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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. Extrusion 3D bioprinting
permits hydrogel patch generation even preserving microtissue cardiac spheroids directly suspended in the
bioink. 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.

approaches to restore myocardial function [6], of which one promising
approach is 3D bioprinting of heart tissue patches for epicardial trans-

1. 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

plantation [7].

Whilst this field is progressing to human trials, there remain persis-
tent questions about the mechanism by which 3D bioprinted epicardial
patches benefit cardiac structure and function after myocardial infarc-
tion (MI) [8-13]. Recent evidence suggests host inflammation modula-
tion 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 condi-
tions for heart patch bioengineering [7,15].

Our laboratory has previously combined 3D bioprinting with
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microtissues called “vascularised cardiac spheroids” (VCS) containing
cell types found in the human heart [7]. Using extrusion 3D bioprinting
systems, these 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 3D bioprinted patches containing VCS can improve
cardiac function in mice with ML

Herein, we present novel results from epicardial transplantation of
3D bioprinted hydrogel-based patches in a surgical MI mouse model
following permanent left anterior descending (LAD) artery ligation [15].
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.

2. Material and methods

The method was publicly preregistered before the start of the
experiment (https://doi.org/10.17605/0SF.10/7BQEW). The Vevo LAB
echocardiography manual (including equations used for echocardio-
graphic parameter calculations) is available from this article’s perma-
nent data repository (https://doi.org/10.5281/zenodo.6198612).

2.1. Culture of human cardiac cells

HCAECs (Sigma-Aldrich, MO, United States) were cultured in Mes-
oEndo 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 pas-
sage three. iCMs (iCell®, FujiFilm Cellular Dynamics, Madison, WI,
United States) were cultured according to manufacturer’s recommen-
dations in iCell® Cardiomyocytes Maintenance Medium (FujiFilm
Cellular Dynamics). In total, ~850,000 cells per 10 x 10 x 0.4 mm patch
were used (iCMs: HCAECs: CFs, ratio 1 : 1.5: 2.5).

2.2. 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 Mainte-
nance Medium, MesoEndo and Cardiac Fibroblast Growth Media,
respectively). VCSs were generated by coculturing ~10,000 mixed
cardiac cells in 15 pl 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) Oz and
5% (v/v) COq following our previous protocol [17]. In total, ~850,000
cells (83 spheroids) per patch were used.

2.3. 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.
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2.4. 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 mm?
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.

2.5. 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 bio-
printing 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 poly-
propylene nozzle (250 pm 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 bio-
printer 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 4 mls of CaCly (2% w/v in PBS) 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]. Patches were incubated in vitro (one patch in 2 ml
Spheroid Medium per well of six-well plates) at 37 °C with 21% (v/v) Oq
and 5% (v/v) COq. Our previous patch durability study found movement
disturbance of patches was associated with early patch fragmentation
[7]. Therefore, movement was minimised (immediate-proximity dedi-
cated incubator, careful low-volume media changes twice a week
without disturbance in between). Under these conditions all patches
were cultured intact, either until transplantation or in vitro analysis.

2.6. Invitro heart patch analyses (confocal microscopy, 3D rendering and
multiple electrode array)

Some non-transplanted patches were kept in vitro for analysis after
28 days. These patches were stained for nuclei, cardiomyocytes, fibro-
blasts 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.

2.7. 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].
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Briefly, male 9-10 week old (mature) B and T cell-depleted B6.Ragl
mice (Australian BioResources, Moss Vale, 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 sus-
pended 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 pro-
tocols for four weeks.

2.8. 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).

2.9. Electrical mapping

Electrical mapping was performed by trained researchers (CR and
CG) using an EMS64-USB-1003 Electrical Mapping System and EMap-
Record/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.

2.10. Structural (histological) 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 cytom-
etry and mRNA analysis).

Histological tissue analyses. Histology (H&E, PicroSirius Red, Mas-
son’s Trichrome) was performed on 4 pum transverse heart tissue sec-
tions. Slides were digitalised and infarct size calculated by the midline
infarct arc length method [19]. Measurement and analyses were per-
formed blind followed by unblinding at the stage of processing data for
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visualisation. Mice that died before day 28 had post-mortem performed
and samples sent for independent (blind) histological analysis (Cerberus
Sciences, Melbourne, Australia).

2.11. Cell quantification by flow cytometry

Flow cytometry was performed on heart tissue using a BD LSRFor-
tessa™ 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 sub-
jected to Liberase™ (Roche Diagnostics, NSW, Australia) digestion.
Liberated cells were incubated with a cocktail of primary antibodies for
45 min at room temperature before processing through the cell cytom-
eter. Flow cytometry data were analysed as relative numbers (no com-
parison of absolute numbers was performed for batches processed on
different occasions).

2.12. 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. 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 pa-
rameters. 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 clus-
tering with average linkage and Euclidean distance was performed using
Partek Genomics Suite® (Partek®, St Louis, MO, USA).

2.13. 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.

3. Results

3.1. 3D bioprinted VCS patches present stable and functional spheroids at
28 days

Cultured under minimal movement conditions, all patches remained
intact for at least 28 days in the incubator. 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), Fig. 1 and Videos 1, 2 and 3). Our analysis also demonstrated
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that HCAECs self-assembled into networks, both within and outside of
spheroids (Fig. 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. Fig. 1). This is consistent
with our previous report of cardiomyocyte activity in patches incubated
in vitro over 28 days [7].

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.bprint.2023.e00263
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Fig. 1. Cardiac spheroids (A-D) and freely sus-
pended 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 car-
diomyocyte and the endothelial cell population,
respectively. (D) Is a side closeup view of a spheroid
from (A). Arrows point at spheroids within the patch.
Fig. 1. (E-H) 3D rendering analyses of bioprinted
patches containing cardiac cells (not in spheroid
conformation) at 28 days that were stained with an-
tibodies 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. These data are
also visualised in 3D-rendered video format for
Videos 1, 2 and 3 (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 pm). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

3.2. Transplantation of patches containing VCS protected against MI-
induced reduction in cardiac function

Results for our primary functional outcome (LVEF%) are shown in
Fig. 2. The increased LVEF% with treatment was consistent with our
secondary analyses of other functional echocardiographic parameters
(Suppl. Fig. 2). The increased LVEF% of the MI + PATCH SPHEROID
group was consistent with that group’s favourable electrical activity
profile (Figs. 3 and 5 and Suppl. Fig. 2).

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
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Fig. 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 M, 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 Fig. 2. Error bars show interquartile range; p values calculated with pairwise Mann-Whitney

U tests.

similar between groups with overall mouse survival at 56% (Suppl. Fig.
3).

Patches containing VCS increased the median LVEF% from 41% to
64% compared to control infarcted mice at 28 days (Fig. 2). On pairwise
hypothesis testing between groups, LVEF% for the MI group (LAD
ligation and no patch) had a statistically significant difference compared
to all groups except for MI + PATCH CELLS (Fig. 2). There was no sta-
tistically 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 (ab-
solute value increase 23%) and patches with no cells at all.

3.3. 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 (Fig. 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) (Fig. 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 me-
dians (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) (Fig. 3). Overall, LAD ligation (MI) seemed to
decrease conduction velocity to 68-75% of its normal value (at the time
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Fig. 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 imme-
diately 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 to-
wards 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 Fig. 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 cal-
culations against pre-MI baseline values and p = 0.010 for five stepwise cal-
culations 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.

it was performed) and this change persisted until day 28.

3.4. 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 (Fig. 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
(Fig. 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
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values, 66%, 15% and 0.3%, respectively) (Fig. 4E). Infarct patterns
were variable (Fig. 4A-C), with mice showing varying infarct region
appearances. Variable infarction pattern was also reported by our in-
dependent post-mortem histological analysis of mice that died in the
postoperative period (see the Data Repository https://doi.org/10.
5281 /zenodo.6198612). In 4 out of 5 mice in the MI + PATCH CELLS
group, regional infarctions were not detected, consistent with inde-
pendent 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 variable range of ~20-70% (see
the data repository).

3.5. Integrative analysis of CV and LVEF%

We next sought to investigate potential mechanisms underlying the
variability of treatment responses within each group. We analysed co-
efficients of determination (R squared expressed as a %) for the rela-
tionship of CV (electrical mapping) to the LVEF% (Fig. 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 (Fig. 5C, F, I, L) were similar to a
baseline (pre-LAD ligation) map (Fig. 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 (Fig. 5). Sham group mice (needle and suture
passed under the LAD and tied loosely without occlusion) also showed
variability in LVEF% (Fig. 5B) despite having no infarction - repre-
senting the impact of the cardiac surgical model itself.

3.6. 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 (Fig. 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 (Fig. 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) (Fig. 6B). For all groups, there were propor-
tional changes in tissue monocytes and tissue macrophages compared to
all other live singlet immune cells (Fig. 6C and D).

For natural killer cells (NKs) there was a reduction in the number of
these cells in all treatment groups compared to MI (Fig. 6E). The same
analysis demonstrated an increase in the proportion of haematopoietic
stem cells (HSCs) within all treatment groups compared to MI and Sham
(Fig. 6F). 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 MIL.

3.7. 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
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Fig. 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 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%). This may suggest a protective effect beyond reduction of circumferential infarct size
(decoupling the direct relationship of higher infarct size with lower LVEF% seen for MI without treatment and suggesting that the density of the infarction observed
in (A) may be reduced (C) and function (D) protected). 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 interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

SPHEROIDS, and Sham. PCA of mouse transcriptomes identified sam-
ples 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 (Fig. 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 be-
tween groups (p-value 0.05 and fc > |1.5|; Supplementary Tables
S1-10). Hierarchical clustering of these transcripts confirmed the clus-
tering previously observed by principal component analysis (Fig. 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 (Figs. 7C and 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 Cardio-
vascular System Development and Function as well as Cellular Devel-
opment, Growth, Proliferation, Assembly and Organization (Fig. 7D, top
panel, Supplementary Table S11).

Within the subset of pathways associated with Cardiovascular Sys-
tem Development and Function the repression of the genes ASPH,
ATP2A2, KCNJ11, MYL4, MYL7, RYR2 and CLU were strongly associ-
ated with the regulation of contraction of the heart, cardiac contractility,
and contraction of cardiac muscles (Fig. 7D, bottom panel, Supple-
mentary Table S12). Enrichment analysis for canonical pathways high-
lighted relevant pathways associated with beta adrenergic signalling
and dilated cardiomyopathy (Supplementary Figs. 4-6).

4. Discussion

Our study adds to the evidence that 3D bioprinted epicardial patches
protect the myocardium after MI. Moreover, our “return-to-baseline”
cardiac functional results (Fig. 2) are promising. Our initial analyses
raise an interesting mechanistic proposition: that stimulating host im-
mune cells (Fig. 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 (Fig. 7). This might explain why only our most successful
(spheroid) treatment group “reversed” the transcriptomic profile for MI
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Fig. 5. Electrical remodelling of the infarcted LV may be an
important mechanism contributing to improved LVEF%. (A) Repre-
sentative 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 acti-
vation 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 Fig. 2A). Wide error bars show variability in
CV readings. The MI + PATCH SPHEROID group seemed to trend to-
wards 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 under-
going 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). (For
interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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mice (to resemble non-infarcted (sham) mice by day 28).

For this study we focused on in vivo outcomes since we had per-
formed in vitro analyses of different 3D bioprinters and bioinks in our
previous studies [7,17]. Patch disturbance reduction thanks to limited
handling of patches based on our previous research [7] helped in per-
forming our in vitro analyses (Fig. 1 and Supplementary Fig. 1).

For cardiac functional outcomes in vivo, our results suggest that a
clinically significant rise in LVEF% (absolute value gain of ~20%) 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 re-
sults 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 (espe-
cially 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 report that even without cells, hydrogel alone trans-
planted to the epicardium (in the acute phase of MI) raised the LVEF%
from 41% to 55% (Fig. 2). Some might interpret this to mean that all 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 (Fig. 2). Mechanistically, if underlying host
immune-genetic modulation is important (Figs. 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 (Fig. 1 and Video 3) and electrical ac-
tivity integration (Figs. 3 and 5 and Suppl. Fig. 1) — would be fully
aligned with the underlying mechanistic processes conferring myocar-
dial protection. To proceed with human trials [8,10,12] without un-
derstanding 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



C.D. Roche et al. Bioprinting 30 (2023) e00263

Hownk

ok

A p=0.35 B ok -
p=0.11 N C wg e
p=0.73 o = - P
+ ‘= p=0.054 44 . -
5- p=0.186 2 s B i More monocytes © gg- = 8
4 p=0056 More M1 & 2 5
2 g g
2 g E 60-
= . S 40 g
e z 5 2
s E =
£ More neutrophils  § 20 3
5 1:4 More M2 2 z A
@
T T T T T B 0-
S 8 N
‘z&.@‘ D «0‘3‘ \)’% o\o‘b 5 Q\vﬁ‘ » «(_,‘2" \)/‘b 0\06
& S 4
& &L ¥ & &L
A 9 )
AR K
& 4O N
& N
° E = 1000 S 5 ** ok )23
3 e 2 3 » - A3
- 100 E =2 = T 920 X
c < Q © (8] e
5 s © B g 5
£ g 2 Z 3 2
E £ E e E g
3 & E 500 § E s
5 50 8 ¥ 2 Q10 a
= 2z i =
P FI- 2 8
= e 9 £ S ©
£ \ S vy: =
° ! [*] -—
[}
z v&‘“ S R &P Sl «(;Z‘ 2
R ol 3 s
P FLEE T EEE
~ /\c"b Q,QQ ¥ <© xéz
\,gv'«db" > "«O‘b

Fig. 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 x10° (C-D) or x10* (E-F); error bars (C-F) show upper limit interquartile range.

failure patients receiving a bioprinted patch is critical in this field
(already subject to ethical concerns about suboptimal media-hyped
treatments [31-33]).

In this context, we analysed electrical maps and performed individ-
ual mouse sequential echocardiography (baseline - midpoint -
endpoint) to identify progression in LVEF% changes (Fig. 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 collat-
erals or with smaller infarcts. The variability inherent to infarct size, CV
and LVEF% is a limitation of all animal studies in the cardiac regener-
ation field. Future studies should factor this in when calculating
numbers to adequately power studies.

To explore the role of immune cells in host cardiac tissue, we tested
for the presence of different immune cell numbers using flow cytometry
(Fig. 6). We demonstrated a trend towards a reversal of the ratio of so-
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Fig. 7. The transcriptomic profile of MI + PATCH SPHEROID mice is similar to Sham mice (without MI). (A) Principal component analysis of whole tran-
scriptome expression levels. (B) 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).

called M1:M2 macrophages in our MI group compared to other groups
(Fig. 6A). The M1:M2 ratio is a simplification, for example, it presents a
complicated continuum as a dichotomy [25,34]. Nonetheless, ‘classi-
cally activated’ M1 macrophages have been associated with phagocy-
tosis, elimination of tumour cells and pathogen killing, whereas
‘alternatively activated’ M2 macrophages have been described as pro-
fibrotic inducers of fibrosis [34]. Some have stated that M1 may exac-
erbate 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 limita-
tions, 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
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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). Our result for NK cells (Fig. 6D) adds to
the emerging evidence of the importance of these cells in MI [36]. For
instance, NK cell depletion measured in our treatment groups (in
particular for MI + PATCH SPHEROIDS) in consistent with improved
vascular function — previous reports suggest a role played by NK cells in
regulating angiotensin II-induced vascular dysfunction [37]. Other re-
ports have also supported that reduced NK cells in MI my prevent
fibrosis, [36]. This could potentially explain how reduced fibrosis
observed in Fig. 4A—C could be linked to NK cell-mediated phagocytotic
activity over fibrotic. 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 [34,38]. These data
will need to be followed up with future dedicated studies, including full
immunohistochemistry analysis for spatially resolved assessment of the
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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 ave-
nues for detailed follow-up studies. Nonetheless, we identified inter-
esting changes in gene expression, such as for myosin light-chain 4
(MYL4) and 7 (MYL?7) which were similar for both MI vs MI + PATCH
SPHEROIDS and MI vs Sham (a log2FoldChange of approximately 5,
Supplementary Tables S3 and S4, respectively). Loss of MYL4 function
may cause progressive atrial cardiomyopathy [39] and downregulation
of MYL7 is implicated in myocardial structural abnormalities and car-
diac hypertrophy [40]. For acellular (hydrogel only) compared to
SPHEROID patch treatment, enrichment analyses for canonical path-
ways highlighted genes associated with beta adrenergic signalling and
dilated cardiomyopathy (Supplementary Figs. 4-6). 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 (Fig. 2). Taken
together, this supports the hypothesis that treatment with 3D bioprinted
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, our aim was to test
VCSs as a specific “microtissue” entity. We show that these can be
directly suspended in AlgGel and 3D bioprinted without losing their
morphological confirmation. The result was a return to the non-
infarcted (sham) mRNA profile and this was not seen for other control
groups.

Furthermore, 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 propose that the incre-
mental 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 (gene expression as well as modulation of host
inflammation). This hypothesis would require testing by a dedicated
future study (beyond our descriptive/phenotypic analyses whereby it
has first been proposed here). Given the high variance in our datapoints
(individual mice) in the MI + PATCH CELLS group (Figs. 2B and 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 (Fig. 5 and Suppl Figure 1), which is also consistent
with the genetic changes we report in the spheroid group (Fig. 7).

Limitations of this study include: 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. Whilst many studies run up to 28 days, some have reported
functional outcomes which only emerge later (8 weeks or more) [6]. Our
study in mice is also 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
have influenced outcomes, such as the extent to which a patch suc-
cessfully attached and interacted 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 [41]. Systems such as the
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nervous [42] and lymphatic system [43] may also be important and this
is the focus of other studies [44].

Overall, our results hint at the mechanistic complexities underlying
patch-based myocardial repair. A primary future direction for this study
is a detailed mechanistic investigation: 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.

5. Conclusion

Extrusion 3D bioprinting permits hydrogel patch generation, even
preserving microtissue cardiac spheroids directly suspended in the
bioink. 3D bioprinted cardiac spheroid patches convey a significant
improvement in cardiac function by epicardial transplantation in mice
modelling MI. Gene expression changes observed only for the spheroid
treatment group may explain why this group apparently returned the
strongest functional improvement. Conversely, even 3D bioprinted
hydrogel patches alone (without cells) partially improved heart func-
tion, suggesting that direct cardiac cell number replenishment may not
be a mechanism by which cardiac function is improved (in epicardial
patch-based myocardial regeneration strategies). Further preclinical
studies are needed to examine mechanisms in full and answer the
question why 3D bioprinted AlgGel-based patches for epicardial trans-
plantation improve cardiac function.
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