thesis). We also found a 
diverse range of applications, including disease modelling and high-throughput testing of drug effects 
in 3D (as opposed to monolayer).  

Overall, this thesis introduction contains three useful articles which provide an essential 
understanding on which the rest of the thesis is based. Each of the articles in the introduction (1.2, 
1.3, 1.4) consolidated knowledge which had not previously been presented in review form in the 
biomedical literature. In particular, the cardiac surgeon’s perspective for bioengineering heart patches 
was emphasised, including the need for mechanistic understanding and practical considerations for 
translatability to the operating theatre. The findings of these introductory review articles therefore 
shaped the thesis and its aims significantly, perhaps most notably with the addition of Part 3 (surgical 
instruments to transplant patches). The surgical instrument inventions had not been considered at 
the outset of the project (the original aims were to be addressed in full by the three chapters of Part 
2). This filled a particular gap which had not been addressed, of how to transplant patches in future. 
Therefore, our aims by which we planned to evaluate our hypothesis were refined as: 

Aim 1 – to optimise heart patches for cardiac transplantation. 

Aim 2 – to evaluate host cardiac functional and structural outcomes in vivo in mice modelling MI. 

Aim 3 – to invent robotic minimally invasive surgical instruments to transplant patches to the heart. 
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PART 2 – HEART PATCHES FOR MYOCARDIAL REGENERATION 

2.1 – Introduction and relevance to Part 2 

To evaluate our hypothesis that 3D bioprinted heart patches would improve cardiac function after 
MI, we began with Aim 1:  

To optimise heart patches for transplantation. 

The ex vivo work to fully evaluate and optimise patches intended to maximise the chances of success 
of the patches. This work forms the basis of Chapter 2.2.  

We performed an analysis primarily of the following characteristics of patches: 

 Printability (which can be thought of as the “ease” with which patches can be 3D bioprinted)
 Durability (how long the patches last for in culture before disintegration begins and

therefore when the optimal moment to transplant patches is)
 Contractility (do the patches allow for cardiomyocytes to make connections and become

contractile as a whole)
 Vascularisation (can endothelial cells form vasculature within patches)

We found that printability could easily be assessed by bioprinting a grid and analysing how well the 
method was able to preserve the grid pattern. We found that the optimal time to transplant before 
disintegration was by about 14 days, patches were able to become contractile (they started to 
“beat” by about 14 days as well) and endothelial cells “self-organised” into primitive networks within 
patches. We added novel data about hydrogel composition and compared 3D bioprinting systems 
themselves. As a result of this ex vivo optimisation, aim 1 was achieved and patches were optimised 
for transplantation.  

The other critical component of successful transplantation is, of course, the surgical transplantation 
method. We published our surgical patch transplant method and detailed it in Chapter 2.3. We 
selected a mouse model, which is unusual as it is smaller than other models, but we proved that it 
can be used (2.3 and 2.4). This opens up the model for future studies and it has distinct advantages 
in terms of feasibility and high throughput testing where multiple repeats are necessary. Our video 
method (2.3) provides the full step-by-step reproducible method and materials list for patch 
transplantation in mice modelling MI. This completely satisfied our Aim 1 by ensuring the surgical 
procedure was optimised alongside the patches themselves.  

Moving on to Aim 2 (to evaluate host cardiac functional and structural outcomes in vivo in mice 
modelling MI), we addressed this in full with Chapter 2.4 (the in vivo study with systematic analyses 
of the outcomes of transplanting patches in mice with MI). The multiple analyses of this study provide 
data on 1) functional outcomes using echocardiography; 2) Electrical activity outcomes using 64-
electrode isochondral electrical mapping; 3) Structural analysis including the infarct sizes for each 
experimental group on histology; 4) WBC analyses to look for inflammation-based mechanistic insights 
using flow cytometry and 5) mRNA analyses to look for transcriptomic mechanistic insights of changes 
in the mRNA gene expression of each of our experimental groups. We also analysed patches 
themselves and the effect of the method on mice in terms of mortality. As some studies have included 
sham control groups of n=1 (Wang et al., 2021), we were careful to fully evaluate the effect of a sham 
procedure and found that the procedure itself (heart surgery in mice without MI or treatment) could 
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result in significant variability in functional outcomes. We were also therefore able to compared 
treatment groups to “healthy” (i.e. non-infarcted) mice and this led to the interesting finding that the 
transcriptomic profile of our VCS group was similar to sham which was not the case in other treatment 
groups. We took care to include a hydrogel only (without cells) patch treatment group so that 
conclusions could be drawn about the role of foreign patch material as opposed to cells themselves. 
We also used a control group for freely suspended cells (not in spheroids) so that we could speculate 
about the beneficial effect of pre-culturing cells as 3D microtissues before using them to bioprint 
patches. Overall, the experiment contained in Chapter 2.4 presents a very detailed spectrum of 
analyses. In addressing our Aim 2, this chapter (2.4) satisfies both the functional and structural analysis 
components critical to evaluating the performance of patches in vivo.  
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2.2 – Printability, durability, contractility and vascular network formation in 3D bioprinted cardiac 
endothelial cells using alginate-gelatin hydrogels 

Summary: 

The in vitro research presented in this article was published in Frontiers in Bioengineering and 
Biotechnology. The article represents the optimisation work to optimise patches for the in vivo 
applications detailed later in this thesis. The article has an emphasis on printability (which can be 
thought of as the overall “ease” of bioprinting a patch) and durability (answering the question of how 
durable patches are in culture and when the optimal moment is to transplant them before they lose 
their integrity). Given that “printability” is difficult to quantify, we invented a simple, novel way to 
compare printability parameters between different hydrogels (counting the preservation of squares 
in a grid). It was not previously known whether the bioprinting system itself would influence 
printability or durability outcomes so we tested three different 3D bioprinting systems and found that 
there was no significant difference. For durability, we determined the optimum moment to transplant 
was between day 7 and 14 in culture (when patches started to show contractile activity but before 
they started to disintegrate). For a commercial partner, ROKIT (Seoul, South Korea), we tested their 
fibroblast-derived extracellular matrix hydrogel (AlloECM) and found that it could not be mixed with 
alginate-gelatin (in fact, in every case it caused complete disintegration of patches within 24 hours). 
The highlight of this paper is our 3D rendering video of a self-organised endothelial cell network 
(visualised using Imaris software from confocal micrographic data). We showed that endothelial cells 
“self-organised” into endothelial cell networks when allowed to culture in an incubator for up to 28 
days. 
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Background: 3D bioprinting cardiac patches for epicardial transplantation are a
promising approach for myocardial regeneration. Challenges remain such as quantifying
printability, determining the ideal moment to transplant, and promoting vascularisation
within bioprinted patches. We aimed to evaluate 3D bioprinted cardiac patches
for printability, durability in culture, cell viability, and endothelial cell structural self-
organisation into networks.

Methods: We evaluated 3D-bioprinted double-layer patches using alginate/gelatine
(AlgGel) hydrogels and three extrusion bioprinters (REGEMAT3D, INVIVO, BIO X). Bioink
contained either neonatal mouse cardiac cell spheroids or free (not-in-spheroid) human
coronary artery endothelial cells with fibroblasts, mixed with AlgGel. To test the effects on
durability, some patches were bioprinted as a single layer only, cultured under minimal
movement conditions or had added fibroblast-derived extracellular matrix hydrogel
(AlloECM). Controls included acellular AlgGel and gelatin methacryloyl (GELMA) patches.

Results: Printability was similar across bioprinters. For AlgGel compared to GELMA:
resolutions were similar (200–700 µm line diameters), printing accuracy was 45 and
25%, respectively (AlgGel was 1.7x more accurate; p < 0.05), and shape fidelity was
92% (AlgGel) and 96% (GELMA); p = 0.36. For durability, AlgGel patch median survival
in culture was 14 days (IQR:10–27) overall which was not significantly affected by
bioprinting system or cellular content in patches. We identified three factors which
reduced durability in culture: (1) bioprinting one layer depth patches (instead of two
layers); (2) movement disturbance to patches in media; and (3) the addition of AlloECM
to AlgGel. Cells were viable after bioprinting followed by 28 days in culture, and all BIO
X-bioprinted mouse cardiac cell spheroid patches presented contractile activity starting
between day 7 and 13 after bioprinting. At day 28, endothelial cells in hydrogel displayed
organisation into endothelial network-like structures.

Conclusion: AlgGel-based 3D bioprinted heart patches permit cardiomyocyte
contractility and endothelial cell structural self-organisation. After bioprinting, a period
of 2 weeks maturation in culture prior to transplantation may be optimal, allowing for a
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degree of tissue maturation but before many patches start to lose integrity. We quantify
AlgGel printability and present novel factors which reduce AlgGel patch durability (layer
number, movement, and the addition of AlloECM) and factors which had minimal effect
on durability (bioprinting system and cellular patch content).

Keywords: 3D bioprinting, spheroids, hydrogel, bioink, durability, printability, alginate, gelatin

INTRODUCTION

The latest developments in three-dimensional (3D) bioprinting
technology have led to the hope that viable 3D bioprinted
cardiac tissues could be generated to promote myocardial
regeneration (Noor et al., 2019; Roche et al., 2020). Extrusion
3D bioprinters have been widely used as a versatile tool to
deposit different cells as ‘bio-inks’ to generate complex 3D
tissues, including cardiac tissues (Zhang et al., 2016; Ong et al.,
2017a; Maiullari et al., 2018; Noor et al., 2019). This technology
promises a safe, precise, automatable and cost-effective method
to generate myocardial tissue (Noor et al., 2019; Roche et al.,
2020). Extrusion 3D-bioprinters using cell-permissive pressures
can extrude myocardial cells without prohibiting their ability
to live, mature and function in a physiological environment
(Blaeser et al., 2016). These 3D bioprinters extrude bioinks
which can be made from hydrogels (Cattelan et al., 2020;
Roche et al., 2020).

The bioink formulation is critical to determine printability (a
function of the bioink’s rheological properties which determines
how it interacts with the bioprinting process) which is important
for bioprinting without damaging the end bioprinted product
(Cattelan et al., 2020; Gillispie et al., 2020). After bioprinting,

the tissue can be cultured to allow for a period of tissue
maturation before transplantation (Roche and Gentile, 2020).
During this post-printing phase, the bioink can promote tissue
maturation, with durability in culture being an important
characteristic to predict hydrogel disintegration (Bishop et al.,
2017; Roche and Gentile, 2020), although the optimal moment
to transplant after a period in culture has not previously
been confirmed. During this phase, cardiomyocyte contractility
should be permitted and endothelial cells within the bioprinted
tissue should be permitted to organise into networks, as one
of the major challenges in 3D bioprinting of cardiac tissues
is the fabrication of a hierarchical vascular system within
tissues (Gentile, 2016; Ong et al., 2017b; Polonchuk et al.,
2017; Cui et al., 2019; Polley et al., 2020; Roche et al., 2020;
Xu et al., 2020).

Here, we present a promising approach to generate 3D
bioprinted cardiac patches presenting a structural endothelial
cell network using alginate/gelatin (AlgGel) hydrogels – a mix
of alginate (to provide an ionically cross-linkable structure
for cellular patches) and gelatin (to adapt the alginate for
extrusion 3D bioprinting, control rheological properties by
varying the gelatin concentration and generate a bioactive hybrid
hydrogel). The versatility of AlgGel hydrogels is established
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(Mancha Sánchez et al., 2020), balancing printability against
durability characteristics in culture, whilst also permitting
cardiomyocyte contractility and endothelial cell network
formation. The extent to which vascular networks are able
to self-assemble within patches is closely linked to several
other characteristics: 1) printability (for instance, with poor
printability, control of patch morphology is undermined); 2)
durability (if patches disintegrate too quickly in culture then
there would be no patch to host a vascular network); 3) cell
viability (since survival of cells, including endothelial and other
cell types, is critical); and 4) contractility must be permitted
(patches which inhibit contractility of cardiomyocytes will be less
suitable for co-culture with contractile cells) (Roche et al., 2020).

We hypothesised that 3D bioprinted endothelial cells can self-
organise into structural vascular networks using our approach.

In testing this hypothesis, we aimed to demonstrate that
even a low starting density of endothelial cells will self-organise
into structural networks within 3D bioprinted patches. In this
study we report on printability, durability, cell viability and
endothelial cell network formation for 3D bioprinted endothelial
cells in AlgGel hydrogels. Our study aims at providing new
insights which may overcome common challenges in the field of
bioprinting of cardiac tissues for in vitro and in vivo applications
(Roche et al., 2020). The major finding of our study is that
the bioprinted patches generated by using our approach present
endothelial cell networks, durable structure and contractile
function between 14 and 28 days in culture. Our findings have
the potential to directly translate in vitro testing of bioprinted
cardiac patches for in vivo applications for cardiac regeneration
(Roche and Gentile, 2020).

MATERIALS AND METHODS

All procedures described in this experiment were approved
by the Animal Ethics Committee at the Northern Sydney
Local Health District (project number RESP17/55;
20/04/2017). Full methodological details are included in the
Supplementary Materials.

Cultures of Human Coronary Artery
Endothelial Cells With Fibroblasts
Human coronary artery endothelial cells (HCAECs) (Sigma-
Aldrich, MO, United States) were cultured in MesoEndo Growth
Medium (Cell Applications, San Diego, CA, United States).
Human dermal fibroblasts (HDFs) (Sigma-Aldrich, MO,
United States) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Sigma-Aldrich, St Louis, MO, United States)
with added 10% (v/v) FBS + 1% (v/v) pen/strep + 1%
(v/v) L-glutamine. Cells were used for bioprinting between
passage four and five.

Vascularised Cardiac Spheroid
Formation From Mouse Cardiac Cells
Mouse hearts were isolated from neonatal C57Bl/6 mice
(1–5 days old), diced into 0.1–0.2 mm pieces and enzymatically
digested with the Miltenyi Biotec (Bergisch Gladbach, Germany)

neonatal heart dissociation kit according to the manufacturer’s
instructions. Isolated cells (cardiac cell types present in a whole
heart, including myocytes, endothelial cells, and fibroblasts)
were suspended in DMEM + 10% (v/v) FBS + 1% (v/v)
pen/strep + 1% (v/v) L-glutamine. VCSs were generated by
coculturing ∼4000 mouse cardiac cells (immediately after
their isolation) in 15 µl hanging drop cultures containing
DMEM + 10% (v/v) FBS + 1% (v/v) pen/strep + 1% (v/v)
L-glutamine, using Perfecta 3D R© 384-well hanging drop plates
(3D Biomatrix, Ann Arbor, MI, United States). Spheroids were
allowed to form for up to five days in hanging drops in a
humidified incubator at 37◦C with 20% (v/v) O2 and 5% (v/v)
CO2. Additional complete DMEM (7 µl) was added to each
hanging drop on day three. VCSs were collected and the resulting
spheroid suspension was centrifuged at 300 g for 5 mins in a 50 ml
Falcon tube. The resulting VCS pellet was ready for direct mixing
with hydrogel to create bioink.

Hydrogel Preparation
To prepare the alginate and gelatin (AlgGel) hydrogel 4 mg
alginate and 8 mg gelatin powder was sterilised under UV light
for 30 min, solubilised at 50◦C in 100 ml DMEM + 10% (v/v)
FBS + 1% (v/v) pen/strep + 1% (v/v) L-glut. The mixture was
then either stored at 4◦C or used for bioink immediately after.
AlloECM hydrogel (AlloECM R©, ROKIT, Seoul, South Korea) was
prepared by adding AlloECM powder to AlgGel hydrogel at
5 and 30 mg/ml. The AlloECM-AlgGel was resuspended and
mixed thoroughly in a Falcon tube at room temperature, warmed
to 37◦C in a water bath and then was used immediately for
bioprinting. Gelatin-methacryloyl (GelMA) 10% w/v + lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 0.25% (w/v)
in HEPES buffer in light-blocking pneumatic 3 ml syringes
was purchased (product no. IK305202, CELLINK Life Sciences,
Boston, MA, United States) for use without cells as a printability
and durability control hydrogel.

Generation of Bioinks
To create bioinks for bioprinting, hydrogels were added to pellets
of either mouse cardiac cell spheroids or a mixture of HCAECs
and HDFs (2:1), obtained as described above. 1.5 ml prewarmed
(37◦C) hydrogel was added to the cell pellet by pipette, of
which 0.5 ml typically produced six 10 mm2 patches. Each
patch contained either ∼20,000 HCAECS and ∼10,000 HDFs,
or ∼160,000 mouse cardiac cells (∼40 spheroids/patch). The
hydrogel was resuspended until the cell pellet disappeared to
ensure incorporation of most of the cells. All procedures were
performed under a biological safety cabinet for the REGEMAT3D
bioprinter. For the INVIVO and BIO X bioprinters (which have
their own UV steriliser and hepafilter) this was performed within
the bioprinting chamber itself.

3D Bioprinting
Bioprinting was performed as fully described in the
Supplementary Materials (including preparation, parameter
setting and bioprinting processes for the three bioprinters).
AlgGel was ionically crosslinked by adding CaCl2 after
bioprinting of all the patches in one six-well plate. GelMA
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was photo-crosslinked immediately after each patch layer was
bioprinted by UV light photocuring.

Printability Assessments
Printability was measured in terms of resolution, printing
accuracy, shape fidelity (after 28 days in culture) and extrudability
for grid pattern bioprinted patches. Resolution was assessed
as the width of deposited bioink gridlines (at day one – after
crosslinking immediately after bioprinting); printing accuracy
was measured as the number of empty squares between bioink
gridlines in the grid pattern at day one (a perfect grid should have
16 empty squares between gridlines of bioink); shape fidelity was
measured as the number of empty squares remaining with time
in culture at day 28; and extrudability outcome observations were
(1) whether the nozzle dripped hydrogel between the bioprinting
of patches (yes/no) and (2) the average number of times the
nozzle was blocked requiring the nozzle to be changed per six
patches bioprinted (in series one after the other). To isolate
hydrogel printability outcomes for AlgGel, it was compared
to GelMA using the BIO X and bioprinting with hydrogel
only without cells.

Durability Measurement
To assess survival of patches in culture, patches were monitored
daily for macroscopic disintegration for up to 28 days.
Culture medium was replaced every 3–4 days and the date of
patch disintegration was recorded and time to disintegration
(durability) analysed. To evaluate the effects of layer number
on patch printability eight single-layer thickness (0.2 mm
depth) acellular AlgGels were printed as controls (without
cells). To evaluate the effect of minimising movement, 13
AlgGel HCAEC + HDF patches were generated and cultured
under minimisation of movement conditions (slow media
replacement with 1000 µl narrow-bore non-automated pipette
every 7–10 days with no transfer to a microscope for
observations) and these were left in culture until the first
two patches in the set of 13 disintegrated. To evaluate the
addition of exogenous AlloECM hydrogel to the AlgGel, 23
AlloECM + AlgGel patches were printed at low and high
concentration of AlloECM. In addition, 13 acellular gelatin-
methacryloyl (GelMA) patches were produced as an extended
durability control as GelMA is more durable in culture.

Cell Viability Assays, Imaging and
Analysis
To assess cell survival, we evaluated cell viability in bioprinted
patches after 28 days in culture by staining them with
calcein-AM, ethidium homodimer (Live/Dead Assay, Invitrogen,
Carlsbad, CA, United States) and Hoechst stain, used to identify
live, dead and total cells (nuclei), respectively. Patches in
media with stains added were incubated at 37◦C for 1 h.
After fresh media replacement, patches within the plate were
moved to a microscope for automatic fluorescence imaging
by several automated microscopic methods (using an M7000
or EVOS Fl AUTO 1 (ThermoFisher, MA, United States),
Nikon Ti (Nikon, Tokyo, Japan), or IN Cell Analyzer (GE

Life Sciences, IL, United States) to obtain images of the
entire patches. Quantification of stained cells was performed by
random grid sampling and computer-based estimation using FIJI
(ImageJ) software.

Patch Contractile Activity Evaluation
To observe contractile activity, patches were monitored by video
light microscopy for intrinsic oscillations. When contractile
oscillations were observed, phase contrast microscopy video
recordings were obtained using an Olympus CKX53 microscope
(Olympus, Tokyo, Japan), with the beating patch contrasted with
non-contractile hydrogel in the same conditions. To count the
rate of beating activity, videos were played in slow motion and
the average rate taken from multiple samples.

3D Bioprinted Cell Staining, Imaging and
Analysis
To evaluate endothelial cell organisation into structural networks,
we stained bioprinted patches with antibodies against CD31 to
identify any structural endothelial cell network-like formation
after 28 days in culture. After 28 days HCAEC + HDF-
containing and mouse VCS patches were first fixed and
then stained using antibody against human/mouse CD31 and
Hoechst stain for endothelial cells and nuclei, respectively
(see Supplementary Materials for full protocol). They were
imaged by light microscopy and with a confocal microscope
(LSM 800, Zeiss, Oberkochen, Germany). Images were analysed
with ImageJ (NIH, Bethesda, United States). For 3D rendering
analysis, confocal images were processed by Imaris v7.6 (Oxford
Instruments, Zurich, Switzerland).

Statistical Analysis
Results were analysed using PRISM (GraphPad, San Diego,
CA, United States). Hypothesis testing for categorical data
was performed using the chi-square test. Hypothesis testing
for continuous data was performed using the two-tailed
Mann–Whitney U test or the Kruskal–Wallis test for a
difference between two or any of three non-parametric
data groups, respectively. Descriptive statistics (Kaplan–Meier
survival/durability data) were tested using pairwise Log-rank
(Mantel Cox) tests.

RESULTS

Patch Printability
To evaluate printability outcomes such as resolution, printing
accuracy, shape fidelity and extrudability, 5 × 5 line grid
patches were bioprinted instead of patches completely filled with
bioink, so that these printability measures could be assessed.
Patches were bioprinted with a geometry of 10 × 10 × 0.4 mm
(length x width x depth) as shown in Figure 1. For all
three bioprinters, printability outcomes (resolution, printing
accuracy, shape fidelity and extrudability) were similar. For
AlgGel hydrogel patches, resolution was similar compared to
GelMA; printing accuracy was higher for AlgGel with 78/176
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(45%) of AlgGel empty internal squares in the grid pattern
preserved at day one compared to 53/208 (25%) for GelMA
(p < 0.05; χ2 test; n = 384); shape fidelity after 28 days in
culture was only different if it included the increased print
accuracy for AlgGel on day one, with 72/176 (41%) of squares
remaining preserved at day 28 for AlgGel and 51/208 (25%)
for GelMA (p < 0.05; χ2 test; n = 384). However, correcting
for differences in print accuracy on day one, the 28-day shape
fidelity rate was 72/78 (92%) for AlgGel and 51/53 (96%) for
GelMA (p = 0.36; χ2 test; n = 131); for extrudability, AlgGel
dripped hydrogel from the nozzle and GelMA did not and
AlgGel had zero nozzle blockages per six patches compared to
one per six patches for GelMA (AlgGel tended toward more
flow than input software instructions and GelMA tended toward
less flow). Overall, no significant difference in printability was
observed between bioprinters but AlgGel had a 1.7x higher
printing accuracy, presented some dripping from the nozzle and
had no nozzle blockages compared to GelMA hydrogel.

Patch Durability in Culture
To assess patch survival in culture conditions following
bioprinting, patches were cultured in media at 37◦C for up
to 28 days to evaluate durability in the post-printing, pre-
transplantation phase (Figure 2). The different bioprinting
system used had little effect on the overall durability of the
resulting AlgGel patches (Figures 2E,F). Overall, median (and
IQR) for time in days to disintegration (durability) of AlgGel-
based patches in media in six-well plates was 10 (3–19) with
patches printed by the REGEMAT3D, 14 (13.5–18) with the
INVIVO, and 14 (10–28) with the BIO X (p = 0.93; Kruskal–
Wallis test for a difference in any of the three groups). The
cellular patch content (mouse VCS, free (not in spheroid)
HCAECs + HDFs or acellular hydrogel alone) also had little
effect on patch durability (p = 0.17; Kruskal–Wallis test)
(Figure 2). Kaplan–Meier survival curves suggested that the
addition of cells compared to hydrogel on its own might reduce
the number of bioprinting runs (sessions producing a set of
patches) where all patches in that run survived to 28 days
(Figures 2A–C). However, survival analyses revealed no strong
pattern for durability between different cellular contents within
the AlgGel patches.

As the bioprinting system and cellular content had minimal
effect on patch durability, pooled analysis of all AlgGel
patches was performed and median durability overall was
14 days (interquartile range (IQR) 10-27; n = 59; p < 0.05)
(Figure 2D), whereas 13/13 GelMA control patches were
intact at the end of 28 days (p < 0.05). AlgGel acellular
patches with one layer were less durable (median survival
3 days; IQR 2.5–4 days; n = 8; p < 0.05) than two-layer
AlgGel acellular patches (median survival 28 days; IQR 19–
28; n = 20; p < 0.05) (Figure 2D). The minimisation of
movement protocol allowed AlgGel patches to be cultured until
day 66 before the end point of 2/13 of these patches losing
their integrity (unsuitable for transplantation) was reached.
The addition of AlloECM to AlgGel reduced the durability
of patches: whilst AlloECM + AlgGel patches retained their
structure after bioprinting, 23/23 patches disintegrated in < 1

day (Figures 2D,G). This was regardless of the AlloECM
concentration in the AlgGel hydrogel (5 or 30 mg/ml), either
in the presence or absence of cellular content (Figures 2A–C).
Overall, factors which reduced patch durability in culture were:
bioprinting patches with only one layer of depth, movement
disturbance such as during media changes and transfer to a
microscopy platform and the addition of AlloECM. Factors
which had negligible impact on durability in culture were the
bioprinting system used and the cellular content.

Cell Viability
To evaluate cell survival within patches at 28 days, our analysis of
epifluorescence microscopy images at low magnification showed
viable cells surrounded by hydrogel components of the patches
which were variably autofluorescent (Figure 3). By random grid
sampling, estimated live cell density was ∼80 cells/mm2/layer
(∼16,000 cells per patch) which is a viability rate of ∼53% from
the ∼30,000 cells per patch on initial bioprinting. We measured
a live/dead ratio equal ∼2.3 at 28 days for these human cells.
Viability in mouse mixed cardiac cell (VCS) patches (Figure 4)
could not be as reliably quantified because many patch-embedded
cells were in 3D spheroids. Using a software-based analysis of
less autofluorescent confocal microscopy images we measured
a live:dead cell ratio of 9:1 for mouse VCSs. VCS diameter was
∼150 µm at 28 days in culture as shown in Figure 4. This did not
change from day one (data not shown), confirming also the fact
that VCSs maintained their shape in culture. Overall, our method
was associated with viable cells in patches, even after bioprinting
and 28 days in culture.

Patch Contractility
To assess whether patches were able to permit contractility
of cardiomyocytes, throughout the 28 day experiments all
mouse VCS-containing patches were evaluated under a light
microscope for contractile activity (Supplementary Video 1).
Five patches started to display irregular contractile activity on
day seven, two on day 10 and one on day 13. Despite six
out of eight patches breaking into fragments over the course
of the 28 days, all eight patches (or fragments) still showed
some contractile activity at the experiment end at day 28.
The average rate of (non-fragmented) patch contractions was
258 beats/min (range 230–288) and the rate did not change
with time in culture. Supplementary Video 1 shows VCS patch
contractility in real-time and the patch floating in media can
be seen oscillating compared to adjacent static areas of non-
contractile hydrogel on the well floor. Altogether, the contractility
observed in our neonatal mouse VCS-AlgGel patches suggests
that there is no barrier in principle to generating contractile
cardiac tissue using cardiac spheroids in AlgGel hydrogel
(Supplementary Video 1).

Patch Endothelial Cell Network
Structural Organisation
To assess CD31+ endothelial cells’ ability to self-organise into
structural networks, we observed for network formation in VCS-
containing patches and patches with freely suspended HCAECs
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FIGURE 1 | Assessing printability for extrusion 3D bioprinting with AlgGel hydrogels and GelMA. (A–C) Representative images of 10 mm2 AlgGel patches 3D
bioprinted using three different bioprinters: a custom-made REGEMAT3D (A), the ROKIT INVIVO (B), and the CELLINK BIO X (C). The resolution (line width) of the
bioprinted grid patches was between 200 and 700 µm. Printing accuracy of AlgGel (D) and GelMA (E) was measured as the number of empty squares preserved

(Continued)
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FIGURE 1 | Continued
(black asterisks) between lines of bioink (white arrow) compared to the blueprint instructions input into the software on day one (D) inset panel). Hydrogel filled seven
of the intended 16 empty spaces in (D), whereas in (E) two were filled (white asterisks): an example of a printing accuracy of 56 and 88% for these individually
displayed representative patches, respectively. The day one GelMA patch in (E) is shown after 28 days in culture in (F), still with two spaces filled (a shape fidelity of
100% for this displayed representative patch by this measure). The black dots (white arrowheads) in (D) and (E) are air bubbles. Scale bars not shown (all patches
1 cm2). Overall in the complete sample (from which these displayed representative patches are taken), printing accuracy was higher for AlgGel with 78/176 (45%) of
AlgGel empty internal squares in the grid pattern preserved at day one compared to 53/208 (25%) for GelMA (p < 0.05; χ2 test; n = 384); shape fidelity after
28 days in culture was only different if it included the increased print accuracy for AlgGel on day one, with 72/176 (41%) of squares remaining preserved at day 28 for
AlgGel and 51/208 (25%) for GelMA (p < 0.05; χ2 test; n = 384). However, correcting for differences in print accuracy on day one, the 28-day shape fidelity rate was
72/78 (92%) for AlgGel and 51/53 (96%) for GelMA (p = 0.36; χ2 test; n = 131).

FIGURE 2 | Durability assessments for 3D bioprinted patches in cell culture medium up to 28 days. (A–C) Survival analyses grouped by different patch cellular
content, either hydrogel without cells (A), with HCAECs and HDFs (B) or mouse cardiac cell in VCSs (C). All curves are statistically significant compared to adjacent
curves unless marked by “ns” and a black linking line connecting two or more similar (non-significant) curves; p < 0.05 Log-rank (Mantel-Cox) test of each line
compared pairwise to each other line on the survival curve. In (A) identical curves are moved off centre to prevent complete line overlap (applies to AlloECM and
GelMA curves). Each curve represents one print run of a series of patches bioprinted one after the other from the same batch of hydrogel (n = 5–13 per group). As
cellular content had negligible influence on patch durability, pooled analysis of all patches is shown in (D). Overall, these results show that survival was similar
whether patches contained AlgGel alone or with cells (A–C). They also show that AlgGel had a median survival of 14 days in culture overall (D), which was reduced
by bioprinting single layer patches instead of standard thickness (double layer) or the addition of AlloECM (fibroblast-derived extracellular matrix hydrogel). Compared
to GelMA (which is more durable in culture) AlgGel presented a median survival showing that it is likely to need transplanting sooner (at 14 days in culture), because
leaving patches to culture for 28 days risks many patches fragmenting and becoming unsuitable for transplantation.

with HDFs, stained for CD31+ cells. For VCS patches, our
confocal analysis showed that some CD31+ mouse cardiac
endothelial cells in VCS remained in spheroids even after
bioprinting and 28 days in culture (Figure 4D). The median
length of CD31+ linear human endothelial cell structures was
149 µm (IQR 91–225 µm), median width was 46 µm (IQR
29–80 µm) and CD31+ endothelial cell covered area in the
hydrogel was ∼2.7%. For these patches (which contained VCS),
the CD31+ endothelial cells did not present extensive endothelial
cell organisation into networks (Figure 4), despite some of the
cells moving out of their spheroids (Figure 4D), consistent with
observations in a previous study (Fleming et al., 2010). Some
migrating CD31+ mouse cardiac endothelial cells (or clusters of
these cells) were observed within the bioprinted patch outside
of spheroids, suggesting that at day 28 patches contained a
mixture of cells which had migrated from their spheroids into the
hydrogel, cell clusters which had moved away from their initial
spheroid and cells which had remained in the same spheroids
present at the initial bioprinting (Figure 4).

Conversely, CD31+ free (not in spheroid) HCAECs started
to organise into structures resembling endothelial cell networks
(Figures 5, 6 and Supplementary Video 2). The median length of
CD31+ linear human endothelial cell structures was 88 µm (IQR
62–114 µm), median width was 37 µm (IQR 29–59 µm) and
CD31+ endothelial cell covered area in the hydrogel was ∼2.1%.
3D rendering structural analysis revealed a lumen-like space
between endothelial surfaces with endothelial cells having the
appearance of branched structures (Figure 6 and Supplementary
Video 2). Taken together, these findings suggest that (1) AlgGel
hydrogels combined with this method permit the structural self-
organisation of endothelial cells within bioprinted patches even
without additional interventions such as supplementation with
angiogenic growth factors and (2) endothelial cells in spheroids
with no additional angiogenic factors do not fully migrate out
into the surrounding hydrogel for as significant a structural
organisation into networks to occur – instead the endothelial cells
form an irregular distribution across the patch (Figure 4) and
some remain in spheroids (Figure 4D).
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FIGURE 3 | Bioprinted HCAECs and HDFs in AlgGel hydrogel are viable at 28 days. HCAEC + HDFs within a patch 3D bioprinted with the REGEMAT3D shown after
28 days in culture. This patch was stained with Hoechst (blue—nuclei), calcein-AM (green—live cell cytoplasm), ethidium homodimer (red—dead cell nuclei). Despite
hydrogel autofluorescence (white arrow), the patch shows live cells (green), and nuclei (blue) at low magnification throughout this representative segment of patch.
The live/dead ratio was ∼2.3 at 28 days in culture. Magnification bar = 500 µm.

DISCUSSION

3D bioprinting is appealing for biomedical engineering as it can
be used to produce uniform tissues, is scalable and automatable
(Roche et al., 2020). It is also adaptable for use with different
biomaterials and cell types, including iPSC-derived cardiac cells
given their potential use for heart regeneration (Roche et al.,
2020). Our study using alginate 4% (w/v)/gelatin 8% (w/v)
hydrogels and cardiac cells for 3D bioprinting of patches presents
a promising approach for cardiac bioengineering. Specifically,
supporting our hypothesis, our 3D bioprinted patches showed
that it is possible for endothelial cells to self-organise into a
structural network. Other studies have previously used differing
approaches to describe advances in endothelial cell network
assembly (Ong et al., 2017b; Cui et al., 2019; Polley et al., 2020;
Xu et al., 2020). We have added to this a 3D rendering of
micrographic data that shows endothelial cells self-organised into
a structural network with a lumen-like space with our method
(Supplementary Video 2).

Additionally, as printability and durability are important
determinants of whether the patch survives to allow for cells
to organise within it, we identified the printability/durability
impacts of several factors (bioprinting system, cellular patch
content, number of layers of patch depth, minimisation of
movement, addition of AlloECM) which had not previously been
assessed. As printability can be measured in terms of resolution
(e.g., extruded bioink line width), printing accuracy (the degree
to which bioprinted constructs match the intended construct
set by the blueprint input into the software), shape fidelity
(the ability of bioprinted constructs to maintain shape after
deposition) and extrudability (the ease of bioink extrusion/flow)
(Fisch et al., 2020; Gillispie et al., 2020), we used 5× 5 gridline

patterns instead of patches completely filled with bioink to assess
these outcome measures. For the first time in direct comparison,
we quantified that printing accuracy was 1.7x higher for AlgGel
compared to GelMA with our method which was likely related
to GelMA’s less predictable extrudability (we quantified that
GelMA complete nozzle blockages occurred on average once
every six patches compared to no blockages for AlgGel). For
durability, macroscopic disintegration (durability) was defined as
patch integrity being unacceptable for transplantation of a whole
patch – for example, using our surgical patch transplantation
method in a murine model of myocardial infarction (Roche
and Gentile, 2020) – as this is a durability indicator of
practical relevance to the surgeon transplanting patches for
in vivo models. As printability and durability are critical for
generating patches which are useable for transplantation, we
thoroughly evaluated these characteristics. GelMA was used as
a durable control as it is an established alternative to AlgGel
for cardiac patch bioprinting which is highly durable in culture
(Koti et al., 2019). Other studies have numerically described
detailed rheological characteristics, including (not limited to)
storage modulus, viscosity and extrusion pressures for similar
hydrogels (Mondal et al., 2019). Our study provides data on
highly practical printability measures (such as print accuracy) to
inform hydrogel-related choices for patch culture and subsequent
transplantation.

As the effect of the bioprinting systems themselves on our
outcome measures was not previously compared, optimal
bioprinting conditions with AlgGel hydrogels were tested
with three different extrusion bioprinters: two screw-driven
extrusion systems (a custom made REGEMAT3D model
and the commercially available Rokit INVIVO) and one
using pneumatic extrusion (a CELLINK BIOX bioprinter)
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FIGURE 4 | CD31-positive endothelial cells within a patch containing mouse cardiac spheroids. (A–F) Laser scanning confocal microscopy (LSCM) images of a BIO
X-bioprinted AlgGel patch containing neonatal mouse cardiac spheroids stained for cell nuclei (blue) and CD31+ endothelial cells (green). Scale bars
(A–C) = 100 µm. (A) Merged channel image showing CD31+ cells across a representative segment of patch and a spheroid still intact after bioprinting followed by
28 days in culture (inset panel). (B) and (C) show CD31 stain and Hoechst stain (nuclei), respectively. (D) Magnified image of the spheroid (white arrowheads)
highlighted in panel (A). CD31 stain and Hoechst (nuclei) are shown in (E) and (F), respectively. Scale bars (D–F) = 100 µm.

(Supplementary Figure 1). We found that 10 × 10 × 0.4 mm
patches – sized for in vivo rodent cardiac models (Roche
and Gentile, 2020) – can be 3D bioprinted with any system
with minimal difference to printability (resolution, printing
accuracy, shape fidelity and extrudability) or durability in
culture. No matter which system was in use, important
parameters influencing the printability of a bioprinted series of
patches would have included distance between the bioprinting
nozzle tip and the six-well plate surface as well as ambient
temperature and hydrogel batch-to-batch variability (see
Supplementary Materials). Overall, our results suggest that
optimising bioprinting parameters was key to the printability and
long durability of patches as opposed to the bioprinting platform
used (for example, by optimisation pre-testing to determine the
ideal flow rate, nozzle speed and temperature settings which were
different for each system to work optimally with our hydrogels).
It is known that bioprinting parameters and the concentration
of AlgGel hydrogels are established determinants of printability
and durability (Mancha Sánchez et al., 2020); our study supports
this and also adds the finding that the bioprinting system itself
was not a strong influencing factor.

We also compared different hydrogel compositions for
durable patches that readily retained their macrostructural shape

in culture conditions (Figure 2). AlgGel hydrogels are a suitable
choice for experiments that allow time for a degree of tissue
maturation in the post-printing phase before the hydrogel
disintegrates (Bociaga et al., 2019). By combining our durability
data with our time to observation of patch contractility data
(contractility was observed to begin between day seven and
13), we are able to propose that transplantation of patches
for an in vivo model may be optimal just before 14 days in
culture. Other studies have reported related durability measures,
for instance degradation rate as % weight loss of patches in
culture up to 14 days (Bociaga et al., 2019). However, ours is
the first to report a more clinically relevant durability measure
based on usefulness of the patch for its intended purpose –
surgical transplantation with an established method for in vivo
testing (Roche and Gentile, 2020). Furthermore, we report
comprehensive durability data with survival beyond 14 days and
present data on three previously unevaluated determinants of
durability: layer number (patch depth), minimising movement of
the patches and the addition of an exogenous factor (AlloECM).
AlloECM is a fibroblast-derived extracellular matrix hydrogel
used to mimic properties of the extracellular matrix. We found
AlloECM could be added to AlgGel bioprinted patches with no
change to printability or patch morphology on day one (when
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FIGURE 5 | CD31-positive endothelial cell organisation within a 3D bioprinted patch containing HCAECs and HDFs. (A–C). Collapsed Z-stacks of confocal images
of a 3D bioprinted AlgGel patch stained with antibodies against CD31 (green) and Hoechst stain (blue). (A) Merged channel image of CD31+ endothelial cells (green)
and nuclei (blue) within a patch fragment. (B) CD31+ endothelial cells (white arrowhead shows border of hydrogel fragment and white asterisk shows hydrogel
containing CD31+ cells). A small T-shaped formation of endothelial cells is starting to organise, with small 1 mm branch-like formations starting to form (white
arrows). (C) The cell nuclei show the same branched organisation which maps to the CD31+ endothelial cells in (B). Magnification bars (A–C) = 200 µm.
(D) Magnified black and white image taken from inset panel in (B) shows CD31+ endothelial cells with measurements (yellow lines, measurements indicated on
image; scale bar 100 µm) and this structure is shown in more detail in the 3D rendering shown in Figure 6 and Supplementary Video 2.

bioprinted). However, they all disintegrated by the next day.
Unlike the acellular AlgGel patches which gradually broke into
smaller pieces over time but left significant pieces of patch in
the well (Supplementary Figure 2), the AlloECM-AlgGel patches
were completely disintegrated into pieces of residual hydrogel less
than ∼1 mm in diameter. This is the first time durability data
have been reported for AlloECM mixed in with AlgGel patches
and the finding may have been due to incompatibility between
AlloECM and AlgGel hydrogel, including overall pH changes or

interference with the ionic crosslinkingmethod used. Conversely,
the addition of different cell types within a patch could also alter
the microenvironment and therefore affect durability but our
data showed there was no major durability difference depending
on cell type when we evaluated human and mouse cells in
free and spheroid formation, respectively (Figure 2). Overall,
we determined that bioprinting platform and cellular content
are not strong determinants of durability whereas layer
number, minimisation of movement in culture media and
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FIGURE 6 | Lumen evaluation of CD31+ endothelial cells within a
3D bioprinted patch generated with alginate 4%/gelatin 8% hydrogel. (A–D) 3D

(Continued)

FIGURE 6 | rendering analysis using Imaris software of a 3D bioprinted patch
stained with antibodies against CD31 (green) and Hoechst stain (blue). (A)
and (B) 3D rendering of the endothelial structure shown previously (in
Figure 5). Scale bars 100 µm. (C) and (D) Higher magnification images
depicting the inside of the structural lumen formed by endothelial cells within a
3D bioprinted patch. (C) Arrows indicate the inner (luminal) surface of the
walls (green). Scale bar 30 µm. (D) The star indicates a pillar joining two
opposing endothelial surfaces where the lumen branches into two smaller
lumens (arrows). Scale bar 20 µm. For a full view of the 3D rendering analysis
of the same lumen formed within the 3D bioprinted patch please see
Supplementary Video 2.

the addition of an exogenous factor (AlloECM) were strong
determinants of durability.

For the cellular component of patches, we bioprinted some
patches with VCS which are microtissue aggregates of mixed
cardiac cell types. VCS cultures can be readily adapted for other
cell types such as stem cell-derived cells and are generated
using a scaffold-free, self-sustainable approach that allows self-
assembly and organisation of cells in 3D (Gentile, 2016).
Our evaluation of cell viability at 28 days after bioprinting
demonstrated that over time both VCS bioink and bioink
with freely suspended endothelial cells and fibroblasts could
be cultured in bioprinted hydrogel patches (Figures 3 and
4). Accurate and automated quantification of viability for
cells embedded in autofluorescent hydrogel patches in 3D
is challenging (Noor et al., 2019). Nevertheless, viability of
freely suspended cells in bioprinted patches (Figure 3) was
estimated at approximately 53–61% at day 28, comparable with
previous reports from other studies using extrusion bioprinting
of 40–80% (Murphy and Atala, 2014; Fisch et al., 2020). For
VCS patches, live cell area/total cell area was estimated at ∼72%
with a favourable ratio of live to dead cells (9:1). The inability
to accurately quantify live cells in 3D spheroids embedded
in a 3D patch limits interpretation of this result without
further studies. Future studies would benefit from measuring
cell viability in 3D in a more automated way, for instance
with automated large specimen, serial confocal microscopy
techniques aimed at reducing hydrogel autofluorescence artefact.
Nonetheless, throughout our study, cells were viable in
AlgGel hydrogels.

All BIO X patches containing mouse VCSs presented
contractile activity between day seven and 13 and the contractility
was transmitted across the patch (Supplementary Video 1).
We reported that the average rate for these patches was
288 beats/min. Other studies have reported a beating rate
of approximately 180 beats/min for isolated neonatal mouse
cardiomyocytes in 2D culture (Ehler et al., 2013) and 500
beats/min for live adult mice in vivo (Mahmoud et al., 2015).
For these VCS patches, our confocal images of cells migrating
from the VCS into the hydrogel (Figure 4) suggested that at
day 28 patches contained both intact VCSs and clusters of cells
which had migrated into the hydrogel. The combined presence
of cell clusters migrating away from VCSs into the hydrogel
and those remaining within VCSs may have been responsible
for the generalised contractility observed in these patches
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(Supplementary Video 1). This might explain why patches did
not beat until between one and two weeks after bioprinting,
allowing time for some cells to migrate from spheroids and make
connections across the patch. Our observed contractile activity
stopped and re-started with quiescent non-contractile periods
of a few days between. This seemed to be related to disturbing
the patches, for example when changing culture medium, which
also seemed to be a major factor in promoting macroscopic
patch disintegration as well. Nonetheless, patches (or fragments
of patches) always resumed contractile activity (all remained
contractile on day 28). We were unable to reliably measure
the electrochemical discharge which causes cardiomyocyte
contraction using our contractility-measuring and pacing system
because the patches stopped contracting during the transport to
the system platform. This was probably also due to movement
disturbance from the transport itself and for this reason our
contractility analysis was limited to observance of contractions
on video microscopy. Future workflows should minimise patch
movement as much as possible, including bioprinting directly
onto a surface suitable for electrocardiographic recording and
pacing without patch transportation.

Bioengineering of heart tissues requires a vascular network
for optimal cell survival and function (Fleming et al., 2010;
Roche et al., 2020; Wang et al., 2020) and our observations
of stained endothelial cells showed that mouse VCSs did not
organise into endothelial network structures to the same extent
as freely suspended HCAECs with HDFs (Figures 4–6 and
Supplementary Video 2). The endothelial network formation
shown in Video 2 is structurally comparable to those reported
in some other studies (Noor et al., 2019; Roche et al., 2020),
which is noteworthy given our relatively low starting density of
endothelial cells (∼2500 cells/mm3). One recent study (which
reported on endothelial cells derived from induced pluripotent
stem cells) reported a density of ∼15000 cells/mm3 (Noor et al.,
2019), so even with our HCAEC density being six-fold less, a
structural network started to form. The first clinical trial for
epicardial-transplanted patch repair in humans found that a
functional benefit may be conferred to the failing heart even
with a low starting density of stem cell derived cardiovascular
progenitor cells (410/mm3) in large (20 cm2) patches (Menasché
et al., 2018). Our study supports the notion that significant
cell growth and self-organisation can occur in patches from
a low starting cell density. For future studies, which may use
human stem cell-derived cardiac cells or spheroids, additional
factors such as vascular endothelial growth factor (VEGF) could
be added to promote endothelial cell organisation and cell
migration out of spheroids. Alternatively, a mixture of ‘free’
stem cell-derived endothelial cells and cardiac spheroids could
be used. For freely suspended endothelial cells and fibroblasts,
we used a ratio of 2:1, respectively. Whilst optimal ratios for
various cells in spheroid co-culture have been reported (Noguchi
et al., 2016; Polonchuk et al., 2017), the optimal ratio of freely
suspended HCAECS and HDFs in AlgGel is not known. The
physiological ratio of endothelial cells:fibroblasts in the heart is
not universally agreed, but the currently accepted ratio is 4:1
(Pinto et al., 2016; Zhou and Pu William, 2016). In our patches,
we doubled the number of fibroblasts relative to endothelial cells

(to increase their nourishing/supportive influence) but did not
equalise the ratio in case they interfered with endothelial cell
self-assembly – as they have previously been shown to interfere
with the functioning of other cell types (cardiomyocytes) in equal
ratio co-culture (Ong et al., 2017b). Future studies will be needed
to determine the optimal ratio of endothelial cells to fibroblasts
when freely suspended in hydrogel patches.

Future studies will also be needed to functionally test our
self-assembled endothelial cell network. If endothelial cell self-
assembly into networks is shown to be a successful approach,
it is likely to have advantages over other approaches (such as
fabricating artificial moulds and lining them with endothelial
cells). Specifically, vascular cells which self-organise following
physiological signalling in permissive hydrogel may organise
into a hierarchical network of different sized vessels and
present a more physiological network without exogenous scaffold
material. In summary, both the overall approach and the detailed
evaluations in this study pave the way for future studies aimed at
myocardial regeneration using cardiac patches.

CONCLUSION

This study provides data of high practical relevance to inform
bioengineering workflows focused on optimising cardiac patches
prior to transplantation. Specifically, we have shown that 3D
bioprinted cardiac cells are viable in alginate/gelatin hydrogels
for at least 28 days in culture, allowing endothelial cells to self-
organise into a network and for patch contractility. Bioprinted
cardiac patches in optimised conditions may develop/mature
according to physiological signals in the pre-transplant phase
even without being significantly coaxed or controlled by
additional interventions. Taking into account patch durability, we
conclude that an optimal moment to transplant patches after a
period of maturation is just before 14 days in culture.
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Supplementary Figure 1 | 3D bioprinting platforms used: a custom-made
REGEMAT3D model (left column), the ROKIT INVIVO (middle column) and the
CELLINK BIO X (right column). Hardware (A–C) and software (D–F) are shown for
these three extrusion-based 3D bioprinting systems. The REGEMAT3D
customised (D) and INVIVO ‘Creator K’ (E) software were both accessed on a
laptop computer connected to the bioprinter by USB cable and the BIO X
software (F) was entirely inbuilt on the bioprinter touchscreen.

Supplementary Figure 2 | 3D bioprinted patch fragmentation. Representative
phase images of an alginate 4%/gelatin 8% patch on day one (A) that was
fragmented in culture and became unsuitable for transplantation by day 28 (B).

Supplementary Video 1 | Beating cardiac patches containing mouse
vascularised cardiac spheroids in alginate/gelatin hydrogel. The patches shown
are oscillating in media with an average rate of 258 beats/min, consistent with
mouse cardiac cells. Oscillating patches in media are compared with
non-contractile elements such as hydrogel in the well and in the video appendices
the appearances of non-contractile patches are shown with and without extrinsic
movement applied to the microscopy apparatus.

Supplementary Video 2 | Three-dimensional rendering of CD31 + endothelial
network-like structure within an alginate/gelatin patch containing HCAECs and
HDFs. The structure shown has a lumen space and branches. These confluent
CD31 + endothelial cells (shown in green) self-assembled into this structure
over 28 days in culture following extrusion 3D bioprinting.
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SUPPLEMENTARY FIGURES AND LEGENDS 

Supplementary Figure 1. 3D bioprinting platforms used: a custom-made REGEMAT3D model 

(left column), the ROKIT INVIVO (middle column) and the CELLINK BIO X (right column). 

Hardware (A-C) and software (D-F) are shown for these three extrusion-based 3D bioprinting systems. 

The REGEMAT3D customised (D) and INVIVO ‘Creator K’ (E) software were both accessed on a 

laptop computer connected to the bioprinter by USB cable and the BIO X software (F) was entirely 

inbuilt on the bioprinter touchscreen.  
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Supplementary Figure 2

Supplementary Figure 2. 3D bioprinted patch fragmentation. Representative phase images of an alginate 4%/gelatin 8% 
patch on day one (A) that was fragmented in culture and became unsuitable for transplantation by day 28 (B).
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SUPPLEMENTARY MATERIALS 

I. Detailed Bioprinting System Preparation and Parameter Setting Methods

Preparation of the 3D Bioprinters 

Preparation  of  the REGEMAT3D.  The REGEMAT3D  (REGEMAT3D, Granada,  Spain)  custom‐made  screw‐

driven  extrusion  3D  bioprinter was  turned  on within  a  biological  safety  cabinet  pre‐sterilised with  a 

germicidal UV lamp. A standard Luer‐Lok 3ml syringe was filled with MilliQ water and connected to a Teflon‐

lined nozzle  (200 μm  lumen diameter). This  is  the same nozzle supplied  for use with  the ROKIT  INVIVO 

bioprinter. The syringe and nozzle were placed, nozzle‐down, in 70% (v/v) ethanol and left under a UV lamp 

for 30 minutes. The syringe was removed and MilliQ water forcibly expelled to clear the nozzle aperture. 

The syringe was secured  in place  in the bioprinting mechanism. The bioprinter was calibrated using the 

REGEMAT3D  software  platform  (full  details  of  all  software  steps  and  input  parameters  available  from 

authors on request). 

Preparation of the INVIVO. The inbuilt UV lamps and hepafilter of the INVIVO (ROKIT, Seoul, South Korea) 

commercially‐available screw‐driven 3D bioprinter allowed for its use on a standard laboratory bench. A 10 

ml Leur‐Lok syringe was filled with MilliQ water and a Teflon‐lined nozzle (200 μm lumen diameter, ROKIT) 

attached. The syringe and nozzle were placed, nozzle‐down,  in 70% (v/v) ethanol and  left under the UV 

lamps for 30 mins. The syringe was removed and MilliQ water forcibly expelled to clear the nozzle aperture. 

The syringe with nozzle and plunger was secured  in place  in the bioprinting mechanism. The nozzle was 

calibrated to the printing bed and floor of six well plates using the automated touchpad screen and the 

software  (Creator  K),  with  printing  parameters  loaded  accordingly  on  a  connected  laptop  computer. 

Parameters were kept the same throughout all subsequent print runs (key parameters described below, 

full  data  available  from  authors  on  request).  The  printer  hardware  components were  set  to  keep  the 

ambient  temperature  of  the  bioprinter  chamber  between  27.5‐28.0°C  throughout  printing  (bed 

temperature  to  37°C;  syringe  chamber  to  39°C).  If  ambient  temperature  in  the  bioprinter  chamber 

exceeded 28°C the chamber was temporarily vented by opening the front panel.  

Preparation of the BIO X. The inbuilt UV lamps and hepafilter of the BIO X (CELLINK Life Sciences, Boston, 

MA, USA) commercially‐available pneumatically‐driven extrusion 3D bioprinter enabled use on a standard 

laboratory bench. For AlgGel patches, a 3 ml BIO X syringe was filled with MilliQ water and a CELLINK 25‐

gauge conical polypropylene nozzle (250 μm inner diameter) attached. The syringe and nozzle were placed, 

nozzle‐down, in 70% (v/v) ethanol and left under the UV lamps for 30 mins. The syringe was removed and 

MilliQ water  forcibly  expelled  to  clear  the nozzle  aperture.  The  syringe with nozzle was  placed  in  the 
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rightmost (leftmost from operator’s perspective) of the three chambers of the bioprinting mechanism (print 

head 1 which was chosen  for the print run). The nozzle was calibrated manually to the  floor of six‐well 

plates using the automated touchpad screen. The printer components were set to the same temperatures 

as the INVIVO (37°C for the bed and 39°C for the chamber). The ambient temperature was measured using 

a standard thermometer (although this was less important for the BIO X because print flow rate could be 

altered during the print run to compensate for ambient temperature‐related differences in flow). For ease 

of transfer of hydrogel to syringe the pneumatic bung between the pneumatic mechanism and the hydrogel 

was not used (pneumatic force was transmitted directly through air in the syringe to the hydrogel pool at 

the lowest part of the syringe and in the nozzle). The printing parameters were programmed using the step‐

by‐step touchscreen on the printer (key parameters described below, full data available on request). Initial 

parameter setting was matched to the INVIVO although for the BIO X, adjustments to flow rate and nozzle 

travel speed were made during the print runs to create optimal patches based on real‐time moment‐to‐

moment operator judgement. 

For the gelatin‐methacryloyl (GelMA) durability control patches, pre‐made light‐blocking syringes of 10% 

w/v + LAP 0.25%  in HEPES buffer were purchased (product no.  IK305202, CELLINK Life Sciences, Boston, 

MA, USA) and used without cells. Unlike the AlgGel, these syringes were ready‐made and so were loaded 

directly  into  the  BIO  X  bioprinter  by  removing  the  bung  and  connecting  the  syringe  chamber  to  the 

pneumatic mechanism. For fibroblast‐derived extracellular matrix hydrogel (AlloECM®, ROKIT, Seoul, South 

Korea), 30 mg AlloECM powder was  custom‐ordered directly  from ROKIT, who generated  it  in a work‐

intensive proprietary protocol and supplied  it for this experiment (the effect of combining AlloECM with 

AlgGel in our methodology was previously unknown).  

Loading the Bioink. To transfer the AlgGel‐based bioinks to the bioprinting syringes for all bioprinters, the 

empty syringe chambers without bung or plunger were removed from the bioprinting mechanism by hand. 

To facilitate transfer of cells in AlgGel, the BIO X syringe’s pneumatic bung was discarded whereas for the 

REGEMAT3D  and  INVIVO  the  syringe plungers were  removed  and placed head up on  the  floor of  the 

bioprinter. The syringe chamber was held horizontally, the bioink pipetted into the chamber and syringe 

plunger replaced (INVIVO and REGEMAT3D). To prevent downward pre‐extrusion of hydrogel, the syringe 

was inverted (nozzle upwards) and plunger advanced to the 1 ml (REGEMAT3D) or 5 ml (INVIVO) position 

to remove void space in the syringe. The BIO X 3 ml syringe did not require handling of a plunger as syringe 

chambers connected directly to the pneumatic mechanism and AlgGel did not flow out of the nozzle before 

bioprinting  started.  For  all bioprinters,  the  syringes were  re‐secured, nozzle  down,  into  the bioprinter 

mechanism. For  the  INVIVO,  re‐calibration  in  the  z axis was performed at  this point  to achieve perfect 

contact between the nozzle and the six‐well plate surface. For the BIO X, re‐calibration was not required, 

calibration was always preserved despite removal, filling and return of the syringe to the bioprinting. The 

Page 97 of 220



3D Bioprinted Alginate‐Gelatine Cardiac Patches: Printability, Durability and Endothelial Cell 
Organisation in the Pre‐Transplantation Phase 

REGEMAT3D required micro‐adjustments during bioprinting, by the operator manually twisting the screw‐

driven extrusion mechanism to increase the flow rate as needed or by manually lifting the plate to make 

contact with the nozzle.  

Parameter Setting and Extrusion Bioprinting Process 

AlgGel Bioprinting. For all bioprinters printing was initiated using previously tested parameters as a GCODE 

or  STL  file which  had  been  optimised  during  preliminary  tests.  These were  not  changed  for within  a 

bioprinting run. Briefly, patch size was set at 10x10x0.4 mm with two 0.2 ml layers in the z axis and a five‐

line  grid  pattern  (REGEMAT3D  lines  were  diagonally  oriented,  INVIVO  and  BIO  X  were  orthogonally 

oriented). The bioink flow rate was set at 2 mm/s (REGEMAT3D), 7mm/s (INVIVO) and 6 mm/s (BIO X – 

initial rate which was changed in real time depending on operator‐judged printing outcomes). The grid infill 

/ solidity percentage for the patches was set to produce square grids with five lines of bioink deposited in 

the x and y axes (Figure 1, 2 and Suppl Figure 2). The infill percentage was set at 6% (INVIVO) and 25% (BIO 

X) and the equivalent measure of pore size was set at 0.6 mm for the REGEMAT3D. Differences were due

to each bioprinter having different  software and hardware. Parameters were  interlinked,  for example,

changing the nozzle type on the BIO X software and  leaving all other parameters the same changed the

appearance of the grid. The travel speed of the REGEMAT3D nozzle across the plate in the x‐y axis was 50

mm/sec, for the INVIVO it was 3 mm/s and for the BIO X it was 6 mm/s (for the BIO this was the initial speed

which was changed  in real time depending on printing outcomes). These were some of the parameters

determined  at preliminary  testing  to  achieve  successful  and  similar  grid‐pattern patches,  for  example,

reducing the high speed of the REGEMAT3D resulted in suboptimal bioprinting outcomes. The grid pattern

was not always perfectly achieved due to hydrogel lateral flow expansion (non‐perfect shape fidelity) after

extrusion before crosslinking. For  the  INVIVO  the print bed was designed  to optimally hold a  four‐well

square 10 x 10 cm plate and the printer nozzle returned to starting position between each patch being

printed; therefore the six well plate we used  (which was not square) was manually repositioned before

printing the next patch in one of the wells. For all bioprinters we continued until the bioink was depleted

or  the desired number of  successful patches were printed  (our  range was 4‐13  successfully bioprinted

patches per bioprinting run and we concluded a bioprinting run after a minimum of one, maximum of three

six well plates were used). For six patches 0.5 ml bioink was sufficient if no wastage such as pre‐extrusion

flow occurred. For the BIO X, recalibration was not necessary as it bioprinted a run of six patches one after

the other without interruption and had a one‐click recommencement function after changeover of six‐well

plates  (with  the  same parameters preserved). The BIO X allowed  for  real‐time adjustments during  the

bioprinting to the nozzle speed and the extrusion pressure which the other bioprinters did not.
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GelMA  Bioprinting  (with  the  BIO  X).  For  the  GELMA  durability  controls,  premade  GelMA  syringes  (as 

described  above) were  initiated with  the  slowest  settings  possible  of  1 mm/s  print  speed  and  1  kPa 

extrusion pressure which were immediately titrated up by the operator once printing began. The flow rate 

was continuously titrated according to the output seen at the tip of the nozzle to obtain the optimal patch 

fidelity to a 5 x 5  line two‐layer 10 x 10 x 0.4 mm orthogonal grid structure during the print. Significant 

increases in pressure by the operator were required during the print runs in frequent 2 kPa increments up 

to ~150 kPa by the end of the bioprinting run of 13 patches. Occasionally, the syringe would block and stop 

extruding, then due to pressure accumulation, all the GelMA would be expelled and flood the well. At this 

point  the bioprinting was stopped, a new syringe and nozzle at  room  temperature was  loaded and  the 

printing was restarted from the next empty well. The  lithium phenyl‐2,4,6‐trimethylbenzoylphosphinate 

(LAP)  photo‐initiator  in  the GelMA  pre‐made  hydrogel  syringes  is  crosslinked  by  ultra‐violet  (UV)‐light 

(instead of ionically by CaCl2 ‐ the crosslinking method for AlgGel), so the inbuilt UV curing lights were used 

to crosslink the patches. These were set to 15 seconds at 100% intensity of 365 nm UV light delivered at 

the end of each layer being printed at a height of 3 cm between the UV light source and the patch below it. 

The modular UV curing  lights were used  rather  than  the photocuring  tool head which did not come as 

standard with the BIO X unit. After completion of one six‐well plate of bioprinted patches, the patches were 

covered in 3 ml of media per well, the lid was replaced on the plate and it was transferred to the incubator 

following the same protocol as for AlgGel acellular patches from then on.  

II. Protocols for Fixation, Labelling and Imaging Analysis of Cells

Fixation  and  Immunolabelling  of  Patches  for  CD31+  Confocal  Imaging.  Following  28  days  in  culture, 

bioprinted  patches were  fixed  and  stained  as  follows, with movement/agitation  of  patches minimised 

throughout. Patches  in six well plates had media aspirated and CaCl2 (2% w/v  in PBS) added to the well.  

This was left for 20 minutes at room temperature. For the fixative solution, we mixed 10% (w/v) formalin 

in neutral buffer (1.2 ml), acetic acid (0.6 ml) and 96% (v/v) ethanol in water (10.2 ml), under a fume hood 

(final concentrations 1% (w/v) formalin + 9% (v/v) neutral buffer + 5% (v/v) acetic acid + 81.6% (v/v) ethanol 

+ 3.4%  (v/v) water). After 20 minutes,  the 2%  (w/v) CaCl2 was aspirated and  replaced with  the  fixative

solution described above at room temperature for three hours. Then, the fixative was aspirated and the

patch rinsed in PBSA (PBS containing 0.01% sodium azide) for 10 minutes per wash three times. To minimise

disintegration,  patches  were  rinsed  with  2%  (w/v)  CaCl2  in  between  PBSA  washes.  Patches  were

permeabilised in PBSA containing 0.2% Triton X‐100 for 20 minutes at room temperature, then blocked in

3% bovine serum albumin (BSA) in PBSA (w/v; Blocking Solution) for 30 minutes at room temperature. For

human cells, mouse anti human primary antibodies against CD31 (product no. 555446. BD Pharmingen™,
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NJ, USA) were added diluted in Blocking Solution (antibody concentration 50 µl/ml) and incubated in the 

dark at 4°C overnight. Patches were then washed three times (10 minutes each wash) at room temperature 

in PBSA with CaCl2 rinsing in between each wash. Secondary antibodies (Alexa Fluor® 647 AffiniPure Donkey 

Anti‐Mouse;  715‐605‐151.  Jackson  Immunoresearch  Laboratories  PA,  USA)  were  diluted  in  blocking 

solution  (7 µl  secondary antibody  in 1000 µl Blocking Solution). Hoechst  stain was added  to  the  same 

solution  (1  drop  per  1 ml).  This  solution was  pipetted  onto  the  patch  and  left  for  1.5  hours  at  room 

temperature. For mouse cells we fixed and immunolabelled using the same procedures described above 

except the primary antibody was rat anti‐mouse CD31 (553370. BD Pharmingen™, NJ, USA) and secondary 

antibody  was  donkey  anti‐rat  (Alexa  Fluor®  647  AffiniPure;  712‐605‐153.  Jackson  Immunoresearch 

Laboratories PA, USA). At the end of secondary antibody and Hoechst staining, mouse and human cultures 

were then washed 3 x 10 minutes in PBSA at room temperature. Patches were mounted onto a microscope 

glass slide, preserving the 3D depth by adding glass spacers on the side of the patches, the mounting media 

(VectaShield®, Vector Laboratories, Burlingame, CA, USA), then a coverslip on top and sealing the prepared 

slide with a film forming polymer (nail varnish) applied to all edges. 

Post‐processing  for  Visualisation  of Microscopic  Images.  Levels were  thresholded with  brightness  and 

contrast adjusted in Adobe Photoshop. 

Quantification methods. For random grid sampling with manual counting of cells, the number of cells per 

500 μm2 of one layer of patch was manually counted over ten random areas of patch and the average was 

used to estimate live cell density for one layer which was doubled to account for the two layer depth of the 

patch. For software‐based estimation of live and dead cells, FIJI (ImageJ) software was used to analyse the 

particles from a thresholded black and white binary image for each of the colour channels, green, red and 

blue. The total area covered by pixels for the green channel (live cells) or the red channel (dead cells) was 

divided by the blue channel area  (total nuclei) to obtain the estimated ratios of  live and dead cells. For 

length and width measurements of CD31+ endothelial cells within a patch, 20 random measurements were 

taken of  linear CD31+ endothelial cell structures using Adobe Photoshop software and  the median and 

interquartile ranges calculated.    
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III. Supplementary Discussion Points:

Additional Considerations for Bioprinting System Optimisation 

Maintaining Optimal Nozzle‐plate Contact. The BIO X allowed for continuous printing into six‐well plates 

after one calibration without  losing contact with the plate surface. The  INVIVO, which has a 10 x 10 cm 

printing bed which would fit a four‐well plate or a petri dish, required manual rotation of the six‐well plate 

to align the next well to receive the next patch to be printed. This could alter the plate‐nozzle distance 

sufficiently to have a marked effect on the resulting patch. The nozzle‐plate distance could become too 

wide and therefore more hydrogel needed to be extruded before contact with the plate was made. If it was 

too narrow, the Teflon tip of the nozzle would be squashed into the plate and mechanically disrupt the print 

layers  in  the Z axis.  In  the  latter  case,  the printing of  the  second  layer  in  the Z axis  could be  severely 

disturbed as the height of each of our layers was 0.2 mm and if the nozzle was too deep for the first layer, 

it would not raise far enough to be clear for the second layer and therefore the Teflon would run through 

and damage the integrity of the first layer. 

Temperature and Realtime Adjustments. The BIO X allowed for real time adjustments of flow rate based on 

the operator’s  judgement of how well the bioink was flowing on any given print run to compensate for 

temperature‐related changes in flow. The BIO X also allowed temperature control of the print bed and the 

syringe‐holder but not  the ambient  temperature  in  the printing chamber which was not displayed. The 

INVIVO also does not allow for direct ambient temperature control of the chamber but does display the 

ambient temperature. Both these bioprinters allowed for control of the temperature of the bioprinting bed 

and the syringe chambers of the bioprinting mechanism. We found these two temperature settings could 

be  set up  initially  to achieve predictable warming or  cooling of  the ambient  temperature. Venting  the 

chamber  by  opening  the  front  panel was  used  if  ambient  temperature went  above  and  the  optimal 

temperature which we  found  to be 28°C  for our hydrogel/method. Micro‐adjustments  could be made 

during the printing, such as turning down the temperature of the bed once printing begins (as far as zero 

degrees) so that the patches hit the cold surface of the six‐well plate and the hydrogel is less likely to lose 

its  structure.  The  REGEMAT3D  did  not  allow  for  any  temperature  controls.  For  all  three  bioprinters, 

parameters such as flow rates of the bioink out of the nozzle or speed of movement of the nozzle across 

the plate were  set  to  achieve precise  control of  the patch morphology  (Figure 1  and 2). However,  an 

increase or decrease in ambient temperature by even 0.5°C could result in the next patch being markedly 

different despite all other parameters being the same: too cold and the hydrogel became more viscous and 

less hydrogel was extruded, too warm and it became less viscous and more hydrogel was extruded.  

Overall, the bioprinting parameters (and especially temperature) determined the quality of the patches at 

baseline on day zero. Some were controllable (such as  input software parameters) and others were not 
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controllable  (such as humidity or batch‐batch hydrogel variability). These parameters seemed to be the 

major determinant of patch durability. Variation in uncontrollable parameters may explain the variation in 

durability between patches over the 28 day period despite keeping all controllable parameters the same. 

Each  bioprinter  introduced  different  levels  of  parameter  variation:  the  BIO  X  was  fully  automated 

(preserving controllable parameters, for example by continuous printing without interruption of patches in 

six‐well plates and one‐touch restarting for the print process with existing parameters). However, it also 

allowed  for  changes of bioprinting parameters  (such as  flow  rate)  in  real  time during a  live print. This 

allowed  the operator  to compensate  for variability at  the  time of bioprinting. The  INVIVO was similarly 

automated  although  printing  occurred  one  patch  at  a  time with  the  printer  performing  a  re‐homing 

(calibration) cycle before the next patch. As the print bed was designed for a four‐well (square) 10 x 10 cm 

plate, six‐well plates had to be manually rotated into position between each patch print, introducing some 

variability  in  parameters  (such  as  nozzle‐plate  distance).  The  custom‐made  REGEMAT3D  required  the 

operator to insert hands into the print space and make manual adjustments to flow rate and bioprinter bed 

height throughout the bioprinting process, introducing the most uncontrollable parameter variability of the 

three bioprinters. Nonetheless, the overall durability of patches was not found to be significantly different 

between the three bioprinting systems. 
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2.3 – Transplantation of a 3D bioprinted patch in a murine model of myocardial infarction 

Summary: 

Our surgical method was published as a video article in the Journal of Visualized Experiments (JoVE). 
The article contains a video demonstrating how to perform the method along with the step-by-step 
written method and complete list of equipment. The discussion section comments on the advantages 
and disadvantages of this method whereby patches are transplanted epicardially in mice immediately 
after left anterior descending (LAD) coronary artery ligation to generate MI. This method was not 
previously published and most studies opted for slightly larger models such as rats. It is possible that 
some researchers would have chosen a rat model in the belief that a mouse model would be too small, 
but we have now shown that the mouse model is suitable if the correct equipment such as magnifying 
glasses and a microscope are used for the intubation and surgery, respectively. This opens up the 
option of using mice, allowing for selection of genetically modified mouse strains and generally greater 
feasibility allowing for higher numbers of repeats and lower costs.  
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Abstract

Testing regenerative properties of 3D bioprinted cardiac patches in vivo using murine

models of heart failure via permanent left anterior descending (LAD) ligation is a

challenging procedure and has a high mortality rate due to its nature. We developed

a method to consistently transplant bioprinted patches of cells and hydrogels onto

the epicardium of an infarcted mouse heart to test their regenerative properties in

a robust and feasible way. First, a deeply anesthetized mouse is carefully intubated

and ventilated. Following left lateral thoracotomy (surgical opening of the chest), the

exposed LAD is permanently ligated and the bioprinted patch transplanted onto the

epicardium. The mouse quickly recovers from the procedure after chest closure. The

advantages of this robust and quick approach include a predicted 28-day mortality rate

of up to 30% (lower than the 44% reported by other studies using a similar model of

permanent LAD ligation in mice). Moreover, the approach described in this protocol

is versatile and could be adapted to test bioprinted patches using different cell types

or hydrogels where high numbers of animals are needed to optimally power studies.

Overall, we present this as an advantageous approach which may change preclinical

testing in future studies for the field of cardiac regeneration and tissue engineering.

Introduction

A heart transplant is the gold standard treatment for patients

with end-stage heart failure but there is a shortage of

donor organs. It requires immune system suppression to

prevent graft rejection and the one-year mortality rate is

15% worldwide1 . Therefore, there is a longstanding incentive

to regenerate the myocardium in preclinical animal models

with a view to translating to human trials2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 .

Recent advances in 3D bioprinting of stem cells or stem cell-

derived cardiac cells have gained attention as a promising

approach to regenerate the myocardium2 , 3 , 9 , 10 , 11 , 12 .

The first human safety trials applying patches to regenerate

the heart have been reported, with autologous bone

marrow mononuclear cells suspended in collagen or

embryonic stem cell-derived cardiac progenitor cells in fibrin,

transplanted to the epicardium7 , 8 , 13 . However, for a more

precise, scalable, automatable and reproducible method, 3D
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bioprinting of optimized hydrogel patches to be applied to the

epicardial surface of the heart is a promising approach to

regenerate the myocardium for patients who would otherwise

need a heart transplant2 , 10 , 11 , 12 .

Before translation to human trials can occur, preclinical

animal studies are needed. Preclinical in vivo models

pursuing regeneration of the myocardium have been reported

in pigs5 , sheep14 , rats6  and mice4 . A common model of

myocardial infarction (MI) in mice uses permanent ligation

of the left anterior descending (LAD) coronary artery15 , 16 .

Among the different strains of mice used, permanent LAD

ligation in C57BL6 mice has an acceptable survival rate

and typically presents consistent remodeling and cardiac

changes after MI16 . In rodent models, several approaches

have been described where cardiac tissue has been applied

to the heart in pursuit of effective regeneration of damaged

myocardium4 , 6 , 17 . While large animals still represent a

more clinically relevant model to test cardiac regenerative

properties5 , 14 , the versatility and feasibility of the mouse

model lends itself to this fast-moving area of study. This

may avoid some of the pitfalls typical of large animal

studies, including (but not limited to): 1) high animal mortality

(unless diagonal coronary arteries are ligated leading to

unpredictable segmental infarcts14 , or the distal end of

the LAD is occluded followed by reperfusion instead of

permanent ligation5 ); 2) ethical issues with the relatively

increased harm caused by large animal protocols compared

to mice18 ; 3) increased cost and/or feasibility issues, for

instance the relative unavailability of large animal equipment

such as MRI scanners14 . It is also important to consider

that given the extensive duration and commitment typical

of large animal studies, they have the potential to become

outdated before they are finished, especially with the

rapid developments typical of this field. For instance, it is

only recently that the critical role played by inflammatory

cells and mediators in regulating cardiac regeneration has

emerged19 , 20 . Furthermore, the critical role of preclinical

studies, such as small animal models, has been highlighted

by a Lancet Commission as an essential step to gain robust

knowledge before moving to human trials21 .

To facilitate progress in understanding mechanisms and

optimizing conditions for patch-based cardiac regeneration

approaches in vivo, we present a novel approach describing

a ‘scoop and drape’ method to apply a 3D bioprinted alginate/

gelatine hydrogel patch to the surface of infarcted hearts

in C57BL6 mice. The aim of this approach is to provide a

versatile in vivo model to test 3D bioprinted patches that

are likely to be feasible in broad research contexts for the

rapidly-evolving field of cardiac regeneration2 . This method

could be adapted to test patches generated by non-bioprinting

methods, different hydrogels and autologous or allogenic

stem cell-derived cells within patches in vivo. However,

detailed consideration of bioprinting, hydrogels or cell types is

beyond the scope of this study which focuses on the surgical

transplantation method.

The advantages of the protocol include that the myocardial

infarction and application of a bioprinted patch are performed

in one surgical procedure that can be performed quickly,

with readily-available, cost effective laboratory tools and with

a relatively low mortality rate. It also typically allows for a

higher number of animals than large animal models in a

smaller space, which permits robust comparison of multiple

experimental groups, particularly useful for multiple group

comparison in vivo. On the other hand, this protocol has

the disadvantages that: 1) the mouse model is more distant

from human heart size, anatomy and physiology than in large

animal models and it does not directly translate into humans;
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2) the murine LAD branches proximally, with significant

variability between individual mice, which leads to infarct size

variability (a problem shared with large animal models); 3) the

patch must be applied over the whole anterior heart surface,

which is less precise than applying over a specific infarct area;

and 4) the patch is applied immediately at the time of MI (for

human use it is likely to be more clinically useful to develop a

patch for application to the chronically infarcted failing heart

months following the initial MI14 ).

Nonetheless, if chosen appropriately according to the

hypothesis being tested, this protocol can provide critical in

vivo data quickly, with high n numbers, in a way that is

consistent with the materials, budget and expertise available

in most laboratories. Compared to large animal models, it is

an in vivo model that is versatile enough to adapt to emerging

3D bioprinting technologies (for example by the relative ease

of performing pilot studies to test feasibility and safety before

moving to larger animal models). It would be well-suited for

researchers who want to generate in vivo data efficiently

and inexpensively, perhaps running multiple comparisons of

3D bioprinted patches with different bioprinting parameters,

cells or hydrogels in the patches. It would be especially

useful for testing the interactions of different mixtures of

stem cells and stem cell-derived cells with hydrogels in

vivo without excess wastage of expensive cell lineages or

other materials that might occur if using large scale patches.

Using a mouse model would also facilitate testing of patches

containing species-compatible mouse-derived cell and stem

cell lineages or human-derived cells where uniform mice

with a specific immune deficiency are desirable. Additionally,

testing in genetically modified mouse strains could allow

researchers to isolate the effects of specific genes on

signaling pathways and in specific cell types relevant to

cardiovascular disease, which would not currently be possible

in a large animal model.

Protocol

All procedures described in this experiment were approved by

the Animal Ethics Committee at the Northern Sydney Local

Health District, NSW, Australia (project number RESP17/55).

1. Anesthesia and intubation

NOTE: Turn on and set up the stereomicroscope, the heat

pad (covered with an absorbant sheet) and ventilator system.

1. Clean gloves, the surgical area, and the tools with 70%

ethanol.

2. Weigh the mouse to calculate the dosage of anesthesia

injected by the intraperitoneal route (ketamine 40 mg/

kg, xylazine 5 mg/kg, atropine 0.15 mg/kg) and give the

injection.

3. Once the mouse reaches a deep plane of anesthesia,

shave the ventral left side of the thorax with a trimmer.

4. Place the mouse in a chamber containing 2% isoflurane

(ensuring adequate extraction ventilation in the room).

NOTE: The relatively low dose of ketamine/xylazine

injection together with 2% isoflurane inhalation reduces

the risk of mouse death while allowing optimal intubation

without waking the mouse up.

5. Place the mouse supine and restrain it from its upper

incisor teeth with a 3.0 suture taped to the bench, as

shown in the video. Confirm sedation by performing a

toe pinch. Position a high-intensity illuminator above the

mouse neck so that the oropharynx can be visualized.

NOTE: Alternatively, the mouse can be placed on the

stand from the intubation kit (e.g., Kent Mouse Intubation
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Kit) with an elastic band secured under the top incisors to

hold the mouth open to identify the trachea.

6. Use a curved spatula to open the jaw and another pair

of spatulas/blunt forceps to lift the tongue gently out of

the way. Be sure to intubate while positioned at or slightly

below eye-level with the body of the mouse.

7. Visualize the opening and closing of the vocal cords.

When open, insert the 20 G plastic catheter supplied with

the intubation kit.

8. Carefully transfer the intubated mouse to an operating

surface equipped with a heating pad. Connect the mouse

to the ventilator (e.g., MouseVent) that automatically sets

the target volume based on mouse weight.

9. Deliver 1.5-2% isoflurane with oxygen (which is

automatically regulated by the ventilator: ensure there is

a connection from an oxygen cylinder to the automatic

ventilator at 1-2 L/min flow rate to the ventilator). Verify

the intubation by checking for bilateral chest rise. Verify

anesthesia by performing a toe pinch.

10. Apply opthalmic ointment (e.g., Puralube Vet Opthalmic

Ointment) to both eyes to prevent them from drying out.

2. Preparing the surgical field

1. Secure the intubation tube with tape at the connecting site

between the ventilator and the breathing tube/catheter.

2. Cut a longer piece of tape and secure its left front foot to

the operating surface in a slightly elevated position. Also

tape down the other extremities.

3. Clean the chest with sterile 70% isopropanol and

povidone iodine solution, cleaning in a circular motion

moving from center to periphery.

4. Verify anesthesia once more with a toe pinch.

5. Administer 0.08 mg/kg Temvet (buprenorphine) in 0.1 mL

of 0.9% saline via subcutaneous injection.

3. Left lateral thoracotomy

1. Use fine-tip forceps to gently lift the skin at a point

approximately 5 mm to the left of the prominent xiphoid

cartilage. Use surgical scissors to create a superomedial

incision in the skin from this point upwards and towards

the midline, to the level of the manubrium.

2. Use curved forceps to gently separate the skin and

muscle layers. Open the muscle layer, following the skin

incision.

3. Identify and make an incision in the third intercostal

space, following the natural angle of the ribcage.

4. Use a retractor to gently spread apart the 3rd and 4th ribs.

5. Gently remove the thin pericardium with forceps.

6. If the LAD is not visualized, gently push the left auricle

(see Supplementary Figure 1) upwards and locate the

coronary arteries underneath.

4. Left anterior descending (LAD) permanent
coronary artery ligation

1. Cut a ~3 mm long 3-0 silk suture and put this reinforcing

3-0 silk suture piece on top of the LAD in the same

direction as the LAD (as shown in the video at time point

02:12 – 02:20).

2. Identify the LAD and pass a 7-0 silk suture under the LAD.

If the LAD is not clearly visualized, insert the needle 1 mm

inferior and medial to the inferiormost point reached by

the tip of the left auricle during dynamic movement of the

heart.

NOTE: This structure is a lighter color red to the

ventricular chambers of the heart but darker than the
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adjacent lung and is best visualized in the video at time

point 01:54 – 01:55 where it is visible just inferior to the

superior arm of the retractor, superior to the left lung (see

Supplementary Figure 1 for annotated video still image).

3. Complete two throws with the 7-0 silk suture and close it

tightly passing on top of the supportive 3-0 silk suture to

secure the LAD. If the ligation is successful, the anterior

ventricular area distal from the ligature will blanch.

4. Complete the knot with a third throw in the opposite

direction to secure it, ensuring no upward traction force

is transmitted to the suture. Additional throws are not

required to reduce the risk of damage to the myocardium

or LAD by suture cutting through.

5. Transplantation of the bioprinted patch onto the
epicardium

1. Carefully move the bioprinted patch from a six well plate

to the infarct area by using the sterile inside surface of an

opened surgical scalpel packet.

2. Carefully position the bioprinted patch onto the anterior

epicardial surface, where it should cover the whole

surface and drape over the inferior and lateral edges,

covering the left ventricle and the infarct zone (blanched

area).

3. Gently close and remove the retractor without directing

sharp edges towards the heart.

4. Use 6-0 prolene sutures in a simple interrupted pattern to

close the ribcage and the muscle layers.

5. With the Sigh Breath function while closing the chest

with the 6-0 prolene sutures, inflate the lungs to remove

excess air in the pleural cavity, which would otherwise

become trapped in the chest cavity and result in a

pneumothorax.

6. Ensure that the chest is tightly sealed.

7. Decrease the isoflurane to 1.0%. Close the skin with 6-0

prolene sutures in a simple interrupted pattern. Turn the

isoflurane vaporizer off.

6. Mouse recovery

1. Topically apply 2 mg/mL bupivacaine in 0.9% saline to

the incision. Administer also: i) Antisedan (atipamezole) 1

mg/kg; ii) Lasix (furosemide) 8 mg/kg; iii) 600 µL of 0.9%

saline solution via a subcutaneous injection.

NOTE: Antisedan is to reverse the anesthetic more

rapidly; furosemide is to offload excess fluid due

to cardiac output compromise and additional fluid

administered with drug injections.

2. Monitor the mouse and wait until independent breathing is

observed to remove the mouse from the intubation tube.

3. When the mouse demonstrates an adequate bilateral

breathing rate and depth and responds to a toe pinch,

place the mouse in a clean recovery cage placed on a

heat pad.

4. Provide the mouse with moist food (moistened for

chewability), a water bottle and nutrient/hydrating

gel. Monitor for an exaggerated breathing effort,

excessive bleeding, or other potentially life-threatening

complications.

5. For the next three days, administer 0.08 mg/kg

Temvet (buprenorphine) in 0.1 mL of 0.9% saline via

subcutaneous or intraperitoneal injection, twice daily,

then once daily up to the fifth day following the procedure.

6. House mice in pairs separated by cage dividers to prevent

isolation whilst preventing fighting behaviors. Monitor

mice at least daily until the end of the experiments (28
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days) with close attention to their wellbeing and increased

frequency of monitoring if there are any concerns.

Representative Results

At transplantation, the viscosity of the patch at room

temperature (without additional crosslinker being applied)

allowed it to ‘drape’ over the contours of the heart (Figure

1) and move dynamically with the cardiac cycle. After the

surgery, we left the patches for 28 days in vivo as studies

have found this to be a suitable time period allowing for patch

effects on host cardiac function3 , 4  (although it has been

reported that full functional effects may not be seen until

three months after transplantation)22 . The photograph of a

patch shown in situ on a mouse heart in Figure 1 was taken

immediately after application, showing the ability of the patch

to drape over the heart at transplantation. This representative

result shows that the hydrogel allows for the patch to mold

to the contours of the heart and where excessive tension

occurred the hydrogel was able to split as shown by the bare

(hydrogel-free) triangular area in Figure 1 (indicated by a

black star in the image). Survival data (Kaplan-Meier survival

curves) are shown in Figure 2 compared to mice undergoing

a sham procedure (passage of a needle and suture under the

LAD without ligation followed by closure of the mouse chest).
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Figure 1: A bioprinted cardiac patch applied onto the epicardium of a C57BL6 mouse heart. A 10 mm x 10 mm x 0.4

mm bioprinted patch (immediately after transplantation) containing hydrogel (alginate 4% (w/v)/gelatine 8% (w/v) in media)

is shown draped over the infarcted area and adhering to the epicardial surface (white arrowheads and dotted lines = border

of the patch). The patch viscosity allows it to mold to the contours of the heart and where excessive tension occurred at the

superior aspect the patch has split to make a triangular bare area not covered by hydrogel (black star). Please click here to

view a larger version of this figure.
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Figure 2: Kaplan-Meier survival analysis through 28 days post-MI. Nine mice in the procedural group died (n=38) to give

an overall mortality rate of 24%. Please click here to view a larger version of this figure.

Supplementary Figure 1: Video still image (video time

point 01:54 – 01:55) showing the left auricle (left atrial

appendage). The arrow points to the inferomedial tip of the

left auricle which is visible as a triangular structure at the

superior left edge of the heart. In case the LAD is not clearly

visualized, the tip of the left auricle can be used as a landmark

for needle entry to pass a suture under the LAD. The entry

point is 1 mm inferior and medial to the inferiormost point

the tip of the left auricle reaches during dynamic movements

of the heart (black arrow shows inferomedial tip of the left

auricle). Please click here to download this figure.

Discussion

The method facilitates the operator to efficiently transplant

a bioprinted patch by applying it to the epicardial surface of

an infarcted mouse heart following permanent LAD ligation.

In this feasibility-focused method, we are able to perform

this procedure on eight mice per working day (including

preparation of the room before and afterwards). A bioprinting

run producing eight 1 cm2  patches in wells of six-well plates

takes 2-3 hours (including preparation time before and after).

We used the sterile inside of a surgical scalpel packet as the

scoop for our patch, which is readily accessible and generally

adds minimal cost, utilizing the natural adhesive properties of

the alginate/gelatine hydrogel patch to drape the patch across

the anterior infarcted surface of the heart. In our experience,

the protocol for LAD ligation in mice is operator dependent

and a lower mortality rate at 28 days can be achieved with

experienced operators specialized in one model. Van den

Borne et al.16  reported that C57BL6 mice present a 44%

mortality following permanent LAD ligation at 28 days without

the application of a patch, which is higher than the upper limit

of 30% that we observed with the method.
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The intubation step is critical and in-and-of-itself can be a

source of mortality for mice unless performed by a skilled

operator. It is made difficult due to the tiny size of the trachea,

which is why magnifying glasses are worn by the operator

for this step. We use injected ketamine/xylazine as well as

inhaled isofluorane for induction of anesthetic so that the

mouse is deeply anesthetized at relatively low doses of each

drug. Therefore, there is no risk for the mouse to wake up

during this intubation step but the high mortality associated

with high single-drug doses is avoided. Atropine was also

given to counteract side effects such as bradycardia and

hypersalivation. The use of a spotlight applied to the throat

externally lights up the trachea internally so it is more visible

and the vocal cords must be visualized opening and closing

with the mouse’s respiratory rate (usually ~120 breaths per

minute). It is critical to position the mouse perfectly (which

is why a hard surface is preferred rather than a warming

mat underneath the mouse for this step) with the two incisor

teeth held by a looped thread and the tongue retracted

extremely gently with blunt forceps/pair of spatulas to open

the mouth and visualize the trachea. Once the intubation is

completed, the operator must be careful not to dislodge the

tube in the transfer from the intubation area to the operating

bed (which does have a heat mat underneath it to prevent

hypothermia). When connecting the breathing tube to the

ventilator apparatus, it is critical to stabilize the tube with one

hand and connect the ventilator circuit with the other, so that

there is minimal movement of the breathing tube such as

pushing it more deeply into the trachea when connecting the

ventilator segment of the tubing.

In this study, we used alginate 4% (w/v)/gelatine 8% (w/

v) in Dulbecco’s Modified Eagle Medium (DMEM). Alginate/

gelatine hydrogels are known for their biocompatibility, low

cost and biomechanical properties making them useful for

3D tissue engineering strategies23 . These hydrogels can

be crosslinked by mild gelation by adding calcium ions,

which allows for viscosity to be altered. After bioprinting,

we applied calcium chloride (CaCl2) 2% (w/v) in phosphate-

buffered saline (PBS) onto patches and then cultured them

in DMEM in six well plates for 7-14 days before transplanting

them. This was the optimal window after patches containing

cardiac cells started to beat in culture but before patches

started to disintegrate. Whilst CaCl2 could be added regularly

throughout the post-bioprinting phase to reduce patch

disintegration, we found that the intrinsic viscosity of the

hydrogel was sufficient for patches to maintain their structure

up to transplantation with only one initial dose of CaCl2.

The method allowed for successful transplantation without

sutures (which may damage the heart) or glue (which

may block the interface between the patch and the

heart). Future studies may confirm the hypothesis that

sutureless and glueless transplantation does not negatively

impact engraftment in mice as it is critical that the

patch does not slip off the heart or interfere with the

lungs. Other studies assessing engraftment of patches in

permanent LAD ligation models with patch-based repair3

have measured engrafted area (mm2 ) remaining with

time24 , the grafted patch thickness (μm) remining with

time25 , quantification of transplanted cells by polymerase

chain reaction (PCR)26  or bioluminescence photon emission

flux of labelled live donor cells (a measure of photons

emitted per second which can quantify labelled grafted cells

surviving in living animals over time)27 . Future studies may

use these methods to further evaluate whether sutureless

and glueless transplantation affects patch engraftment (as

well as structural and functional effects on the host

myocardium). Nonetheless, macroscopically after 28 days in

vivo in our immunocompetent mice, the anterior mediastinum
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presented variable fibrinous material and adhesions. The

mechanism of patch-based cardiac regeneration may be from

stimulation of host macrophage inflammatory responses19

or secreted immunological factors20  rather than numerical

cell replenishment. If inflammation plays a positive role, the

presence of foreign hydrogel material may be beneficial.

Alternatively, to reduce the presence of foreign material it

may be beneficial if the hydrogel component disintegrates

over time. In fact, some approaches use biomaterials

which support cells initially and then disintegrate, leaving

only tissue28 , 29 . Future studies to fully analyze patch

engraftment and better understand the mechanisms behind

patch-based cardiac regeneration may lead to optimized

experimental designs before translation to human trials2 .

Overall, this protocol is likely to be widely feasible and also

suited to testing multiple groups of 3D bioprinted patches,

for instance with different cellular contents. Future directions

for this method include the bioprinting of patches containing

advanced hydrogels not previously tested in vivo or testing

the effects of different autologous or allogenic stem cell-

derived cells, for optimization before proceeding to large

animal models.
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Materials

Name Company Catalog Number Comments

3-0 non-absorbable black braided
treated silk

Ethicon 232G

6-0, 24” (60 cm) Prolene
(polypropylene) suture, blue
monofilament

Ethicon 8805H

7-0, 18” (45 cm) silk black braided Ethicon 768G

Adjustable stereo microscope with
6.4x magnification

Olympus SZ 3060 STU1

Anitisedan (atipamezole) Zoetis N/A

Atropine sulphate 0.6 mg, 1 mL vials,
10 pack

Symbion Pharmacy Services ATRO S I2

Bupivacaine, 20 mL, 5 vials Baxter Heathcare BUPI I C01

Temvet (buprenorphine), 300 µg/mL,
10 mL bottle

Troy Laboratories TEMV I 10

Curved-tip forceps Kent Scientific INS650915-4 Iris dressing forceps, 10 cm-long
curved dressing forceps; 0.8 mm
serrated tips; stainless steel.

Dissecting scissors for cutting
muscle/skin

Kent Scientific INS600393-G Dissecting scissors, straight, 10 cm
long

Endotracheal intubation kit Kent Scientific ETI-MSE Including intubation catheter/tube (20
G), fibre-optic light source and dental
spatula

Fine scissors Kent Scientific INS600124 McPherson-Vannas micro scissors, 8
cm long, straight, 0.1 mm tips, 5 mm
blades; stainless steel.

Lasix (furosemide) 20 mg, 2 mL, 5
pack

Sigma Company LASI A 1

Heat pad for animal recovery post-op Passwell PAD Passwell Cosy Heat Pad for Animals
- 26cm x 36cm; 10 Watts; Soft PVC
Cover

Ketamine 100 mg, 50 mL CEVA Animal Heath KETA I 1

Needle holder Kent Scientific INS600137 Castroviejo needle holder, serrated,
14 cm long, 1.2 mm jaws with lock
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PhysioSuite with MouseVent G500
automatic ventilator

Kent Scientific PS-MVG

Puralube Vet Opthalmic Ointment
(sterile occular lubricant)

Dechra 17033-211-38

Self-retaining toothed mouse
retractor

Kent Scientific INS600240 ALM serrated self-retaining retractor,
7 cm long

Straight forceps Kent Scientific INS650908-4 Super fine dressing forceps, 12.5 cm
Long, serrated tips, 0.35 x 0.10 mm;
stainless steel.

Surgical magnifying glasses Kent Scientific SL-001

VetFlo vaporizer Kent Scientific VetFlo-1205S-M

Xylazine 100 mg, 50 mL Randlab XYLA I R01
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2.4 – 3D bioprinted alginate-gelatin hydrogel patches containing cardiac spheroids recover heart 
function in mice modelling myocardial infarction 

Summary: 

This article is currently under review with Acta Biomateralia and contains the complete method, 
results and discussion for an in vivo study using patches similar to the ones optimised in Chapter 2.1 
and the surgical transplantation method detailed in Chapter 2.2. The study aimed to evaluate the 
hypothesis that cardiac function would be improved after MI with epicardial transplantation of 3D 
bioprinted patches containing VCS in alginate-gelatin bioink. The mixed cardiac cells used were 
induced pluripotent stem cell-derived cardiomyocytes (iCMs), human coronary artery endothelial cells 
(HCAECs) and cardiac fibroblasts (CFs). VCS bioink was compared to similar bioink with those cells 
freely suspended in the hydrogel (not in spheroids) as well as hydrogel on its own (with no cells). We 
found a significant increase in left ventricular ejection fraction (LVEF%) with the VCS-containing 
patches by day 28 post MI. We also found lesser increases when the cells were suspended freely and 
even with hydrogel without cells. To look for mechanistic insights, we also performed electrical 
mapping analyses in collaboration with our industry partner MappingLab (Oxford, UK). Some patches 
were also incubated in vitro and analysed with confocal microscopy and electrical mapping and this 
showed that the VCS displayed the strongest electrical activity waveforms, supporting the hypothesis 
that VCS confer an advantage over freely suspended cells and that our patches allow for electrical 
activity. Using histology we analysed trends between infarct size and cardiac function. It was recently 
reported that the mechanism underlying the benefits of patch-based regeneration strategies is due to 
modulation of the host innate immune response. We therefore performed flow cytometry to quantify 
cell types in heart tissue following patch transplantation and found significant differences in 
macrophage polarisation and natural killer cells on day 28 post MI. Using mRNA (transcriptome) 
analysis we explored changes in gene expression within patches and found that the VCS patch 
treatment group was similar to non-infarcted (sham) mice. This striking finding suggests a return in 
the transcriptomic profile to the non-infarcted state at day 28, which coincides with the most 
significant increase in LVEF% (in the VCS treatment group). Overall, this paper adds to the evidence 
that patch based strategies to regenerate myocardial function after MI are efficacious. It suggests that 
VCS containing patches were the most efficacious of the three treatments and provides mechanistic 
insights into why the treatment strategy seems to produce a reproducible improvement after MI. 
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Abstract 

Epicardial transplantation of 3D bioprinted patches represents a promising protective 
strategy against infarction-induced myocardial damage. We previously showed that 3D 
bioprinted tissues containing cardiac spheroids (in alginate/gelatin (AlgGel) hydrogels) promoted 
cell viability/function and endothelial cell tubular self-assembly. Here, we hypothesise that 
bioprinted cardiac spheroid patches improve cardiac function after myocardial infarction (MI). To 
determine treatment effects of hydrogel alone or with cells, MI mice were transplanted with: (i) 
AlgGel acellular patches, (ii) AlgGel with freely suspended cardiac cells, (iii) AlgGel with cardiac 
spheroids. We included control MI mice (no treatment) and mice undergoing sham surgery. We 
performed measurements to 28 days including echocardiography, flow cytometry and 
transcriptomic analyses. Our results measured median baseline (pre-surgery) left ventricular 
ejection fraction (LVEF%) for all mice at 66%. Post-surgery, LVEF% was 58% for Sham (non-
infarcted) and 41% for MI (no treatment) mice. Patch transplantation increased LVEF%: 55% 
(acellular; p=0.012), 59% (cells; p=0.106), 64% (spheroids; p=0.010). Flow cytometry 
demonstrated host cardiac tissue immune cell population changes with treatments. RNAseq 
transcriptomes demonstrated similar gene expression profiles for Sham and mice treated with 
cardiac spheroid patches. Inflammatory and genetic mechanisms may play important roles in 
regulating host responses after patch transplantation in infarcted hearts. Future studies are 
needed to elucidate the possible immune cell and gene expression-related 
molecular mechanisms underlying these initial findings. 

Graphical Abstract
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Introduction 

Recent advances in 3D bioprinting and cell culture allow fabrication of patches for 
epicardial transplantation to protect the myocardium [1, 2]. For end-stage heart failure 
patients there is currently no ideal way to repair damaged heart muscle so that function can be 
regained, with the gold standard treatment being whole heart allotransplantation [3]. This 
requires a donor heart to arise (during which time patients may die whilst on a waiting list), major 
surgery with a significant mortality rate and the need for immunosuppressive drugs for life to 
reduce the risk of transplant rejection which carry risks of tumour development [4, 5]. This 
unmet need has driven extensive research into many treatment approaches to restore 
myocardial function [6], of which one promising approach is 3D bioprinting of heart tissue 
patches for epicardial transplantation [7].  

Whilst this field is progressing to human trials, there remain persistent questions about 
the mechanism by which epicardial patches benefit cardiac structure and function after 
myocardial infarction (MI) [8-13]. Recent evidence suggests host inflammation modulation may 
be a primary mechanism and not, for instance, pursuit of cell number replenishment [14]. 
Despite recent advances in this field, additional preclinical studies are required to elucidate 
optimal conditions for heart patch bioengineering [7, 15]. Our laboratory has developed cardiac 
spheroids containing cell types found in the human heart [7]. Recently were employed as building 
blocks for the generation of vascularised viable and functional heart tissues [16]. Given their 
unique features to recapitulate some of the human heart microenvironment, we hypothesise 
that bioprinted patches containing vascularised cardiac spheroids (VCS) can improve cardiac 
function in mice with MI.  

Herein, we present novel results from epicardial transplantation of 3D bioprinted hydrogel-
based patches according to our established protocols in a surgical MI mouse model following 
permanent left anterior descending (LAD) artery ligation [15]. Our results raise new mechanistic 
questions and represent an initial search for mechanistic clues rather than an in-depth analysis of 
one aspect.  

We 3D bioprinted patches with alginate/gelatin (AlgGel) and human cardiac fibroblasts 
(CFs), human coronary artery endothelial cells (HCAECs) and induced pluripotent stem cell-
derived cardiomyocytes (iCMs). We examined for differences in cardiac functional and structural 
outcomes in MI mice receiving patches containing: 1) AlgGel hydrogel alone (MI+PATCH), 2) 
AlgGel with cardiac cells suspended freely (MI+PATCH CELLS), and 3) AlgGel with VCSs 
(MI+PATCH SPHEROIDS). Control mice received either a sham procedure (Sham) or LAD 
ligation without receiving any patch (MI). Finally, flow cytometry, histological and RNAseq 
analyses of tissues were performed to identify structural, cellular and molecular changes in the 
different treatment groups. 

Materials and Methods 

All procedures described in this experiment were approved by the University of Technology 
Sydney (UTS) Animal Care and Ethics Committee (project number ETH19-4338; 20/04/2017). 
The method was publicly preregistered before the start of the 
experiment (https://doi.org/10.17605/OSF.IO/7BQEW). The Vevo LAB echocardiography 
manual (including equations used for echocardiographic parameter calculations) is available

from this article’s permanent data repository (https://doi.org/10.5281/zenodo.6198612). 

Culture of human cardiac cells. HCAECs (Sigma-Aldrich, MO, United States) were cultured 
in MesoEndo Growth Medium (Cell Applications, San Diego, CA, United States). CFs 
(Cell Applications, San Diego, CA, United States) were cultured in Cardiac Fibroblast Growth 
Medium (Sigma-Aldrich, St Louis, MO, United States). HCAECS and CFs were used for 
bioprinting at passage three. iCMs (iCell®, FujiFilm Cellular Dynamics, Madison, WI, United 
States) were cultured according to manufacturer’s recommendations in iCell® 
Cardiomyocytes Maintenance Medium (FujiFilm Cellular Dynamics). In total, ~850,000 cells per 
10x10x0.4 mm patch were used (iCMs : HCAECs : CFs, ratio 1 : 1.5 : 2.5). 
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VCS formation from cardiac cells. Mixed cardiac cells (iCMs : HCAECs : CFs, in the same ratio 1 : 
1.5 : 2.5) were suspended in Spheroid Medium (2 : 1 : 1 of the iCell Maintenance Medium, 
MesoEndo and Cardiac Fibroblast Growth Media, respectively). VCSs were generated by 
coculturing ∼10,000 mixed cardiac cells in 15 μl hanging drop cultures in Spheroid Medium, using 
Perfecta 3D® 384-well hanging drop plates (3D Biomatrix, Ann Arbor, MI, United States). VCSs 
were allowed to form for up to five days in hanging drops in a humidified incubator at 37°C with 
21% (v/v) O2 and 5% (v/v) CO2 following our previous protocol [17]. In total, ∼850,000 cells (83 
spheroids) per patch were used. 

Hydrogel preparation. Hydrogel was prepared according to our previous method optimised for 
cardiac applications [7]. Briefly, AlgGel powder – 4 mg alginate and 8 mg gelatin – was sterilised 
under UV light for 30 min then solubilised at 50°C in 100 ml Dulbecco’s Modified Eagle Medium

(DMEM) + 1% (v/v) pen/strep + 1% (v/v) L-glut.  

Bioink generation. To create bioinks for bioprinting, AlgGel was added to pellets of mixed cardiac 
cells (iCMs, CFs, HCAECs), either as free cells (not in spheroids) or as VCS. Prewarmed (37°C) 
AlgGel was added to the cell or VCS pellet by pipette, of which 0.5 ml typically produced six 10 
mm2 patches. The AlgGel was resuspended until the cell pellet disappeared to ensure incorporation 
of most of the cells. All procedures were performed under a biological safety cabinet and within the 
bioprinter chamber. 

Heart patch 3D bioprinting. Bioprinting was performed with a BIO X pneumatically driven extrusion 
3D bioprinter (CELLINK Life Sciences, Boston, MA, USA). We used an optimised protocol based 
on our previous method for 3D bioprinting of AlgGel-based patches [7]. Briefly, a 3 ml BIO X syringe 
was filled with 70% (v/v) ethanol and a CELLINK 25-gauge conical polypropylene nozzle (250 μm

inner diameter) attached. The syringe and nozzle were placed in 70% (v/v) ethanol and the 
bioprinter sterilised with its built-in UV lights. The syringe was then loaded into the bioprinter and 
an “empty run” was performed to pneumatically cleanse the syringe and nozzle of ethanol by 
expelling it using high air flow until completely dry (accepting a theoretical risk of some impact on 
cell viability for the apparent benefit of a contamination rate of zero in our experiments). The printer 
components were set to 25°C for the bed and 39°C for the pneumatic syringe chamber. For ease 
of transfer of hydrogel to syringe, the pneumatic bung between the pneumatic mechanism and the 
hydrogel was not used (pneumatic force was transmitted directly through air in the syringe to the 
hydrogel pool at the lowest part of the syringe and in the nozzle). Adjustments to flow rate and 
nozzle travel speed were made during the print runs to create optimal patches based on real-time 
moment-to-moment operator judgement. Patch size was set at 10 x 10 x 0.6 mm with three 0.2 mm 
layers in the z axis. The grid infill / solidity percentage for the patches was set at 25%. AlgGel was 
ionically crosslinked on an ice block by adding CaCl2 after bioprinting of all the patches in one six-
well plate. Then, we cultured patches up to the moment of transplantation (after one and before 
three weeks of time in culture) based on our previous study determining the optimum moment for 
transplant [7]. 

In vitro heart patch analyses (confocal microscopy, 3D rendering and multiple electrode array). 
Patches were incubated in vitro for 28 days and analysed. These patches were stained for nuclei, 
cardiomyocytes, fibroblasts and endothelial cells (Hoechst stain and antibodies against cTNT, 
vimentin and CD31/PECAM, respectively) as previously described [18]. Patches were imaged with 
a Leica Stellaris confocal microscope (Leica Microsystems, Wetzlar, Germany) and 3D rendering 
analyses were generated using IMARIS visualisation software (Oxford Instruments, Abingdon, 
Oxfordshire, UK). Some patches were placed on a multiple electrode array (MEA) platform 
(Mappinglab, Oxford, UK) to confirm the presence of electrical activity.  

Murine MI with heart patch transplantation. We transplanted patches to the epicardial surface of 
mouse hearts using an optimised protocol based on our previous surgical method [15]. Briefly, male 
9-10 week old (mature) B and T cell-depleted B6.Rag1 mice (Australian BioResources, Moss Vale,
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NSW, Australia) were randomly assigned by an independent facility manager and

 

had their 
baseline echocardiography. The surgery was performed by one researcher (CG). Anaesthesia was 
performed by one researcher (CR) with mixed anaesthesia of intraperitoneal ketamine (40 mg/kg) 
and xylazine (5 mg/kg) plus inhaled isoflurane (5 L/min induction, 0-2 L/min maintenance). Mice 
were intubated and ventilated then left thoracotomy was performed to gain surgical access to the 
heart. Mice were assigned to experimental groups by an ethical semi-randomised approach (an 
ethics-driven approach where randomisation may be altered to reduce the risk of mouse death and 
where experimental group numbers are added to according to mortality rates with the objective of 
using the lowest number of mice overall)

 

– in accordance with best ethical practice to reduce mouse 
numbers in experimental groups for procedures where mortality rates are inherently very high (up 
to ~50%). The five experimental groups were: 1) Sham surgery (suture passed around the left 
anterior descending artery (LAD) and tied loosely without occluding the artery); 2)

 

MI by permanent

 LAD ligation (MI);

 

3) MI followed by immediate transplantation of a hydrogel (AlgGel) patch without 
cells (MI+PATCH); 4) MI plus AlgGel patch with freely suspended mixed cardiac (iCM, CF, HCAEC)

 cells (MI+PATCH CELLS); and 5) MI plus AlgGel patch with mixed cardiac cell VCS (MI+PATCH 
SPHEROIDS). In the postoperative period, mice were given twice daily subcutaneous 
buprenorphine injections (0.08 mg/kg) for the first three days after surgery and cared for following 
standard postoperative protocols for four weeks.  

Cardiac functional analyses 

Echocardiography. All mice were imaged using a Vevo 3100 Preclinical Imaging System (FUJIFILM 
VisualSonics, Toronto, Canada) at baseline, midpoint (day 14) and endpoint (day 28).

 
Echocardiography was performed by one fully trained researcher (CR), with mice under isoflurane 
anaesthesia via a nose cone (5 L/min induction followed by 2 L/min maintenance). Mice were 
placed supine on a warming platform and B and M mode echo data were obtained for parasternal 
long axis and short axis views. Long axis data were analysed using the AutoLV (automatic artificial 
intelligence-based analysis) function by one researcher (CR) and validity confirmed independently 
(blind) by a VisualSonics data specialist (FUJIFILM Visualsonics, Toronto, Canada).  

Electrical mapping. Electrical mapping was performed by trained researchers (CR and CG) using 
an EMS64-USB-1003 Electrical Mapping System and EMapRecord/Scope software (MappingLab, 
Oxford, UK). Electrical activity mapping data were obtained by placement of a probe onto the 
epicardial surface or patch in the open chest at surgery. Data were obtained at timepoints: baseline 
(pre-MI); immediately after LAD ligation (post-MI); immediately after patch transplantation (post-
PATCH); and at the end of experiment at day 28 (END). Independent data validation, analyses and
processing were performed by a MappingLab data specialist (Yatong Li) and a high inclusion 
threshold for data quality was used. 

Structural analyses. At 28 days post procedure, mice were euthanised and 1 mm heart tissue 
transverse (axial) slices of the left ventricle (distal to the LAD ligation) were obtained for structural 
analyses (histology, flow cytometry and mRNA analysis). 

Histological tissue analyses. Histology (H&E, PicroSirius Red, Masson’s Trichrome) was performed 
on 4

 

μm transverse heart tissue sections. Slides were digitalised and infarct size calculated by the 
midline infarct arc length method [19]. Measurement and analyses were performed blind followed 
by unblinding at the stage of processing data for visualisation. Mice that died before day 28 had 
post-mortem performed and samples sent for independent (blind) histological analysis (Cerberus 
Sciences, Melbourne, Australia).  

Cell quantification by flow cytometry. Flow cytometry was performed on heart tissue using a BD 
LSRFortessa™ flow cytometer and data analysed by BD FACSDiva software (BD Biosciences, 
Franklin Lakes, NJ, United States) – full list of antibodies used for staining in the Supplementary
Materials. Samples were taken and processed immediately based on our previously reported 
protocol [20]. Briefly, tissue samples were chopped into small pieces and subjected to Liberase™

(Roche Diagnostics, NSW, Australia) digestion. Liberated cells were incubated with a cocktail of 
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primary antibodies for 45 minutes at room temperature before processing through the cell 
cytometer. Flow cytometry data were analysed as relative numbers (no comparison of absolute 
numbers was performed for batches processed on different occasions).  

RNAseq analyses. Cardiac apex samples were processed for mRNA transcriptomic analysis 
according to the protocol of a commercially available mRNA isolation kit (RNeasy Fibrous Tissue 
Mini Kit, Qiagen, Cat no. 74704, Hilden, Germany). Total RNA from cardiac apical cells was isolated 
(phenol– 17 chloroform separation of TRIzol LS) and purified according to the manufacturer’s

instructions (see the Supplementary Materials for the protocol). RNA quality assessment, library 
preparation, and sequencing were performed by BGI Genomics (Hong Kong, China) using 
DNBSEQTM sequencing technology and an Agilent 2100 Bioanalyzer (see the Supplementary
Materials for full RNA sample data including RNA Integrity Number (RIN) per sample). Samples 
were independently processed by BGI (Batch no. INSP21000010163). Raw sequencing reads 
were filtered for adapters – reads in which more than 10% of bases were unknown and reads in 
which more than 50% of bases were low quality (base quality < 20). The resultant high-quality 
reads were aligned to the mouse genome (mm10) using the software STAR (Spliced Transcripts 
Alignment to a Reference) [21] with standard parameters. We mapped an average of 26,346,213 
reads per sample achieving an average alignment rate was 98.78%. Gene expression levels were 
quantified using the tool featureCounts [22]. Expression levels were normalized using the software 
package DeSeq2 [23] in the R statistical analysis software [24]. Genome-wide expression profiles 
were analysed using principal component analysis (PCA). Hierarchical clustering with average 
linkage and Euclidean distance was performed using Partek Genomics Suite® (Partek®, St Louis, 
MO, USA). 

Statistical analyses. Results were analysed using PRISM (GraphPad, San Diego, CA, United 
States). Stepwise hypothesis testing for continuous data was performed using two-tailed Mann–

Whitney U tests with Bonferroni correction or Kruskal-Wallis tests (for a difference in more than two 
groups). Hypothesis testing of categorical data was performed with two-tailed Fisher’s exact 
contingency testing. Kaplan-Meier survival curve hypothesis testing was performed using the Log-
rank (Mantel-Cox) test.  

Results 

Bioprinted VCS patches present stable and functional spheroids at 28 days. Our analysis of 3D 
bioprinted patches at 28 days post incubation demonstrated the presence of VCS (stained with 
antibodies for iCMs (cTNT), CFs (vimentin) and HCAECs (CD31), Figure 1 and Videos 1, 2 and
3). Our analysis also demonstrated that HCAECs self-assembled into networks, both within and 
outside of spheroids (Figure 1 and Video 2). Overall, our analyses of cell structures in patches in
vitro provided evidence that cells within our AlgGel patches formed endothelial cell networks, 
consistent with our previous reports [7, 17]. We detected electrical signals within our patches 
supporting a degree of electrical activity at 28 days (Suppl. Figure 1). This is consistent with our 
previous report of cardiomyocyte activity in patches incubated in vitro over 28 days [7]. 

Transplantation of patches containing VCS protected against MI-induced reduction in cardiac 
function. Results for our primary functional outcome (LVEF%) are shown in Figure 2. The 
increased LVEF% with treatment was consistent with our secondary analyses of other functional 
echocardiographic parameters (Suppl. Figure 2). The increased LVEF% of the MI+PATCH 
SPHEROID group was consistent with that group’s favourable electrical activity profile (Figure 3,
5 and Suppl. Figure 1).  

Median baseline (before surgery) LVEF% from all mice (survivors and non-survivors) was 66% 
(IQR 61-70; n=51) with a similar mean±SD (65±8). Baseline characteristics and 28-day mortality 
rates were similar between groups with overall mouse survival at 56% (Suppl. Figure 3).  

Patches containing VCS increased the median LVEF% from 41% to 64% compared to control 
infarcted mice at 28 days (Figure 2). On pairwise hypothesis testing between groups, LVEF% for 
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the MI group (LAD ligation and no patch) had a statistically significant difference compared to all 
groups except for MI+PATCH CELLS (Figure 2). There was no statistically significant difference 
between treatment groups (MI+PATCH, MI+PATCH CELLS, MI+PATCH SPHEROIDS) or between 
each treatment group and Sham (Sham day 28 median LVEF% = 58 (IQR 57-72; n=7)). Overall, 
the median LVEF% was increased from 41% for MI (IQR 37-48; n=7) to: 55% (IQR 51-59; n=7), 
59% (IQR 48-60; n=5) and 64% (IQR 58-67; n=5) with MI+PATCH, MI+PATCH CELLS or 
MI+PATCH SPHEROIDS, respectively.  

These results show a trend back towards ‘baseline’ LVEF% values with any of the three patch 
groups. Whilst MI+PATCH SPHEROIDS presented the largest increase in LVEF% (compared to 
MI), even patches without cells presented an absolute value increase of 15%. With such an 
increase in the MI+PATCH control group, the study did not detect a statistically significant 
difference between patches with spheroids (absolute value increase 23%) and patches with no 
cells at all.  

Transplantation of VCS-containing patches did not have significant effects on conduction velocity.
To evaluate electrical activity modulation, conduction velocity (CV) was analysed using 64-
electrode electrical maps (Figure 3). There was a drop in the mean CV between the Sham and MI 
group at the time of surgery. No difference was detected between any of the day 28 CVs (p=0.86 
(n=20); Kruskal-Wallis test) (Figure 3). Comparison of CVs for immediately post-MI against day 28 
was not statistically significant for any group where LAD ligation was performed (respective day 28 
medians (mm/ms) were: 0.56 (MI), 0.69 (MI+PATCH), 0.82 (MI+PATCH+CELLS) and 0.56 
(MI+PATCH+SPHEROIDS); p=0.21 (n=42) Kruskal-Wallis test) (Figure 3). Overall, LAD ligation 
(MI) seemed to decrease conduction velocity to 68-75% of its normal value (at the time it was
performed) and this change persisted until day 28.

Infarct size trended downwards in mice receiving VCS containing patches compared to MI.
Transplantation of patches containing cardiac spheroids showed a trend towards smaller infarct 
sizes (Figure 4). Some mice presented regional infarctions and different infarction patterns on 
histology (Suppl. Figure 4). There was a trend towards decreasing infarct size moving through 
treatment groups from MI to MI+PATCH, MI+PATCH CELLS and then to MI+PATCH SPHEROIDS 
(Figure 4). Reducing infarct size was strongly correlated with increasing LVEF% for the MI group, 
weakly correlated for the MI+PATCH group and not correlated for the MI+PATCH SPHEROIDS 
group (R squared values, 66%, 15% and 0.3%, respectively) (Figure 4E). Infarct patterns were 
variable (Figure 4A-C and Suppl. Figure 4), with mice showing varying infarct region 
appearances. Variable infarction pattern was also reported by our independent post-mortem 
histological analysis of mice that died in the postoperative period (see the Data Repository
https://doi.org/10.5281/zenodo.6198612 - doi pending publication). In some mice, patch fragments 
were still visible on histology at day 28 (Suppl. Figure 5). In some mice, regional infarctions were 
not detected, consistent with independent post-mortem analysis of mice that died before day 28 
(Cerberus Sciences). In that post-mortem analysis, infarctions were observed in focal segments 
(including regional infarcts only affecting the cardiac apex) and overall infarct size showed a highly 
variable range of ~20-70% (see the data repository).  

Integrative analysis of CV and LVEF%. We next sought to investigate potential mechanisms 
underlying the variability of treatment responses within each group. We analysed coefficients of 
determination (R squared expressed as a %) for the relationship of CV (electrical mapping) to the 
LVEF% (Figure 5). Additionally, we performed representative side-by-side analysis of the electrical 
map at day one (immediately after LAD ligation), electrical map at day 28, and LVEF% progression 
(baseline – midpoint – endpoint) for individual mice. Electrical maps on day one (Figure 5C, F, I,
L) were similar to a baseline (pre-LAD ligation) map (Figure 5A). The MI+PATCH CELLS
representative mouse was the only mouse in this analysis which showed no improvement in
LVEF% from day 14 (midpoint) to day 28 (endpoint) – the other mice (sham, MI+PATCH and
MI+PATCH SPHEROIDS) all showed a V-shaped LVEF% progression, with a drop at midpoint and
recovery at endpoint (Figure 5). Sham group mice (needle and suture passed under the LAD and
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tied loosely without occlusion) also showed variability in LVEF% (Figure 5B) and mean CV (Suppl 
Figure 6) despite having no infarction – representing the impact of the cardiac surgical model itself. 

Tissue immune cell analysis by flow cytometry. Recent reports suggested that mechanisms 
regulating myocardial regeneration by using cells/materials in contact with the host heart may be 
dependent on the innate immune response in the host [14, 25, 26]. Therefore, we performed host 
(mouse) tissue immune cell population analyses in heart tissues isolated at day 28 using flow 
cytometry and quantified the absolute immune cell count for each group (Figure 6).  

For macrophages, we demonstrated a trend towards reversal of the M1:M2 macrophage ratio from 
3.4:1 (sham) to 1:4 (MI), accompanied by a partial return towards sham values with each of our 
three treatment groups (Figure 6A). Despite the M1:M2 ratio being a dichotomous simplification of 
a complex continuum [25], our results demonstrate that the addition of the patch can play a role on 
macrophage activity. The ratio of neutrophils to monocytes favoured a monocyte dominance only 
for the MI+PATCH SPHEROIDS group (compared to all other groups, including sham) (Figure 6B). 
For all groups, there were proportional changes in tissue monocytes and tissue macrophages 
compared to all other live singlet immune cells (Figure 6C-D).  

For natural killer cells (NKs) there was a reduction in the number of these cells in all treatment 
groups compared to MI (Figure 6E). The same analysis demonstrated an increase in the proportion 
of haematopoietic stem cells (HSCs) within all treatment groups compared to MI and Sham, with 
the greatest increase seen in the MI+PATCH SPHEROIDS group (Figure 6F).  

For WBC:Macrophage ratio and M1:M2 ratio compared directly against infarct size (Suppl. Figure
7C) and LVEF% (Suppl. Figure 7A) there was no strong correlation. To support our results, we 
additionally performed a secondary continuous (not categorical) data comparison of median values 
per group and the results of this are shown in Supplementary Figure 8. Overall, our results 
demonstrated changes in host immune cell numbers on day 28, suggesting that host immune 
system modulation may be an important mechanism underlying the benefits of epicardial patch 
transplantation for MI.  

The transcriptomic profile for the spheroid group was similar to Sham (non infarcted). Whole mouse 
transcriptomes were profiled in triplicates for samples from five groups MI, MI+PATCH, MI+PATCH 
CELLS, MI+PATCH SPHEROIDS, and Sham. PCA of mouse transcriptomes identified samples 
segregating into three visual clusters including cluster 1 with samples from MI as well as 
MI+PATCH (“Patch”), cluster 2 with samples from MI+PATCH CELLS (“Cells”), and cluster 3 with 
samples from MI+PATCH SPHEROIDS (“Spheroids”) as well as Sham (Figure 7A). Cluster 3 also 
contained an outlier from the group of “Cells” (sample number 50). Differential gene expression

analysis comparing all sample groups identified 462 transcripts that were significantly different 
between groups (p-value 0.05 and fc > |1.5|; Supplementary Tables S1-10). Hierarchical 
clustering of these transcripts confirmed the clustering previously observed by principal component 
analysis (Figure 7B).  We found that there were no differentially expressed transcripts when 
samples of the Sham and Spheroids groups were compared, suggesting that these cells were 
indeed molecularly similar.  

To determine the molecular responses of MI cells treated with VCS, we further interrogated the 
expression of 97 transcripts differentially expressed between samples in these two groups 
(Supplementary Table S3). Hierarchical cluster analysis of these transcripts showed that 
exposure of MI cells to Spheroids led to dominant molecular repression of gene expression (Figure
7C, 79 genes down and 18 genes up). The same gene expression program was also recapitulated 
in samples from Sham (that is, the spheroid-treated group and the non-infarcted sham group were 
molecularly similar).  

When interrogated for biological pathways, we found that these genes showed a clear enrichment 
for functions associated with Cardiovascular System Development and Function as well as Cellular 
Development, Growth, Proliferation, Assembly and Organization (Figure 7D, top panel, 
Supplementary Table S11).  
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Within the subset of pathways associated with Cardiovascular System Development and 
Function the repression of the genes ASPH, ATP2A2, KCNJ11, MYL4, MYL7, RYR2 and CLU 
were strongly associated with the regulation of contraction of the heart, cardiac contractility, and 
contraction of cardiac muscles (Figure 7D, bottom panel, Supplementary Table S12). 
Enrichment analysis for canonical pathways highlighted relevant pathways associated with beta 
adrenergic signalling and dilated cardiomyopathy (Supplementary Figures 9, 10 and 11).  

Discussion 

Our study adds to the evidence that epicardial patches protect the myocardium after MI. 
Moreover, our "return-to-baseline” cardiac functional results (Figure 2) are promising. This 
study represents a broad multiple-analysis search for new mechanistic clues not previously 
uncovered. Our initial analyses bring up an interesting mechanistic proposition: namely, that 
stimulating host immune cells (Figure 6) by subjecting them to contact with foreign material 
could account for some (but not all) of the cardiac functional benefit we observed. The rest of the 
benefit may be influenced by gene expression changes (Figure 7). This might explain why 
only our most successful (spheroid) treatment group “reversed” the transcriptomic profile for

MI mice (to resemble non-infarcted (sham) mice by day 28). For this study we focused on in
vivo outcomes since we had performed in vitro bioink analyses in our previous studies [7, 
17]. Further discussion points are made in the Supplementary Materials.  

For cardiac function, our results suggest that a clinically significant rise in LVEF% (an 
absolute value gain of approximately 20% and even a return towards baseline) can be achieved 
by patch transplantation in mice modelling acute MI. This adds further evidence to other 
reports that this treatment strategy is effective [6, 27-29]. The full mechanism remains unknown 
but our results do not refute the proposition that the mechanism may be associated with 
stimulating a host innate immune system response; suggested by Vagnozzi et al (2019) 
with a myocardial injection-ischaemia/reperfusion injury model [14]. Our findings (especially 
that hydrogel with no cells has some effect) are consistent with human trials reporting 
potential improvements in function even with a limited cell density in patches transplanted to 
the epicardium [12]. In our study, we have reported that even without cells, hydrogel alone 
transplanted to the epicardium (in the acute phase of MI) raised the LVEF% from 41% to 55% 
(Figure 2). Some might interpret this to mean that all of our treatment groups (cells or not) 
reversed a heart failure state to an acceptable (non-heart failure) state. Interpreted in this way, 
our results may not support the hypothesis that cell spheroids offer a clinically significant 
advantage over our other treatments. Similarly, the small (statistically non-significant) potential 
difference between our spheroid group (~64% median LVEF%) and freely suspended cells group 
(~59%) would represent only an absolute increase of ~5% on top of the ~20% observed 
compared to MI without treatment (~41%). 

Nonetheless, we showed a trend towards incremental increases in LVEF% with the addition of 
cells and then cell spheroids compared to AlgGel patches without cells (Figure 2). 
Mechanistically, if underlying host immune-genetic modulation is important (Figure 6 and 7), this 
raises an interesting consideration. Specifically, it calls into question whether cell number 
replenishment strategies – or even the goals of host-patch vascular network anastomoses 
(Figure 1 and Video 3) and electrical activity integration (Figure 3, 5 and Suppl. Figure 1) – 
would be fully aligned with the underlying mechanistic processes conferring myocardial 
protection. To proceed with human trials [8, 10, 12] without understanding mechanisms may 
subject patients to treatments which are not aligned with the underlying reason why they work 
[30]. Better understanding of the mechanisms regulating optimal prognosis in heart failure 
patients receiving a bioprinted patch is critical in this field (already subject to ethical concerns 
about suboptimal media-hyped treatments [31-33]). Without better understanding of these 
mechanisms, there is a risk of unnecessary patient harm, wasted research resources and time 
[1, 30, 33]. 

In this context, we therefore cast a broad net to search for mechanistic insights. We 
analysed electrical maps and performed individual mouse sequential echocardiography (baseline 
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– midpoint – endpoint) to identify progression in LVEF% changes (Figure 2A). We found that
relationships between electrical mapping results, infarct size and LVEF% were not
straightforward, with variability in these measures due to the procedure itself (as shown by high
variability in our Sham group) as well as the inherent variability of these recordings – LVEF%
is known to be highly variable, depending on heart rate, preload and afterload. It is worth noting
that our day 28 analyses are based on survivors (Suppl Figure 3), which introduces an attrition
bias for mice with good collaterals or with smaller infarcts. The variability inherent to infarct
size, CV and LVEF% is a limitation of all animal studies in the cardiac regeneration field. Future
studies should factor this in when calculating numbers to adequately power studies including
removal of anomalous results, high variation in results and multiple statistical comparisons.

To explore the role of immune cells in host cardiac tissue, we tested for the presence of different 
immune cell numbers using flow cytometry (Figure 6). We demonstrated a trend towards a 
reversal of the ratio of so-called M1:M2 macrophages in our MI group compared to other groups 
(Figure 6A). The M1:M2 ratio is a simplification, for example, it presents a complicated 
continuum as a dichotomy [25, 34]. Nonetheless, ‘classically activated’ M1 macrophages have 
been associated with phagocytosis, elimination of tumour cells and pathogen killing, whereas 
‘alternatively activated’ M2 macrophages have been described as profibrotic inducers of fibrosis 
[34]. Some have stated that M1 may exacerbate ischaemic injury whereas M2 
macrophages are associated with cardioprotective effects [35], whereas others have moved 
away from describing macrophages in terms of M1/M2 [25, 34]. Despite limitations, our findings 
suggest changes in macrophages with treatment groups applied after MI (all treatment groups 
trended towards a re-reversal of the ratio back towards an increased proportion of M1 compared 
to M2 macrophages). Our results might suggest that increased M1 (phagocytotic) activity 
compared to M2 (fibrotic) activity is important, but the results were not statistically significant 
due to low cell numbers in the MI group – studying depleted macrophages in the established 
infarct zone is a known challenge. Our use of RAG1 mice suggests B or T cell-driven 
mechanisms are less important (RAG1 mice do not have mature B or T cells). Despite limitations 
in flow cytometry (such as batch variability), these findings complement more extensive immune 
cell analyses [14] and support recent understanding that innate immune system behaviour and 
characterisation is complex [34, 36]. These data will need to be followed up with future dedicated 
studies, including full immunohistochemistry analysis for spatially resolved assessment of the 
effects of different treatments.  

Our transcriptomic analyses demonstrated that mice in the MI+PATCH SPHEROIDS group 
presented transcriptomic profiles similar to non-infarcted sham mice. We found that there were no 
differentially expressed transcripts when samples of the sham and spheroids groups were 
compared, suggesting that these cells were molecularly similar. RNAseq aims at broad 
comparison and identification of molecular avenues for detailed follow-up studies. Nonetheless, 
we identified interesting changes in gene expression, such as for myosin light-chain 4 (MYL4) 
and 7 (MYL7) which were similar for both MI vs MI+PATCH SPHEROIDS and MI vs Sham (a 
log2FoldChange of approximately 5, Supplementary Table S3 and S4, respectively). Loss of 
MYL4 function may cause progressive atrial cardiomyopathy [37] and downregulation of 
MYL7 is implicated in myocardial structural abnormalities and cardiac hypertrophy [38]. For 
acellular (hydrogel only) compared to SPHEROID patch treatment, enrichment analyses for 
canonical pathways highlighted genes associated with beta adrenergic signalling and dilated 
cardiomyopathy (Supplementary Figures 9, 10 and 11). Further detail on cardiovascular 
genes and their associations is in Supplementary Tables S11 and S12. For the first time (to 
our knowledge), our mRNA analysis has pointed to underlying host gene expression modulation 
as an important potential mechanism for future studies to evaluate fully.  

Our functional data (LVEF%) also showed a return to sham (non-infarcted) values for the 
MI+PATCH SPHEROIDS group (Figure 2). Taken together, this supports the hypothesis that 
treatment with VCS patches enacted beneficial changes on underlying host gene expression. It 
needs to be emphasised that without splitting the VCS microtissue into its component cells and 
testing each as a control group, it cannot be ruled out that only one of the cell lines contained in 
the microtissue is contributing to these results. However, VCSs are a specific entity, in-and-of-
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themselves, and to “split” this entity into its component cells (e.g. a control group for 
“spheroids” made only of 3D cultured CFs) would arguably not be warranted. It may be 
warranted as part of a larger future study testing multiple bioinks (and our feasibility-focused 
mouse patch transplantation protocol is suited to high-throughput testing of different bioinks). 
VCS patch treatment enriched for genes associated with regulation of cardiac functions 
(contractility) and cell growth and development. The near-complete return to a transcriptomic 
profile resembling sham mice was not seen in the other experimental treatment groups (MI
+PATCH or MI+PATCH CELLS). Along with our immune cell analysis (flow cytometry) we can
therefore speculate that the incremental gain in cardiac function seen between groups (patch
only, freely suspended cells or cells pre-cultured as spheroids) could be due to a “dual”

mechanism along with stimulation of host inflammation. That is, stimulation of host inflammatory
cells provided some of the “uplift” in LVEF% (accounting for the partial uplift observed with
acellular hydrogel material placed onto the heart) which was then increased further by a
genetic mechanism (with some effect from freely suspended cells, but the strongest effect only
coming through for the cardiac spheroids group). In other words, modulation of host immune cells
boosted heart function half-way but to get the maximal improvement required genetic changes.
This hypothesis would require testing by a dedicated future study (beyond our descriptive/
phenotypic analyses whereby it has first been proposed here). For some reason, genetic
changes seemed only fully able to happen with the spheroid group (freely suspended cells only

seemed to induce some modifications and did not induce the full “back to baseline” mRNA

changes). Given the high variance in our datapoints (individual mice) in the MI+PATCH
CELLS group (Figure 2B and Figure 4D) confounding factors are possible for that group (such
as patch non-adherence to the heart, missing a regional infarction on sampling or small infarct
generation at LAD ligation). However, our electrical mapping data supported that the spheroid
group had a favourable electrical profile (Figure 5 and Suppl Figure 1), which is also
consistent with the genetic changes we report in the spheroid group (Figure 7). More study is
needed to fully elucidate these mechanisms.

Despite having directly compared single cells versus spheroid containing patches in an animal MI 
model, we identified limitations in our study. A limitation is that patches were transplanted to 
the heart immediately after LAD ligation, whereas for human patients the treatment need is for 
chronic heart failure to restore myocardial function. This is more of a “protection” rather than a 
regenerative treatment for established heart failure. At the same time, whilst many studies run 
up to 28 days, some have reported functional outcomes which only emerge later (8 
weeks or more) [6]. Furthermore, our study in mice is not directly translatable to human trials 
without a large animal trial which would more closely resemble human surgery. In our model, 
it is also possible that difficult-to-quantify variables may influence outcomes, such as the 
extent to which a patch successfully attaches and interacts with the host heart tissue 
underneath. We also did not analyse all immune cells, and other cell types such as mast cells 
may have important roles to play [39]. Systems such as  the nervous [40] and lymphatic system 
[41] may also be important and this is the focus of other studies [42]. Further considerations
related to the mouse MI model are discussed in the Supplementary Materials.

Overall, our results hint at the mechanistic complexities underlying patch-based myocardial 
repair. The future directions for this study remain mechanistic: a dedicated study should 
examine our proposal that host immune responses and gene expression changes each account 
for part of the cardiac functional benefit we observed.  
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Conclusions 
Our findings show a significant improvement in cardiac function by epicardial transplantation of 
AlgGel patches containing spheroids in mice modelling MI. We found no strong evidence for a 
clinically or statistically significant difference whether transplanting hydrogel patches alone (even 
without cells) or patches containing cardiac cells (iCMs, CFs, ECs). Nonetheless, the trend 
seemed towards an incremental improvement with cells and then another incremental 
improvement with cell spheroids in patches. Gene expression changes for the spheroid group
may explain why this group apparently returned the strongest functional improvement. Even 
hydrogel alone (without cells) raised the LVEF% from 41% to 55%, adding to evidence that 
direct cardiac cell number replenishment may not be a mechanism by which cardiac function is 
improved (in epicardial patch-based myocardial regeneration strategies). This broad-based 
multiple analysis study provides new directions of inquiry (for specific immune cells and/or gene 
expression) for future studies that had not previously been considered. Dedicated preclinical 
studies are needed to examine specific mechanisms in full and answer the question why 
epicardial patch transplantation improves cardiac function. 
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Figure Legends 

Figure 1. Cardiac spheroids (A-D) and freely suspended cardiac cells (E-H) with endothelial 
cell networks present at 28 days in 3D bioprinted patches. (A) Overview of a 3D rendered 
region of a cardiac spheroid patch stained with antibodies for cardiomyocytes (red, cTNT), 
endothelial cells (blue, CD31) and fibroblasts (green, vimentin). (A) shows the overlay, whereas 
(B) and (C) show the cardiomyocyte and the endothelial cell population, respectively. (D) is a side
closeup view of a spheroid from (A). Arrows point at spheroids within the patch. Images taken
from Video 1. Figure 1. (E-H) 3D rendering analyses of bioprinted patches containing cardiac
cells (not in spheroid conformation) at 28 days that were stained with antibodies for
cardiomyocytes (red, cTNT), endothelial cells (blue, CD31) and fibroblasts (green, vimentin),
respectively. Arrows in (A) and (B) indicate the extensive endothelial cell network formed within
the patch. (C-D) Single cells are observed in certain areas of the patch in the periphery, indicating
absence of complete maturation in these areas. Images taken from Video 2 (A and B) and Video
3 (C and D). Full-length videos are in the data repository. Due to the resources required to obtain
3D large-sample multichannel images for cell patches, no imaging of acellular (hydrogel only)
patches were taken. Scale bars = 150 μm.

Figure 2. Patch transplantation protects against MI-induced reduction in cardiac function. 
(A) Sequential LVEF% values for each experimental group taken at baseline (before surgery),
midpoint (14 days after surgery) and endpoint (28 days after surgery). For each group, individual
lines on the graph show individual mice. Variability in the LVEF% was observed in individual mice
as shown by high variability in endpoint values for sham mice and high variability in baseline
values in all groups. Compared to MI, all three treatment groups trended towards higher LVEF%
values at both midpoint and endpoint. (B) Median LVEF% for each treatment group at day 28
shows a trend towards increasing improvements in LVEF%. (C) Median LVEF% per group at
baseline, midpoint and endpoint; For other functional outcome measures (fractional shortening
and cardiac output) see Suppl Figure 2. p values Error bars show interquartile range; p values
calculated with pairwise Mann-Whitney U tests.

Figure 3. No treatment rescued mean CV by day 28 following LAD ligation. Left anterior 
descending artery (LAD) ligation immediately reduced the median conduction velocity (CV) 
compared to pre-MI (baseline) values (taken immediately before LAD ligation). The statistically 
significant difference between pre-MI (baseline) values and post LAD ligation values (on day zero) 
seemed to persist up to day 28 (that is, there was no evidence of a return in CV back towards 
baseline values detected at this level of statistical power). In fact, the trend in the MI group was 
for the CV to fall further by day 28 in parallel with falling cardiac function (see also Figure 2). 
Overall, reduction in CV was seen with LAD ligation and there was no evidence of recovery by 
day 28. Error bars show quartile range, p values were calculated using stepwise Mann-
Whitney U tests (Bonferroni-corrected level of significance is p=0.0083 for six stepwise 
calculations against pre-MI baseline values and p=0.010 for five stepwise calculations against 
values taken immediately post-LAD ligation). Only high quality 64 electrode electrical mapping 
readings were used in this analysis and where there was any question about the quality of 
individual readings that reading was not used.  

Figure 4. In mice surviving up to 28 days, the strong correlation between infarct size and 
LVEF% in the MI group was reduced for the MI+PATCH group and reduced further for the 
MI+PATCH SPHEROIDS group.  (A-C) Infarction (collagen) staining with Picrosirius Red (PSR) 
for a mouse in the MI group (A), MI+PATCH group (B) and MI+PATCH SPHEROIDS group (C) 
shows that infarct patterns were variable (black arrows point to infarcted area stained with
PSR). (D) Shows infarct size (infarcted LV / Total LV) across groups. Median LVEF% for each 
group is plotted as a blue line (values on the right Y axis). There was a trend towards a lower 
infarct size between the MI group and the interventional groups (MI+PATCH, MI+PATCH 
CELLS, MI+PATCH SPHEROIDS) but the result was not statistically significant. (E) Shows 
coefficients of determination (R squared) values for the LVEF% plotted against the infarct area
(sham not shown as no LAD ligation was performed and infarct size was zero in all cases). The 
moderately strong 
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correlation between LVEF% and infarct size in the MI group (66%) was disrupted in treatment 
groups MI+PATCH (15%) or MI+PATCH SPHEROIDS (0.3%). Points on graph represent 
individual mice (median infarct size from multiple repeat measurements of different histological 
sections; error bars show IQR) and goodness of fit (R squared) to trend lines is expressed as a 
percentage. Only mice with infarct size >0 were used for this analysis (for chart including 
infarct area = zero see Suppl Figure 4) 

Figure 5.  Electrical remodelling of the infarcted LV may be an important mechanism 
contributing to improved LVEF%. (A) Representative image of a baseline (pre-MI) 64-electrode 
array electrical map (isochronal activation map) of the anterior cardiac surface. The isochronal 
(AT) map represents the sequential event of depolarisation. It is constructed with relative values 
to the earliest activation time from 64 channels. The deep red colour means the earliest activation 
site. More red colours on a map means fast CVs. AT map from post LAD ligation readings (C, F, I,
L) show that the normal pathway for conductive activation is mainly blocked (red meets blue, the
loss of colour gradient) in the MI area (in blue). This gradient (seen in the baseline (pre-ligation)
map in A) is not fully recovered after all of treatments (G, J, M) possibly due to the formation of
scar tissues.(B) Day 28 mean LVEF% (n=1 repeat reading per mouse from best
echocardiographic trace of up to 7 sequentially acquired traces) plotted against mean CV (n=4
repeat readings per mouse) (error bars=SD; only upper bar shown). Sham group values show
wide variation in LVEF% on day 28 even with only a sham procedure (see also Figure 2A).
Wide error bars show variability in CV readings. The MI+PATCH SPHEROID group seemed to
trend towards increasing overall mean CV with increasing LVEF%. (C-E) For a mouse underdoing
a sham procedure AT maps on day one at surgery (C) and day 28 (D) were similar. (E) Shows
the corresponding baseline (day one before surgery), midpoint (day 14 after surgery) and
endpoint (day 28) LVEF% for the same sham group mouse. (F-H) For a mouse undergoing MI
+PATCH transplantation electrical maps on day one post-LAD ligation (F) and day 28 (G) show
loss of colour gradient and a white area where no signal was detected. (I-K) Electrical maps
for this MI+PATCH CELLS mouse (with a cellular patch transplanted) shows partial
recovery of the electrical map. The day 28 electrical map (J) showed a greater area of blue
squares (slow CV) and more abrupt transition between fast (red) and slow (blue) areas when
compared to day one for that mouse (I). The corresponding LVEF% (K) was similar compared
to other groups with a decrease at the midpoint and partial recovery by the endpoint. (L-N)
For a mouse in the MI+PATCH SPHEROIDS group, electrical maps (L-M) showed partial
recovery of gradient. The corresponding LVEF% showed a steep uptick between midpoint and
endpoint (N).

Figure 6. Immune cell analysis at 28 days post-surgery suggests significant changes in 
inflammatory cell populations in heart tissue across experimental groups. (A) Macrophage 
analysis for experimental groups with M1 macrophage to M2 macrophage ratios (total sum M1 
and M2 numbers for the whole experimental group were compared due to low numbers of 
events in individual mice in some groups. Absolute numbers for M1:M2 / all immune cells in total 
were: 17:5 / 229180 [SHAM]; 1:4 / 43147 [MI]; 13:5 / 153252 [MI+PATCH]; 28:23 / 555858 
[MI+ PATCH CELLS]; 218:115 / 67448 [MI+PATCH SPHEROIDS]). Compared to sham, data 
show a trend towards a reversal of the M1:M2 ratio for MI which then trends towards a return 
to sham (not infarcted) values with any treatment (MI+PATCH, MI+PATCH CELLS or MI+PATCH 
SPHEROIDS. (B) Neutrophil:Monocyte whole group ratios show the spheroid group reversed the 
ratio seen in all other groups (to favour monocytes relative to neutrophils). (C-F) Proportion of 
monocytes (C), neutrophils (D), NK cells (E) and HSC (F) show significant changes in cell 
proportions on day 28 post surgery. Overall, these initial data point to immune cell changes 
warranting further dedicated analysis. Despite limitations of flow cytometry, the data suggest 
differences between groups and also that some modification of immune cell activity occurs 
whether epicardial patches contain no cells (MI+PATCH), freely suspended iPSC-CMs, iCFs, ECs 
(MI+PATCH CELLS) or the same cells suspended in hydrogel as spheroids (MI+PATCH 
SPHEROIDS). Bars show group total sum crude ratios (A-B), medians x103 (C-D) or x104 (E-F); 
error bars (C-F) show upper limit interquartile range.

Figure 7. The transcriptomic profile of MI+PATCH SPHEROID mice is similar to Sham mice 
(without MI). (A) Principal component analysis of whole transcriptome expression levels. (B) 
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Heatmap of gene expression for all transcripts differential gene expressed between MI, Patch, 
Cells, Spheroids, and Sham (C) Heatmap of gene expression for all transcripts differential gene 
expressed between MI and Spheroids (D) Enrichment analysis for genes differentially expressed 
between MI and Spheroids. Diseases and Biological Functions (top panel) and 
Cardiovascular System Development and Functions (bottom panel).  

Video Legends 
Video 1. Visualisation of confocal micrographic data showing cellular structure of a patch 
(3D rendering). This abbreviated video shows a slice (taken through the middle) of a cellular 
patch populated with human iCMs (red, cTNT), CFs (green, vimentin) and HCAECs (blue, CD31) 
on day 28 of incubation.  
Video 2. Visualisation of confocal micrographic data showing cellular structure of a patch 
(3D rendering). This abbreviated video shows a slice (taken through the middle) of a cellular 
patch which has formed endothelial cell networks (blue, CD31) with supporting fibroblasts (green, 
vimentin). 
Video 3. Visualisation of confocal micrographic data showing cellular structure of a patch 
(3D rendering). This abbreviated video shows a slice (taken through the middle) of a cardiac 
spheroid patch which shows vascularised cardiac spheroids (VCS) still intact at day 28 of 
incubation. There are also cardiomyocytes (red, cTNT), endothelial cells (blue, CD31) and 
fibroblasts (green, vimentin) which have migrated out of spheroids and spread across the patch. 
Endothelial cell networks are visible both within the spheroids and outside them.  
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Supplementary Figures 1-11 

Supplementary Figure 1. Ex vivo detection of electrical activity confirmed electrically 
active cells after 28 days of patch incubation. (A) The raw data shows that electrical activity 
is present in gel containing human cardiac spheroids. (B) Shows processed data 
(independently confirmed electrical activity). The neighbouring channels Ch9 and Ch10 both 
had typical electrograms of field potentials with the same rhythmic waveforms, meaning the 
depolarisation wavefront from iCM rich spheroids can be propagated. Patches with cells (not 
in spheroids) had weaker electrical activities in comparison of spheroids (data not shown) 
confirming that both types of bioink are viable.   
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Supplementary Figure 2. Evaluation of cardiac functional outcome measures other than 
the LVEF%. (A-D) Cardiac functional analyses using the same method as was performed for 
the LVEF% in Figure 2B but with alternative outcome measures. (A) Fractional shortening % 
(FS) analysis returns similar results to LVEF%. FS measures % change in left ventricular 
diameter during systole and correlates with LVEF% unless there are abnormalities in 
ventricular geometry, activation (including bundle branch blocks) or regional areas (regional 
differences in contractile function may be missed). Accepted normal FS values on M-mode 
echocardiography are >25%. (B) Cardiac output (CO) showed similar results to LVEF% 
(Figure 2B) but the interval between median CO for MI group mice and MI+PATCH CELLS 
or MI+PATCH SPHEROIDS was reduced and consequently p values for groups having 
cellular patch transplantation compared to MI were higher. (C-D) Left ventricular end diastolic 
(LVEDD) and systolic (LVESD) diameters were the same in all groups. No difference was 
observed for sham mice (no MI or treatment) compared to MI mice (LAD ligation without 
treatment) which is not concordant with the other functional outcome measures (A-B), 
suggesting that LVEDD and LVESD alone may not be useful as outcome measures in mouse 
models of MI. Baseline median(IQR) values (n=51): FS=34.8(32.0-38.3); CO=14.5(10.3-16.8); 
LVEDD=3.3(2.8-3.6); LVESD=2.0(1.8-2.4). 
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Supplementary Figure 3. Mortality data and baseline LVEF% characteristics. (A-B) 
Mortality rates overall (A) and by experimental group (B) including all mice (+1 mouse that 
died during intubation and +10 mice in the MI group which were part of our pilot study to 
establish that our mortality rate for B6.RAG1 mice (immune suppressed C57Bl6 without 
mature B or T cells) did not exceed an accepted literature rate for non-immune suppressed 
C57Bl6 mice of 44%(1). (C) Kaplan-Meier survival analysis for each experimental group 
showed a trend towards increased mortality in the groups with patches containing cells 
(MI+PATCH CELLS and MI+PATCH+SPHEROIDS) but not in the group with patches 
containing hydrogel only without cells (MI+PATCH), but the Log-rank (Mantel-Cox) test result 
was not significant. No strong statistically significant difference was shown in mortality in our 
experimental groups. (D-E) For the MI control group compared to our three treatment groups, 
median baseline cardiac function (LVEF%) was not significantly different in survivors (up to 
day 28) compared with non-survivors that died before reaching day 28 (error bars show 
interquartile range; analysis excludes sham mice, pilot MI group mice and the mouse that died 
during intubation).  
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Supplementary Figure 4. Patterns of infarction were variable and may have influenced 
cardiac function in ways not accounted for by the infarct size measurement alone. (A-
B) Staining with Masson’s Trichrome (A) and Picrosirius Red (B) for a mouse in the MI group 
with infarct size of 32%. (C-D) shows histology from a mouse in the MI+PATCH group with a 
similar infarct size (35%) with severe loss of cell architecture and localised wall-thinning. Mice 
with similar absolute infarct sizes might have had different LVEF% effects, for example due to 
different patterns of infarction. Scale bars = 500 μm 

Supplementary Figure 5. A patch remnant captured on histology still adherent to the 
mouse heart on day 28 post surgery. (A-C) shows a patch in situ on the epicardial surface 
at day 28 with H&E (A), Picrosirius Red (B) and Masson’s Trichrome (C) staining, respectively. 
This mouse had no detected underlying infarction. Reasons for undetected infarction include 
the mouse having a minimal infarction generated at the time of surgery, or the sample not 
capturing a small or focal infarction (especially if the infarction was apical – we sampled the 
midzone). Nonetheless, taken together with the trend towards treatment groups presenting an 
improved LVEF% and lower infarct size, it is possible that infarct size was smaller due to the 
treatment itself and therefore less likely to be detected on histology (our sampling method took 
multiple slices for multiple analyses rather than the whole heart for histology alone). Scale 
bars = 500 μm. Raw data for these images (.CZI files) are available in the data repository.  

Supplementary Figure 6. Day 28 mean CV (n=4 repeat readings per mouse) plotted 
against mean infarct size values (error bars=SD (only upper bar shown); up to 6 repeats 
per mouse) in treatment groups and the sham group. Sham group (infarct area = zero) CV 
values vary widely and even sham group mice could present low mean conduction velocity 
readings (red diamonds). Most mice dropped their conduction velocity on day 28 compared to 
baseline (pre-MI). Coefficients of determination (R squared) were similar to values for infarct 
size plotted against LVEF%. The strong correlation in the MI group was reduced to a weak 
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correlation with a patch treatment (12%) and reduced further to no correlation (1%) with the 
spheroid group.  

Supplementary Figure 7. No strong trends were identified between macrophages 
plotted against infarct size or LVEF% for mice in the spheroid group. (A-D) For the 5 
mice surviving to day 28 in the MI+PATCH SPHEROIDS group, no strong correlation was 
seen between either M1:M2 ratio or total WBC:Macrophage ratio plotted against LVEF% 
(A=B) or infarct size (C-D).  
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Supplementary Figure 8. Supplementary analysis of flow cytometry data for tissue 
immune cells. (A-D) Secondary analysis of the categorical (type of cell) data presented in 
Figure 6 with the data processed here as continuous data (number of cells). Despite this 
method of assessing the data returning more statistically insignificant results, the results 
support our contention that changes occurred in host (mouse) tissue immune cells on day 28 
post surgery. Bars show medians x103 (error bars show inter-quartile ranges). (E) The full flow 
cytometry immune cell profile for the heart tissue of the mouse showing the greatest drop and 
recovery in LVEF% in our experiment. This shows an M1:M2 ratio of approximately 1:1. This 
is the same mouse for which data were presented in Figure 3P-S. This mouse had electrical 
mapping readings on day one (Figure 5L) and day 28 (Figure 5M) which showed a change 
towards higher maximum conduction velocities (CVs) and a V-shaped LVEF% progression 
(Figure 5N) from baseline to midpoint (14 days) to endpoint (28 days). 
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Supplementary Figure 9. Enrichment for Canonical Pathways. Analysis compares hydrogel (acellular) patch treatment with spheroid patches and shows upregulation of 
genes associated with the labelled canonical pathways. Gene expression associated with cardiac beta-adrenergic signaling (regulating heart rate and contractility) was 
upregulated. Of note, gene expression associated with dilated cardiomyopathy signalling was also upregulated in the spheroid group (see Supplementary Figure 10). 
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induced in the spheroid treatment group may have altered molecular events within the myocardium such as calcium signalling, remodelling and apoptosis. 

Supplementary Figure 10. Dilated Cardiomyopathy Signalling pathway. Upregulated gene expression in the spheroid group compared to hydrogel (acellular) patch 
treatment was associated with multiple genes known to be associated with dilated cardiomyopathy. Overall, genetic changes induced in the spheroid treatment group 
may have altered molecular events within the myocardium such as calcium signalling, remodelling and apoptosis. Page 159 of 220



Categories Functions Diseases or Functions Annotation p-value Molecules 
Cardiovascular 
Disease 
Cardiovascular System 
Development and 
Function 
Organ Morphology 
Organismal 
Development 
Organismal Injury and 
Abnormalities 
Skeletal and Muscular 
Disorders 
Hereditary Disorder 
Hematological System 
Development and 
Function 
Skeletal and Muscular 
System Development 
and Function 
Tissue Morphology 
Cellular Function and 
Maintenance 
Cellular Assembly and 
Organization,Cellular 
Development,,Cellular 
Growth and 
Proliferation,Embryonic 
Development 
Cell Morphology,, 
Dermatological 
Diseases and 
Conditions 

enlargement Enlargement of heart 0.00000171 ACSL1,APOE,ATP2A2,CAST,COL3A1,CTSB,CTSD,DOT1L,DSP,IL6ST,KCNJ11,LDB3,NPR3,PFKFB1,PPP2CA,RYR2,TTN,USP18 

dilated cardiomyopathy Dilated cardiomyopathy 0.00000937 ACSL1,APOE,ATP2A2,CAST,COL3A1,DSP,LDB3,NPR3,PPP2CA,RYR2,TTN,USP18 

abnormal morphology Abnormal morphology of heart 0.000016 ACSL1,APOE,ATP2A2,CAST,CCND3,COL3A1,CTSB,CTSD,DOT1L,DSP,IL6ST,KCNJ11,LDB3,NPR3,PFKFB1,PPP2CA,RYR2,TTN,USP18 

abnormal morphology 
Abnormal morphology of 
cardiovascular system 0.0000331 ACSL1,APOE,ATP2A2,CAST,CCND3,COL3A1,CTSB,CTSD,DOT1L,DSP,IL6ST,KCNJ11,LDB3,NPR3,PAM,PFKFB1,PPP2CA,RYR2,TTN,USP18 

familial dilated cardiomyopathy with 
left ventricular noncompaction 

Familial dilated cardiomyopathy with 
left ventricular noncompaction 0.0000841 LDB3,RYR2 

diastolic pressure Diastolic pressure 0.000141 APOE,ATP2A2,DOT1L,NPR3,TTN 

quantity 
Quantity of fibrous layer of blood 
vessel 0.000168 APOE,MMP12 

dilated cardiomyopathy 1A Dilated cardiomyopathy 1A 0.000275 DSP,LDB3,TTN 

enlargement Enlargement of left ventricle 0.000413 APOE,ATP2A2,KCNJ11,LDB3,RYR2,TTN 

function Function of cardiac muscle 0.000442 APOE,ATP2A2,PFKFB1,RYR2,SPHK1,TTN,USP18 

abnormal morphology Abnormal morphology of left ventricle 0.00048 APOE,ATP2A2,LDB3,RYR2,TTN 

morphology Morphology of left ventricle 0.000531 APOE,ATP2A2,IL6ST,KCNJ11,LDB3,RYR2,TTN 
familial primary dilated 
cardiomyopathy 

Familial primary dilated 
cardiomyopathy 0.000565 DSP,LDB3,RYR2,TTN 

abnormal morphology 
Abnormal morphology of heart 
ventricle 0.000721 APOE,ATP2A2,CCND3,IL6ST,LDB3,RYR2,TTN 

hypertrophy Hypertrophy of heart 0.000734 APOE,ATP2A2,CTSB,CTSD,IL6ST,KCNJ11,PFKFB1,RYR2,TTN,USP18 

left ventricular dilation Left ventricular dilation 0.000806 APOE,ATP2A2,LDB3,RYR2 

dominant dilated cardiomyopathy Dominant dilated cardiomyopathy 0.000851 DSP,LDB3,TTN 

thickness Thickness of left ventricle 0.000988 APOE,IL6ST 

mean arterial pressure Mean arterial pressure 0.00109 APOE,ATP2A2,CD247,COMP,KCNJ11 

abnormal morphology Abnormal morphology of aorta wall 0.0015 APOE,COL3A1 

function Function of cardiomyocytes 0.00156 RYR2,SPHK1,TTN 

cardiac contractility Cardiac contractility 0.00158 APOE,ATP2A2,PFKFB1,PPP2CA,RYR2,TTN 

dilated cardiomyopathy 1S Dilated cardiomyopathy 1S 0.00179 DSP,TTN 

fractional shortening Fractional shortening of heart 0.00284 ACSL1,PFKFB1,RYR2 

organization Organization of sarcomere 0.00284 LDB3,NEURL2,TTN 

vascularization 
Vascularization of absolute anatomical 
region 0.00287 APOE,C3,MMP12,SPHK1,SPHK2 

morphology Morphology of heart cells 0.0032 ATP2A2,CTSB,CTSD,IL6ST,RYR2,TTN,USP18 

abnormal morphology 
Abnormal morphology of ventricular 
wall 0.0038 APOE,ATP2A2,CCND3,IL6ST 

morphology Morphology of heart ventricle 0.00382 APOE,ATP2A2,CCND3,IL6ST,KCNJ11,LDB3,RYR2,TTN 

blood pressure Blood pressure 0.00501 APOE,ATP2A2,CD247,COMP,DOT1L,KCNJ11,NPR3,TTN 

vasculogenesis Vasculogenesis 0.00522 APOE,ATP2A2,C3,COL3A1,COMP,CTSB,GLMN,IL6ST,MMP12,PAQR3,PDE3A,PIGF,SPHK1,SPHK2,USP18 

abnormal morphology 
Abnormal morphology of spiral 
modiolar artery 0.00532 APOE 

dilated cardiomyopathic failure Dilated cardiomyopathic failure 0.00532 ATP2A2 
dilated cardiomyopathy with woolly 
hair and keratoderma 

Dilated cardiomyopathy with woolly 
hair and keratoderma 0.00532 DSP 

dilated cardiomyopathy with woolly 
hair, keratoderma, and tooth agenesis 

Dilated cardiomyopathy with woolly 
hair, keratoderma, and tooth agenesis 0.00532 DSP 

contraction Contraction of papillary muscle 0.00532 ATP2A2 

dilated cardiomyopathy 1g Dilated cardiomyopathy 1g 0.00532 TTN 
dilated cardiomyopathy with left 
ventricular noncompaction type 1c 

Dilated cardiomyopathy with left 
ventricular noncompaction type 1c 0.00532 LDB3 

density Density of vasa vasorum 0.00532 APOE 

mean arterial pressure 
Mean arterial pressure of femoral 
artery 0.00532 ATP2A2 

Supplementary Figure 11. Enrichment for System Development Functions. Enrichment analysis (hydrogel (acellular) patches compared to spheroid patches) highlighted 
gene expression changes, especially with genes associated with dilated cardiomyopathy. Page 160 of 220



Supplementary Material: Supplementary Discussion Points and Data Visualisation Statement 

Supplementary Discussion Pertaining to Electrical Mapping: 

Taken together, our electrical mapping data (Figure 3, 5 and Suppl Figure 1) suggests that with 
treatment no overall change in CV occurred (Figure 3) but that there may have been changes to the 
electrical map gradient appearances (Figure 5). Whilst human cardiomyocytes would not be expected 
to couple with underlying host (mouse) cardiomyocytes, treatments may have had an effect on host 
(mouse) electrical mapping profiles (Figure 5). Figure 5 hints that restoration of a non-infarcted 
gradient pattern may have been important in mice that improved their LVEF% (especially between 
day 14 and 28). When the gradient effect was blunted in an individual mouse (MI+PATCH CELLS, Figure 
5J) the ‘uptick’ in LVEF% between midpoint and endpoint was not observed (Figure 5K). Instead, the 
drop in LVEF% observed between baseline and midpoint (day 14) persisted to the endpoint at day 28 
(Figure 5K). Conversely, with spheroid patch treatment there was a sharp uptick between day 14 and 
day 28 (Figure 5N) and the corresponding electrical maps (Figure 5L-M) showed a partial electrical 
recovery towards baseline. These individual mouse analyses (Figure 5) reflected the whole group 
median LVEF% progression (Figure 2C) where the post day 14 uptick was steepest for the spheroid 
group (contrast the precipitous drop in the MI group). It is possible that the ability of the heart to 
compensate for infarcted areas by modulating/increasing CV in non-infarcted areas contributes to 
improvements in function. This suggests that the success of treatment for any individual mouse may 
be associated with remodelling (with associated electrical activity modification) and not only raw 
infarct size. Of note, even a sham procedure (passing a suture underneath the LAD and tying it loosely 
without ligating the LAD) was associated with changes in the overall CV (Figure 3 and 5B) and electrical 
map appearances (Figure 5C-D). This might suggest that even with a small needle passed under the 
LAD and suture tied without occlusion, the surgery in-and-of itself can affect the conduction system 
of the murine heart. This might help to explain why sham mice had diverging LVEF% results at the day 
14 midpoint and day 28 endpoint (Figure 2A). 

Supplementary Discussion Pertaining to the Mouse Model: 

Different species of mice react differently to LAD ligation(1) and mice within the same experiment 
have different infarct sizes and patterns, with different effects on myocardial function. It is not known 
how this relates to human myocardial response to coronary artery blockage. Additionally, we showed 
that individual mice across all our experimental groups (including sham surgery) can present different 
cardiac function (LVEF%) progression from baseline to midpoint to endpoint in this protocol. This could 
reflect intrinsic variability in the LVEF%, some variability factor intrinsic to the protocol itself (such as 
passing a needle and suture through heart tissue under the LAD), or variability in measurement 
techniques (such as mouse echocardiography in the presence of adhesions after cardiac surgery). 

Another important limitation is that only mice surviving to the end of the experiment contributed to 
our full set of day 28 analyses. Day 28 values may be influenced by attrition bias due to some mice 
dying in the operative or postoperative period. Our mortality rate of 44% was exactly the same as the 
literature rate for non-immune suppressed C57Bl/6 mice having LAD ligation without a patch(1). The 
choice of male mice was based on a pilot study which determined that female mice and mice with 
body weight below 22g seemed to have higher mortality and abandonment rates from intubation of 
smaller tracheas (data not shown). We detected no difference in our protocol (or mortality rate) with 
immune competent C57Bl/6 mice compared to mature B and T cell deplete RAG1.Bl6 mice (data not 
shown). Future murine studies must choose their mouse model very carefully (ideally only using male 
mice with body weight over 22 g) and critical considerations include: 1) more severely immune 
suppressed mice such as NOD/SCID gamma are not required and so may be unethical; 2) immune 
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competent BALB/c mice have a reported mortality rate of only 15% with a wall-thinning dominant 
pattern of ventricular response to MI(1) and these are available as T-cell depleted (BALB/c-Fox1nu) 
allowing for acceptance of xenografts, so therefore this strain may be preferable; and 3) different 
mouse strains may show different macrophage responses (C57Bl/6 show easier activation to produce 
M1 whereas Balb/c tend towards M2 polarisation(2) and there may be tissue specific responses as 
well(3)) which should be evaluated carefully, especially for dedicated mechanistic studies. Overall, if 
carefully designed, murine studies for patch transplantation may have a place for mechanistic studies, 
new treatments and studies where feasibility and high numbers of repeats are important(4). 

Supplementary Discussion Pertaining to Statistical Interpretations: 

We purposefully chose to run conservative non-parametric, Bonferroni-corrected statistical analyses 
(that is, we ran hypothesis tests which are more likely to return statistically insignificant results). With 
our 44% mortality rate (similar to previous reports using immune competent C57Bl/6 mice (1)), to 
adequately power a two-group comparative study for cellular against spheroid patches would need 
~85 mice per group (with alpha (type I error probability) of p<0.05). To repeat our entire study with 
five experimental groups and power to detect the differences we presented would require ~125 mice 
per group (625 in total) with a Bonferroni corrected threshold for significance (p<0.01). This would not 
be ethical to show potential LVEF% differences of ~5% (clinically insignificant). Therefore, the trends 
we identify herein should be evaluated in this context as a worthwhile next-best alternative. In light 
of our results, future studies should consider why they would not pre-culture their cell populations (in 
spheroids) before suspending them in patches. In fact, yet another interpretation of our results might 
be that the spheroid group showed a (Bonferroni-corrected) statistically significant difference 
compared to MI without treatment (p=0.010), whereas the cells (not in spheroid) group did not 
(p=0.106). Altogether, our nuanced results support the use of cardiac spheroids in bioinks rather than 
no cells or freely suspended cells but further study is warranted.  

Supplementary Notes on Data Visualisation for Figures: 

Brightness was adjusted for Figure 1 (+150 using Adobe Photoshop). For histology slides (Figure 4, 
Suppl. Figure 4 and Suppl. Figure 5), the grey background (only) was normalised to adjacent 
background areas polygonal histology images were rectangularised using the Photoshop Clone tool. 
Images were cropped to fit with adjacent slides. No changes to the underlying data were made and 
no changes were made to the histological information (background only).  

Supplementary Discussion References: 

1. van den Borne SWM, van de Schans VAM, Strzelecka AE, Vervoort-Peters HTM, Lijnen PM,
Cleutjens JPM, et al. Mouse strain determines the outcome of wound healing after myocardial
infarction. Cardiovasc Res. 2009;84(2):273-82.
2. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage polarization: different gene
signatures in M1(LPS+) vs. classically and M2(LPS–) vs. alternatively activated macrophages. Front
Immunol. 2019;10(1084).
3. Bleul T, Zhuang X, Hildebrand A, Lange C, Böhringer D, Schlunck G, et al. Different innate
immune responses in BALB/c and C57BL/6 strains following corneal transplantation. Journal of
Innate Immunity. 2021;13(1):49-59.
4. Roche CD, Gentile C. Transplantation of a 3D bioprinted patch in a murine model of
myocardial infarction. J Vis Exp. 2020:e61675.

Page 162 of 220



2.5 – Closing remarks to Part 2 

The three articles which make up Part 2 have successfully addressed Aim 1 (optimisation of patches) 
and Aim 2 (evaluation of functional and structural results). Taken together, these chapters represent 
a robust method to generate heart patches in vitro, transplant them in a surgical model in mice and 
then evaluate their effects in vivo.  

Chapter 2.2 represents a detailed process of optimisation of these patches. Many new insights are 
presented and several questions for the field are answered, with perhaps the most relevant being the 
optimum moment to transplant patches before they start to disintegrate in culture. We found that 
week 2 was optimal, after allowing a short period for cells to organise and start beating but not long 
enough that patches lose their integrity and become unsuitable. In keeping with the surgical flavour 
of our approach, we reported useful, feasible outcome measures (as opposed to less accessible 
numerical ones). For example, we simply defined the moment of disintegration was the moment that 
a surgeon could not use the patch for transplantation. For printability, we used a simple grid pattern 
and assessed known printability outcome measures such as shape fidelity simply by how many of the 
squares were preserved in the “finished product” of the patches once they had been bioprinted and 
cultured. For patch contractility, we recorded when patches started to beat under video light 
microscopy, which is an accessible and reproducible method of determining that patches are 
contractile. Also, the negative findings of this chapter are useful, specifically that there was no 
difference in 3D bioprinting system used, even comparing current market-leading 3D bioprinting 
systems to an old custom-made model. We found that specialised hydrogel supplements such as 
fibroblast-derived extracellular matrix hydrogel (AlloECM) could not be added directly to 
alginate/gelatin (AlgGel) patches and that mixing them caused rapid and complete disintegration of 
patches. Arguably the most eye-catching finding of this chapter (2.2) is the 3D rendering video 
reconstruction of endothelial cells in networks which had “self-organised” into tubes over 28 days 
within patches. Our video “tour” of one of these tubes showed a lumen-like space. This provides 
evidence that allowing self-organisation of cells might be an appropriate strategy (rather than more 
controlling strategies to place cells where the user wants them).  

Since patches would not be optimised unless they can be shown to work with their surgical 
transplantation protocol, we published the video method for this in full (2.3). This was the first time 
this method has been published with the complete methodological details with the intention that it 
be made fully reproducible for others. The mouse MI model we published has significant advantages, 
for instance (compared to large animal models) it allows for greater feasibility, generally higher 
numbers of repeats, lower cost, less physical space, initial testing of untested biomaterials or patches 
with optimal control groups, testing of expensive patches which need to be small and potentially the 
use of genetically modified mice. This video method publication has the potential to allow for 
extensive mechanism-focused studies, which is critical before advancing to large animal and human 
trials.  

Our in vivo study (2.4) is the key results chapter of this thesis and the sole chapter addressing Aim 2 
(the in vivo effect of patches on functional and structural outcomes). We purposefully designed this 
experiment to take full advantage of the mouse model, specifically with our relatively extensive 
analyses of results (sequential cardiac functional readings, electrical mapping data, histology, flow 
cytometry and mRNA transcriptomic analyses). Whilst obtaining a full spectrum of outcome measures 
was resource intensive, the mouse model’s relative feasibility permitted for this. We were also able 
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to select RAG1 mice with no mature B or T cells, which effectively rules out those cells from being 
involved in our results. Limitations included a high mortality rate of 44% (which introduces a survivor 
bias) and high variability inherent to the model (as shown by variability in results for the sham group 
– a significant finding in-and-of-itself). We also had to trade off the need to take multiple axial heart
slices (distal to the LAD ligation) for multiple analysis with the risk of missing of infarct on histological
slices. Due to taking multiple heart tissue slices (mRNA at the apex, flow cytometry at the mid-LV and
histology taken last nearest to the ligation), we probably missed some infarct sizes on histology, shown
especially in the MI+PATCH CELLS experimental group (Chapter 2.4, Figure 4). Nonetheless, our results
are strong, with a return to baseline leap in cardiac function for our treatment groups (MI+PATCH
SPHEROIDS). Our negative treatment control (MI+PATCH) had no cells and even with this patch there
was an improvement in LVEF%, suggesting that the cells did not contribute to the whole effect.
Stikingly, our mRNA analysis showed that the spheroid group returned its transcriptomic profile to
one resembling the sham (non-infarcted mice). Synthesising these two results, it is tempting to
speculate that the hydrogel (foreign material) induced inflammation modulation and his gave a partial
response in terms of improved LVEF%. To reach the full protective effect (the rest of the improvement
in LVEF% seen with CELLS or SPHEOIDS group mice), it seems as if gene expression changes are
required. If true, this would represent a very significant finding. A dedicated future study should seek
to answer the question of whether host inflammation modulation boost cardiac function “half-way”
and then genetic modulation boosts it all the way “back to baseline”.
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PART 3 – ROBOTIC MINIMALLY INVASIVE PATCH TRANSPLANTATION INSTRUMENTS 

3.1 – Introduction and relevance to Part 3 

The inventions which make up Part 3 of this thesis were developed in response to the finding from 
our preparatory literature reviews (1.2 and 1.3) that previous studies had all worked towards a model 
of open surgical transplantation. If patch-based myocardial repair is to become a fully translatable 
technology for the befit of heart failure patients, it may need to be deliverable by minimally invasive 
and/or robotic surgery in future. In 2021, other research groups published studies reporting minimally 
invasive methods to transplant patches to the heart surface for the first time (Wang et al., 2021; Zhu 
et al., 2021). Concurrently, our group was the first to pioneer robotic minimally invasive approaches 
(Chapter 3.2 and 3.3). In our multidisciplinary team bringing together cardiac surgery expertise, 
bioengineering knowledge and mechanical and mechatronic engineering, we invented surgical 
instruments for this purpose.  

Our first chapter (3.2) presents the “world first” brief report which contains our preliminary work from 
inception of the original idea to development of our first instrument design and initial part prototyping 
for that design. The instrument is a complex robotic “hand” device designed to connect to a robotic 
control unit (arm). It is capable of extensive manipulation with multiple degrees of freedom (as shown 
by our in silico video demonstration (Chapter 3.2, Suppl. Video 1). Our prototyping attempt resulted 
in many learning points which were taken forward to the next phase, not least that the instrument 
would need to be enlarged and simplified. Nonetheless, the brief report itself is noteworthy in that it 
became the first time anyone had published even the approach let alone a design and initial 
prototyping to start moving towards proof-of-concept testing.  

The proof-of-concept article (3.3) took the work presented in Chapter 3.2 forwards to the next stage. 
Designs were much more extensively developed, with three instruments designed in detail and then 
one of these chosen for full prototyping and use in a pig cadaver model of surgery. The work is early 
stage, and we reported it in the style of the initial attempt for the whole approach (including our failed 
first attempt (Chapter 3.3, Figure 8) and our successful second attempt (Chapter 3.3, Figure 9).  

Both of these articles/chapters successfully addressed Aim 3 of this thesis (to invent robotic minimally 
invasive surgical instruments to transplant patches to the heart). They represent an original 
contribution of innovative work which was a direct answer to a question raised in the literature 
reviews which form the Introduction (Part 1) of this thesis.  
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3.2 – A world first surgical instrument for minimally invasive robotically-enabled transplantation 
of heart patches for myocardial regeneration: a brief research report 

Summary: 

This brief research report article was published in Frontiers in Surgery. It represents the initial stage 
of development for robotic minimally invasive surgical instruments to transplant patches similar to 
those detailed in Part 2 of this thesis. This project developed out of the realisation that all published 
approaches to epicardial patch transplantation involved traditional open surgical incisions such as 
median sternotomies. This could limit the translatability of patches since by the time patches are ready 
for clinical use, they may need to be transplanted by minimally invasive robotic approaches. In the 
same year (2021) as we published our work on this, others published the first reports of minimally 
invasive (non-robotic) methods of patch transplantation. Our brief research report and the more 
extensive proof-of-concept testing of the following chapter (3.2) represent the first time anyone has 
presented robotic minimally invasive patch transplantation.  

Page 166 of 220



BRIEF RESEARCH REPORT
published: 06 October 2021

doi: 10.3389/fsurg.2021.653328

Frontiers in Surgery | www.frontiersin.org 1 October 2021 | Volume 8 | Article 653328

Edited by:

Zhilian Yue,

University of Wollongong, Australia

Reviewed by:

Esko Kankuri,

University of Helsinki, Finland

ZQ Zhang,

University of Leeds, United Kingdom

*Correspondence:

Christopher David Roche

croche@doctors.org.uk

†These authors share first authorship

‡These authors share last authorship

Specialty section:

This article was submitted to

Visceral Surgery,

a section of the journal

Frontiers in Surgery

Received: 14 January 2021

Accepted: 02 September 2021

Published: 06 October 2021

Citation:

Roche CD, Zhou Y, Zhao L and

Gentile C (2021) A World-First Surgical

Instrument for Minimally Invasive

Robotically-Enabled Transplantation of

Heart Patches for Myocardial

Regeneration: A Brief Research

Report. Front. Surg. 8:653328.

doi: 10.3389/fsurg.2021.653328

A World-First Surgical Instrument for
Minimally Invasive
Robotically-Enabled Transplantation
of Heart Patches for Myocardial
Regeneration: A Brief Research
Report
Christopher David Roche 1,2,3*†, Yiran Zhou 4†, Liang Zhao 4‡ and Carmine Gentile 1,2‡
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Background: Patch-based approaches to regenerating damaged myocardium include

epicardial surgical transplantation of heart patches. By the time this therapy is ready

for widespread clinical use, it may be important that patches can be delivered via

minimally invasive and robotic surgical approaches. This brief research report describes

a world-first minimally invasive patch transplantation surgical device design enabled for

human operation, master-slave, and fully automated robotic control.

Method: Over a 12-month period (2019–20) in our multidisciplinary team we designed

a surgical instrument to transplant heart patches to the epicardial surface. The device

was designed for use via uni-portal or multi-portal Video-Assisted Thorascopic Surgery

(VATS). For preliminary feasibility and sizing, we used a 3D printer to produce parts of a

flexible resin model from a computer-aided design (CAD) software platform in preparation

for more robust high-resolution metal manufacturing.

Results: The instrument was designed as a sheath containing foldable arms, <2 cm

in diameter when infolded to fit minimally invasive thoracic ports. The total length was

35 cm. When the arms were projected from the sheath, three moveable mechanical

arms at the distal end were designed to hold a patch. Features included: a rotational

head allowing for the arms to be angled in real time, a surface with micro-attachment

points for patches and a releasing mechanism to release the patch.

Conclusion: This brief research report represents a first step on a potential pathway

towards minimally invasive robotic epicardial patch transplantation. For full feasibility

testing, future proof-of-concept studies, and efficacy trials will be needed.

Keywords: instrumentation, regeneration, thorascopic surgery, myocardial patch, automation, keyhole, chest
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GRAPHICAL ABSTRACT |

INTRODUCTION

Since the first reports of robotic minimally invasive cardiac
surgery (1), there has been increasing attention given to the
role of minimally invasive robotics in cardiothoracic surgery
(2–6). Meanwhile, tissue engineers have been making gains
toward regenerating the myocardium (7–9). The first human
trials of patches containing biomaterials/cells applied to the
epicardial surface to regenerate the heart have been reported
with promising results (10–14). Moreover, increasingly accessible
techniques such as 3D bioprinting (one approach to generating
heart tissue patches) promise scalability, reproducibility, and
highly refined control over the characteristics of the patch to
be grafted (7). However, many approaches to regenerate the
myocardium surgically using patches applied to the epicardial
surface have worked toward a model of open surgery via median
sternotomy (8). There is an unanswered but pressing question
whether surgical patch-based repair of the heart will need to be
delivered by minimally invasive and/or robotic surgery by the
time it reaches widespread clinical use (7). Additionally, for heart
failure patients who may not be fit for a heart transplant or major
surgery but who may tolerate a less invasive keyhole procedure
(15), this solution may open up a therapeutic avenue for them.

Our team therefore conceptualised and designed a
novel surgical instrument to deliver heart tissue patches
to the epicardium. Our multidisciplinary team included a
cardiothoracic surgeon, a bioengineer and two specialists in
robotics, mechanical engineering, and mechatronics. To our
knowledge, the early-stage design we present is a world-first
with no similar design existing. This descriptive brief research
report represents the initial step on a potentially significant
pathway to pivot the field away from its focus on traditional
open surgery.

METHOD

Design Process, Objectives, Reasoning
The design process was initiated with several discussions
amongst the team to determine the objectives, requirements,
and feasibility of the idea. An initial outline of the design was
sketched with attention to the ergonomics at human surgery,
the size and material requirements for thorascopic insertion and
manipulation of the instrument within the chest cavity, the shape
requirements to ensure suitability for human cardiothoracic
anatomy, the mechanism to allow for an operator to manoeuvre
the instrument using handles outside the chest cavity at the
proximal (external) end of the instrument and the ability for the
device to be controlled in future by both master-slave robotics
and fully automated robotics.

Using SOLIDWORKS R© (Dassault Systèmes SOLIDWORKS
Corp, Waltham, MA, USA) computer aided design (CAD)
software, the instrument blueprint was created and revised
several times to ensure it was optimised. At this stage, attention
was given to the points of attachment for patches onto the
instrument and the details of how the patch would fold into
the instrument when retracted and then be spread out for
deployment when expanded (without damaging the patch).
Another challenge was the releasing mechanism for the patch
to release it from the instrument. It was decided that tiny
attachment nodules/hooks would be placed at the distal ends of
the manoeuvrable arms and at the apex of the pyramid created
by the three arms converging. When the arms are expanded
(outfolded) this stretches out the patch between the metal arms.
This has the effect that when outstretched the patch itself would
move away from the apex and fold out to form the base of
a pyramid.

The patches will be made from alginate 4%/gelatin 8%
in cell culture medium, which is a hydrogel that becomes
fluid at temperatures over ∼28◦C and is more solid at lower
temperatures. It can be crosslinked ionically by adding calcium
chloride (2% w/v in phosphate buffered saline) which increases
the strength of the material. A similar hydrogel with a modified
molecular structure, gelatin methacryloyl (GelMA), can be used
in a similar way to alginate/gelatin but is more robust when it is
crosslinked which is done by UV light photocuring. Therefore,
we created the instrument design to include areas for attachment
nodules/hooks which would be attached to areas within the patch
containing small rings of GelMA at the corners and the centre.
These reinforced patch ring-corners would be attached to the
arms distally. In the folded position, the patch centre will be
similarly attached to the instrument platform where the proximal
ends of the three arms converge (the apex of the pyramid
formed by the arms). When opening the arms (pitch rotational
movement) this will pull the patch away from the platform where
the proximal ends of the arms converge as it unfolds and expands
to become the outstretched base of the pyramid. Next, to release
the three patch corners from the apex, the instrument arms can
be moved laterally (yaw rotational movement). To ensure that
release happens first at the apex/central connection the strength
of the GelMA ring will be modified by using fewer layers so that
this connection releases first (before the GelMA ring connection
to the distal tips of the arms). In case of failure to release by
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FIGURE 1 | (A,B) Lateral view. One single Grip (GP) controls forward protrusion and backwards retraction of the instrument. Grips G1–G3 are triplicate (only two of

each are visible in the 2D lateral view images shown), and control each of the three distal arms to which they are attached (distal arms not visible - infolded and

covered by sheath). G3 Grips control the curvature of the patch, G2 the rotation angle of the arm, and G1 the deployment angle of the arm. (C) “Top down” view

showing triplicate arrangement of Grips when in line with each other and opened with 120 degree angles between each set of three Grips. Grips exit the cylindrical

instrument body which has diameter of 15 mm. All measurements in mm. See Supplementary Video 1 for dynamic demonstration in silico.
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this mechanism, the platforms with the hook/nodule attachments
can be moved in a sliding movement distally away from the
instrument body, theoretically releasing them by breaking the
GelMA rings.

The head has a rotational mechanism (role rotational
movement) which allows for the rotation of the patch through
360 degrees. One arm is able to be made shorter than the
other two during patch deployment. This means that by opening
that arm past 90 degrees to the main instrument body whilst
shortening it, the patch should be able to open and face any
lateral direction (similar to the triangle that can be made with the
extended index and middle finger to the thumb in opposition).
This gives the instrument three degrees of rotational movement
in addition to the three degrees of translational movement in
the X, Y, and Z axis which are achieved by movements at the
entry into the chest (similar to moving a pencil pinched lightly
between the thumb and index finger). Additional to these six
degrees of freedom, each arm is capable of pitch and yaw rotation
individually. The shortenable arm has the additional benefit of
being openable in a confined space, for example, if facing the
surface of the heart when opening, so that its excursionary
movement can be completed without damaging surrounding
structures. Overall, thesemovements will allow for the patch to be
expanded in the hemithorax and then rotated to face the surface
of the heart at the correct angle.

One surgical approach for the operation of this instrument
is via standard left-sided anterolateral multiportal video-assisted
thorascopic surgery (VATS)—similar to a left lower lobectomy
approach but with the left lung deflated via endobronchial
intubation and single lung ventilation of the right lung. The
pericardium would need to be partly opened to gain access
to the epicardial surface. In particular, for a chronic ischaemic
cardiomyopathy heart failure patient or after myocardial
infarction (MI), the target area may be the anterolateral surface
of the heart over the left ventricle. With the rotational head and
the releasing mechanism, it should be possible to manoeuvre
the patch and apply it to the epicardium on most surfaces
reachable without moving the heart: a minimally invasive VATS
transplantation of a regenerative cardiac patch.

Following these discussions and revisions aimed at optimising
the instrument design we 3D printed a version of the instrument
to assess for size and identify learning points. This “sizing and
learning” print was in preparation for the full metal prototyping
which will use 17-4 Ph Stainless Steel (SAE Type 630 stainless
steel—hardened stainless steel containing ∼15% chromium, 5%
nickel, 5% copper).

RESULTS

Early-Stage Design Outcomes
The device has nine Grips plus one push-out Grip (Figure 1,
Supplementary Video 1). Each arm has three Grips (Figure 1A,
Labels G1, G2, and G3). The top Grip (G3) controls the
attachment platforms and therefore the curvature of the patch
(it also acts as a releasing mechanism if attachment platforms are
moved beyond the maximal boundary of the outfolded patch),
the middle Grip (G2) controls the rotation angle of the arm, and

the bottom Grip (G1) controls the deployment angle of the arm.
The push out Grip (GP) protracts or retracts the arms from their
sheath. Supplementary Figure 1 shows a frontal and trimetric
view of the mechanism with the sheath removed.

The designed length of the instrument was 35 cm and cylinder
diameter was 1.5 cm (Figures 1B,C). Each arm was 60mm, thus
the maximum size of a triangular outfolded patch would be ∼18
cm2. The tips of each arm are 11.2 cm apart while opened at
90 degrees to the body of the instrument. The smallest parts in
our instrument were the joints which are cylindrical type joins
(which act like screws connecting two linked pieces) and these
were 1mm diameter and 1 mm height.

Special features of the instrument included a space between
the arms when infolded where the folded patch could be stored
prior to deployment (Figure 2). The patch could therefore be
inserted into the chest within the mechanism (and covered by
the outer sheath) without damaging it during insertion. Control
over each of the three arms was achieved by three separate
mechanisms connecting the arms to the Grips at the proximal
end of the device (Supplementary Figure 2).

The arms were designed so that they could be individually
rotated, including when the arms are folded out from their closed
position. The region conveying rotationary control is shown
in Supplementary Figure 3. In Supplementary Figure 3B the
proximal (operator’s end) region where the Grips converge
is shown.

Along each arm the design includes a moveable attachment
platform which can be controlled using Grip number 3
(control pathway highlighted in Supplementary Figure 2A).
Supplementary Video 1 shows the releasing mechanism as it
moves along one of the three arms. This movement from the
distal aspect of an arm to the proximal aspect allows for the
attachment platforms to be moved, pulling them away from
the patch connections and releasing the patch. These patch
connecting platforms are shown in more detail in Figure 3.

The attachment platforms will have small hooks (not shown
in the figure) where they will be able to attach to rings of a
semi-robust crosslinked hydrogel (GelMA) at the corners of the
patch. If the releasing mechanism fails to move the hook from
the patch and release that corner, the arm could be rotated using
the rotationary mechanism shown in Supplementary Figure 3

to pull the connection away from the patch. To reduce the risk
of injury to surrounding structures, the edges of the design are
curved and smooth (Figure 4).

3D Printing of Sizing and Learning Resin
Prototype
Some of the parameters for the 3D printer settings for the sizing
and learning prototype are shown in Supplementary Figure 4.
We used a Stratasys J750TM polyjet multi-material 3D printer
(Stratasys, Eden Prairie, MN, USA). The materials used to print
the test (sizing and learning) prototype parts were VeroVivid (a
translucent colour material) and Agilus (an elastomeric polymer)
which cost under £10 GBP ($14 USD). The total cost (excluding
hardware purchase) of the sizing and learning print was <£60
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FIGURE 2 | (A,B) Close-up angled view (A) and complete lateral view (B) of the distal end of the instrument (the patient end where the patch would be enclosed).

Movements of this compartment are controlled at the other (operator’s) end of the instrument by the connected Grips shown in Figure 1.

GBP ($83 USD). A comparison of the resin size to the computer-
aided design blueprint is shown in Figure 4. The printed product
underwent a chemical bath (in a solvent named Opteon SF-79,

which is used to dissolve the support material for the printed
parts) and during this final phase some of the tiny cylinder joints
(6 out of 13) were lost.

Frontiers in Surgery | www.frontiersin.org 5 October 2021 | Volume 8 | Article 653328Page 171 of 220

https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles


Roche et al. Minimally Invasive Robotic Cardiopatch Transplant-Device

FIGURE 3 | The patch releasing mechanism in close-up. (A) Shows an arm patch attachment point/platform (highlighted in blue); (B) shows anterior view close-up of

the platform where a hook/nodule (not shown) will attach patch corners; (C) shows a posterior view of the platform shown in (B).

DISCUSSION

Brief Research Report key Considerations
and Unanswered Questions
Our novel surgical instrument design is aimed at minimally
invasive approaches to transplant patches for myocardial
regeneration and is enabled for future robotic control of the
device. Whilst it has not been designed to fit with current
commercially available cardiothoracic surgical robots, it has been
designed to be ready for robotic control, where the instrument
itself would be attached as a forearm to a robotic arm. This
was based on the capabilities in our department to build a full
robotic arm and the instrument could be used for master-slave
or full automation. It is important that any new instrument
design is enabled for compatibility to these envisaged future
robotic controls.

The sizing and learning resin 3D print gave several insights
which will be invaluable for the full prototyping phase from
stainless steel. Firstly, it showed us that a major challenge is going
to be accounting for the manufacturing machine error with such
small parts (our smallest components are 1mmdiameter× 1mm
height cylinder joints). The printer we used has a high resolution
(horizontal build layers down to 14µm) but there is also print
error margin of ±150–200 µm (up to 1% of the diameter of our
instrument and 20% of our 1 mm cylinder joints). These valuable

learning points taught us that the next phase will likely require
both a slight enlarging of the instrument and also the use of a
very low error manufacturing technique for the stainless steel
prototype. Furthermore, each part in the design is a perfect fit
and therefore allowed no space for collision volume (the distance
away from the molecular centre which may come into contact
with adjacent parts). The metal print in future will require micro-
adjustments across every part of the design to add ±100 µm
space around each part so that there is room for manufacturing
machine error in the generation of the stainless steel prototype.

Another consideration is that following the initial fabrication
of the instrument it will have to be immersed in the same
chemical bath used for the resin sizing and learning print
(Opteon SF-79) during which time our tiny joints can still be lost.
In fact, during the resin learning print 6 of our 13 joints were lost
during the chemical bath. Therefore, wemay need to include over
20, adding in extra joints in anticipation that some will be lost
during the manufacturing process. Future trials by our group will
determine whether these issues can be minimised by increasing
the size of the instrument without removing the clinical utility.

We have envisaged the instrument being used for VATS
approaches and it should be highly versatile so it can be used with
multiple surgical approaches via uniportal (one large “keyhole”
in the chest for all instruments) or multiportal (several keyhole
incisions) VATS—for example with a left anterolateral approach.
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FIGURE 4 | Curved edges of the arm to reduce risk of injury to surrounding structures inside the chest. (A) Shows the CAD blueprint for the main component of one

of the arms. The photographs in (B,C) show the same curved edged arm with surrounding component parts after the sizing and learning resin print (VeroVivid and

Agilus). These parts were reproduced with a high degree of accuracy to the blueprint and the surrounding component parts fitted with the main body of the arm. This

(Continued)
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FIGURE 4 | suggests these components will be accurately fabricated in the subsequent stainless steel prototype. Photographs in (D,E) show component parts

outcome of Agilus/VeroVivid resin sizing and learning print. Despite inherent printer error margin, sizes were accurate to the CAD blueprint and appropriate for surgical

use. There were limitations to the resolution printable by this method shown by the fusion of resin material at the distal tip in the photograph (F) compared to the input

CAD image shown in (G). This has shown that subsequent prototyping will require a manufacturing method capable of retaining the detail of small parts within the

device.

The exact approach would depend on the target area of the heart
(for instance we would probably want to deploy the patch over
a specific infarcted or failing area of the left ventricle). This will
likely need a wide space andmultiple ports to get a good view and
manoeuvre into the best position.

The patch itself (see Supplementary Video 1) can be
customised in many ways with different biomaterials to control
the viscosity of the patch and also for different cell types within
the patch (16). Many different cells have been tried by researchers
in this field, often derived from stem cells (7). Our approach
might be able to treat heart failure for patients who would
otherwise not be eligible for a transplant (in a less invasive
standalone procedure to patch the myocardium rather than
replace the whole heart). There are many complex considerations
for this, including whether one could generate a patch of patient-
specific heart tissue from stem cells reprogrammed from the
patient’s own skin cells and transplant that (7). Importantly,
all approaches to myocardial regeneration with a patch
have so far have imagined an open surgical transplantation
method which may actually preclude this treatment in
many of the heart failure patients it is ultimately intended
to benefit.

The therapeutic approach will be different for the acute vs.
chronic phase of ischaemic cardiomyopathy and/or MI and
initially this instrument has been designed with a view to being
applicable in a non-acute situation as a standalone procedure. In
the acute phase it may not even be required to transplant cells
but just putting a patch as an adjunct to regular treatment which
stimulates macrophages and other inflammatory responses may
be beneficial for remodelling and cardiac function after MI (17).
For this instrument, it is clinically most likely to be useful for
chronic heart failure caused by ischaemia or MI. There are many
open questions and a large amount of research is focused on
regenerating the myocardium (7, 8). The unique selling point
of this instrument is that no one has yet presented a solution to
the question of how to transplant patches without open surgery.
By the time regenerative patches for the myocardium are ready
for clinical use they may need to be able to be transplanted by
minimally invasive and/or robotic approaches. If patch transplant
were to be used as an adjunct in a patient already undergoing
another procedure, a minimally invasive method would need to
exist because the primary procedure may not be via open surgery.
As a standalone treatment for high-risk patients with heart failure
who cannot have open surgery, it may be beneficial for them if
this can be done by a less invasive approach.

This brief research report represents the first time this
approach has been presented (without restriction for anyone
to build upon). Whilst it has been developed for cardiac
applications, it could even be co-opted for other applications
(e.g. abdominopelvic) where diverse minimally invasive robotic
approaches are also being developed (5, 6). Its main limitation is

that the descriptive work herein is at an early stage. It is likely
that future instrument designs will have to be larger, perhaps
more fitting for a 5–6 cm incision rather than a 2 cm one. This
would also have the potential benefit of bypassing the major
challenge of how to infold a patch then outfold it like a net
(without crushing it). Specifically, a 5–6 cm diameter instrument
could potentially accommodate a non-folded patch large enough
to be used without repeated application of small patches. Future
studies will be needed to optimise designs, fully prototype them
and then assess the actual performance of any prototype in
proof-of-concept surgery followed by full ex-vivo (cadaver) and
in-vivo trials. Efficacy will need to be evaluated in terms of
transplantation success over repeated applications (with full
measurement of parameters such as time to delivery, deployment
accuracy in a non-beating and beating heart, patch size, covered
epicardial surface area and a full range of quantitative and
qualitative analyses—all compared to relevant controls). Then
trials will be needed for a functional demonstration of a clinically
and statistically significant improvement in cardiac function
(including non-inferiority against the alternative approach of
traditional open surgery). Whilst this brief report article has
focused on a surgical instrument design, significant work will
also be needed to show that the patch matrix we propose—
alginate 4%/gelatin 8% patches ± cells based on our previous
optimisation for cardiac applications (9, 16, 18)—is superior to
reference patch materials. Translating these technologies is a
lengthy process, which is part of the point: it should happen in
parallel to the advancements currently underway in the field of
myocardial regeneration, or the field risks unveiling a successful
new treatment to a world that might have moved away from
traditional open surgery (2, 19), limiting how to actually deliver it.

CONCLUSION

Over 12months our multidisciplinary team has invented a design
for a novel surgical instrument which is at the leading edge of
innovation in this field. Findings from our sizing and learning
resin print of this instrument have prepared the way for the
stainless-steel prototype to be manufactured. This is a world-
first achievement which may alter the direction of research for
surgical transplantation of patches for myocardial regeneration.
This brief research report presents the first step on this pathway,
for which further trials will be needed.
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Supplementary Figure 1 | The instrument with the sheath covering the distal

arms removed. Frontal (A) and trimetric (B) views show the instrument with arms

in the infolded position.

Supplementary Figure 2 | Control pathways linking the operator’s end to the

distal arms. (A–C) Highlighted views of the three Grips controlling the distal arms.

Supplementary Figure 3 | Mechanism allowing for adjustment of the rotational

angle of the arms. Infolded arms (A) can be outfolded to open position and

rotated individually by the grips shown in (B). View shown in (A) is the distal

(patient’s end) and (B) shows a “top down” view of the proximal (operator’s end) of

the instrument (looking down onto the Grips).

Supplementary Figure 4 | 3D printing parameters for the resin sizing and

learning prototyping of individual parts.

Supplementary Video 1 | Video walkthrough of patch delivery device, including

background and mechanistic demonstration from the computer-aided

design (CAD).
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3.3 – Cardiac patch transplantation instruments for robotic minimally invasive cardiac surgery: 
initial proof-of-concept designs and surgery in a porcine cadaver 

Summary: 

Building on the initial design and prototyping work from our preliminary brief research report outlined 
in the previous chapter (3.1), in our multidisciplinary team we produced several more instrument 
designs. The designs underwent prototyping, simulation of robotic control systems in silico and we 
tested one of our instruments at surgery in a porcine cadaver. Each design had specific objectives and 
potential advantages and disadvantages which would be influenced by the choice of patch to go with 
the instrument. We chose one (called the HeartStamp) to take forward to full prototyping and testing 
in a porcine cadaver. The test was performed manually with movements consistent with robotic 
control. All instruments were designed to be compatible with robotic control systems of the kind 
available at the Robotics Institute of the University of Technology Sydney (UTS). We made all of the 
data from this initial proof-of-concept study publicly available for free for any other research group to 
build upon. The work was nominated for three prestigious awards and won one of these (see the list 
of publications, presentations and awards section of this thesis, page 9).  
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Cardiac Patch Transplantation
Instruments for Robotic Minimally
Invasive Cardiac Surgery: Initial Proof-
of-concept Designs and Surgery in a
Porcine Cadaver
Christopher D. Roche1,2,3*, Gautam R. Iyer2, Minh H. Nguyen2, Sohaima Mabroora2,
Anthony Dome2, Kareem Sakr2, Rohan Pawar2, Vincent Lee2, Christopher C. Wilson2 and
Carmine Gentile1,2

1Northern Clinical School of Medicine, Kolling Institute, University of Sydney, Sydney, NSW, Australia, 2Faculty of Engineering and
IT, University of Technology Sydney (UTS), Sydney, NSW, Australia, 3Department of Cardiothoracic Surgery, University Hospital
of Wales, Cardiff, United Kingdom

Background: Damaged cardiac tissues could potentially be regenerated by transplanting
bioengineered cardiac patches to the heart surface. To be fully paradigm-shifting, such
patches may need to be transplanted using minimally invasive robotic cardiac surgery (not
only traditional open surgery). Here, we present novel robotic designs, initial prototyping
and a new surgical operation for instruments to transplant patches via robotic minimally
invasive heart surgery.

Methods: Robotic surgical instruments and automated control systems were designed,
tested with simulation software and prototyped. Surgical proof-of-concept testing was
performed on a pig cadaver.

Results: Three robotic instrument designs were developed. The first (called “Claw” for the
claw-like patch holder at the tip) operates on a rack and pinion mechanism. The second
design (“Shell-Beak”) uses adjustable folding plates and rods with a bevel gear
mechanism. The third (“HeartStamp”) utilizes a stamp platform protruding through an
adjustable ring. For the HeartStamp, rods run through a cylindrical structure designed to fit
a uniportal Video-Assisted Thorascopic Surgery (VATS) surgical port. Designed to work
with or without a sterile sheath, the patch is pushed out by the stamp platform as it
protrudes. Two instrument robotic control systems were designed, simulated in silico and
one of these underwent early ‘sizing and learning’ prototyping as a proof-of-concept. To
reflect real surgical conditions, surgery was run “live” and reported exactly (as-it-
happened). We successfully picked up, transferred and released a patch onto the
heart using the HeartStamp in a pig cadaver model.

Conclusion: These world-first designs, early prototypes and a novel surgical operation
pave the way for robotic instruments for automated keyhole patch transplantation to the
heart. Our novel approach is presented for others to build upon free from restrictions or
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cost—potentially a significant moment in myocardial regeneration surgery which may open
a therapeutic avenue for patients unfit for traditional open surgery.

Keywords: robotics, keyhole surgery, minimally invasive (MIS), cardiac surgery, myocardial repair, cardiac patch,
thoracic, cardiothoracic

INTRODUCTION

Advances in regenerative medicine have raised the hope of
restoring damaged heart muscle (Roche et al., 2020).
Approaches include bioengineering patches for transplantation
to the heart surface, which may utilize increasingly accessible
methods such as 3D bioprinting (Roche et al., 2020; Roche et al.,
2021a). Transplantation of patches containing cells and
biomaterials to regenerate heart muscle (myocardium) has
been performed in animal models (Gao et al., 2018; Roche
and Gentile, 2020; Wang et al., 2021) and human trials
(Chachques et al., 2007; Sawa et al., 2012; Menasché et al.,
2015; Sawa et al., 2015; Menasché et al., 2018). Until recently
(Roche et al., 2021b; Wang et al., 2021), open surgical approaches
have been investigated (Wang et al., 2020), even though this could
exclude heart failure patients unfit for the physiological demands
of open chest surgery (but who might be fit enough to undergo a
less invasive procedure). Furthermore, if patch-based myocardial
repair is to realize its paradigm-shifting therapeutic potential (for
example, as a standalone procedure and/or an adjunct for a
patient already undergoing surgery for some other reason), it
should be compatible with minimally invasive (keyhole) robotic
surgical approaches (Roche et al., 2021b). Otherwise, it could be
hard to justify a traditional open surgical operation, not least
because the risk/benefit threshold may be harder to meet (Trevis
et al., 2020). For example, conventional open surgeries, splitting
the sternum (median sternotomy) or via the ribcage
(thoracotomy), have been associated with a longer initial
recovery and higher incidence of overall complications/adverse
events than minimally invasive approaches (Lim et al., 2021;
Moscarelli et al., 2021).

With the advancement of minimally invasive robotic
cardiothoracic surgery (Torregrossa and Balkhy, 2020; Güllü
et al., 2021), it is increasingly pertinent to develop feasible, cost-
effective, synergistic instrument-control systems (Trevis et al., 2020).
Current surgical robots established in clinical use, including da
Vinci® Surgical Systems (Intuitive Surgical Inc., Sunnyvale, CA,
United States), have shown that a master-slave (semi-automated)
robotic system can perform robotic surgery on humans, resulting in
new ways to perform challenging cardiac surgery (Güllü et al., 2021)
and potentially improving established operations (Torregrossa and
Balkhy, 2020). However, robots like the da Vinci are currently
expensive—one Sydney hospital recently reported the
implementation cost alone for the da Vinci Xi was $4.4 million
AUD (approximately $3.2 million USD) (McBride et al., 2021)—
which may limit widespread implementation (Crew, 2020).

Here, we hypothesize that a feasible minimally invasive robotic
approach for transplantation of cardiac patches could be
developed without prohibitive costs. To achieve robotic
keyhole cardiac patch transplantation, surgical instrument

development was accompanied by development of customized
control systems. We present world-first cardiac patch
transplantation instrument designs, with simulated robotic
control systems, along with initial prototyping and a proof-of-
concept surgical test in a pig cadaver.

MATERIALS AND METHODS

Full methodological technical details are available in the
Supplementary Materials and the complete reproducible
dataset is freely available from the permanent data repository
associated with this manuscript (https://doi.org/10.5281/zenodo.
4784952). Supplementary Materialwas uploaded for peer review
with the manuscript.

Instrument Design Process and Objective Setting. Three
different instruments and two control systems for instruments
were created using computer-aided design (CAD) software
(SolidWorks, Waltham, MA, United States). Initial instrument
designs, named “Claw”, “Shell-Beak” and “HeartStamp” after
their mechanisms (which resembled, respectively, a claw, a
bird’s beak closing to form a shell-like compartment, and a
stamp for pressing patches onto the heart) were created based
on learning from 12 months of preliminary design and resin-
based part prototyping (Roche et al., 2021b). Instrument designs
had to be able to transplant a hydrogel-based patch via minimally
invasive heart surgery and to be capable of robotic control (for
master-slave control or full automation). Additionally, designs
had to be: 1) safe (made from biocompatible, non-toxic materials
without sharp edges); 2) either disposable or sterilisable by
autoclaving and/or sterile sheath covering during surgery; 3)
the correct size for human use; 4) strong enough to withstand
moment forces at the keyhole entry point (between the ribs at the
chest wall); 5) feasible for prototyping without needing specialist
manufacturing techniques and at a reasonable cost. Additional
design objectives were added for specific instruments. For the
Claw (2 cm diameter), it was designed to deliver multiple small
patches to precise areas of the heart surface one after the other.
For the Shell-Beak (2 cm diameter) the objective was to deploy a
cardiac patch which is larger than the diameter of the cardiac
instrument. For the HeartStamp (5 cm diameter) additional
objectives included: 1) sizing—the diameter of the prototype
should be 5 cm and the length greater than 30 cm; 2) ease of
use—the design must be intuitive enough for a surgeon to be able
to use the device with no additional training; and 3) a surgical
camera as well as keyhole forceps must be able to fit inside the
device to ensure the surgery is minimally invasive. Ideas were
formalized using Scamper tables, tree diagrams, CAD and
materials lists for prototyping (see the Supplementary
Materials). The full methodological datasets (including
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SolidWorks files and components) are available in the permanent
data repository (https://doi.org/10.5281/zenodo.4784952).

Surgical Compatibility. The Claw and Shell-Beak were
designed to fit 2 cm diameter keyhole ports in the chest wall
(a frequently used diameter for multiple port keyhole surgery).
The HeartStamp was designed for a specific cardiothoracic
surgical approach: uniportal Video-Assisted Thorascopic
Surgery (VATS)—an approach where all keyhole instruments
are inserted via one slightly larger (∼5 cm) port used in thoracic
surgery. The HeartStamp was also designed to be prototyped
from readily available materials and compatible with autoclaving
and/or sterile sheath covering.
Proof-of-concept Control System Designs and Simulations (in
silico). Using SolidWorks and TinkerCAD (San Francisco, CA,
United States), two instrument control systems were designed and
simulated. Control System 1 was designed for (and applied to) the
Claw design instrument to show compatibility with one of
the instrument designs (in silico). Control System 2 was
designed to control nine rods in a 2 cm diameter (keyhole)
cylinder, aimed at demonstrating individual rod control for up
to nine rods and multiple (greater than 6) degrees of freedom for
instrument movements—tailored to our previous preliminary
instrument design (Roche et al., 2021b). Systems used either
screw-driven rotationary force or push-pull and gear-based
mechanisms to control instrument movements and release the
patch. Technical details are available in the permanent data
repository (https://doi.org/10.5281/zenodo.4784952).
Proof-of-concept 3D Print Prototyping (Control System 2).Control
System 2 was prototyped to show proof-of-concept. A Polylactic
Acid (PLA) “sizing and learning” prototype was 3D printed (layer
resolution 100 μm, PLA filament diameter 1.75 mm, nozzle
diameter 0.4 mm) using a MakerBot Replicator+ extrusion 3D
printer (MakerBot, New York, NY, United States) followed by
manual assembly of parts to show proof-of-concept feasibility.
The complete Makerbot STL file instructions sent to the 3D
printer are available in the permanent data repository (https://
doi.org/10.5281/zenodo.4784952).
Proof-of-concept Prototyping (HeartStamp Instrument). To
determine the optimal prototyping method according to our
objectives, we engaged in repeated brainstorming sessions and
further developed those ideas using the tables, charts and CAD
files shown in the Supplementary Materials. We purchased basic
hardware materials (for the complete list with catalogue numbers,
supplier and pricing see dataset at permanent https://doi.org/10.
5281/zenodo.4784952) before manually self-assembling them to
create the prototype.
Proof-of-concept Surgery. One researcher (CDR) performed the
surgery (with the assistance of CG) using standard surgical
materials (including a Haight-Finochietto rib retractor,
Symmetry Surgical, Nashville TN, United States) and the
HeartStamp prototype. A pig cadaver model was used (an
anatomically suitable and ethically permissable model chosen
because it could fulfil requirements for proof-of-concept testing
without any animals being harmed). We used a combination of
moulded and 3D bioprinted hydrogel patches—alginate 4% (w/
v) / gelatin 8% (w/v) in Dulbecco’s Modified Eagle Medium,
previously optimized for cardiac applications (Roche and

Gentile, 2020; Roche et al., 2021a). All patches were
generated the day before the test and stored at 4°C overnight.
On arrival, the pig cadaver was laid in the right lateral position,
surgical field prepared with drapes and incision sites marked. To
maximize utility, two surgical incisions/approaches were
attempted one after the other: 1) left antero-lateral (left of
the midline from the front of the chest to the side) and 2)
left postero-inferolateral (left of the midline, towards the back,
lower down and to the side). The anterolateral approach aimed
to simulate a minimally invasive (trans)apical approach (left 5th
intercostal space, mid-clavicular line) and the postero-
inferolateral approach aimed to simulate a type of approach
suitable for uniportal VATS. To simulate real surgical
conditions, the operations were performed in real time with
one attempt each and reported in full. Operations were video
recorded/photographed and observed by an independent
observer (Technical Operations Manager, Sydney School of
Veterinary Sciences) who assisted when required (including
abducting the right upper limb so it did not obstruct the
surgical field). The operating room ambient temperature was
4°C and the HeartStamp was operated manually by the surgeon
with all mechanisms tested by movements which would be
feasible when connected to a robotic control system.

RESULTS

Early-Stage Instrument Design Outcomes
Claw Design. The Claw instrument was designed to maintain
narrowness of diameter while enclosing a patch in a safe
compartment at the distal tip, which would allow the surgeon to
manipulate it with no risk of the patch falling off before opening over
the target area. The designs achieved a 2 cm diameter while also
holding a patch on the transplant platform until the moment of
release (Figure 1, Supplementary Figure S1 and Supplementary
Video S1). To avoid the patch falling or being knocked off the
instrument during transplantation to the heart, the head was
designed with two claws in the shape of a rounded-base triangle
on a cylinder arc or a tapering rectangle with the short edgesmeeting
together (initial designs shown in Supplementary Figure S2). The
initial designs did not completely enclose the patch compartment,
therefore in the final design the infolding panels forming the “claw”
part were changed to a cone shape on a circular base (20 mm base
diameter and 19.88 mm overall height—complete measurements
shown in Supplementary Figure S1). The infolding-outfolding
mechanism used a ball joint with a rack and pinion
(Supplementary Figure S3 and Supplementary Videos S1, S2).
The resulting final Claw design (shown in complete form in Figure 2
and Supplementary Video S1) consists of two “claws” at one end
(responsible for opening and closing of the instrument) and a plate
holder (Supplementary Figure S4) with clips to secure the patch
during shift in phasing angle (enabling control of the precise position
of patch delivery). The plate holder was designed with a diameter of
9.80mm considering the keyhole surgery incision (Supplementary
Figure S4).

As observed in Figure 1, Controller Rods 1 and 6 are
responsible for controlling the open and close action for the
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“claw” component of the instrument holding the patch in place.
Both the rods work on a rack and pinion system with a gear of 20
teeth (Supplementary Figure S3 and Supplementary Video S2).
The gear is in turn connected with the claws, thus allowing
movement for opening and closing the instrument
(Supplementary Video S1). Once the claws are open, Rod 2
facilitates protrusion of the plate holding the patch (the
transplantation platform) out of the instrument. Cardiac
patches will be placed on the plate and held in position by
the clips connected through Rod 5. After the plate is pushed
out of the instrument to the desired position, Rods 3 and 4 will
be moved in a linear position to change the phasing angle of
the plate. This is done to achieve a precise angle to position the
patch on the heart (Supplementary Video S1). This is
facilitated by three joint mechanisms—which we have
labelled as L-link connected to the plate from one end and
attached with T-link from the other end through H-link (as
shown in Supplementary Figure S5). Once the position of
attachment for the cardiac patch is determined, Rod 5 will

move in a linear direction to release open the clip thus
releasing the patch from the instrument (via a ball joint).
Using Rod 2 for support, the patch can be pressed on the
required target site (Supplementary Video S1).

Shell-Beak Design. To address the potential challenge of
transplanting a patch larger than the instrument platform, we
designed a second instrument called “Shell-Beak” (Figure 3).
The design was inspired by the functionality of a bird’s beak
and simplicity was sought to maximize feasibility.
Conceptually, the distal end of the instrument holds an
infolded strip of patch, which can be angled during
transplantation and pushed out towards the target site. The
motion forces would be transmitted with simple push/pull
movements of rods surrounded by an encasing cylinder. The
patch dispenser has a coin-like base at both ends, in which the
patch could have one attachment when infolded to the distal
base at the releasing end of the instrument (Supplementary
Figure S6). The rods and base are connected using ball joints,
which gives flexibility to the structure so that is can hold the
patch, adjust its facing angle, and push it towards the targeted
site during operation. This mechanism is facilitated using a
push/pull controller rod arrangement (Figure 3). The opening
and closing of the beaks were designed using a bevel-gear
system. This mechanism converts rotational motion to
rotational motion (unlike in the Claw design where linear
motion is converted to rotational motion). The angle
adjustment platform is responsible for controlling the
phasing angle and patch positioning onto the target site.
The rotational control of the arm is designed to activate
the bevel-gear mechanism to open and close the beak head.
An inwardly concave patch holder was conceptualized
(Figure 3), which would be fabricated from a soft and
flexible material and this would sit on top of the patch
(with the patch sandwiched between the holder and the
distal coin base). The tips of the patch holder would be
linked to (or clipped into) the distal tips of the beak, so as
to facilitate the instrument holding a patch of eliptical shape
of up to ∼10 cm in length.

HeartStamp Design. This design (Figures 4, 5) was created to
be readily prototyped from standard materials while still

FIGURE 1 | The Claw design in detail. (A) The plate (transplantation platform) where the hydrogel patch sits, enclosed by the “claw” to create a safe compartment.
(B) Controller rods allow opening of the claw (Rod 1 and 6), changing the phasing angle of the plate (Rod 3 and 4), release of the patch securing clips (Rod 5) and
protrusion and retraction of the platform (Rod 5 supported by Rod 2). For clarity, Rods 3 and 4 are shown cut short but would actually travel through the instrument to the
proximal (control unit) end with the other rods (see also Figure 6C which shows the whole length and proximal connections of rods to micro-servo motors).

FIGURE 2 |Claw design (open position with plate holder protruding). For
secure robotically-enabled transplantation of cardiac patches using minimally
invasive heart surgery.
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FIGURE 4 | The HeartStamp prototype for cardiac patch transplantation. The HeartStamp is designed to transplant a patch to the surface of the heart via a
uniportal VATS incision. The instrument is shown prior to use at surgery with a flexible ring and the operator’s hand for scale (A) and with a rigid ring after use at surgery
(B). Computer-aided design (CAD) images associated with this prototype are shown in Figure 5.

FIGURE 3 | “Shell-Beak” design with flexible patch holder connected to the patch dispenser system. (A) “Topside” superior lateral view of the distal (head) of the instrument
with partially openbeak and flexible patch-holderwith space for an infoldedpatch between the patch-holder and the adjustable platform. (B) “Underside” inferior lateral view looking
at the base of the patch platform. Ball joints and gear mechanism are shown which allow for changes to the phasing angle of the platform and opening/closing of the beak,
respectively.
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satisfying the requirements for robotic minimally invasive
patch transplantation. It was designed to fit a control unit
with: 1) a central rod protruding and retracting a “stamp”; and
2) two lateral rods attached to a ring which could change the
phasing angle of the ring (if one is activated) or extend the
longitudinal range of the instrument without changing the ring
angle (if both are activated equally). The HeartStamp is a
second-generation design and prototype based on a previous
design concept called “Umbrella” (Supplementary Figure S7)
and incorporating elements of the Claw and Shell-Beak. The
first-generation (Umbrella) design included a partially-flexible
cylinder accommodating independent wires and several joint
spaces. A central push platform was used to push the patch
onto the heart. For the HeartStamp (Figures 4, 5), the design
was optimized for surgery so that the central push mechanism
was surrounded by a rigid cylinder able to sit between the ribs
in a uniportal VATS entry hole in the chest wall (with or
without the use of a retractor to spread the ribs). The push
stamp platform (puck) is attached to a central rod travelling
through the cylinder to the control unit (or surgeon’s hand if
being deployed manually). The stamp platform is surrounded
by a metal ring with rods at the 12 o’clock and 6 o’clock
positions). Both rods travel through the cylinder and can be

FIGURE 5 | SolidWorks design for the HeartStamp device prototype. 3D rendering of the HeartStamp instrument (A) and technical details with labelled parts (B).
Item labels: 1) Central Rod (controls the puck); 2) Puck (pushes patch off the ring and onto the heart); 3) Paired Ring Rod (controls the ring angle); 4) Tube (provides
protection for components-tube length is modifiable with a long tube shown here whereas a short tube version was used at surgery and shown in Figure 4); 5) Paired X-
shaped Support (supports the rods); 6) Metal ring (the heart patch is rested on this). The resulting prototype generated from these computer-aided designs is
shown in Figure 4 and the raw data are available in the Supplementary Materials.

FIGURE 6 | Mounting of micro-servo motors onto the rods of the
instrument using the Claw design as an example. (A) One micro-servo motor
unit attached to a rod. (B) The proximal (tail end) of the instrument showing two
micro-servo motor units. (C) View of the whole instrument, showing four
micro-servo motor units and the rods connecting the proximal to the distal end.
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protruded and retracted by the control unit, allowing for the
phasing angle of the ring to be adjusted. The device is
autoclavable and/or compatible with a sterile sheath. If a
sheath is used, the stamp platform contacts the sheath and
pushes it out, pushing the patch off from its position on the
plastic sheath on the opposite side.

Control Systems 1 and 2
We designed two control systems/units and ran in silico
simulations using CAD software as described below.

Control System 1. To control the Claw, a control system
with an Arduino microcontroller and micro-servo motors
was designed (Control System 1, Figure 6 and
Supplementary Video S2). This was simulated in silico
(Supplementary Video S2), suggesting that the surgeon
would be able to control the instrument using a computer
console. The control system could be connected to the
instrument head using mechanical components from the
other end of the system (such as rods passing through a
cylindrical tube). The overall dimension for this design was
kept to 2 cm maximum diameter, meaning that the
instrument could pass through small keyhole ports if a
strong material and high-resolution manufacturing
technique was used for the small parts. To demonstrate
the working of the instrument for simulation purposes, an
Arduino microcontroller was coded with micro-servo

motors connected to each rod (Supplementary Video S2)
- simulating in silico the working of a linear actuator using
micro-servo motors. TinkerCAD was used for this
simulation purpose. The connections are outlined in
Supplementary Video S2. Each micro-servo motor is
connected to a potentiometer. The potentiometer acts like
a common “regulator” which when rotated in a clockwise
direction will move the micro-servo motor, which in turn
will result in an individual rod within the instrument moving
in linear motion. The control system will be mounted onto
the rods as shown in Figure 6 and Supplementary Video S2.
On rotating the potentiometer in a clockwise direction, this
will result in the rod moving in the forward direction.
Similarly, when rotated in an anti-clockwise direction the
rod will be retracted. If applied to the Claw design
instrument, for example, Potentiometer 1 can be
connected to the two micro-servo motors opening the
Claw (Figure 6), wherein both Rod 1 and Rod 6 will be
positioned in a mirror manner. Potentiometer 2 controls Rod
2 to take the cardiac patch securely outside the device. This
rod can then be controlled to 360 degrees in any direction to
position the patch over the target site. Similarly,
Potentiometers 3 and 4 control Rods 3 and 4, respectively,
to change the phasing angle of the plate over which the patch
sits. Rod 5 controls the releasing of the clips over the plate that
secure the patch onto the plate. Linear movement of Rod 5
results in opening and closing of the clip thus leading to release
of a cardiac patch on the target site. The potentiometer acts as a
joystick with which the surgeon can alter the linear motion of
the rods connected to the micro-servo motors. Overall, this
approach presents a control system to control the push and
pull motion for each rod of an instrument with a similar
mechanism to the Claw.

Control System 2. To control more rods, we designed a
second control unit based on a different approach capable of
controlling nine rods at the same time (Control System 2,
Supplementary Video S3)—tailored to an early instrument
design invented during our previous preliminary work
(Roche et al., 2021b). This was designed to provide more
degrees of freedom (planes of movement) in a low-diameter
(2 cm) keyhole surgical instrument. Thanks to our in silico
simulation, we tested its rod retraction, protrusion and
rotation, where push-pull forces could be applied to nine
rods via three U-shaped subunits/connectors
(Supplementary Video S3). Each subunit connector was
designed to move each rod independently and to combine
movements to move either two or three rods simultaneously.
This subunit is replicated three times in a wheel formation with
120 degrees between each of the three subunits (connected to three
rods each) in the resting position. A prototype for this control unit
was 3D printed followed by manual assembly of parts to show
proof-of-concept feasibility (Figure 7).

Proof-of-concept Surgery (Pig Cadaver)
To show surgical feasibility of our approach, we operated on a
porcine cadaver for the transplantation of patches using the
HeartStamp. The pig had died of unrelated causes and its

FIGURE 7 | A proposed control unit sizing and learning polylactic acid
(PLA) prototype. This control unit was prototyped to show preliminary
feasibility and identify learning points in preparation for more extensive metal
prototyping. It is the complete triplicate prototype for the single subunit
(one third) mechanism shown in Supplementary Video S3. Each subunit
controls three rods and the three subunits are added together in a wheel-and-
spoke fashion with 120 degrees between each subunit. The complete control
unit was designed to control up to nine rods in a narrow-diameter (2 cm)
keyhole surgical instrument such as the one detailed in our preliminary brief
research report (Roche et al., 2021b).
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cadaver was provided by the University of Sydney Veterinary
School (which avoided disposal without utilisation and
avoided use of a live animal for testing). To simulate real
surgery, each of our surgical approaches was performed once
in real time and reported in full.

Surgical Approach 1. We initially tried a minimally invasive
left antero-lateral (left of the midline from the front of the
chest to the side) approach (Figure 8) to mimic that used for
access to the heart tip (apex). However, the pig heart was
enlarged (due to previously established heart failure) and the
incision in the usual anatomical landmark of the 5th
intercostal space was too high to visualize the cardiac apex
and therefore the incision had to be converted to a larger, open
surgical approach (a complication in human cardiothoracic
surgery as well). Nonetheless, using this approach we were able

to visualize the anterior interventricular (left anterior
descending) artery and transplant a patch to the often-
infarcted territory supplied by this artery (Figure 8). We
used a plastic sheath to simulate a sterile surgical
instrument sheath and placed a 3D bioprinted alginate/
gelatin patch onto the heart surface. The patch adhered to
the sheath, even when turned vertically upside down (Figure 8;
Supplementary Video S4). The stamp mechanism was used to
push the patch off the plastic onto the heart by protrusion of
the stamp (central rod) while stabilising the ring (lateral two
rods). The stamp contacted the inner surface of the sheath,
pushing it out and the patch was released from the outer
surface.

Surgical Approach 2. We made a 6 cm incision aiming for
the porcine left 6th intercostal space, posterior axillary line.

FIGURE 8 | A new surgical operation for epicardial patch transplantation using the HeartStamp—left anterolateral approach with sheath. This surgery was
performed once in real time, accepting complications to more closely simulate real surgical conditions (because the heart was enlarged and not accessible using the
usual anatomical landmark we had to convert this operation to an open (not keyhole) approach—a complication which happens in human cardiothoracic surgery as well).
We chose to continue and report the operation exactly as it happened. (A) Patches for cardiac applications were created using alginate/gelatin hydrogel by 3D
bioprinting (the white patch) or moulding techniques (pink patches). (B) A left anterolateral surgical incision wasmade in a fresh cadaver of a pig which had recently died of
unrelated causes. (C) The incision was extended, the chest wall tissues retracted, pericardium cut to expose the heart and the heart manouvred slightly into position. (D)
The 3D bioprinted patch wasmanually applied to the plastic sheath at the distal (patient) end of the HeartStamp instrument. (E) The HeartStamp wasmoved into position
by the surgeon and the patch remained lightly adherent to the plastic sheath. (F) The patch was transplanted to the epicardial surface over the left ventricle. (G) The
HeartStamp is withdrawn, leaving the patch in situ on the epicardium. To complete the operation, the patch was then secured under the pericardium and the chest
closed surgically.
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We cut through the soft tissues, separated the ribs with a
retractor and cut the pericardium over the apex of the heart.
We then removed the retractor and used the HeartStamp
without a sheath to directly pick up a patch on the operating
table (Supplementary Video S4). The patch was adherent to
the ring and the two protruding ends of the lateral rods which
control the ring. The instrument was inserted manually into
the chest and operated manually by engaging the stamp
protrusion mechanism. The stamp moved forwards and

pressed the patch onto the heart surface at the apex
(Figure 9 and Supplementary Video S4). We checked the
position of the patch afterwards and confirmed it was in-situ
at its intended location. We then closed the surgical wound,
suturing the pericardium back together on top of the patch to
secure it in place. All the movements (patch pick-up, patch
transfer and patch release onto the heart) were enacted
manually by the surgeon and were consistent with those
possible using robotic control mechanisms.

FIGURE 9 | A new surgical operation for epicardial patch transplantation using the HeartStamp—left postero-inferolateral approach without sheath. This surgery
was performed once in real time to better simulate real surgical conditions and there were no complications. (A) A postero-inferolateral surgical incision was made in a
fresh cadaver of a pig which had recently died of unrelated causes. The previously made left antero-lateral incision (the other approach we tested shown in Figure 8) is
concealed under the surgeon’s left hand in the photograph shown in panel (A)—higher up and more towards the midline. (B) A moulded alginate/gelatin hydrogel
patch was picked up by the instrument (without manual application) and is shown here adherent to the ring at the distal (patient) end of the HeartStamp instrument. The
black stamp head is seen in retracted position under the patch. The HeartStamp is moved into position by the surgeon. (C) The HeartStamp is shown in position, inserted
through the incision in the chest wall (the 5 cm diameter HeartStamp cylindrical body fits the 5 cm incision). This entry route is similar (in location and size) to established
approaches used for uniportal (one port for all surgical instruments) VATS—a type of keyhole surgery on the chest. The rods are seen from the control (operator) end with
the two shorter rods being lateral and connected to the ring (distal end—inside the patient) and the longer rod being central and connected to the stamp. (D) For
confirmation that the patch was successfully transplanted (as shown inSupplementary Video S4), we used a retractor to open the wound and visualize the patch (white
asterisk) on the apex of the heart (white arrow). A thin beam of pericardium is seen superiorly (white arrowheads). (E)Close-up view of the patch (white asterisk) shown on
the heart apex (not shown—concealed by the patch) after we opened the chest fully to examine the patch location. Left/superior pericardial tissue is seen (white
arrowheads) and right/inferior pericardium (black arrowheads) is visualized attached to a surgical suture. The heart is seen in the background of the image (white arrow)
along with the anterior interventricular (left anterior descending) blood vessels (black asterisk).

Frontiers in Robotics and AI | www.frontiersin.org January 2022 | Volume 8 | Article 7143569

Roche et al. Robotic Keyhole Heartpatch Transplantation Instruments

Page 186 of 220

https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles


DISCUSSION

We have demonstrated early-stage proof-of-concept feasibility for
patch transplantation via roboticminimally invasive approaches.We
have presented our designs in detail (including those which were not
taken forward to prototyping) because each design may have a
specific value for certain types of patch. Considerations for the
patches themselves are described in detail elsewhere (Roche et al.,
2021a), but for example, alginate/gelatin (Roche and Gentile, 2020),
fibrin-based (Menasché et al., 2018) or more complex matrices such
as methacrylated elastin/gelatin/carbon-nanotube would all have
very different properties/shape-memory behaviours (Wang et al.,
2021). We have made all of our early-stage proof-of-concept data
freely available for others to build upon and further trials will be
required (including optimising instruments for certain patch types)
for full systematic efficacy analyses. Nonetheless, our proof-of-
concept surgical test of one of our prototyped designs (the
HeartStamp) represents a world-first and potentially a significant
step forward. The novel work presented in this article is the result of
a collaborative study bringing together experts in robotics,
mechanical engineering, cardiothoracic surgery and
biofabrication. We are the first to present both the approach
(epicardial heart patch transplantation by robotic minimally
invasive cardiothoracic surgery) and instruments (designs and
initial prototyping) to achieve this goal.

Our approach overcomes several mechanistic limitations which
occurred in our design process. This is illustrated by our ‘Claw’ and
‘Shell-Beak’ designs which had a 2 cm diameter to make them
compatible with conventional keyhole surgery (that is, three or
more 2 cm ports and the surgeon triangulating) as well as
uniportal (all instruments in one 5–6 cm hole). For example,
with the Claw design we initially encountered the problem that
the facing anglemight be nonadjustable,meaning it would have to be
inserted perpendicular to the contour of the target heart surface
(Supplementary Video S1). To overcome this, we used a rack and
pinion system combined with ball joints which allowed changes to
the phasing angle (Supplementary Video S1). With this design
(Figures 2, 6), the Claw releasing compartment was supported by a
combination of linkages and ball joints and the phasing angle could
be adjusted to align with the contact contour of the target area.
Conversely, for the HeartStamp (Figures 4, 5), we realized that a
clamping method to hold down the patch was not needed due to the
sticky nature of our alginate/gelatin patches (Supplementary Video
S4). This finding allowed us to keep a simple design whereby a patch
could be pressed on the heart in the desired location (similar to a
stamp, a puck was pushed out through a ring to detach the patch off
the ring and onto the heart). In this case, the phasing angle could
simply be controlled by two independent rods controlling a ring
through which the puck presses and this mechanism worked both
when covered by a plastic sheath and without a sheath. It remains an
open question whether the stickiness of the patch itself could be
controlled to avoid adhesions and deformation, and this is especially
important for any infold-outfold designs such as the Shell-Beak
(Figure 3). The flexible patch holder elipse of the Shell-Beak
(conceptualized to sit on top of the patch) could potentially assist
against patch deformation. Such a patch holder could potentially
even be generated at the same time as the patch and used as a patch

loading and stabilising mechanism (although this would need
further testing and questions would remain such as where the
patch holder goes at the moment of transplant). Due to the
stickiness of the alginate/gelatin patches, there should be no
requirement for a forceful releasing mechanism with any of our
systems, provided the plate is made from non-adhesivematerial (less
adhesive to the patch than the heart is). It has been shown that
hydrogels can remain in situ in the sub-pericardial space (Zhu et al.,
2021) and our patches (which do not retain sutures) are also
designed to be secured under the pericardium.

As instruments without control mechanisms would have limited
usefulness, we developed control systems to operate instruments
robotically. For any control system, at the operator’s end (the tail of
the instrument), it is crucial to consider appropriate connections of
the instrument to the control system. Our Control System 1
demonstrated the working of an instrument for simulation
purposes via an Arduino microcontroller which was coded with
micro-servo motors connected to each rod (Supplementary Video
S2). The objective was to replicate in silico the working of a linear
actuator using micro-servo motors (the connections are outlined in
Supplementary Video S2).While connecting multiple micro-servo
motors with Arduino microcontrollers may seem uncomplicated in
silico, there are potential limitations for its translation to the clinic.
For example, if we connect all the servos to Arduino supply pins
(outside a computer simulation setting) then they may not work
optimally in standard operating theatres because of a lack of current
to drive all the motors. When developing a real-time prototype, we
would probably have to use a servo driver PCA 9685 and a relay. It
should be noted that the Arduino is a first step and future work may
include custom PCB boards, voltage rectifiers and/or a field-
programmable gate array (FPGA). Nonetheless, in simulation, we
successfully used micro-servo motors along with an Arduino UNO
to demonstrate this feasible approach.

For Control System 2, our in silico proof-of-concept
demonstration (Supplementary Video S3) and 3D printed
prototype of the unit (Figure 7) paves the way for full functional
prototyping and connection with a robotic mechanism to initiate
and cease motion via a software controller. This control system
design shows that it may be possible to control a large number of
rods despite a tiny space, provided it is made from strong material
using high-resolution manufacturing techniques. By altering the
120-degree angles of the spokes, rotation of groups of three
adjacent rods at the same time is possible (Supplementary Video
S3). At the distal face of the control unit (the patient-facing side
which would be closest to the patient—where the rods exit the
control unit), a gear mechanism is connected to the rods. This gear
mechanism is designed to allow rotation of all the rods enmasse. The
combination of movements should allow for a large number (greater
than 6) of degrees of freedom. This opens up the possibility of
robotic initiation and maintenance of multiple movements
simultaneously—well beyond the computational power of a
human controlling the instrument manually.

The culminative achievements presented herein are the surgical
patch transplantation operations (Figures 8, 9 and Supplementary
Video S4). Of the two surgical approaches we tried, the more
successful was via a minimally invasive approach using a left
postero-inferolateral (left of the midline, towards the back, lower
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down and to the side) incision similar (in terms of size and entry
point) to that which could be used for certain operations by
uniportal VATS—where all keyhole instruments and the camera
are inserted through one port (Figure 9 and Supplementary Video
S4). We purposefully ran these operations once each in real time
and we report them exactly as they happened, including any
complications, to better simulate real surgical conditions. These
proof-of-concept operations lay the foundations for more extensive
trials, during which several limitations will need to be addressed.
These include application of the instrument to a robotic control unit
so that the manual operation component is removed, in vivo testing
so that feasibility is demonstrated with a beating heart (although
some cardiac surgery is performed on an arrested heart using
cardiopulmonary bypass, this technique should be appropriate
for beating heart surgery), performance of surgery in a theatre
environment which is more closely controlled to resemble that of
human surgery, optimising the exact surgical approach and
quantifying complication rates over high numbers of repeats, as
well as obtaining quantitative data for full analysis to show safety
and efficacy.

Our overall objective was to develop a surgical robotic invention
using accessible feasibility-focused approaches with low costs (for
instance, the HeartStamp unit production cost was less than $100
AUD). Others have used a similar approach (avoiding prohibitively
high costs) to develop master-slave systems working on the
principle of semi-autonomous control (Bai et al., 2017; Zhou
et al., 2018). Fully autonomous systems have also been
developed, although human surgeon supervision may still be
needed (Shademan et al., 2016). Fully autonomous unsupervised
robotic systems for surgery would need to overcome safety concerns
(Trevis et al., 2020). For example, it is foreseeable that a component
or power malfunction (unsupervised) at a key moment in the
surgery could lead to patient harm—after all, human
cardiothoracic surgeons do not work alone unsupervised.
Nonetheless, to future-proof instruments against technological
progress making them redundant, they should ideally be
compatible with both master-slave and full automation.

Overall, robotic-assisted keyhole surgery promises remarkable
advantages for the cardiothoracic surgeon, especially if it can be
done remotely (Torregrossa and Balkhy, 2020). Paradigm-shifting
scenarios could be unlocked, such as for emergency robotic operations
by remote on patients in geographical locations too distant for
transfer; or for rare operations where expert surgeons could
perform a higher volume of a niche procedure, doing more cases
remotely on a global patient pool. For early proof-of-concept studies
such as this one to be translated from the bench to the bedside, future
independently developed approaches to robotic cardiac surgery are
likely to be important for widespread translation into surgical practice.
As bioengineers make progress with patches for myocardial
regeneration (Menasché et al., 2018; Wang et al., 2021), it is
critical that the method of delivery of patches is considered (Roche
et al., 2021b). Otherwise is it possible that bioengineers will unveil a
new treatment which is limited by the practical consideration of how
to transplant it (Roche et al., 2021b). It is important to re-emphasize
that the work herein is early stage, because over-inflation of
expectations has been identified as a harmful ethical pitfall in the
field of regenerative medicine (Gilbert et al., 2018a; Gilbert et al.,

2018b; Cossu et al., 2018). Nonetheless, the early-stage proof-of-
concept work herein represents a first step on a pathway to
achieving minimally invasive robotic cardiac patch transplantation.

CONCLUSION AND RELEVANCE

For the first time, we have presented a new overall approach to
myocardial regeneration—epicardial patch transplantation by
minimally invasive robotic surgery. We demonstrated the
feasibility of this approach in a surgical operation using a pig
cadaver. Our approaches and components are presented freely
for others to build upon, without restriction or cost: this has the
potential to pivot the field away from its focus on open heart surgery
towards a minimally invasive robotic approach—potentially a key
step towards clinical translation ofmyocardial patch transplantation.
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Supplementary Video S1 | Brief overview of robotic keyhole patch transplantation
demonstrated with the “Claw” instrument design.

Supplementary Video S2 | Video walkthrough for in silico demonstration of
instrument Control System 1 using potentiometers, an Arduino microcontroller
and servo motors.

Supplementary Video S3 | Video walkthrough for in silico demonstration of
one subunit of Control System 2. The subunit shown is one of three and is
tailored to a nine-rod instrument similar to the one we described in our
previous preliminary brief research report (Roche et al., 2021b). In the
complete control unit the three subunits would be arranged in a wheel-and-
spoke formation with 120 degrees between each subunit in the neutral position.
The initial ‘sizing and learning’ prototyping result for the full triplicate control unit
is shown in Figure 7.

Supplementary Video S4 | Detailed background and video walkthrough for the
first-in-kind surgical operation to transplant a patch to the heart using the
‘HeartStamp’ instrument. Surgery was performed on a fresh pig cadaver (an
appropriate pre-clinical model for cardiothoracic proof-of-concept surgery) and
was run once and reported exactly “as-it-happened” (to better simulate “real”
surgical conditions). The HeartStamp is referred to as HeartStamp-HPBT (Heart
Patch Bearer-Transplanter).

Supplementary Figure S1 | The Claw head technical details. The Claw head
design would create a secure enclosed space for a patch without crushing it.

Supplementary Figure S2 | Outer body design for the “Claw” minimally invasive
heart patch transplantation instrument in early-stage development. (A) Initial design
with rounded-base triangle forming the claw compartment where patch would sit.
(B) Initial design with tapering rectangular claw compartment. Both initial designs
shown here do not completely enclose the patch compartment (a feature of the
subsequent final design).

Supplementary Figure S3 | Rack and Pinion mechanism technical details.

Supplementary Figure S4 | Plate holder technical details.

Supplementary Figure S5 | Plate holder working mechanism with combination of
linkages. (A) L-link (B) H-link (C) T-link.

Supplementary Figure S6 | Shell-Beak Design. First-generation (A,B) Shell-Beak
design with a patch dispenser system. The cardiac patch is held in an infolded “shell”
position and then outfolded with opening of the “beak.” (C) External structure (D)
Internal structure. This instrument was designed to deploy a patch with a diameter
larger than the instrument. Elliptical patches with shape-memory could potentially be
out-folded and deployed with this design.

Supplementary Figure S7 | “Umbrella” Design. Initial designs for a protrusion-
based patch deployment instrument which were subsequently developed into the
final HeartStamp instrument.
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3.4 – Closing remarks to Part 3 

This part of the thesis arguably has the potential to be the most impactful in terms of shaping the 
future directions of the field. The early work contained in Part 3 shows that it is possible to transplant 
(robotically and minimally invasively) the type of patches used in Part 2 of this thesis. The complete 
dataset for this work is freely available for others to build upon in the spirit of open science. It remains 
to be seen if the specific approach we successfully demonstrated (uniportal VATS) becomes the 
approach others might adopt for this type of application. Gaining access to the pericardium and the 
heart via the thoracic (lung surgery) approach of uniportal VATS is not typical and this suggestion is 
itself innovative. We moved to this approach because the “keyhole” port used is larger (5 cm) 
compared to more “typical” 2 cm keyhole ports. We did this because it was easier to fabricate a 
functional prototype (the HeartStamp) and we could also place the patch on the instrument without 
having to fold it in on itself and then “outfold” it (as was envisaged in the preliminary report of Chapter 
3.2). In the interim as we published this work, others published their highly manipulatable patches 
which could be rolled up inside a minimally invasive catheter of 7 mm diameter and then rolled out 
once on the heart surface (Wang et al., 2021). This demonstrates the level of control bioengineers can 
enact on the patches themselves. Our AlgGel patches would not be capable of being rolled up and 
unrolled in this way, which is why we successfully transplanted them using a 5 cm uniportal VATS 
incision (rather than 2 cm). In future, our work may provide the starting point for the field to move 
towards robotic minimally invasive patch transplantation. If it does, then the interplay of patch and 
instrument may be manipulatable in ways not currently imagined. If patches can be designed with 
extensive control over their “shape-memory” behaviour, our other 2 cm diameter instrument designs 
(which were not taken forward to surgery) may be adopted and/or adapted for various other surgical 
approaches (not necessarily uni-portal VATS). Nonetheless, the inventions presented in Part 3 have 
the potential to start a process which could lead to patches being transplanted by robotic minimally 
invasive approaches. If the surgical landscape continues to move towards more and more surgery 
being done by this sort of method, then it may not be useful to propose transplantation of patches by 
traditional open surgery.  
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PART 4 – DISCUSSION OF THE THESIS 

4.1 – Introduction and relevance to Part 4 

Part 4 discusses the ways in which this thesis has contributed to the field of myocardial regeneration. 
The original hypothesis was defined in broad terms as: 

3D bioprinted heart patches will promote myocardial regeneration. 

The articles/chapters within have addressed this hypothesis via the specific aims. Aim 1 sought to 
optimise patches (Chapters 2.2 and 2.3) and Aim 2 sought to evaluate the effect of patches in mice 
modelling MI (Chapter 2.4). Aim 3 (Chapters 3.2 and 3.3) addressed the question of how to actually 
transplant patches by minimally invasive robotic approaches to ensure they are maximally translatable 
in future.  

In bringing together these aims and elaborating on how they address the central hypothesis, the 
following chapters of Part 4 will discuss (4.2), speculate on future directions (4.3) and conclude (4.4). 
The final section (4.5) proposes a take home message for the thesis as a whole. Whilst the hypothesis 
was defined in broad terms, the important more specific contributions of the thesis will be highlighted. 
Especially, the discussion will detail the considerations pertaining to the use of VCS in bioink (as this 
was the novel technique the experiments herein used).  
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4.2 – Thesis discussion 

This thesis supports its central hypothesis that 3D bioprinted heart patches promote myocardial 
regeneration. It therefore adds to a growing body of literature suggesting that epicardial patch-based 
repair strategies improve cardiac functional outcomes after MI (Wang et al., 2021). The thesis also 
introduces several novel contributions to the scientific field which had not previously been addressed: 

Firstly, the use of VCS in bioink seems to offer a small advantage compared to freely suspended mixed 
cardia cells in alginate-gelatin hydrogel patches. This is consistent with the hypothesis that allowing 
cells to culture in 3D before using them in bioink will promote the formation of cell-to-cell connections 
and a more physiological microenvironment for the cells. Patches with cells freely suspended in 
hydrogel (not in spheroids) were also associated with a marked improvement in cardiac function. To 
detect the small difference between the two groups would require very high numbers of mice (>100) 
and probably would not be ethical to detect a small difference of minimal clinical significance. The VCS 
group showed stronger electrical waveforms than the cellular group and a favourable gene expression 
profile which was closer to the sham group (without MI or patch). Therefore, the evidence provided 
herein suggests that there is no reason to choose freely suspended cells over VCS and that it is likely 
to be worth preculturing cells as VCS before mixing with hydrogel for similar experiments in future.  

Importantly, even hydrogel alone without cells provided some improvement in cardiac function as 
measured by the median LVEF% for each experimental group. This suggests that the mechanism 
behind the efficaciousness of this treatment strategy is not fully explained by direct cell 
replenishment. This finding supports the hypothesis put forward by others that the mechanism 
underlying the beneficial effect of applying cells to the myocardium is stimulation of host immune cell 
responses, particularly of the innate immune system (Chachques et al., 2021; Vagnozzi et al., 2019). 
To further explore inflammatory mechanisms, we performed quantitative analysis (flow cytometry) of 
cell types in our RAG.1 (no mature B or T cells) mice. The fact that our mice lacked for mature B or T 
cells suggests that inflammatory mechanisms are not reliant on the B or T cell mediated mechanisms 
of the adaptive immune system. Our quantitative analysis identified a trend towards reversal of 
macrophage polarisation between sham and MI experimental groups and then a re-reversal back 
towards the sham ratio with any of our three treatment groups (MI+PATCH, MI+PATCH CELLS or 
MI+PATCH SPHEROIDS). We also identified an increase in the proportion of Natural Killer (NK) cells 
compared to other white blood cells. These changes support the hypothesis that host immune cell 
behaviour may be a central mechanism, perhaps the mechanism, by which epicardial patch 
transplantation improves cardiac function. This warrants a dedicated future study, not least because 
it is inadvisable to proceed to human trials without understanding the mechanism by which this 
treatment seems to work. Of note, an LVEF% ≥ 55 is often used as a cut off level for heart failure (with 
anything below classified as heart failure). Therefore, one reading of our results could be that all our 
treatment groups (MI+PATCH, MI+PATCH CELLS and MI+PATCH SPHEROIDS) raised the LVEF from 41% 
(MI group) to ≥ 55%. It is possible that differences might have emerged after 28 days, but it is more 
likely that the differences were small and therefore difficult to detect. It is arguable whether the 
difference between our treatment groups would be clinically significant, especially for CELLS vs 
SPHEROIDS (59% vs 64%, respectively, compared to the “healthy” baseline median of 66% for RAG1 
mice before any intervention is done to them).  

As well as providing clues as to inflammatory mechanisms, our transcriptomic analysis of mRNA from 
apical cardiac tissue samples throws up a fascinating discovery. It seems that the transcriptomic profile 
(gene regulation) was similar between mice having treatment with patches containing spheroids and 
sham mice (non-infarcted without a patch). As expected, the transcriptome of the MI group (infarcted 
without a patch treatment) was different to that of sham. This difference seemed to be restored / 

Page 193 of 220



returned to the “healthy” state represented by the non-infarcted sham mice. This suggests that 
genetic mechanisms may be important. Interestingly, the result was not seen for the mice receiving a 
patch without any cells (hydrogel only) nor for mice receiving a patch with cells freely suspended in 
hydrogel (not in spheroids). It is tempting to speculate that only the spheroid group induced a return 
to the “healthy” gene expression profile represented by sham mice. If so, this could be because the 
advantage of 3D culturing our human cardiac cells (as VCS, microtissues) manifested as an ability to 
restore the genetic expression profile to approach that of non-infarcted mice. The transcriptomic 
profile was that of the host mouse tissue underlying the patch containing human cells (not therefore 
the human cells themselves). It would require a dedicated study to examine this finding, but if true, it 
would add a new “story” to the story of innate immune responses being the mechanism, as others 
have argued it is (Vagnozzi et al., 2019).  

As well as understanding the mechanism, translatability to patients relies on the practical 
consideration of how to transplant patches (Wang et al., 2021; Zhu et al., 2021). The two reviews 
undertaken as part of this thesis (Chapter 1.2 and 1.3) revealed that the field has been working 
towards a model of open cardiac surgery for the transplantation of patches to the heart. This is 
problematic because heart failure patients may not be fit for a traditional major incision to access the 
heart (such as a median sternotomy) but may be fit for a less invasive procedure (Moscarelli et al., 
2021). Patients may also push back against having traditional open surgery, especially in a changing 
surgical landscape where more surgeries are done by robotic and/or minimally invasive approaches 
(Torregrossa & Balkhy, 2020). If patches suitable for clinical use are unveiled after decades of research, 
it is likely to be important that they can be transplanted by minimally invasive and robotic approaches 
and not just traditional open surgery. If patch transplant for heart failure is proposed as a standalone 
procedure, then it would be easier to justify if the method of transplantation carried as little risk of 
complication (pain, blood loss, infection, prolonged hospital stay, poor healing) as possible. If patch 
transplantation is to be proposed as an adjunct to a patient already having a cardiac procedure for 
another reason, then patches need to be compatible with the primary method of the patient’s surgery 
(that is, if the patient is having a minimally invasive robotic procedure, you cannot realistically propose 
to “add on” a major open surgical incision). In this context, we invented minimally invasive robotic 
instruments to transplant patches to the heart surface. Since this whole approach is novel, we 
introduced  it by publishing  our preliminary  brief research  report  (Chapter  3.2) and then published 
the full proof-of-concept study (Chapter 3.3). This early work is the first time this approach has been 
published  and could potentially  be an important  moment  if the field pivots from its focus on open 
surgery towards minimally invasive robotic approaches.  

In terms of limitations, it is worth discussing some of the insights this thesis offers for the mouse model 
of MI we used. Different species of mice react differently to LAD ligation (van den Borne et al., 2009) 
and mice within the same experiment have different infarct sizes and patterns, with different effects 
on myocardial function. It is not known how this relates to human myocardial response to coronary 
artery blockage. Additionally, we showed that individual mice across all our experimental groups 
(including sham surgery) can present different cardiac function (LVEF%) progression from baseline to 
midpoint to endpoint in this protocol. This could reflect intrinsic variability in the LVEF%, some 
variability factor intrinsic to the protocol itself (such as passing a needle and suture through heart 
tissue under the LAD), or variability in measurement techniques (such as mouse echocardiography in 
the presence of adhesions after cardiac surgery). 

Another important limitation is that only mice surviving to the end of the experiment contributed to 
our full set of day 28 analyses. Day 28 values may be influenced by attrition bias due to some mice 
dying in the operative or postoperative period. Our mortality rate of 44% was exactly the same as the 
literature rate for non-immune suppressed C57Bl/6 mice having LAD ligation without a patch (van den 
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Borne et al., 2009). The choice of male mice was based on a pilot study which determined that female 
mice and mice with body weight below 22g seemed to have higher mortality and abandonment rates 
from intubation of smaller tracheas (data not shown). We detected no difference in our protocol (or 
mortality rate) with immune competent C57Bl/6 mice compared to mature B and T cell deplete 
RAG1.Bl6 mice (data not shown). Future murine studies must choose their mouse model very carefully 
(ideally only using male mice with body weight over 22 g) and critical considerations include: 1) more 
severely immune suppressed mice such as NOD/SCID gamma are not required and so may be 
unethical; 2) immune competent BALB/c mice have a reported mortality rate of only 15% with a wall-
thinning dominant pattern of ventricular response to MI(van den Borne et al., 2009) and these are 
available as T-cell depleted (BALB/c-Fox1nu) allowing for acceptance of xenografts, so therefore this 
strain may be preferable; and 3) different mouse strains may show different macrophage responses 
(C57Bl/6 show easier activation to produce M1 whereas Balb/c tend towards M2 polarisation 
(Orecchioni, Ghosheh, Pramod, & Ley, 2019) and there may be tissue specific responses as well (Bleul 
et al., 2021)) which should be evaluated carefully, especially for dedicated mechanistic studies. 
Overall, if carefully designed, murine studies for patch transplantation may have a place for 
mechanistic studies, new treatments and studies where feasibility and high numbers of repeats are 
important (Christopher D. Roche & Gentile, 2020).  
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4.3 – Future directions 

Epicardial patch transplantation is not the only approach to restoring some of the cardiac function lost 
after MI (Chachques et al., 2020; MacQueen et al., 2018; Mattapally et al., 2018). It is possible that 
another approach may yield benefits, for example advances might be possible in ventricular assist 
devices, mechanical blood pumps, synthetic acellular patches, xenotransplantation, pharmaceuticals, 
preventative medicine, a new surgical technique or even biomaterial or cellular injection. These 
approaches are not necessarily mutually exclusive and there is no reason why they could not be 
combined.  

It has been observed that the field of myocardial regeneration and cardiac tissue engineering may be 
particularly susceptible to ethical pitfalls such as media hyping of patient expectations (Cossu et al., 
2018; Gilbert, O'Connell, Mladenovska, & Dodds, 2018). It is critical therefore that the field moves 
forward based on robust science and well-communicated messaging (Cossu et al., 2018). It is also 
critical to obtain a greater understanding of the mechanism behind the benefit of potential treatments 
(Vagnozzi et al., 2019). For instance, if the mechanism turns out to be stimulation of host inflammatory 
responses by applying foreign cells to the epicardium, then moving forward with strategies focused 
on cell number replenishment, electrochemical integration (contractility), vascularisation or 
mechanical reinforcement may be non-aligned with the underlying mechanism (Vagnozzi et al., 2019). 
This could result in significant resources being wasted and/or patients being subjected to 
mechanistically irrelevant procedures (Gilbert, Viana, O'Connell, & Dodds, 2018). If inflammation is 
shown to be a primary mechanism, then it might make no sense to strive for patient-specific tissue 
which would be immunocompatible and result in minimal inflammation. It might also make no sense 
to create biobanks of stored tissue and then select the closest match to the patient. Even the pursuit 
of vascularisation to keep patches “alive” by providing a blood supply (considered by many to be a 
sine qua non for cardiac tissue engineering) might become irrelevant. The only way to answer these 
questions is by focused mechanism-focused research. The immediate next step for this work is 
therefore a dedicated mechanistic study. That study should examine our contention that the 
mechanism relies on host immune cell changes combined with gene expression changes. Going 
forward, similar studies should incorporate the optimisation points from our mouse model (for 
example, using BALB/c-Fox1nu mice rather than RAG1 to potentially reduce the death rate and 
therefore minimise attrition bias).  

This thesis has focused on heart failure following MI (ischaemic cardiomyopathy) but there are other 
causes of cardiac failure. It remains to be seen if other causes of reduced LVEF% (for example inherited 
cardiomyopathies, diastolic heart failure, rhythm disturbances, inflammation, drug-induced and so 
on) could benefit from this approach as well. This has not been explored and future studies should 
examine whether patches which have so far seemed to benefit MI-induced heart failure can be used 
in other-cause heart failure as well.  

Our surgical instruments (detailed in Part 3) provide an important reminder to the field that it needs 
to keep one eye on the patients it intends to benefit. In other words, future studies should always 
consider translatability and the end goal of benefiting patients. In this way, it is arguable that all 
patches currently being developed should now be transplantable by minimally invasive (and/or 
robotic) methods. To out-pace alternative, sometimes directly competing, technologies, patch-based 
repair strategies will need to develop patches alongside transplantation  techniques. Notably, Wang 
et al (2021 ) recently  published  a long -awaited  study  where  they  transplanted  patches  to the 
epicardium  using a catheter  in a minimally  invasive  (keyhole ) procedure  in mini-pigs(Wang et al., 
2021 ). Using  pig feasibility  models , others  have  injected  hydrogel  into the pericardial  space  and 
allowed it to form a patch in situ (Zhu et al., 2021) and our own group (Roche et al, 2021) pioneered 
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the concept of robotic minimally invasive surgical approaches to epicardial patch transplantation (C. 
Roche et al., 2021). As well as a focus on mechanistic understanding (Cossu et al., 2018; Vagnozzi et 
al., 2019), which the mouse model presented herein can support (Christopher D. Roche & Gentile, 
2020), the future for this therapeutic avenue for heart failure patients is likely to require that patches 
are transplanted by minimally invasive (and/or robotic) approaches (C. Roche et al., 2021). Without 
this, the field risks moving forward with patches designed for traditional open surgical approaches 
which might limit their useability and clinical translatability (C. Roche et al., 2021; Zhu et al., 2021). 
This is especially important given that other therapeutic approaches, such as ventricular pump 
devices, have also reached human feasibility trials (‘Impella ECP Early Feasibility Study (ECP EFS)’; 
https://clinicaltrials.gov/ct2/show/NCT04477603). Given that media hype and over-statement of 
results is a particular ethical pitfall contributing to patient risk for this field (Cossu et al., 2018; Gilbert, 
O'Connell, et al., 2018; Gilbert, Viana, et al., 2018), it would be better to fully understand why patch-
based myocardial regeneration treatments seem to work before transplanting them in human 
patients (Cossu et al., 2018; Vagnozzi et al., 2019). For those human patients, it would be optimal to 
transplant patches by the least invasive method possible (C. Roche et al., 2021; Wang et al., 2021).  

In summary, for successful translation of epicardial patches, more understanding is needed. This 
includes understanding of the mechanism, the types of heart failure to which this treatment might be 
applied, and the practicalities of the transplantation method itself.  
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4.4 – Thesis conclusion 

Epicardial transplantation of 3D bioprinted heart patches improves cardiac function in mice modelling 
MI. The use of VCS in alginate-gelatin bioink seems to offer an advantage compared to freely
suspended cells or hydrogel alone. Hydrogel alone without cells confers some restoration of
myocardial function suggesting that the mechanism is not fully accounted for by the cellular portion
of the bioink. The inflammatory cell profile induced by hydrogel alone was similar to the cellular
treatment groups, suggesting that innate immune responses were similar whether or not patches
contained cells. By contrast, genetic changes were seen in the spheroid treatment group which were
not seen for other groups and this group seemed to have the greatest improvement in LVEF%.
Therefore the mechanism may have been related to both host immune cell changes and gene
expression changes. Further studies are needed with a focus on the mechanism underlying the benefit
of this approach. For translatability and to avoid redundant experimentation, patch development
should work towards being compatible with robotic and/or minimally invasive transplantation.
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4.5 – Thesis take home message 

Transplanting a heart patch to the epicardium is a promising approach to restore some of the function 
lost after myocardial infarction. For this purpose, 3D bioprinted AlgGel patches containing VCS seem 
to offer an advantage compared to freely suspended cells or hydrogel alone. Many challenges remain 
before the dream can be realised of “on-demand repair” of the myocardium by patching it.  

This thesis adds extensive analysis of the current challenges for the field (Part 1), a promising new 
approach using direct suspension of spheroids in bioink for 3D bioprinting of heart patches (Part 2) 
and a new proof-of-concept proposal for robotic minimally invasive transplantation of patches by 
cardiothoracic surgery (Part 3). This makes a significant contribution as a step towards the vision of 
heart patch transplant on demand as needed to protect the myocardium after infarction. For 
translation to the operating theatre, mechanisms need to be understood and the surgical method of 
transplantation optimised.  
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Omentopexy may not be enough
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Congratulations to the authors for their effort in this interesting field of cardiac
surgery. Some concerns raised in our heads after we read their article thor-
oughly. Table 1 makes a list of the associated studies with cardiac omento-
pexy. The investigated studies differ in terms of in vivo animal models, the
coronary artery selected for occlusion to induce ischaemia, the time of inter-
vention after induction of myocardial infarction and bioengineered cardiac
tissue. These parameters are all different in each study. There is a lack of
standardization, obviously.

There is another issue that we want to put emphasis on. Table 2 demon-
strates the outcomes of engraftment. In the study by Kainuma et al., the
engrafted area shrinks two-fold from day 7 to day 28 in animals with omento-
pexy whereas it remains almost the same in control group (although smaller

from the beginning) throughout this period. Likewise, Lilyanna et al. found
that ‘donor cell attrition rate in vivo over time comparable with or without
omentum support’ in their bioluminescence photon emission flux of labelled
live donor cells with minimal difference in scar with or without omentum sup-
port [1]. These findings demonstrated that it seems to be pretentious to claim
that ‘. . .this promising tissue may boost progress in cardiac regeneration’.
Nevertheless, this technique is promising but should be modified or sup-
ported with some medications.
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We would like to express our thanks for your correspondence [1] about our
article: Omentum support for cardiac regeneration in ischaemic cardiomyopathy
models: a systematic scoping review [2] and for this opportunity to reply.

In our article, we addressed the following question: what potential effects
may the omentum have as a supporting tissue for bioengineered myocardial
regeneration? The scoping review included a heterogenous set of 11 studies,
consistent with current techniques in myocardial regeneration and bioengin-
eering research [3]. Six additional studies were separated out into Tables 5 and
6 (as they were too different to be comparable).

It was our utmost interest to ensure we were able to analyse these studies
using the most unbiased criteria. Despite the heterogeneity of the approaches
used, we were still able to compare the effects of a pedicled omental flap as
support for bioengineering aimed at myocardial regeneration—according to
reported findings of each study (regardless of the exact bioengineering tech-
nique used). It is because of the heterogenous nature of the studies, not despite
it, that a systematic scoping review was chosen as the method to assess whether
the wide variety of techniques anticipated by our search criteria might benefit
from omental reinforcement. We are therefore confident that we addressed the
central question regarding these studies, which could also be re-stated as: ‘is the
use of a pedicled omental flap a promising adjunct for bioengineering
approaches to myocardial regeneration (based on the existing literature)?’.

Regarding your comment about the study by Kainuma et al. [4] and the
engrafted area (Table 2) [2]; we compared the effects at day 7 and day 28
(similar intervals to those presented in many other studies). We do acknowledge
that at day 3, there was not a statistically significant effect—engrafted area
remaining of 0.35 mm2 with omentum support and 0.25 mm2 without [4].

Graphical representation of this (Figure 3h of the original article) [4] makes it
clear that the omentum-supported myoblast cell sheets had a more gradual
loss of donor cells (reducing engraftment area) up to day 28. In contrast, with-
out omentum support, there was a steep drop off of donor cells (engrafted
area) before day 7. The starting number (on ‘day zero’) of labelled donor cells
was similar in all their bioengineered cell sheet groups. These effects were statis-
tically significant only by day 7 and persisted until day 28, with the absolute
numbers clearly favouring omentum support.

Regarding the study by Lilyanna et al. [5], this was the only study we found
reporting that omentum support did not result in an increase in cell retention.
We emphasized this in our paragraph titled ‘Transplanted Cell Retention’
where we concluded that most studies presented improved engraftment out-
comes with supportive omentopexy, except for this one.

We would like to acknowledge the importance of your comments, especial-
ly your mention of modification with ‘some medications’, which in the tissue
engineering space may be extended to signalling factors, cells and biomateri-
als. In summary, we agree that omentopexy alone may be insufficient based
on the current literature, but as a support for bioengineered tissue, it may help
for the translation of findings from the bench to the bedside.
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