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Abstract: 

  Micro-encapsulation of heart explant-derived stem cells (EDCs) within protective 

nanoporous gel (NPG) cocoons improves cardiac function and long-term retention of 

transplanted cells after ischemic injury by limiting detachment induced cell death and 

vascular clearance of intramyocardial injected cells. Although cocooned EDCs boost 

cardiac function, the fundamental mechanism is unclear. Here, we investigate the effects 

of altering cocoon stiffness and size on human EDC mediated repair of damaged 

myocardium using an immunodeficient mouse model of ischemic cardiomyopathy.  

First, we found that increasing cocoon stiffness by altering NPG content boosted 

cell viability and migration; effectively forcing cocooned cells to adopt a migratory, 

invasive phenotype. Although cocooning improved retention of transplanted cells, 

increasing cocoon stiffness had no additional effects on long-term engraftment despite 

markedly improving cardiac function and fibrosis after myocardial infarction. Given 

increased cocoon stiffness boosted the production and microRNA cargo within EDC 

nanovesicles, the observed benefits in post-ischemic function are likely dependent more 

on paracrine production of transplanted cells rather than simply increasing the number of 

cells retained.    

 The effect of cocoon diameter on EDC phenotype and cell mediated repair of 

ischemic myocardium was evaluated using microfluidic-based cocooning enabling 

deterministic encapsulation within defined cocoon size and intracapsular cell number 

while maintaining a fixed cocoon stiffness. Increased cocoon size enhanced post-

ischemic cardiac function by reducing clearance of transplanted cells and increased 

paracrine stimulation of endogenous repair.  The latter being attributable to microfluidic 
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cocooning closely following the expected Poisson distribution with smaller cocoons 

having a greater proportion of single cells while larger cocoons contained greater 

proportions of multicellular aggregates which enhanced cell-cell interactions to increase 

the amount and breadth of cytokines/nanoparticles delivered to injured myocardium.   

In conclusion, altering the biophysical properties of NPG surrounding cocooned 

cells provides a straightforward means of boosting the regenerative potential of heart 

EDCs for repair of injured myocardium.        
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Chapter 1 

1.0 General Introduction 

1.1 Ischemic Cardiomyopathy  

Heart failure is a major source of morbidity and mortality and affects over 26 million 

individuals worldwide.1 Ischemic cardiomyopathy (ICM), a leading cause of heart failure, 

is a disease in which a myocardial infarct (MI) results in the conversion of dead 

myocardium into scar tissue. Ongoing cardiac-tissue remodeling progressively declines 

the heart’s pumping function.2,3  Although the development of new pharmaceutical drugs 

and medical management has improved disease outcome, the mortality rate remains high 

whereby 27% of the patients die within 1 year of diagnosis.2,4 CM affects over 600 000 

Canadians and costs the healthcare system over $480 million annually -the cost is 

predicted to surpass $1 billion/annum by 2030.5 These observations rationalize a new 

focus on novel means to reverse, repair, and vascularize the damaged ICM heart. 

To address this pressing need, cell therapy has emerged as a promising option to 

prevent adverse cardiac remodeling and reverse damage post MI. Just over a decade, 

the mammalian heart was thought to be a terminally differentiated organ with no capacity 

to regenerate. It was believed that a set number of cardiomyocytes determined at birth 

would slowly dwindle with aging or injury and no mechanism to replace lost 

cardiomyocytes. However, several studies challenged this dogma by providing evidence 

that the heart exhibited low level cardiomyocyte renewal.6-8 Today, several pre-clinical 

studies in small and large animals have identified endogenous multipotent cardiac 
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progenitor cells within the adult heart with the capacity to differentiate into 

cardiomyocytes, endothelial and smooth muscle cells.9-13 

Cardiac cell therapy is the treatment of injured myocardium with ex vivo expanded 

cells to improve cardiac function. The critical feature of this definition lies in the premise 

that transplanted cells must (at least transiently) remain in the heart to promote healing. 

Over the past decade, it has become clear that, in the absence of additional treatments 

designed to enhance cell survival, long-term engraftment of any transplanted cell is 

modest and all therapeutic regeneration is mediated by the stimulation of endogenous 

repair mechanisms rather than differentiation of transplanted cells into working 

myocardium.14-17 This realization has led many to question the need for “cells” in cell 

therapy and has motivated the search for cell-sourced factors that can stimulate 

endogenous repair as a means of bypassing cell transplantation. Nevertheless, if robust 

engraftment could be achieved, cardiomyogenic cell products could be more engaged in 

direct cardiac repair and the efficacy of adult cell therapy could be markedly enhanced. 

This is particularly important for the therapy of established ischemic cardiomyopathy, 

which would likely require a substantial increase in contractile cells to reverse long-term 

functional and structural abnormalities. This chapter outlines the challenges confronting 

cardiac engraftment of ex vivo expanded cells and explore the potential of enhancing cell-

mediated repair of injured myocardium by targeting the fundamental mechanisms limiting 

transplanted cell retention and survival. 

 

1.2 Historical Background of Cell Therapy Treating Ischemic Cardiomyopathy 
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At the turn of the century, the ability of cell based products to repair damaged 

hearts was first explored using unselected bone marrow mononuclear cells (BMMCs) 

which contain a mixture of endothelial, hematopoietic and mesenchymal progenitor 

cells.18,19 In part, this strategy was chosen based on the widespread availability of hospital 

based bone marrow transplantation programs that could provide a clinically compatible 

cell source believed (at this time) to differentiate into a de novo vascular network 

(vasculogenesis) while also promoting the growth of new capillaries from pre-existing 

blood vessels (angiogenesis). Promising data from preclinical studies led to the start of 

several clinical trials20-24 and, while these studies showed that BMMC administration was 

safe, clear evidence supporting the ability of BMMCs to repair injured myocardium is 

lacking.25 Although, differences in patient demographics, cell dose/source, 

method/route/time of administration, and primary study endpoints make direct 

comparisons challenging,26 this data has resulted in an ongoing large multinational phase 

III trial (BAMI, NCT01569178; study start date September 2013) powered to detect a 

decrease in all-cause mortality after intracoronary (IC) administration of BMMCs. 

Based on early BMMC results and the belief that a “purified” cell product might 

provide greater cell-mediated repair, attention focused towards antigenically selecting 

(i.e., CD34+ or CD133+)27,28 or culture-guiding (i.e., endothelial progenitor cells, EPCs)29 

cells that demonstrated marked pro-angiogenic and vasculogenic properties. Although 

promising studies show enhanced therapeutic potency30 and cell homing to the injured 

heart,17 the overall efficacy of antigenically selected cells remains comparable to 

unselected BMMCs.31 In retrospect, this finding is not surprising as very few transplanted 

BMMCs are found after IC or intramyocardial (IM) injection17,32-34 with the salutary effects 



4 
 

of cell transplantation attributable to indirect (paracrine mediated) repair via cytokines or 

exosomes.14 

In recognition of the limited role of transplanted cell differentiation and to avoid the 

adverse effects of patient comorbidities on autologous (i.e., self to self) cell products, the 

field transitioned towards “immune evasive” blood or bone marrow derived mesenchymal 

stem cells (MSCs).35 MSCs have since been defined as cells that: 1) adhere under basic 

culture conditions; 2) express CD90, CD73 and CD105 without lineage (CD79ɑ, CD14 or 

CD11b, CD45, CD19, CD34 and HLA-DR) and 3) differentiate in vitro into chondrocytes, 

osteoblasts and adipocytes.36 While the combination of immune evasive properties with 

multilineage potential of MSCs raised concerns that administration might result in non-

cardiac tissues developing within the heart,36,37 this fear was not realized as the long-term 

retention of transplanted MSCs is equivalent to other cell sources (<3.5% 6 weeks post 

injection) with the benefits conferred through paracrine mediated-reductions in fibrosis 

and inflammation.38 Based on the hope that paracrine mediated repair will suffice, a 

Phase 3 trial is currently underway investigating the effects of purified STRO-3+ (DREAM 

HF-1; NCT02032004; study start date January 2014).   

Rather than hindering clinical translation, the ephemeral nature of BMMCs and 

MSCs may have played a key role in promoting the development of these therapeutics 

as the past decade has also provided notes of caution regarding retention of transplanted 

cells- best exemplified by the skeletal myoblast (SkM) experience. SkMs are an abundant 

source of adult tissue stem cells that repair skeletal muscle after injury. The ability of 

these hardy cells to resist apoptosis and generate working skeletal muscle prompted use 

as one of the earliest therapies for ischemic cardiac injury.39,40 Preclinical data 
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demonstrated that significant numbers of transplanted SkMs persisted in the injured heart 

(e.g., SkM grafted areas approaching more than half of the infarct area41) and increasing 

amounts of working skeletal muscle in the injured heart predicted enhanced myocardial 

function.41,42 Clinical implementation followed very quickly but early clinical trials abruptly 

stalled when an alarming safety signal emerged indicating that SkM therapy was 

associated with an increased risk of ventricular pro-arrhythmia and sudden cardiac 

death.43-45 Follow-up studies revealed that although SkMs form functional myofibrils, 

these islands of working skeletal tissue are incapable of electrically coupling with the 

surrounding myocardium leading to asynchronous contraction and the ideal substrate for 

cardiac rhythm disorders.46 Somatic gene transfer of the ventricular gap junction protein 

connexin 43 to SkMs promotes electrical coupling and, as outlined below, has recently 

resulted in transplant of a genetically modified cell product back into patients.47    

Interestingly, the pre-clinical embryonic stem cells (ESCs) literature has also 

provided a note of caution regarding attempts to promote the engraftment of non-cardiac 

cell products within the injured heart (reviewed in ref [45]). ESCs are isolated from the 

inner cell mass of blastocyst-stage embryos and display an unlimited capacity for self-

renew while retaining the ability to differentiate into any cell type, including 

cardiomyocytes.48 Partially in response to the ethics of using human fetuses, induced 

pluripotent stem cells (iPSCs) have been developed by introducing a cocktail of 

transcription factors to transform easily accessible somatic cells (such as dermal 

fibroblasts) into pluripotent stem cells.49 These cells mirror ESCs as they readily self-

renew and differentiate into any cell type. To date, cell purity has been a challenge and 

differentiation protocols have provided heterogeneous populations of cardiac cells that 
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include undifferentiated cells, immature ventricle-, atrial- and node-like cells.50 Although 

several pre-clinical small animal studies suggested that the lineage infidelity of ESCs may 

have very little impact on therapeutic regeneration,51,52 a recent study showed that, while 

ESC-derived cardiomyocyte grafts could extensively remuscularize infarcted primates 

(i.e., macaques), coupling of immature electrically unstable cells with host myocardium 

significantly increased the burden of life-threatening ventricular pro-arrhythmia through 

slowed propagation of electrical wavefronts within damaged myocardium (i.e., increased 

substrate for re-entry) and formation of ectopic beats (i.e., automatic ectopic electrical 

foci).50,53 Early small animal studies may not have identified this pro-arrhythmic potential 

because large grafts are needed for slow waves to propagate for electrical re-entry45,52,53 

and the inherently faster heart rates of small animal models (~600 beats per mins in mice 

vs. 100-130 in macaques) may have suppressed re-entrant beats or ectopic 

automaticity.53 

 

1.3 Cardiac Derived Stem Cells for Treating Ischemic Cardiomyopathy  

The growing realization that engraftment of non-cardiac cell products may have 

inadvertent side effects, prompted several investigators to explore the therapeutic impact 

of cardiac-derived cell products. In the mid-2000’s, several pre-clinical studies hinted that 

endogenous multipotent cardiac cells existed in the adult heart with a capacity to replace 

cardiomyocytes, endothelial and smooth muscle cells.6,10,54,55 This finding was supported 

by convincing radioactive carbon 14 tracking demonstrating that human adult 

cardiomyocytes undergo continuous low grade replacement throughout adulthood (0.5-
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1.0%/year).56 To date, the identity of this endogenous myocyte cell source remains 

controversial with multiple candidates proposed based on cell surface markers 

characteristic of stem cells (i.e. tyrosine receptor kinase, stem cell antigen-1 [Sca-1], 

Endoglin [CD105], Islet-1, platelet-derived growth factor receptor-alpha or membrane 

transporters like ATP-binding cassette sub-family G member 2 or Multidrug resistance 

protein-1 involved in Hoechst dye efflux).54 Despite this uncertainty, several groups have 

moved forward with the development of cardiac-derived stem cell (CSC) therapeutics 

based on the belief that administration of an intrinsically cardiac cell product would 

provide greater cell-mediated repair through direct differentiation into working 

myocardium and pro-healing paracrine factors.  

 

1.3.1 Side Population 

The first population of heart-derived progenitor cells were isolated using 

methodology similar to established techniques used to identify skeletal and bone marrow 

progenitor cells.57 These cells are termed ‘Side Population (SP)’ based on their ability to 

extrude Hoechst dye (a cell-permeable DNA binding dye) via multidrug resistance protein-

1 transporters.10 Flow cytometry analysis determined SP cells represent only a small 

fraction (~1%) within the heart which lacked typical cardiomyocyte lineage markers. 

These cells are multipotent as they differentiate into endothelial58,59 or smooth muscle 

cells60 and form beating cardiomyocytes when co-cultured with neonatal ventricular 

cardiomyocytes61 or following small molecule stimulation.60 SP cells co-express Sca-1 

and platelet-derived growth factor receptor-alpha.11,61 Preclinical studies have 

demonstrated that transplanted murine SP cells improve cardiac function and attenuate 



8 
 

myocardial scarring after ischemic injury in murine models.11,59,60,62  Given long-term cell 

retention is limited (<1% two weeks after delivery), these benefits are attributable to 

paracrine stimulation of endogenous repair although the mediators of these effects have 

yet to be fully defined.11 Despite these promising results, it is unlikely that Sca-1+ SP cells 

will be translated for clinical application as the human homolog of Sca-1 has yet to be 

identified and studies of Sca-1 have been uniformly been restricted to murine cells applied 

within murine models of cardiac damage.    

 

1.3.2 Antigenic Selection of Cardiac c-Kit+ Cells 

The tyrosine receptor kinase (c-Kit) was initially identified as a marker for 

‘stemness’ in hematopoietic cells and was naturally explored in the heart in hopes of 

identifying a cardiac progenitor population that mediates endogenous repair.63 Beltrami 

and colleagues were the first to identify a non-hematopoietic c-Kit+ cell in the heart shown  

to be clonogenic, multipotent and capable of self-renewal.9  Antigenic-sorted c-Kit+ cells 

were shown to expressed early cardiac developmental transcription factors (Nkx 2.5, 

GATA4, and MEF2C). Since, several pre-clinical studies have isolated c-Kit+ cells from 

small or large animals with techniques developed to isolate and expand human c-Kit+ 

cells from atrial and ventricular biopsies.16,64-70 Antigenically, c-Kit+ cells represent a 

heterogeneous population as they co-express surface makers indicative of endothelial 

(e.g. CD31, CD34), mesenchymal (e.g. CD90, CD105) and progenitor (e.g. Sca-1, 

Abcg2), identity.66 One report also suggests that two distinct populations of cardiac c-Kit+ 

cells exist with  kinase domain receptor (KDR) co-expression indicating a vasculogenic 

ability while KDR- cells retain a true myogenic potential.71    
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Interestingly, early reports claimed that in situ (resident) c-Kit+ cells account for a 

substantial fraction of new cardiomyocytes found after cardiac injury (up to ~70% of lost 

cardiomyocytes).9,67 Recent studies linage tracing studies suggested these early reports 

were mistaken as lineage cell fate analysis found tagged c-Kit+ cells contribute very few 

new cardiomyocytes (0.016 or 0.007% of total cardiomyocytes in the heart) and primarily 

differentiate into endothelial cells.72,73 Despite concerns regarding insufficient c-Kit 

labeling in linage tracing studies,74 these claims have supported by independent studies 

using multiple recombinant mouse models73 and complimentary cell tagging 

methodology. 

Unlike endogenous c-Kit+ cells, antigenic sorted and ex vivo expanded c-Kit+ cells 

have been shown to differentiate into cardiomyocytes.9,66,68 While few conflicting studies 

have clamed robust engraftment and cardiomyogensis by ex vivo expanded c-Kit+ 

cells,67,68 many follow up studies have failed to reproduce such results16,66,69,75  as long-

term engraftment approached ~1% 35 days after intramyocardial injection suggesting the 

contribution of transplanted c-Kit+ cells to adopt a myocytes fate is physiologically 

irrelevant.16 Therefore, functional gains seen in preclinical and clinical studies using ex 

vivo expanded c-Kit+ cells are likely primarily dependent on paracrine stimulation of 

endogenous repair- which has yet to be robustly evaluated.        

 

1.3.3 Cardiospheres, cardiosphere-derived cells, and explant-derived cardiac stem 

cells 

In 2004, Messina and colleagues adopted the established neurosphere culture 

technique to the heart and demonstrated ex vivo expansion of cardiac progenitor cells 
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directly from murine and human heart biopsies.76 In this method, cardiac tissue was 

minced, enzymatically digested, and plated on fibronectin coated dish. Soon after, cells 

spontaneously migrated from plated tissue (i.e., explant-derived cells, EDCs) to provide 

a monolayer covering the surrounding cultureware. EDCs were harvested using mild 

enzymatic digestion for suspension culture on poly-D-lysine coated plates. The weak 

electrostatic interactions between negatively charged cell membranes and positively 

charged poly-D-lysine results in adhesion of cell “stalks” that anchor 50-150 µm diameter 

multicellular, spherical aggregates termed cardiospheres (CSp). CSps resemble 

embryonic stem cell niches with actively proliferating progenitor cells (c-Kit, CD34, or Sca-

1 from murine sourced heart biopsies) in the core surrounded by supportive endothelial 

(CD31), cardiac (cardiac troponin, myosin heavy chain, connexin-43) and mesenchymal 

(CD105, CD90) cells at the periphery.76,77 Similar to neurosphere culture, CSp formation 

was thought to provide an enrichment step to increase the proportion of progenitor cells 

expressing pluripotent transcription factors (SOX2, Nanog), stem cell related proteins 

(histone deacetylase 2, telomerase), stem cell associated growth factors (insulin-like 

growth factor), and extracellular-matrix/adhesion proteins (integrin-α2, laminin-β1, 

collagen, matrix-metalloproteinase) compared to a monolayer culture.69 

Although intramyocardial injection of CSps after myocardial injury provides a dose 

dependent improvement in cardiac function, sphere diameter and aggregation precludes 

intracoronary delivery secondary to the risk of occluding coronary vessels.78 To 

circumvent this issue, CSps were expanded as a 2-dimensional monolayer culture 

termed, cardiosphere-derived cells (CDCs) for single-cell intracoronary delivery.12,77 

CDCs are CD105+/CD45- cells with subpopulations expressing CD90 (~30-40%), c-Kit 
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(~5-10%), and alpha smooth muscle actin (~5%).12,77,79 Akin to cardiospheres, CDCs are 

clonogenic, self renewing, and multipotent cells that can differentiate into endothelial,  

cardaic and smooth muscle lineages.12,80,81  CDC have also been shown to electrically 

couple with myocytes both in vitro and in vivo- a finding limiting the risk of malignant 

arrhythmias after transplantation.12,13,45 Over 40 independent laboratories worldwide have 

validated the therapeutic bioactivity of CDCs and demonstrated that CDC administration 

of CDCs results in new cardiac tissue, reduces scar size, reduces adverse structural 

remodeling and improves hemodynamics.12,80-85 Akin to other cardiac cell products, gains 

in cardiac function are leveraged upon paracrine stimulation of endogenous repair and 

not direct differentiation of transplanted cells into working cardiomyocytes. These 

promising preclinical results have lead to the development of many phase I/II clinical trials 

(discussed below).         

Unsurprisingly, the upstream progenitor cells directly cultured from cardiac tissue 

and expanded to CDCs (EDCs) represent a heterogeneous population of cells that 

include significant cardiac (c-kit+), endothelial (CD34, CD31), and mesenchymal (CD105, 

CD90) subpopulations. In contrast to CDCs, EDCs may provide a more expedient and 

effective cardiovascular therapeutic as EDCs culture methods reduce in culturing time (1 

vs. 5 weeks) which reduce the risk of phenotypic drift or malignant transformation.  Head 

to head comparisons between CDCs and EDCs have shown that, while both cell products 

provide equivalent paracrine mediated repair of injured myocardium, EDCs possess a 

100 fold greater capacity to adopt a cardiomyogenic lineage; rationalizing their use as a 

myocyte replacement therapeutic.80,86,87 
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    Deciding which cell type is therapeutically superior is not straightforward as no 

clinical study provides a head-to-head comparison of cell types and pre-clinical studies 

are limited (Table 1). While two pre-clinical studies have suggested heart-derived cells 

may be superior to BMMCs or MSCs,88,89 the one meta-analysis of the available pre-

clinical data have shown similar efficacy between different heart and non-heart cell 

types.90 Amongst the heart-derived cells products themselves, one study has shown that 

CDCs may be superior to antigenically selected and expanded c-Kit+ cells89 but this effect 

was not confirmed when data was combined within a pre-clinical meta-analysis.90  
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 Evidence for myogenesis 
and paracrine mediated 
repair.54,81,91 
 
Autologous + allogeneic92 

All require 
surgical biopsy. 
 
 
 
Autologous only 
Autologous only 

Embryonic 
stem cells 
 
Induced 
pluripotent 
stem cells 

Human 
embryo 
 
Somatic 
cells 

+ 
 
 
+ 

+   

 

 

Evidence for myogenesis 
and paracrine mediated 
repair. 

Potential to differentiate 
to all cell types need for 
cardiac repair.93,94 

Arrhythmias,53 
immune 
reactions,95 
imprinting, 
genetic 
modification. 
Tumors.96-98 
Difficult to obtain 
large number of 
homogeneous 
population of 
progenitor or 
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differentiated 
cells.50 

Unselected 
MNCs 

Blood 
and 
bone 
marrow 

+ + + +* Relatively easy to 
isolation large number of 
cells.20 
Short processing time. 

Evidence for 
paracrine 
mediated repair 
alone.14,99 
Heterogeneous 
population of 
cells.17 

Selected 
MNCs 
(CD34+, 
CD133+) 

Blood 
and 
bone 
marrow 

+ + + 
 

Better purity compared to 
unselected MNCs. 
Evidence of enhanced 
cell homing to injured 
myocardium compared to 
unselected MNCs.17 

Evidence for 
paracrine 
mediated 
repair alone.14 
Low abundance 
in blood or bone 
marrow.21,31 
Requires 
additional 
isolation steps 
(potential risk of 
exposing 
patients to 
beads and 
animal IgG used 
in enrichment 
steps).100 

EPCs 
(or 
circulating 
angiogenic 
cells) 

Blood 
and 
bone 
marrow 

+ + +  Promote 
neovascularization and 
angiogenesis.29 
Can be expanded in 
culture to increase 
yield.101 

Low abundance 
in blood or bone 
marrow.101 
Markers 
identifying EPCs 
are not clearly 
defined and 
overlap with 
BMCs and 
endothelial 
cells.102 
Circulating pool 
diminished in 
patients with co-
morbidities (e.g. 
hypertension).102 
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MSCs Blood, 
bone 
marrow, 
adipose 
tissue, 
and 
umbilical 
cord 

+ + + +* Evidence for myogenesis 
and paracrine mediated 
repair. 
Autologous + allogeneic. 
Easily accessible and 
abundant number of 
cells. 
Cells can be acquired 
from multiple organ 
sources (e.g. bone 
marrow or adipose 
tissue) 
Can be expanded in 
culture to increase 
yield.35 

Broad 
differentiation 
potential with 
the risk of 
forming non-
cardiovascular 
cells (e.g. 
chondrocytes, 
osteoblasts and 
adipocytes).35 
 
 

 

Table 1. Advantages and disadvantages of stem cell therapy for cardiac 

regeneration. Cardiosphere-derived cells (CDCs); Mononuclear cells (MNCs); 

Endothelial progenitor cells (EPCs); Mesenchymal stem cells (MSCs).  Plus sign (+) 

indicates published evidence for clinical translation. * phase III trials currently underway. 

 

1.3.4 Clinical Trials Using Cardiac Derived Cells 

To date, three phase 1 clinical trials have been completed using cardiac derived 

cell products. The Cardiac Stem Cell Infusion in Patients With Ischemic CardiOmyopathy 

(SCIPIO, NCT00474461) trial demonstrated that antigen-selected cardiac progenitor cells 

(c-Kit+ cells) injected into the myocardium of patients with ischemic cardiomyopathy 

during routine surgical bypass was associated with a moderate improvement in global 

myocardial function and clinical status.103 However, concerns raised  regarding cell 

characterization and clinical follow-up104 combined with several corrections/retractions by 

key co-investigators105 have made interpretation and extension of this study challenging. 

In contrast, the CArdiosphere-Derived aUtologous Stem CElls to Reverse ventricUlar 
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dySfunction (CADUCEUS, NCT00893360) trial evaluated the safety of heterogeneous 

population of CD105+/CD45- CDCs after intra-coronary delivery 3-4 months following 

acute myocardial infarction.106 One year after cell administration, CDC therapy was found 

to be safe with promising evidence of reduced scar sizes and increases in viable 

myocardial mass107 but, similar to non-cardiac cell sources, long-term engraftment has 

been limited.84,108 Based on this promising data, ongoing phase I/II trials are probing the 

efficacy of allogeneic CDCs in ischemic cardiomyopathy (Allogeneic Heart Stem Cells to 

Achieve Myocardial Regeneration, ALLSTAR; NCT01458405; start date October 2012), 

Duchenne muscular dystrophy cardiomyopathy (Halt cardiomyOPathy progrEssion in 

Duchenne, HOPE; NCT02485938; start date August 2015) and non ischemic 

cardiomyopathy (Dilated cardiomYopathy iNtervention With Allogeneic MyocardIally-

regenerative Cells, DYNAMIC; NCT02293603; start date November 2014).109 

Interestingly, the 6-month pre-specified interim analysis for the ALLSTAR trial 

(allogenic CDCs to treat ischemic cardiomyopathy) was recently released and 

demonstrated that IC administration of allogeneic CDCs had no detectable effect on MRI 

scar size or ejection fraction.110 While company officials attributed this result to 

unforeseen improvements in the placebo group and technical variability in scar size 

measurements, other technical factors (such as immediate delivery of a cryogenically 

stored allogeneic cell product derived from donors with possible medical comorbidities) 

may have resulted in delivery of an attenuated cell product that requires a significant dose 

to realize therapeutic benefit.109 More information will undoubtedly be forthcoming but 

ultimately this outcome highlights the futility of simply changing the cell product delivered 

without incorporating strategies designed to enhance cell engraftment.            
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A recently completed phase I trial called transcoronary infusion of cardiac 

progenitor cells in hypoplastic left heart syndrome (TICAP, NCT01273857), investigated 

the effects of delivering autologous CDCs in children born with hypoplastic left heart 

syndrome. Patients received CDCs via intracoronary infusion 4-5 weeks after second or 

third stage reconstructive surgery. The 18-month follow up demonstrated that CDC 

treatment was safe/feasible and improved the right ventricular ejection fraction while 

reducing heart failure status compared to control group (i.e., standard care). These 

promising results lead to the development of a larger randomized phase II trial that 

assigned 41 patients in a 1:1 ratio to receive CDCs treatment or standard medial care 4-

9 months after surgery or staged reconstruction (cardiac progenitor cell infusion to treat 

univentricular heart disease, PERSEUS, NCT01829750). At three months, CDC treated 

group showed significant improvement in right ventricular function compared to standard 

care.111 Four months after surgery, the control group was provided with an alternative 

option of receiving late CDC intracoronary infusion. Akin to early delivery, late CDC 

delivery improved the right ventricular function compared to baseline. Overall, the 1 year 

follow up demonstrated that CDC infusion was associated with an improved right 

ventricular function, somatic growth, quality of life with reduced cardiac fibrosis and heart 

failure status.  

 

1.4 Heterogeneity of Injured Myocardium 

When considering the design of an ideal cell therapy, useful insights can be 

acquired by considering the harsh conditions in which cells are expected to survive. 

Oxygen is vital in the heart for both cell metabolism and survival. At rest, the adult human 
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heart beats 100-150K times per day as compared to ~864K in mice (the animal most used 

in preclinical studies). Therefore, a constant supply of energy is needed to meet this high 

metabolic demand. Nearly two-thirds of the adenosine triphosphate (ATP) made by each 

myocyte is used during contraction while the remainder is spent maintaining cellular 

homeostasis.112 To sustain this aerobic demand, the human heart consumes 2.5-4.5 

Liters of oxygen per minute and extracts ≈75% of the arterial oxygen.113 After a myocardial 

infarct (MI), the oxygen concentration within ischemic cardiac tissue declines to 1-2% 

from physiologic non-infarcted tissue oxygen content of 5-10%. As such, oxygen starved 

cells switch to inefficient anaerobic metabolism with knock-on decreases in ATP 

production and stores. Ultimately, this leads to loss of the ATP-dependent ion 

transporters, cytoplasmic/mitochondrial calcium overload, release of lysosomal enzymes 

into the cytoplasm, accumulation of reactive oxygen species (ROS), disruption of 

membrane integrity, cell swelling, and rupture.114 The magnitude of effect depends on the 

degree of oxygen restriction and the duration of interrupted blood flow with irreversible 

damage beginning within 20 minutes of ischemia.115 

Mitochondrial sourced ROS promotes cell death by: 1) oxidizing proteins thus 

altering structure, 2) direct DNA damage, 3) direct membrane lipid peroxidation 4) 

clustering and activation of membrane bound death receptors (e.g. Tumor necrosis factor 

receptor 1 and Fas receptor) 5) activation of ROS-sensitive kinases (e.g. Apoptosis 

signal-regulating kinase 1) promoting endogenous apoptotic signalling, 6) increasing 

intra-cellular calcium dysregulation, 7) promoting inflammatory cytokine production (e.g. 

tumor necrosis factor alpha (TNF-ɑ)) which induces cell death via extrinsic apoptosis 

pathway stimulation, 8) altering cellular redox homeostasis (e.g. low reduced-/oxidized-
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glutathione ratio) and 9) boosting mitochondrial damage/dysregulation.116,117 Infiltrating 

neutrophils further exacerbate oxidative stress by releasing oxidants and pro-

inflammatory cytokines while also binding directly to myocytes to promote oxidative 

damage.118 

Post-infarct myocardial remodeling is divided into three overlapping phases: 

inflammatory, proliferative and maturation.119 During the inflammatory phase, damaged 

myocytes release damage-associated molecular patterns (DAMPS), such as high 

mobility group B1 and heat shock proteins (HSPs), which initiate an intense inflammatory 

response via pattern recognition receptors (e.g. toll-like receptors (TLR)) on innate 

immune cells.119 Oxidative, mechanical and ischemic stress trigger the release of 

inflammatory cytokines (e.g. TNF-α, interleukin 1 beta (IL-1β), IL-8 and IL-6) by damaged 

myocardium, endothelial cells, resident fibroblasts and cardiac mast cells119,120 that 

promote neutrophil recruitment that help remove dead cells and break down damaged 

extracellular matrix (ECM). These cytokines also promote apoptosis (e.g., TNF-ɑ binding 

to tumor necrosis factor receptor-1 thus activating caspase-dependent apoptosis via Fas-

associated death domain (FADD))120 and recruit monocytes which subsequently trans-

differentiate into M1 macrophages to phagocytose necrotic tissue.121 ECM degradation in 

the presence of ongoing mechanical strain combine to promote thinning and expansion 

of the scar region while myocytes at the border of the scar hypertrophy to accommodate 

increases in intra-mural strain.122 However, it is important to note that the effects of 

“inflammatory” factors are not strictly one sided.  DAMPS recruit circulating MSCs to 

damaged sites while enhancing the immunosuppressive ability of MSCs through inhibition 

of T-cell proliferation and increased production of anti-inflammatory cytokines.123-126  
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Although this effect does not have substantial functional effects, these insights highlight 

the complex signalling needed to mediate post infarct healing. 

By ~4-5 days, the inflammatory phase is largely resolved and neutrophils undergo 

apoptosis in preparation for phagocytic clearance by M1 macrophages.119 This healing 

proliferative phase stimulates macrophages to switch into a reparative M2 phenotype 

which promotes the secretion of cytokines (such as transforming growth factor beta (TGF-

β) and IL-10) that supress inflammation while stimulating fibroblast growth and 

angiogenesis.119,121 TGF-β eventually stimulates fibroblast trans-differentiation into 

myofibroblasts that lay down healthy matrix protein to strengthen the developing mature 

scar.127 By end of this maturation phase when scar formation is complete, endothelial 

cells and fibroblasts undergo apoptosis while myofibroblasts persist for many years in the 

scar to continue ECM turnover.119,127 

These insights provide valuable guidance in understanding how transplanted cells 

promote myocardial repair and why long-term engraftment/differentiation is challenging. 

Proteolytic cleavage and clearance of ECM alone reduces the ability of transplanted cells 

to adhere and limits both cell retention and pro-survival integrin mediated signalling. 

Further changes in the 3-dimentional architecture and mechanical compliance of ECM 

severely compromises stem cell adhesion, mobility, and viability.128,129 The hypoxic micro-

environment itself limits transplanted cell function/viability as many cell types readily 

undergo apoptosis or cardiogenic gene silencing.130 Depending on the timing of cell 

transplantation (i.e., early or late after myocardial infarction), toxic infarct signalling 

needed to coordinate debris removal and scar strengthening will have direct effects on 

transplanted cell survival.131 Interestingly, late delivery of MSCs (+1 week post infarct) 
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provides superior cell-mediated effects on cardiac function and angiogenesis as 

compared to 1 hour post-MI delivery,132 -a finding that mirrors clinical experience with 

delayed delivery (4-7 days post-MI) providing superior effects on myocardial function and 

major adverse cardiac events as compared to early delivery of cells (1-3 days).133  

 

1.5 Engraftment of Transplanted Cells 

Irrespective of cell type and means of delivery, any study transplanting suspended 

cells into injured hearts is fortunate if long-term retention (i.e., 3-4 weeks) exceeds 2% of 

the initial injectate.16,17,32,33,108,134-136 This discouraging reality reflects: 1) lasting pre-

conditioning effects on cell viability that occur during mobilization for administration, 2) a 

limited capacity for cells proliferate in vivo, 3) clearance of cells from an inherently 

vascular and lymphatic rich organ, 4) off target injection into the blood stream, lymphatics 

or cavity, 5) mechanical extrusion from the site of injection and, as outlined above, 6) the 

harsh scar or infarct-micro environment where cells are expected to survive (Figure 1).   

Interpretation of preclinical data is often complicated by the methodology used to 

quantify engraftment. Historically, stem cell reports have quantified cell retention by 

searching histological sections for chemical or genetically labeled cells.15 Although 

immunohistochemistry permits tracking stem cell fate, viability and proliferation, it 

inherently precludes longitudinal cell tracking (i.e., measurements can only be taken at a 

single time point) and absolute quantification of retained cell numbers are impossible. 

Furthermore, sampling biases and auto-fluorescence of myocardial tissue have been 

shown in the past to complicate interpretation.137 In this method, tissue fixation, antigen 

retrieval and antibody panel selection are critical as each can introduce error because of 
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inefficient/lost cell labeling (under estimation) or off-target spread of cell labels (over 

estimation).138 To overcome these drawbacks, recent papers have moved towards 

unbiased means of cell tacking using qualitative polymerase chain reactions for retained 

human ALU sequences (i.e., xenograft models with human cells transplanted into non-

human hearts)136 or Y-chromosome genes (i.e., sex-mismatch models with male donor 

cells transplanted into female recipients).139 Although qualitative polymerase chain 

reaction can reliably detect small numbers of retained cells (~1% engrafted cells), it 

cannot inform on cell location/proliferation/viability/fate139 and, akin to histological 

methods, provide only static measure of cell numbers.          
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Figure 1. Cellular mechanisms limiting retention and survival of cells transplanted 

into the damaged heart. Cells are initially injured during preparation for transplant or as 

they undergo detachment induced cell death (i.e., anoikis) while in suspension prior to 

injection. A further portion of cell attrition is attributable to the shear forces generated 

during injection though catheter and needle delivery systems. Immediately after injection, 

a number of cells are washed out via coronary venous (rapidly clearance) or lymphatic 

(slow clearance) drainage.  Immediately after IM injection, cells can also be extruded from 

the needle-track while IC transplanted cells need to undergo transendothelial migration 

from coronary vessels to enter the parenchyma. Retained cells undergo apoptosis within 

the low oxygen and nutrient-deplete infarct environment. Depending on the timing of 

injection after myocardial injury, cell loss can also be exacerbated by inflammatory cells, 

reactive oxygen species (ROS), cytotoxic cytokines and the lack of cell-matrix 

attachment. Extracellular matrix (ECM); Matrix metalloproteinases (MMPs); Tumor 

necrosis factor alpha (TNF-ɑ).  
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These insights led to the development of non-invasive imaging techniques for 

longitudinal tracking of transplanted cells. Historically, radiolabeled white blood cells 

(WBCs) and glucose analogs have been used to visualize cardiac inflammation and 

perfusion using single-photon emission computed tomography or positron emission 

tomography imagining.140,141 Based on this clinical experience, it was naturally extended 

for cardiac stem cell tracking.142 Clinically, cell retention and biodistribution has been 

studied using labeled hematological stem cells.17,32,134,135,143,144 Concerns regarding 

patient radiation exposure have limiting cell tracking studies to the use of short-lived 

radiotracers thereby permitting only short term cell tracking (i.e., 1-3 days). Interpretation 

of study results are also confounded by: 1) radiotracer accumulation in 

macrophages/myocardium (over-estimate cell engraftment), 2) extra-cardiac diffusion of 

poorly retained radiotracers (under-estimate cell engraftment), 3) radiotoxicity to 

transplanted cells thus reducing transplanted cell viability and 4) inadequate tracer 

labelling of daughter progeny as cells divide (under-estimate cell engraftment). 15,141,142  

Despite these limitation, radiotracer labelled cell tracking has shown that IC 

injection of radiolabeled BMMCs at the time of acute MI results in ~0.5-5% of the initial 

injectate being retained 1 hour after delivery as most of the radioactive signal (> 85%) is 

detected in the liver and spleen- suggesting that cells are quickly washed into the 

systemic circulation for removal by the reticuloendothelial system.17,32,134,135,143,144  

Interesting, these clinical studies also showed that pre-clinical data may not replicate 

administration to patients. For example, IC injection of peripheral blood mononuclear cells 

(PBMCs) into porcine models of acute MI resulted in a large number of cells (47±1%) 
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being detected in the lungs 1 hour after injection33 while multiple clinical studies 

demonstrated negligible amounts of IC injected PBMCs are trapped in the lung (even up 

to doses approaching 100 million cells).  These findings may be attributable to the small 

size of hematopoietic stem cells (5-7 µm) that likely prevents cell clumping within “large” 

bore human capillaries.145-147  Ultimately, this data highlights the effect of species on stem 

cell (i.e., cell size, expression of adhesion surface molecule) and organ (i.e., vessel 

diameter, homing signals, adhesion surface molecules expression) characteristics that 

make straightforward application of pre-clinical large animal data to clinical studies 

problematic.   

Akin to blood stem cells, both MSCs and CSCs suffer from poor long-term cardiac 

retention. Experiments exploring IM injection of radiolabeled CDCs after coronary ligation 

demonstrated that while ~17% of transplanted cells are retained 1 hour after delivery this 

number declines to <5% by 3 weeks after injection.108 Results from IC injection of cardiac-

derived c-Kit+ cells are no better with ~5% of transplanted cells persisting 1 day after 

injection and ≤1% persisting after 5 weeks.16 In a manner similar to the experience with 

pre-clinical PBMCs, large numbers of labeled cardiac-derived cells and MSCs are found 

in the lungs shortly after delivery with clumps of cells navigating through the coronary 

sinus immediately after injection.16,148-150 Based on the observation that vasodilating 

pulmonary vessels reduce lung trapping,151 these findings may in part be attributable to 

the large size of cardiac-derived cells and MSCs (average diameter ~20-30 μm) as 

compared to the pulmonary arterioles (~average diameter 5-100 µm). But surface 

adhesion molecules expression also plays a role in lung trapping as inhibition of CD49d 

(a receptor for VCAM-1 expressed on endothelial cells) on MSCs also has been shown 
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to reduce retention of transplanted cell in the lung.146 The extent to which this animal data 

extends to clinical application is uncertain but, to date, clinical trials using CSCs or MSCs 

have shown no detrimental pulmonary effects. 

  The nature of cell delivery also influences the degree of cell retention. The three 

most commonly used delivery methods are IC, IM and intravenous (IV) injection. IV 

injection is the least complicated and invasive delivery method; however, myocardial cell 

retention is extremely poor as the majority of cells are quickly distributed and trapped 

within the lungs, spleen, and liver.33,148-150,152  

IC infusion is the most clinically practiced and preferred method for cell delivery. It 

can be performed with relative ease as the procedure is similar to balloon angioplasty, a 

widely-used method by interventional cardiologist to treat coronary artery occlusions. 

Because cells are often directly injected into the reperfused infarct related artery, they are 

homogenously distributed within the infarct territory. Although cell retention remains 

greater than IV delivery,148,150 cells are rapidly washed out from well perfused myocardium 

and the overall numbers of cells that can be delivered is limited by the risk of embolizing 

coronary arterioles.153 

 Direct IM injection offers the advantage of delivering large numbers of cells into 

areas with reduced perfusion and no risk for micro-infarction. While epicardial injection 

requires a sternotomy, transendocardial catheter based injection is possible in larger 

hearts (i.e., humans or preclinical large animal models) but requires additional equipment, 

expertise and expense to localize scar regions.154  While several mapping systems have 

been developed for transendocardial cell delivery, the most widely used system is based 

upon the non-fluoroscopic electro-anatomical platforms developed for catheter-based 



26 
 

ablation of cardiac arrhythmias (i.e., the NOGA technology). In this system, combining of 

electro-anatomical maps of the left ventricle with temporal analysis of motion propagation 

provides estimates of endocardial scar size permitting targeted delivery of cells.154,155 In 

small animal pre-clinical models, echocardiographic guided trans-thoracic epicardial 

injection is routine and permits the delivery of cells at any time after cardiac injury without 

the need for repeat sternotomy.156 Taken as a whole, pre-clinical and clinical IM delivery 

of cells appears to provide greater acute and long-term cell retention as compared to IC 

or IV injection.33,34,157,158 Discrepant results demonstrating equivalent or greater retention 

of IC delivered cells have been attributed to coronary plugging (with subsequent micro-

infarction),148,150,159,160 differences in animal model, variable cell types/dose, timing of 

delivery, cardiac injury (e.g., arterial ligation vs. ischemic reperfusion) and delivery 

method.161 Even amongst IM-injection delivery techniques, transendocardial delivery 

demonstrates superior cell retention compared to epicardial injection likely due to 

transmural heterogeneity hemodynamic and physical forces making the epicardial 

surface experience greater mechanical extrusion and venous washout.158,162 

   Finally, retrograde coronary venous via the coronary sinus cell delivery is another 

approach that is feasible and safe in both large animal33 and humans.163 In this approach, 

cells are injected into the coronary vein during balloon occlusion to minimize cell washout. 

Increased venous pressure enables retrograde flow and distributes cells homogeneously 

throughout the myocardium. While retrograde coronary sinus delivery permits a large 

number of cells to be delivered to the myocardium with minimal risk of embolization, rapid 

washout after balloon deflation limits cell retention to a degree similar to IC injection.33 
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1.6 Cellular Mechanisms Underlying Intra-Coronary Injected Cell Uptake in The 

Heart 

Until recently, intravascular delivery of cells to injured myocardium was thought to 

involve transendothelial migration similar to leukocyte diapedesis, namely: 1) cell rolling 

along the endothelial lining of the vascular wall which is initiated through transient 

selectin-dependent attachments, 2) progressive integrin dependent binding leading to 

tight cell-endothelium attachments, 3) cell migration via gaps between endothelial cells 

(paracellular diapedesis) or the formation of pores directly through endothelial cells 

(transcellular diapedesis).164 While both BMMCs165 and MSCs166 undergo 

transendothelial migration, many other stem cell products (i.e., CSCs and EPCs) do not 

transmigrate despite marked endothelial cell interactions.167 Infused cells are thought to 

accumulate within capillaries and, as they occlude the capillary, adhere to endothelium.168 

Endothelial cells then actively remodel to engulf the infused cells via membrane 

projections (termed endothelial pocketing) thus gradually shifting cells to the other side of 

the lumen. Once there, transplanted cell sourced metalloproteinases break down the 

vessel wall to expel the cells within the parenchyma. Extravasation is completed by 72 

hours and vessel patency is restored. Termed angiopellosis, this alternative means of cell 

incorporation is mediated by endothelial integrin binding. Angiopellosis was first described 

as a means of removing of fibrin emboli in cerebral microvessels169 -hinting this may be 

a conserved mechanism to recanalize vessels occluded by blood-clots, cancer cells and 

large foreign cells.  
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1.7 Mechanism of Cell-Mediated Repair of Damaged Myocardium 

While the classical regenerative medicine paradigm lies in restoring cardiac 

function through engraftment and differentiation of stem cells into new functional 

cardiomyocytes, emerging evidence suggests the majority of cell-mediated repair occurs 

through indirect paracrine stimulation of endogenous repair.14 This observation has 

prompted many to suggest that simply injecting cell conditioned media or recombinant 

cytokine preparations will provide the benefits of cell therapy without exposing patients to 

contaminated, expensive or oncogenic factors but this remains to be shown (Table 2). 

Cytokines, growth/differentiation factors and extracellular vesicles (e.g. exosomes) 

stimulate therapeutic regeneration through (Figure 2): 

1) Cardiomyocyte protection from apoptosis through stimulation of endogenous pro-

survival signaling pathways (e.g., phosphatidylinositol 3-kinase (PI3K)/Akt).170-174 

2) Stimulation of angiogenesis.175  

3) Recruitment/activation of endogenous stems cells to form new cardiomyocytes or 

blood vessels.176-178  

4) Stimulation of existing myocyte re-entry into the cell cycle via PI3K/Akt 

signalling.179,180    

5) Prevention of inflammation and fibrosis effects by directly inhibiting cardiac 

fibroblast or recruited leukocyte activation while promoting macrophage 

polarization from M1 to an M2 phenotype.180-184  

 

Recent work has also highlighted the importance of cell-cell contact for therapeutic 

repair as integrin β1 binding promotes both cardiomyocyte and hematopoietic stem cell 
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proliferation (via the MAPK/ERK and PI3K signalling pathways).185,186 Transplanted cells 

also fuse with native cardiomyocytes to rejuvenate cells to a pluripotent state and 

rescuing them from apoptosis.187   

 

Benefits of cell 
transplantation 

Disadvantages of cell 
transplantation 

Multiple complimentary 
cytokines/exosomes81,188 

Expensive 

Cell-contact mediated repair185 Contaminants (infectious, xenogenic) 

Immuno-evasive permitting 
allogeneic therapy (some)35,82 

Tumor 

Potential for immune mediated 
clearance if malignant 

transformation 

Potential for off-target effects 

Engrafted cells continue to 
production cytokine/exosome 

over long period of time 

 

 

Table 2. Benefits and disadvantages of cell therapy.  
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Figure 2. Mechanisms underlying cardiac repair by stem cell therapy. Engrafted 

stem cells promote direct cardiac regeneration by (trans) differentiating into 

cardiomyocytes, endothelial or smooth muscle cells. Cell-cell contact and fusion promote 

cardiomyocyte survival. Stem cells also promote indirect cardiac repair by secreting 

paracrine factors (cytokines/exosomes) which promote angiogenesis, activate pro-

survival/pro-proliferative pathways, stimulate existing cells to re-enter the cell cycle and 

recruit endogenous stem cells. Paracrine factors also modulate the immune system by 

promoting an anti-inflammatory environment and inhibiting (myo)fibroblast 

proliferation/activation. Insulin-like growth factor 1 (IGF-1); Hepatocyte growth factor 

(HGF); Basic fibroblast growth factor (bFGF); Vascular endothelial growth factor (VEGF); 

Platelet-derived growth factor (PDGF); Interleukin (IL); Transforming growth factor beta 

(TGF-β); Matrix metalloproteinases (MMPs); Tissue inhibitors of metalloproteinases 

(TIMPs).   

 

1.8 Transplanted Cell Persistence Hypothesis 

Given the above, the importance of transplanted cell persistence is controversial. 

One of the first clinical studies supporting the notion that enhancing acute cell retention 

boosts cell-mediated repair was reported by Vrtovec and colleagues.189 Trans-

endocardial injection of 99mTc-hexamethylpropylene-amine labeled CD34+ cells into 

patients with non-ischemic cardiomyopathy resulted in 7.1±1.5% of transplanted cells 

detected 2 hours after injection. The authors quantified the variability in the acute cell 

retention despite delivering similar number of viable cells. A direct correlation was seen 

between acute cell retention and improvements in cardiac function 3 and 12 months after 
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treatment. Preclinical data also supports a role for transplanted cells persistence in cell-

mediated repair of injured myocardium. Ziebart and colleagues demonstrated that 

depletion of transplanted stem cells 2 weeks after injection reduced cell-mediate 

improvements in myocardial function and neovascularization.190 The study used 

genetically modified EPCs that expressed a suicide gene (herpes simplex virus thymidine 

kinase) which activates a prodrug gancyclovir to induce cell apoptosis at specific 

timepoints. Similarly, ablating BMMCs or c-Kit+ cardiac-derived cells abrogates 

therapeutic benefits suggesting that persistence of transplanted cells may play an 

important role in therapeutic regeneration.67,191 But as a note of caution, straightforward 

interpretation of reports ablating transplanted cells is problematic as all methods of 

inducing “on demand” cell suicide are limited by off-target toxicity,192-194 incomplete gene 

reprogramming,195 and transgene silencing.196 Taken as a whole, contemporary data 

supports the concept that engraftment of transplanted cells plays an important role in 

therapeutic regeneration but there must also be a critical time period where robust 

engraftment is no longer required to sustain gains in myocardial function. It follows that if 

engraftment can be markedly improved then unexploited mechanisms (such as 

differentiation into working myocardium) can be fully harnessed. 

 

1.9 Mechanical Clearance of Transplanted Cells 

 Techniques used to boost acute cell engraftment reflect how cells are being 

administered.  When cells are infused through a catheter into the coronary circulation, it 

has been generally accepted in all cell therapy trials to date that blow-flow needs to be 

stopped by balloon inflation to minimize backflow of cells.  This concept was challenged 
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by Tossios and colleagues who reported that coronary occlusion in pigs did not improve 

acute (1 hour) or short term (24 hours) retention of BMMCs as compared to simple non-

occlusive IC delivery.161 This result likely stems from the observation that, although early 

cell retention is greater with upstream occlusion, the rapid clearance of cells from the well 

vascularized hearts immediately after balloon deflation negates any marginal advantage 

in early cell retention gained through occlusive delivery. In contrast, BMMC retention is 

superior following IM injection and, given the cells are often extra-vascular, clearance 

occurs at a slower linear rate. A portion of IM injected cells are immediately lost after 

injection through extrusion from the needle track or delivery into micro-vessels leading to 

direct washout via lymphatic or venous drainage.150 To address this loss, strategies 

designed to limit mechanical extrusion (such as epicardial application of fibrin glue at the 

site of injection site) reduce cell leakage and enhance acute (~2 fold in the case of fibrin 

glue) and long term (~4 fold in the case of fibrin glue) engraftment of IM transplanted 

cells.108  

 Lastly, the heart is a lymphatic rich organ which likely plays a significant role in the 

clearance of transplanted cells.197-199 The force generated during each contraction pushes 

the lymph from the myocardium into the subepicardial lymphatics which than drains into 

the mediastinum lymph nodes. The lymph flow rate in the heart is ~10 fold greater than 

other tissue which likely push cells along the lymphatic system.200 Intramyocardial 

injection of radiolabeled cardiac derived cells (c-Kit+ cells) demonstrated that 

transplanted cells egress into the lymphatic vessels and drain into the mediastinal lymph 

nodes.198 Interestingly, cells (e.g. MSCs) that engraft in the lymphovascular system limit 
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cardiac edema by promoting lymphangiogenesis that results in therapeutic repair after 

ischemia injury.201     

                

1.10 Role of Transplanted Cell Pro-Survival Signalling 

Numerous genetic engineering and preconditioning strategies have been explored 

to enhance stem cell engraftment and function. Genetic modification is used to tailor the 

expression of genes that regulate apoptosis/proliferation (e.g. Akt,202 Bcl-2,203 caspase 

8204 and  Pim-1205), ECM binding (e.g. tissue transglutaminase206), homing/migration (e.g. 

chemokine receptor,207 endothelial nitric oxide synthase (eNOS)208 and CD18209), 

immunomodulation (e.g. IL-10210), paracrine secretion (e.g. fibroblast growth factor 

(FGF),211 HGF,212 insulin-like growth factor 1 (IGF-1),212-214 stromal cell-derived factor 1 

alpha (SDF-1α,)213,215 vascular endothelial growth factor (VEGF)216) and stress proteins 

(e.g. hypoxia inducible factor 1 (HIF-1)217 and HSPs218). Mangi and colleagues first 

demonstrated that constitutive over-expression of Akt in bone marrow derived-MSCs 

protected cells from apoptosis when challenged with hypoxic stress.219 Transplantation 

of Akt-overexpressing MSCs into infarcted rat hearts improved systolic function, reduced 

scar volume, fibrosis, and cardiomyocyte hypertrophy in a dose-dependent manner. Akt 

exerts its cardioprotective effects through the activation of a downstream serine/threonine 

kinase, Pim-1 kinase. As such, overexpression of Pim-1 has also been reported to boost 

cell engraftment, long-term persistence, and differentiation to myocytes with salutary 

effects that enhance endogenous stem cell recruitment, neovascularization, reduce 

fibrosis, and improve cardiac function.75  
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Among the paracrine factors, IGF-1 is a key cardioprotective cytokine that 

promotes post-infarct cardiac repair via the Akt and ERK/MAPK pathways.177,220 It follows 

that over-expression by transplanted progenitor cells has been shown to not only increase 

the survival of transplanted cells (and enhance long-term engraftment) but also limit 

apoptosis in surrounding reversibly damaged myocardium.221 Interestingly, increasing 

long-term cell persistence is not always required to promote therapeutic regeneration as 

we recently demonstrated that transplantation of CSCs genetically programmed to 

overexpress SDF-1ɑ improved cardiac function in absence of longer-term cell 

engraftment by promoting the recruitment of endogenous stem cells and endogenous 

repair mechanisms.222 

Despite the growing pre-clinical evidence supporting the benefits of genetically 

enhanced cell therapy, clinical translation has been limited because of regulatory and 

safety concerns.223 The first in man report using genetically modified stem cells was 

recently reported using SkMs genetically programmed to over-express connexin 43.224  

Unlike previous studies using unmodified SkMs,43,44 this early phase I study did not detect 

a meaningful increase in ventricular pro-arrhythmia although the number of treated 

patients was small (n=6).  The ongoing ENACT AMI trial (NCT00936819) will be the first 

to use genetically modified blood-derived stem cells for cardiac disease.29 This study will 

administer EPCs transfected with human eNOS to enhance cell function and promote 

neovascularization.       

Similar to direct genetic modification, physiological preconditioning strategies have 

been used to modify stem cell function and promote resistance to the harsh environment 

of the ischemic myocardium. Exposure to cytokines and small molecules (such as TGF-
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β1 + BMP-4 + FGF-2 + activin-A + retinoic acid + IGF-1 + ɑ-thrombin + IL-6) that prevent 

apoptosis has been shown to enhance long-term cell engraftment and myocardial 

function.225,226 Clinical implementation is ongoing with the safety and efficacy of cytokine-

cocktail treated MSCs just recently demonstrated in a phase II/III clinical trial (C-CURE; 

NCT00810238) for patients with chronic heart failure.227 

In contrast, hypoxic pre-treatment is a simpler (and less expensive) alternative to 

boost cell viability and function. Exposure to low oxygen tension (0.5% oxygen) for a short 

period upregulates the expression of hypoxia inducible factor 1 which translocates to the 

nucleus and stimulates the expression of anti-apoptotic genes to activate pro-survival 

signalling pathways.228 Hypoxic pre-treatment also enhances secretion of proangiogenic 

factors,229 resistance to oxidative stress230 and migration/homing by upregulating 

chemokine receptors.231 

Finally, heat shock is another attractive approach to make stem cells more resilient 

to harsh environments. Preconditioning cells at high temperatures (39-45ºC) increases 

the production of HSPs. HSPs are versatile proteins that act molecular chaperones to 

help protect cells from proteolytic degradation of denatured protein while also exerting 

cytoprotective effects by activating pro-survival pathways, reducing apoptosis and 

triggering anti-oxidative pathways.232,233 Feng and colleagues recently demonstrated that 

heat shock preconditioning of Sca-1+ CSCs upregulates HSP 70 which protects cells 

from apoptosis.233 Interestingly, heat shocked CSCs secrete exosomes enriched with 

heat shock factor 1 which, in turn, protects cardiomyocytes from apoptosis.  
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1.11 Role of Biomaterials in Transplanted Cell Engraftment 

The ideal biomaterial used for cell therapy should be safe, nonimmunogenic, mimic 

mechanical properties of the heart, contain only chemically defined components (for 

clinical translation), biodegradable, cost-effective, require minimal amounts of exogenous 

biomaterials and employ a simple methodology. Moreover, it should enhance cell survival 

while also promoting cell release, migration and engraftment. Although no single 

biomaterial posses all these properties, many have been designed for the cardiac 

applications including injectable hydrogels, cardiac patches, cell surface engineering, and 

microencapsulation. The types of biomaterial include natural materials like ECM proteins 

(e.g. fibrin, hyaluronan, collagen, and platelet-gel),78,234-236 decellularized cardiac matrix, 

237 polysaccharides (e.g. agarose, alginate, and chitosan),136,238,239 synthetic materials 

(e.g. copolymer like polyethylene glycol),240 self assembling peptides,241 and 

electroconductive polymers;242 covered in more detail in the following reviews [128,243]. The 

mechanism by which biomaterials enhance cell viability and acute retention is 

multifactorial and summarized in Table 3. 
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Mechanical Factors  

1. Bulk size and viscosity of the material act as a plug to prevent mechanical 
extrusion from initial site of injection. 

2. Prevents washout of cells through lymphatics and vessels.136,244 
3. Protect cells from shearing force during administration.245 

Biological Factors 

1. Biomaterials increase cell viability by providing crucial anchorage sites for 
cells to reduced detachment induced cell death (i.e., anoikis).136 This is 
particularly important for adherent cells (e.g. MSCs and CSCs) which are 
more dependent on cell-matrix anchorage for survival as compared to 
circulating cells (e.g. CD34+ cells) 

2. Biomaterials provide essential matrix proteins for cell anchorage after 
transplantation (vs. disrupted or remodeled extra-cellular matrix).136,244  

3. Biomaterials act as a protective shell against the harsh inflammatory 
environment.246 

4. Provide instructive cues for cells to proliferate, mobilize and 
differentiate.244,247-249   

5. Modulates the secretion of trophic factors to enhance indirect myocardial 
repair.248,250 

 

Table 3. Mechanism of enhancing cell retention and function using biomaterials. 

 

Our group has recently developed a single cell microencapsulation method to 

enhance acute and long term persistence of transplanted CSCs.136 This a clinically 

translatable microencapsulation technique cocoons cells within an agarose-based 

hydrogel supplemented with matrix proteins (fibrinogen and fibronectin). 

Microencapsulation provides several advantages over other bulkier biomaterial (i.e., 

cardiac patches) as it readily permits the diffusion of growth factors/nutrients/oxygen, 

requires less biomaterial which minimizes the risk of foreigner body immune reaction, and 

encapsulated cells can easily be injected through small needle. We demonstrated that 

microencapsulation protects CSCs from anoikis and enhances acute cell retention (1 hour 

post-injection) by 3±1 fold over standard cell suspension. This boost in acute cell retention 
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led to greater long term cell persistence (2±1 fold by 21 days post-injection) and was 

associated with marked increase in CSC-mediated cardiac repair.  

 In addition to providing a protective niche for transplanted cells, biomaterials also 

deliver mechanical support to the injured myocardium. After an infarct, the left ventricle 

dilates to adopt a spherical geometry to reduce greater mechanical stress on the 

myocardium.122 Biomaterials alone can act as bulking agents to provide mechanical 

support within the scar region to limit left ventricle expansion.251 However, biomaterials 

are also biologically active as (depending on the material used) they have been shown to 

reduce post-infarct apoptosis and inflammation while promoting angiogenesis and 

endogenous stem cell recruitment.252 

To date, clinical studies have found that combining biomaterials with cell therapy 

is safe with hints of enhanced efficacy (collagen patch + BMMCs, MAGNUM trial;253 fibrin 

gel + CD15+/Isl1+ ESCs, ESCORT trial, NCT02057900). Others studies have taken the 

advantage of supplementing the materials with growth factors to support engrafted cell 

survival and promote angiogenesis.254 In the ALCADIA trial (NCT00981006), gelatin-

sheet was applied over the site of injection to slowly released basic fibroblast growth 

factor to support transplanted CDC survival.255   

 

 

 

 

 

 



40 
 

Chapter 2 

2.0 Encapsulation of Explant-Derived Cardiac Stem Cells in Agarose Nanoporous 

Gel Cocoons 

2.1 Study 1: Introduction, Aim, and Hypothesis 

Infarcted heart tissue is inhospitable to transplanted cells and cell-based therapeutics are 

limited by very poor short-term retention and long-term engraftment.256 As such, many of 

the benefits seen after delivery of cell products appear to rely on paracrine secretion of 

pro-healing cytokines and nano-sized exosomes that exert trophic effects on resident host 

tissue through the transfer of biological material (i.e., microRNAs [miRNAs]).256-259  

In response to this challenge, biomaterial approaches have been explored as a means of 

enhancing short- and long-term retention of transplanted cells (outlined in Chapter 1).260 

Of these approaches, individual micro-capsules have attracted attention as they permit 

diffusion of growth factors, nutrients and oxygen while protecting cells from mechanical 

stress and detachment induced cell death (i.e., anoikis) during injection.261-263 We 

developed a technique to encapsulate cells within extracellular matrix (ECM) 

supplemented nanoporous gels (NPG) to provide a temporary “home” from which cells 

can exit after a defined period (i.e. cocoons) (Figure 3).264,265 Single cell encapsulation 

provides a miniscule amount of biomaterial as compared to more classic multi-cellular 

encapsulation- thus limiting the injectate required for transplant.78,234,266 Agarose was 

chosen as the inert NPG for testing based on ease of encapsulation, the ability of cells to 

migrate through the material and free exchange  
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Figure 3. Cell encapsulated in nanoporous gel cocoon. Cartoon portraying 

suspended cells undergoing detachment induced cell apoptosis (anoikis). Cocoons 

supplemented with extracellular-matrix protein provide attachment sites to protect cells 

from anoikis. Nutrients/waste and cytokine/exosomes can freely diffuse through the 

agarose nanoporous gel (NPG).      

 

cytokines/nutrients through the permeable shell (see Supporting information Table S1 for 

advantages of agarose).264,265,267 Previous work showed that polymerization of fibrinogen 

and fibronectin, the de facto proteins of wound healing, within cocoon walls provides 

critical traction for attached cells to escape anoikis.264   

Although cocooning increased retention of explant-derived cardiac stem cells 

(EDCs) and improved long-term gains in function after myocardial infarction,264 it is 
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unclear if this improvement was attributable to enhanced cell engraftment or a change in 

the paracrine activity of cocooned cells. While various studies have investigated the 

influence of NPG physical properties on cell behaviour in 2- or 3-dimensional cultures,268-

275 few publications have considered the effects of altering the physical properties of 

NPGs on cells confined within 30-100 µm diameter capsules.267,276-279 Studies altering 

mechanical properties of biomaterials (i.e., hydrogel stiffness) have demonstrated 

significant biochemical changes within encapsulated cells including migration,280 

viability/proliferation,281,282 differentiation283 and secretion of cytokines.284,285 Moreover, 

given that changes in agarose based biomaterial properties can trigger drastic metabolic 

changes in chondrocytes,273 we rationalized that altering the physical properties of 

cocoons surrounding cells by varying NPG content would force cells to adopt an 

invasive/migratory phenotype that promotes cell-mediated repair of infarcted myocardium 

by altering the paracrine signature of cocooned cells. 

Aim 1: To explore the effect of varying NPG content on the mechanical properties (i.e., 

stiffness) of the NPG cocoons. 

Aim 2: To explore how changing the physical properties of cocoons influences human 

EDC viability, proliferation, migration and paracrine output of EDCs. 

Aim 3: To explore the effect of varying cocoon stiffness on the ability of human EDCs to 

improve cardiac function and structure using an immunodeficient mouse model of 

myocardial injury. 

Hypothesis: Increasing cocoon stiffness forces cells to not only adopt a 

migratory/invasive phenotype but also increase the production of pro-healing cytokines, 
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exosome nanovesicles and altering the content of exosome miRNA to promotes cell-

mediated repair of ischemic injury  

2.2 Specific Objectives for Study 1:  

1) Characterize the physical properties of cocoons of varying agarose concentration 

(measuring cocoon diameter, stiffness, and pore size) 

2) Examine the effects of altering cocoon agarose concentration on cell viability, 

proliferation, and their ability to extravasate the cocoons.  

3) To evaluate the effects altering NPG composition on the cell’s ability to adopt a 

migratory/invasive phenotype (measuring cell migration rates using Boyden 

chamber assay, and 2-D cell tracking analysis). 

4) Determining the effects of altering cocoon’s physical properties on EDC’s ability to 

secrete cytokines, exosomes (nanovesicles), and their miRNA cargo.   

5)  Examining the effects of altering cocoon agarose concertation on EDC’s ability to 

improve cell engraftment after injecting into an immunodeficient mouse model of 

ischemic myocardium.     

6) Assess the effects of altering cocoon’s physical properties on EDC mediated 

myocardial repair (measuring ventricular function, scar burden, peri-infarct vessel 

density, and myocyte proliferation).   

 

2.3 Study 2: Introduction, Aim, and Hypothesis 

Although encapsulating human EDCs in NPG cocoons boosts cardiac function 

after intramyocardial injection, vortex-based cocooning is inconsistent, inefficient and 
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requires long processing time; thus, limiting straightforward application to the clinical 

setting. Microfluidic (MF) cocooning offers an attractive alternative means of 

encapsulating cells as: 

1) The use of less biomaterial, reagents, and cells;  

2) Provides control over cocoon size and cell occupancy;  

3) Minimizes shear stresses during cocooning;  

4) High-throughput and; capable of running parallel devices to permit large scale 

manufacturing of cocooned cell for clinical applications.  

In study 2, we engineered a microfluidic platform to cocoon human EDCs within 

capsules of varying size with predictable cell occupancy for direct comparison to vortex 

cocooned cells.  

Aim 1: To develop a high throughput microfluidic device that produces consistent capsule 

size while improving cocooning efficiency and minimizing processing time. 

Aim 2: To investigate the impact of varying NPG cocoon size on human EDC viability, 

proliferation, migration and paracrine output of EDCs. 

Aim 3: To explore the impact of NPG cocoon size on human EDC-mediated repair of 

injured myocardium using an immunodeficient mouse model of recent myocardial injury. 

Hypothesis: Increasing cocoon size improves cardiac function by boosting transplanted 

cell retention and paracrine stimulation of endogenous repair. 
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2.4 Specific Objectives for Study 2:  

1) Design a microfluidic device to precisely control the size of agarose NPG cocoons 

with predictable number of cocooned cells. 

2) Compare the yield and efficiency of cocooning cells using classic vortex method 

to microfluidic device.      

3) While keeping the agarose concentration fixed, characterize the physical 

properties of cocoons of varying sizes (measuring cocoon stiffness, and pore size). 

4) Examine the effects of altering cocoon size concentration on cell viability, 

proliferation, and their ability to extravasate the cocoons.  

5) Examining the effects of cocoon size on cell engraftment after injecting into an 

immunodeficient mouse model of ischemic myocardium.     

6) Determine the effects of cocoon size on cell engraftment after injecting into an 

immunodeficient mouse model of ischemic myocardium using a real-time in vivo 

cell tracking technique (Bioluminescence imaging)       

7) Assess the effects of cocoon size on cell-mediated myocardial repair of ischemic 

heart (measuring ventricular function, scar burden, peri-infarct vessel density, and 

myocyte proliferation).   

8) Determining the effects of cocoon size and cell-cell contact on the composition and 

number of cytokines/exosomes produced by cocooned cells.  

 

2.5 Summary of Study 1 and 2: 

To test our hypothesis for both Study 1 and 2, we injected NPG cocooned human 

EDCs into an immunodeficient mouse model of ICM. We primarily used non-obese 
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diabetic/severe combined immunodeficiency (NOD SCID) mice in order to study clinically 

relevant human EDCs.136,286 Cells were injected seven days post-MI because it has 

shown to be optimal for survival as it avoids the harsh inflammatory environment during 

the early stage of an MI; roughly 7 days post-MI, a switch to pro-healing cytokine milieu 

promotes survival of transplanted cells.287 Approximately 1 week of cardiac remodeling in 

mouse is equivalent to 1 month in humans.122,288 Current clinical trials administer cardiac-

derived stem cells 1-2 months post-MI which is the time required to culture an effective 

dose of cells from patient cardiac biopsies.79,103 Thus, transplanting cells 7 days post-MI 

in mice mimics clinical practice of autologous cell delivery.            

We identified that altering NPG content played a major role in regulating the 

production of pro-healing paracrine factors to increase the generation of new blood 

vessels and cardiomyocytes while reducing scar burden. By using microfluidic device, we 

improved the cocooning efficacy and yield while producing homogeneous sized cocoons. 

We demonstrated that larger cocoons significantly boosted short-term cell persistence 

resulting in improved cardiac repair, effects attributable to changes in the amount and 

composition of cytokine factors. Further investigations are ongoing to determine the role 

of exosomes secreted by EDCs encapsulated in difference sized cocoons. 

Ultimately, our work shows that by simply varying NPG content surrounding 

encapsulated cells or changing cocoon size provides a straightforward means of boosting 

engraftment and the regenerative potential of cardiac-derived stem cells without recourse 

to genetic manipulation289 or multiple cell injections.290,291 
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Chapter 3 

3.0 Study 1: Deterministic Encapsulation of Human Cardiac Stem Cells in Variable 

Composition Nanoporous Gel Cocoons to Enhance Therapeutic Repair of Injured 

Myocardium    

3.1 Abstract  

Although cocooning explant-derived cardiac stem cells (EDCs) in protective 

nanoporous gels (NPG) prior to intramyocardial injection boosts long-term cell retention, 

the number of EDCs that finally engraft is trivial and unlikely to account for salutary effects 

on myocardial function and scar size. As such, we investigated the effect of varying the 

NPG content within capsules to alter the physical properties of cocoons without 

influencing cocoon dimensions. Increasing NPG concentration enhanced cell migration 

and viability while improving cell-mediated repair of injured myocardium. Given the latter 

occurred with NPG content having no detectable effect on the long-term engraftment of 

transplanted cells, we found that changing the physical properties of cocoons prompted 

explant-derived cardiac stem cells to produce greater amounts of cytokines, nanovesicles 

and microRNAs that boosted the generation of new blood vessels and new 

cardiomyocytes. Thus, by altering the physical properties of cocoons by varying NPG 

content, the paracrine signature of encapsulated cells can be enhanced to promote 

greater endogenous repair of injured myocardium. 
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3.2 Results 

3.2.1 Characterization of Nanoporous Gel Capsules  

Figure 4A summarizes the process of encapsulating human EDCs within a NPG 

cocoons using the vortex-agitation method.  Representative bright field images of cell-

free aqueous suspended NPG capsules illustrate the inherent heterogeneity of capsule 

sizes resulting from vortex agitation (Figure 4B). The capsular diameter of cell-free 

suspensions varied from 30 to 100 µm with the upper limit reflecting filtration through 100 

µm pore filters to remove clumped NPG (Supporting Information Figure S1). Increasing 

NPG content from 2 to 3.5% had no effect on the average diameter of cell-free capsules 

as measured using bright field microscopy (58±2 and 62±1 µm, respectively, p=0.11) and 

electron microscope images of individual spheres (60±5 and 71±6 µm, respectively, 

p=0.17). Incorporation of EDCs within 2 or 3.5% NPG cocoons had also no effect on the 

average diameter of the cocoons (57±1 and 59±1 µm, respectively; p=0.14 vs. empty 

capsules, Figure 4B and C). Although vortex-based agitation provides limited control over 

the number of cells within a single cocoon, reproducible proportions of cells were found 

within both 2 and 3.5% NPG encapsulated preparations (Figure 4D). Altering NPG 

content had no effect on the proportion of empty capsules (31±2% and 30±1% of total 

3.5% and 2% NPG cocoons, respectively) or the very few free cells that escaped 

cocooning (2±1% and 3±1% of total encapsulated cells in 3.5% and 2% NPG cocoons, 

respectively). While discerning if cells were truly inside NPG cocoons rather than 

adherent to the outer surface using light microscopy is challenging, confocal imagining 

confirmed that cells were truly located inside the NPG cocoons (Supporting Information 

Figure S2A).  
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Scanning electron microscopy (SEM) showed spherical structures (Supporting 

Information Figure S2B) with clear porous submicrometer structural features (Supporting 

Information Figure S2C). Porous sizes for the 3.5% NPG capsules were smaller 

(0.75±0.07 µm) than the 2.0% NPG capsules (1.07±0.07 µm, p<0.0001, Figure 4E) with 

values that were closer to what has been reported for other 3D NPG structures.292,293 As 

shown in the representative images in Supporting Information Figure S2D, the surface of 

the 3.5% NPG cocoon was considerably more homogeneous and organized than the 2% 

NPG counterpart.  

Atomic force microscopy (AFM) confirmed that changing the NPG content 

altered the cocoon's stiffness (2.2±0.01 x10-3 vs. 1.5±0.02 x10-3 µN/nm; p<0.0001 vs. 2% 

NPG cocoons, Figure 4F), as previously shown using NPG-based encapsulation of 

chondrocytes.273 Interestingly, the addition of ECM increased cocoon stiffness by ≈ 0.5 

x10-3 µN/nm for both 3.5 and 2.0% capsules (1.56±0.01 x10-3 and 1.08±0.01 x10-3 µN/nm 

for 3.5% and 2% NPG cocoons, respectively); an observation potentially attributable to 

additional ECM-mediated crosslinking during capsule formation. From a physical 

standpoint, the stiffness of a 3D fibrous network is directly connected to its porosity (i.e., 

mesh size).  In general, a higher stiffness corresponds to a smaller mesh size as a result 

of greater intermolecular bonding (e.g. resulting from cross-linking).294 In the case of our 

NPG, SEM and AFM data indicate that the observed interconnection between 

concentration-dependent stiffness and pore size most likely derives from variations in the 

3D organization of agarose chains and the amount of intermolecular hydrogen bonds. 

Thus, a higher NPG concentration leads to a more densely packed organization of the 
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polymer chains that expedites intermolecular interactions, which stiffens the 3D mesh and 

reduces pore size. 

3.2.2 Effects of Nanoporous Gel Encapsulation on Proliferation and Viability   

Vortex cocooning was well tolerated by EDCs as evidenced by ~90% of cells 

remaining viable 1 hour after encapsulation (p=0.96 for effect of cocooning and NPG 

content, Supporting Information Figure S3A). Cell counts at 48 hours after encapsulation 

revealed that increasing NPG content prompted a 1.6±0.2 fold increase in EDC numbers 

(p=0.015 vs. 2% NPG cocoons; Figure 4G). This finding was attributable to a combination 

of reduced apoptosis (p=0.02; Figure 4G and Supporting Information Figure S3B) and 

increased proliferation (p=0.04; Figure 4G and Supporting Information Figure S3C). 

Mechanistically, this effect was mediated through integrin-dependent pro-survival 

signalling as cocooned EDCs culture conditions demonstrated a 2.5±0.2 (p=0.003; Figure 

4H) or 2.6±0.2 (p=0.003) fold increase in metabolic activity compared to EDCs within 

ECM-free cocoons or suspension (poly-2-hydroxyethyl methacrylate), respectively. Pre-

treatment of EDCs with αV, α5, β1 and β3 integrin blocking antibodies further established 

the importance of integrin-matrix interactions as the metabolic activity of these cells 

decreased by 1.5±0.1 fold when compared to EDCs encapsulated in ECM supplemented 

NPG capsules (p=0.023; Figure 4H).   
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Figure 4. Characterization of nanoporous gel capsules. (A) Schematic summarizing 

encapsulation of human EDCs within NPG cocoons using vortex-based agitation. 

DMPS=dimethylpolysiloxane. (B) Representative images of empty cocoons (scale bar 

500 µm) and EDCs encapsulated in 2 and 3.5% NPG cocoons (scale bar 100 µm). (C) 

Size distribution histograms for 2% and 3.5% NPG encapsulated EDCs. Size distributions 

were calculated from measuring >100 individual capsules from three different samples. 

(D) The distribution of cells found within 2 and 3.5% NPG cocoons (measured >1500 

cocoons from 6 different samples). (E) Mean pore diameter calculated from measuring 

>100 pores. (F) AFM force-displacement curves for NPG capsules. Reported values for 

AFM were calculated from averaging 45 independent points randomly selected from the 

DPFM maps. (G) Cell growth quantified as fold change after 48h in culture (1% oxygen 

and 1% serum); cells were counted using a hemocytometer (n=8). Cell apoptosis and 

proliferation was quantified by measuring the number of cells positive for active-caspase 

3 (n=3), and Ki67 positive nucleus (n=5), respectively. (H) Colorimetric cell viability assay 

(CCK-8) shows that pre-treatment of EDCs with αV, α5, β1 and β3 integrin blocking 

antibodies reduces cell viability by 1.5±0.1 folds. +ECM= capsules containing matrix 

protein fibronectin and fibrinogen; Susp=non-encapsulated suspended cells; Adh=non-

encapsulated cells adhered to cultureware; +Block= antibody cocktail used to block 

integrin-matrix interactions. (n=5 cell lines/assay). All error bars correspond to standard 

error mean SEM. 
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3.2.3 Effects of Nanoporous Gel Encapsulation on Cell Morphology and Migration  

To explore the effects of variable capsule NPG composition on EDC phenotype, 

immunohistochemistry and electron microscopy were used to profile the cytoskeleton 

structure of cocooned cells. As shown in Figure 5A, encapsulation within NPG devoid of 

ECM prompted cells to assume a spherical shape with a diffuse halo of actin 

monofilaments at the periphery and no visible membrane protrusions into the surrounding 

capsule. The addition of ECM resulted in multiple small membrane protrusions and 

increased organization of the actin filaments throughout the cell with no apparent 

differences between 2 or 3.5% NPG cocooned cells. Transmission electron microscopy 

confirmed that cells within ECM supplemented cocoons possessed robust micrometer 

sized membrane protrusions that were not present in cells encapsulated within NPG 

alone (Figure 5B). Increasing NPG content doubled the number of membrane protrusions 

per cell seen on each encapsulated cell (Figure 5C).  

Sequential in vitro imaging of plated NPG encapsulated EDCs demonstrated that 

increasing capsule NPG concentration markedly delayed cocoon occupancy half-time 

(i.e., the time required for half of the encapsulated EDCs to emerge from the capsules) 

from 15.8±1.7 to 41.8±11.9 h for 2% and 3.5% NPG cocoons, respectively (p<0.05; 

Figure 6A). When comparing representative images after comparable numbers of EDCs 

exited the capsules (i.e., 18 vs. 40 hours for cells cocooned within 2% or 3.5% NPG, 

respectively), similar proportions of rounded and flattened cells can be appreciated. Real 

time Boyden chamber imaging revealed that straightforward application of suspended 

non-encapsulated EDCs resulted in immediate and consistent migration across the 

membrane when cells were plated in basal media and exposed to a 20% serum gradient 
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(lower chamber, Figure 6B). Exponential curve fitting of cell migration over time 

demonstrated that encapsulation of EDCs within 3.5% NPG decreased the population 

migration time of cells within the lower well to 27±1 h (Figure 6C) from 49±4 h for non-

encapsulated (p=0.001) and 46±3 h (p=0.02) for 2% NPG. To confirm if increasing NPG 

content confers a greater migratory potential, individual cells were tracked for 11 h after 

emergence from capsules. As displayed in Figure 6D and Supporting Information Figure 

S4A and B, EDCs encapsulated within 3.5% NPG demonstrated a ≈1.5-fold greater extra-

capsular migration velocity as compared to 2% NPG or suspended EDCs (p<0.0001). 

Taken together, this data suggests that, although increasing capsule NPG content delays 

capsule exit, it also instructs cells to adopt a migratory phenotype. 
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Figure 5. Effect of nanoporous gel encapsulation on cell cytoskeletal structure. (A) 

Actin filaments are stained using phalloidin (green) for non-encapsulated EDCs 

(Adherent) and EDCs within capsules supplemented with extra-cellular matrix (ECM) or 

without ECM proteins (fibronectin and fibrinogen). For the cocooned cells, corresponding 

brightfield, single stain actin and DAPI images are shown (right panels) while lower panels 

display magnified views with the dashed area indicating the area of increased 

magnification displayed in the bottom right panel. Small membranous projection are 

highlighted by the arrows. EDCs within capsules containing no extracellular matrix protein 

display a smooth cell surface with minimal membrane projections (scale bar 20 µm). (B) 
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TEM images showing EDCs within capsules with or without extracellular matrix protein 

(scale bar 2 µm). Highlighted on the images are the nucleus (N), cell, capsule and the 

arrow showing a membrane protrusion. (C) The number of membrane projection identified 

with TEM images are quantified (n=5) (see methods and Supporting Information Figure 

S2E for details) Error bar correspond to standard error mean SEM. 

 

Real-time live cell microscopy was used to profile serial changes in morphology as 

cells emerged from the 3.5% NPG capsules. Cells adopted a spherical shape immediately 

after encapsulation but as time progressed, small membranous protrusions sprouted from 

the cell surface which eventually projected through the cocoon wall (Figure 7A). These 

membranous protrusions developed into large flat membranous structures 

morphologically similar to lamellipodia as the cell extravasated through the capsule wall 

and attached to the underlying culture plate. Consistent with the notion that probing 

lamellipodia require integrin-ECM attachments to enable cell movement, plating 

encapsulated EDCs on uncoated cultureware prolonged capsular occupancy half-life by 

23±6 h as compared encapsulated cells plated on fibronectin coated cultureware (p=0.03; 

Supporting Information Figure S5). Figure 7B and Supporting Information Figure S6, 

suggests that that within the cocoon, fibrinogen clustered around EDCs and bound to β1 

integrins. As EDCs elongated through the capsule wall and adhered to the cultureware, 

a portion of the capsular ECM tracked with the emerging cells (Figure 7C); suggesting 

that the tightly bound ECM tracks with cells to maintain pro-survival signaling outside the 

capsule. 
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Figure 6. Effects of nanoporous gel encapsulation on cell migration. (A) EDCs 

were encapsulated with increasing NPG concentration of 2% and 3.5% and plated on 

fibronectin-coated cultureware within low oxygen/serum conditions. Random field 

images were acquired at 10X magnification to count the number of cells inside and 

outside of the capsules at various time points. Dashed lines highlight the time required 

for half of the cells to migrate out of the capsules (n=3). Representative bright field 

images compare cells exiting capsules of different NPG concentration (scale bar 200 

µm). (B) The number of EDCs which cross the 8μm pore membrane from the top 

chamber into the lower chamber. Data was analyzed using exponential curve fitting 

with Prism v6 (n=4). (C) Curve fitting analysis was used to determine cell migration 

doubling rate (i.e., the doubling time of the exponential curve). Smaller migrating 

doubling rate corresponds to quicker cell migration across the pores. (D) Left: 

Displacement plots showing the path of cell migration. Right: Graph compares the rate 

of 2D-cell migration as EDCs emerge from capsules of different NPG concentrations 

or suspension culture conditions alone. Migration rate was determined by manual cell 

tracking software (Image J; n=52). Error bar correspond to standard error mean SEM. 
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Figure 7. Characterizing cell egress from nanoporous gel capsules. (A) Images 

acquired at different time points using the IncuCyte System. Cells are outlined in orange. 

(B) EDCs are stained for β1 integrin (green) and capsules contain DsRed tagged 

fibrinogen (red), scale bar 10 µm. The fibrinogen can be seen diffusely present within the 

capsule but also clusters around the cell. Overlap between fibrinogen and β1 integrin at 

the cell surface is highlighted in the magnified panel. Image taken 1 day after 

encapsulation. (C) Cells (labeled with Calcein-AM, green) retained a coat of fibronogen 

(red) after exiting the capsules (scale bar 30 µm). 
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3.2.4 Effects of Altered Nanoporous Gel Capsule Rigidity on EDC Engraftment and 

Myocardial Repair   

As shown in Figure 8A, the impact of capsular NPG content on cell-mediated repair 

of ischemic myocardium was evaluated using echocardiographic-guided intra-myocardial 

injection of human EDCs into an immunodeficient mouse 1 week after left coronary artery 

(LCA) ligation.264,286,295-297 LCA is a well-established and clinically relevant mouse model 

for myocardial infarction.298 NPG encapsulation increased the acute retention of EDCs by 

4±1 fold (p=0.04 vs. suspended EDCs; Figure 8B). This boost was associated with 

enhanced long-term retention of cells as cocooning cells within 2 or 3.5% NPG increased 

long term retention (at day 21 post-MI) by 18±4 fold (p=0.001) or 22±8 fold (p=0.03), 

respectively. Increasing capsule NPG content had no detectable effect on the long-term 

retention of transplanted cells.  

Despite negligible additive effects on cell engraftment, increasing capsule NPG 

content enhanced the ability of transplanted EDCs to repair injured myocardium. As 

shown in Supporting Information Table S2, all animals had comparable cardiac function 

as measured by left ventricular ejection fraction, and chamber dimensions 1 week after 

LCA ligation. Three weeks after intra-myocardial injection, animals randomized to receive 

intra-myocardial injection of cell-free ECM-supplemented cocoons or vehicle underwent 

progressive adverse cardiac remodeling. Although all animals transplanted with EDCs 

demonstrated better cardiac function 4 weeks after LCA ligation (Figure 8C), 

encapsulation within dense 3.5% NPG cocoons achieved the greatest improvement in 

left ventricular ejection fraction (p<0.0001 vs. vehicle, 2% NPG cocooned EDCs, 

suspended EDCs or cell-free ECM-supplemented cocoons). Interestingly, transplant of 
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2% NPG cocooned EDCs or suspended EDCs provided equivalent degrees of myocardial 

repair 4 weeks after LCA ligation. Estimates of scar size mirrored this outcome as animals 

treated with 3.5% NPG encapsulated EDCs experienced the greatest reduction in scar 

burden while comparable scar sizes were seen in animals injected with 2% NPG 

encapsulated or suspended EDCs (Figure 8D and Supporting Information Figure S7).   

To evaluate the effect of cell transplant on the generation of new myocytes within 

the peri-infarct region, all mice received daily intra-peritoneal injections of 

bromodeoxyuridine (BrdU) for the first week after cell or vehicle injection. As depicted in 

Figure 8E and Supporting Information Figure S8, animals that received EDCs 

encapsulated within 3.5% NPG cocoons demonstrated greater overall and cardiomyocyte 

proliferation when compared to animals that received either 2% NPG cocooned or 

suspended EDCs. Similar results were seen when comparing peri-infarct vascular density 

as animals that received 3.5% NPG cocooned cells demonstrated greater peri-infarct 

vessel density as compared to animals that received 2% NPG cocooned or suspended 

EDCs (Figure 8F and Supporting Information Figure S9). 
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Figure 8: Effects of altered nanoporous gel capsule composition on EDC 

engraftment and myocardial repair. (A) Schematic summary of animal study. LCA=left 

coronary artery ligation. (B) Quantitative PCR analysis for retained human ALU 

sequences in mouse ventricles at 1 day and 21 days post injection to provide an estimate 

of the number of human cells retained after intra-myocardial injection (n=5 mice/group at 

day 1 and n=8 mice/group at day 21). (C) Echo analysis showing left ventricle ejection 

fraction (n=10-9 mice/cell and saline (vehicle) treated group); *p<0.05 vs. vehicle, 

†p<0.05 for 3.5% vs. 2% NPG cocooned or suspended EDCs. (D) Quantification of 

percent scar size (n=5). (E) The number of proliferating cardiomyocytes (Brdu+/cTnT+) 
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and non-cardiomyocyte cells (Brdu+/cTnT-) quantified using random field analysis at high 

power field (HPF; 40X magnification; n=5). Graph represented as fold change over 

vehicle control group. (F) Isolectin staining used to quantify vessel density within infarct 

region. Graph represented as fold change over vehicle control group (n=5). Susp= 

Suspended EDCs. Vehicle control= Phosphate-buffered saline. All error bars correspond 

to standard error mean SEM. 

 

3.2.5 Paracrine Profiling of Encapsulated EDCs  

The mechanisms accounting for the discrepancy between cell engraftment and 

function outcomes were evaluated using proteomic profiling of media collected during 

EDC capsular migration for cytokines and proteases typically produced by migratory 

invasive cells.299-304 While encapsulation alone promoted the expression of ECM 

metalloproteinase inducer (EMMPRIN), matrix metalloproteinase 1 (MMP1) and MMP10 

(Figure 9A), NPG capsule content had no effect on MMP or tissue inhibitor of MMP 

production (Supporting Information Figure S10A). When compared to adherent or 2% 

NPG cocoons, increasing NPG content increased the secretion of beta fibroblast growth 

factor (bFGF) and interleukin-6 (IL-6) (Figure 9B); two cytokines implicated in post infarct 

healing.286,305,306  

While encapsulation and cocoon NPG content had no effect on characteristic 

markers of nanovesicles lineage or size (Supporting Information Figure S10B-D), 

increasing NPG content boosted exosome production by 2.2±0.3 and 1.6±0.3 fold as 

compared to adherent and 2% NPG cocooned EDCs, respectively (Figure 9C). Within 
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non-cocooned EDC exosomes, the most abundant miRNAs were associated with 

cardiomyocyte salvage (e.g. hsa-miR-146a-5p, miR-23a-3p and hsa-miR-125b-5p), 

stimulating angiogenesis (hsa-miR-126-3p), and reducing fibrosis (e.g. hsa-miR-22-3p 

and hsa-miR-132-3p) (Supporting Information Table S3). NPG encapsulation increased 

the expression of 69 miRNAs while the expression of 6 miRNAs was decreased (3.5 or 

2% NPG encapsulated EDCs vs. adherent EDCs, fold change > 1.5, p-adjusted <0.05, 

Figure 9D, Supporting Information Table S4). These miRNAs typically clustered within 

ECM matrix biosynthesis, cell adhesion, fatty acid biosynthesis, Ras signalling, TGF-β 

signaling, Hippo signaling, Wnt signaling, and stem cell pluripotency pathways 

(Supporting Information Figure S11). Increasing cocoon NPG content altered the 

expression of 8 miRNAs (fold change >1.5; p-adjusted <0.05, Figure 9E and Supporting 

Information Table S5) involved in the promotion of cell adhesion, cell cycle re-entry, TGF-

β signaling, Hippo signaling and maintenance of stem cell pluripotency (Supporting 

Information Figure S12). This data suggests that, while NPG encapsulation promotes a 

rejuvenated migratory miRNA expression profile, increasing NPG content boosts both the 

production and pro-survival profile of EDC sourced nanovesicles. 
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Figure 9. Paracrine profiling of nanoporous gel encapsulated EDCs. (A) MMP and 

EMMPRIN secreted into conditioned media was obtained from adherent (Adh), 2% and 

3.5% NPG encapsulated EDCs after 48h of culture in hypoxic conditions (1% oxygen). 

Magnetic Luminex Performance Assay was used to quantify protein concentration. 

Protein concentration was standardized to the number of cells (n=9 biological samples 

with 3 technical replicates each). (B) The amount of secreted cytokines and growth factors 
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was measured in conditioned media (n=5). Fibroblast growth factor (FGF); Hepatocyte 

growth factor (HGF); Interleukin (IL); Vascular endothelial growth factor (VEGF); stromal 

cell-derived factor (SDF). (C) Number of exosome nanovesicles secreted into condition 

media quantified using particle-tracking analysis (Nanosight; n=5). (D) Venn diagram 

showing the number of up and downregulated miRNA present in nanovesicles isolated 

from cocooned (3.5 and 2% NPG capsules) and non-encapsulated EDCs. (E) Left: Up 

and downregulated miRNAs in nanovesicles isolated from 3.5% NPG encapsulated EDCs 

compared to 2% NPG encapsulation (n=3). Right: Heat map showing hierarchical 

clustering of differentially expressed miRNA between EDCs cocooned in 2 and 3.5% NPG 

capsules. Colour scale at bottom shows relative expression level of miRNA; blue= 

upregulation; red= downregulation. All error bars correspond to standard error mean 

SEM. 

 

3.3 Conclusion  

Encapsulation of EDCs within NPG cocoons boosts acute and long-term retention 

of cells after intra-myocardial injection into a clinically relevant mouse model that mirrors 

post infarct healing. Increasing NPG content improves cell viability and cell-mediated 

repair of ischemic myocardium by expanding both the production and pro-healing 

signature of transplanted cells. Akin to our animal model, patients with a myocardial 

infarct undergoing cell therapy will benefit from the enriched paracrine signature provided 

by encapsulation of EDCs in dense NPG cocoons.     
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The strategy presented here provides a simple method of regulating stem cell 

function compared to other less clinically applicable methods like genetic manipulation of 

cells. As such, our NPG encapsulation method is not just restricted just to cardiac 

applications, but it has the potential to be optimized and applied to other areas of 

regenerative medicine.  

 

3.4 Methods  

3.4.1 Patients and Cell Culture 

Human EDCs were cultured from atrial appendages obtained from patients 

undergoing clinically-indicated surgery using established methods80,264,286,296 under a 

protocol approved by the University of Ottawa Heart Institute Research Ethics Board.  

Briefly, the atrial tissue was minced, digested and plated in standard media (Iscove’s 

Modified Dulbecco’s Medium, 20% Fetal Bovine Serum, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 2mmol/l L-glutamine and 0.1 mmol/l 2-mercaptoethanol (all from 

ThermoFisher). Cells were collected using mild enzymatic digestion (TrypLE, 

ThermoFisher) every 7 days for 4 weeks. To limit possible experimental variation 

attributable to differences in the regenerative potency of individual cell lines, all cell lines 

were used in parallel as controls or experimental groups.  As shown in the Supporting 

Information Table S6, the donor cohort was largely non-diabetic with good glycemic 

control (HbA1c =6.2±0.3) and several patient comorbidities (Long Term Stratification for 

survivors of acute coronary syndromes score =7.0±1.3) that directly reflect the population 

potentially in need of future cell therapy.296,307 All experimental evaluations were 

conducted and analyzed by individuals blinded to treatment allocation.  
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EDC adherent or suspension culture was performed in fibronectin or Poly-HEMA 

(2-hydroxyethyl methacrylate) coated cultureware (ThermoFisher). Integrin neutralizing 

experiments were performed after pre-treating EDCs with integrin α3 (MAB1952P, EMD 

Millipore), integrin αV (ab16821, Abcam), integrin β1 (ab24693, Abcam) and integrin β3 

(ab78289, Abcam) blocking antibodies. A colorimetric WST-8 assay (Dojindo) was used 

to evaluate metabolic activity.  Trypan blue exclusion was used to identify cell death 

(Sigma-Aldrich).   

3.4.2 Nanoporous Gel Encapsulation 

Cells were encapsulated as previously described.264,265 Briefly, human EDCs were 

suspended in media and mixed with low melt agarose at variable concentrations, human 

fibronectin and human fibrinogen as indicated (all from Sigma-Aldrich); the liquified 

agarose/ECM mix was add to the cells at a 2:1 ratio. To form capsules, the 

cell/nanoporous gel mixture was added to agitated dimethylpolysiloxane (Sigma-Aldrich) 

prior to rapid cooling. The mixture was then centrifuged and capsules were filtered from 

the coalesced NPG using a 100µm filter (Fisher Scientific) and were re-suspended in 

appropriate media for testing. In this report, we elected to compare NPG capsules of 2.0 

and 3.5% (weight/volume) agarose with equivalent ECM content; a decision rationalized 

by prior work demonstrating marked effects of variable NPG content on the time of EDC 

emergence from the capsule and clear evidence underscoring the ability of 3.5% NPG 

capsules to promote EDC-mediated repair of ischemic myocardium.264  Capsule sizes 

were estimated from measuring the diameter of individual capsules using a JuLI digital 

microscope. Briefly, samples were placed onto a glass slide and covered with a cover-

slip using 200 µm plastic spacers. Reported values correspond to the average of three 
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independent batches, each measured by triplicated with >100 individual particles were 

measured in all cases. 

3.4.3 Low Temperature Scanning Electron Microscopy, Atomic-Force Microscopy, 

Transmission Electron Microscopy, and Z-Stack Confocal Microscopy 

Capsule pore sizes were measured using scanning electron microscopy (SEM). 

The samples were prepared by delivering 50 µl of the capsules suspensions (2.0 or 3.5% 

NPG) onto aluminum stubs covered with a carbon coating. The samples were dried under 

vacuum for 48h and then coated with a 5.0 nm electro-generated ultrapure gold using a 

low vacuum coater Leica EM-ACE200. The samples were imaged by using the secondary 

emission detector in a JSM-7500F FESEM from JEOL Inc., operating at 5.0 kV. Pore 

sizes from the capsules surfaces were measured using ImageJ software308 from 

measuring >100 individual pores from different areas in the grid, similar to the description 

for determining material porosity for other materials.309 

An Alpha 300 Raman/AFM microscope (WITec, Germany) was used to carry out 

Atomic Force Microscopy (AFM) measurements using Digital Pulsed Force Mode 

(DPFM). Samples for the capsules (with or without ECM) were prepared as described for 

SEM experiments (see above). For each condition, three (5x5) µm2 DPFM images were 

obtained with a cantilever characterized by a tetrahedral tip (tip radius ~10 nm), a 

resonance frequency of 75 kHz and a nominal spring constant of 2.8 N/m (ArrowTM FM 

Nanoworld, Switzerland). Set point and amplitude ranged between 1-2 V and 3-6 V, 

respectively, with a frequency of 1000 Hz. Selected DPFM curves were converted from 

deflection [V]-phase [] into force [N]-displacement [nm] according to a previously 

published procedure.310 From these curves, the stiffness was calculated (µN/m). At least 
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45 independent points from three images were randomly selected to calculate the 

stiffness values. 

To observe EDC morphology within capsules of varying NPG composition, 

samples were first fixed overnight in a primary fixative (2.5% glutaraldehyde in 0.1M 

cacodylate buffer (pH 7.4), at 4°C. Following primary fixative, the samples were washed 

in cacodylate buffer and than placed for 2 hours in a post fixative solution (2% OsO4 in 

0.1M cacodylate buffer). After washing in cacodilate buffer the samples were dehydrated 

in a series of (acetone and remove) ethanol, transferred to acetone, and then embedded 

in Spurr’s resin. Ultra-thin sections mounted on formvar coated grids were stained with 

2% alcoholic uranyl acetate followed with Reynold’s lead citrate and examined with a 

transmission electron microscope (Jeol JEM-1230, Japan). Membrane protrusions 

extending from cell surface were quantified (ImageJ; Supporting Information Figure S2E). 

Given that membrane protrusions (similar density to the cytoplasm) may appear as non-

contiguous structures with the cell membrane as they orientate in space while being 

captured within ultra-thin cell sections used for electron microscopy, structures not 

contiguous with the cell membrane having average diameter less than 100 nm or more 

than 1000 nm from the cell surface were excluded.311,312    

To confirm that cells were completely within the NPG cocoons, z-stack images 

were acquired using a 63X oil objective lens on the Zeiss LSM 880 confocal microscope. 

Briefly, EDCs labeled with calcein-AM were cocooned in NPG containing DsRed labeled 

fibrinogen (ThermoFisher), fixed using 4% paraformaldehyde (Alfa Aesar) and DAPI 

stained for nucleus. For imaging, z-stacks were acquired with slice thickness of 1 µm, for 
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a total of 104 slices, and were reconstructed into a 3-dimenstional image using ZEN 2.3 

(blue edition) software.   

3.4.4 Immunohistochemistry  

The effects of NPG encapsulation on proliferation and apoptosis was evaluated by 

staining for Ki-67 (ab15580; Abcam) or caspase-3 (mAb9664; Cell Signaling Technology), 

respectively. Images were acquired using Zeiss Axio Observer A1 microscope and 

analyzed in AxioVision Version 4.8. Incorporation and migration of fibrinogen within 

capsules was evaluated by including DsRed labeled fibrinogen (ThermoFisher) during 

encapsulation. The effects of NPG encapsulation on the cytoskeleton re-arrangements 

was evaluated by staining cells for actin (Phalloidin conjugated to Alexa Fluor 488; 

ThermoFisher). Images were acquired using Olympus IX81 confocal microscope and 

analyzed using FluoView10-ASW Version 4.2.  For all quantitative analysis, 5 random 

fields from a minimum of 3 cell lines were counted. 

3.4.5 Conditioned Media for Paracrine Profiling 

 Conditioned media was obtained after 48 hours of culture in 0.5% serum 1% 

oxygen– conditions designed to mimic ischemic myocardium. Conditioned media used to 

profile exosome production/identity was generated using exosome depleted serum 

(ThermoFisher). Matrix metalloproteinase (MMP) and cytokine content were profiled on a 

Bio-Plex 200 system (Bio-Rad Technologies) using custom Luminex Procarta 

Immunoassay kits (Affymetrix, CA, USA).286 All immunosorbent measures were 

normalized to the number of plated cells and media volume. Nanovesicles were isolated 

from a separate aliquot of conditioned media using ExoQuick-TC polymer-based 

exosome precipitation (System Biosciences).  Nanovesicle content was quantified using 
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Nanoparticle Tracking Analysis (Nanosight V2.3). Nanovesicle miRNA content was 

profiled and analyzed using multiplex fluorescent oligonucleotide-based miRNA detection 

(Human v3, Nanostring). Briefly, total RNA was extracted using miRNeasy Micro Kit 

(QIAGEN) and RNA quantity and quality was assessed using Nanodrop (ThermoFisher) 

and Agilent 2100 Bioanalyzer (Agilent). A total of 25ng of RNA was loaded for each 

reaction using nCounter Human V3 miRNA Expression Assay. Prior to differential gene 

expression analysis, data was imported into nSolver for image quality control metrics, as 

described by manufacture. No data was flagged for percent field of view (FOV) less than 

75% and, binding density of samples ranged between 0.05-2.25. Background subtraction 

on the data was performed using the mean of negative controls plus two standard 

deviation. The counts were then normalized using trimmed-mean of M values (TMM)313 

and differentially expressed miRNA were identified using the generalized liner model 

(GLM) likelihood-ratio-test314 using EdgeR in the online DEBrowser tool 

(https://debrowser.umassmed.edu/). Heat map was created in DEBrowser tool using the 

“complete” clustering method.  

3.4.6 Migration Assays 

Cocooned or non-cocooned EDCs were plated directly on a fibronectin coated 8µm 

pore plate (Essen BioScience) at a density of 1200 cells per well in 0.5% serum and 1% 

oxygen media. Cell migration to a chemoattractant (20% serum media) was imaged every 

hour (IncuCyte ZOOM, Essen BioScience). To account for passive transwell migration, 

cell counts were normalized to basal media condition and exponential curve fitting was 

used to determine the cell migration rates.  
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Quantification of 2D-cell migration was performed using live cell imaging with cells 

placed into a matrigel coated cultureware and allowed to grow in 1% O2 containing 0.5% 

serum media. Images were taken every 45mins, and cells were manually tracked in 

ImageJ software.315 Cells were tracked for entirety of the experiment unless the cell could 

not be tracked due to either clustering with other cells or hidden under the capsules. Cell 

tracking less than 8 frames were discarded.  

3.4.7 Myocardial Infarction, Cell Injection, and Functional Evaluation 

The effect of NPG capsule composition on human EDC retention and post infarct 

repair was investigated in a series of male non-obese diabetic severe combined 

immunodeficient (NOD SCID, Charles River) mice (6-8 weeks old, average weight of 

23±2g) under a protocol approved by the University of Ottawa Animal Care Committee. 

Animals were injected with buprenorphine, sustained-release formula (1.2 mg/kg; 

subcutaneous) and meloxicam (0.2 mg/kg) 1 hour prior to surgery, and then meloxicam 

once daily thereafter for 2 more days. All animals underwent surgical ligation of the left 

coronary artery (LC). During surgery and echocardiographic assessment, mice were 

anesthetized with isoflurane (2-3%), intubated (not intubated for echos) and maintained 

under physiologic temperature control (37˚C). Immediately after surgery, animals were 

placed in a 30˚C incubator with supplemental oxygen and moistened food to recover. 

Once animals returned to physiological state, they were returned to their normal holding 

room. All animals were housed in Techniplast ventilated cages with at least bi-weekly 

cage changes and were given food and water ad libitum. The food is supplied by Envigo 

(irradiated #2019 extruded chow) and the water is autoclaved and prepared on site. The 

overhead lighting in the holding room was alternated every 12 hours between light and 
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dark cycles. A University of Ottawa Animal Care Technician monitored animals at least 

twice daily for 3 days post surgery and then at least once per day until the end of the 

study. One week after LC ligation, mice were randomized to receive echocardiographic 

guided injection of 100,000 EDCs in suspension, 100,000 EDCs encapsulated in 2% 

NPG, 100,000 EDCs encapsulated in 3.5% NPG, empty 2% and 3.5% NPG capsules or 

an equivalent volume of saline. The effect of cell therapy on cardiac function was 

evaluated in the remaining animals using echocardiography (VisualSonics V1.3.8, 

VisualSonics) 14 and 21 days after cell or vehicle injection. At the end of the study, mice 

were sacrificed by cervical dislocation once the animal were anesthetized (2-3% 

isoflurane anesthesia) and displayed absence of withdrawal reflex to toe pinch. 

Investigators were blinded to animal’s treatment group when conducting experiments and 

analyzing data.   

The myocardial retention of transplanted cells was assessed 1 and 21 days after 

cell injection in a random subset of mice using quantitative polymerase chain reaction 

(qPCR) for non-coding human alu repeats .286,295,297 The left ventricle was excised, 

weighed and homogenized to extract genomic DNA (DNeasy kit; Qiagen) for performing 

qPCR using transcript specific hydrolysis primer probes (Primer 1: 5’-

GCCTCAGCCTCCCGAGTAG-3’; Primer 2: 5’-CATGGTGAAACCCCGTCTCTA-3’; 

Probe: 5’-56-FAM ATTAGCCGG/ZEN/GCGTGGTGGCG-31ABkFQ-3’, Integrated DNA 

Technologies). To determine the absolute number of cells, a standard curve was 

generated by making a serial log dilution of human genomic DNA extracted from EDCs 

spiked with mouse genomic DNA extracted from ventricular lysates. To account for the 
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difference in heart size, the number of engrafted EDCs was expressed as cells per mg of 

myocardial tissue.    

3.4.8 Histology 

After the final assessment of myocardial function, the remaining hearts were 

excised, fixed with 4% paraformaldehyde, embedded in optimal cutting temperature 

compound and sectioned. Tissue viability within the infarct zone was calculated from 

Masson’s trichrome; lung tissue, pericardium, and pooled blood in the ventricles were 

carefully removed prior to quantification using Image J.264,286,295-297  Infarct vascularization 

was evaluated using isolectin B4 (B-1205, Vector Laboratories).   

To evaluate the effects of encapsulation on endogenous repair, a series of NOD 

SCID mice were injected with 5-bromo-2'-deoxyuridine (BrdU; 100 mg/kg intra-peritoneal; 

ThermoFisher) once daily for 7 days after intra-myocardial injection of EDCs or vehicle. 

Twenty-one days after EDC or vehicle injection, mice were sacrificed, and hearts were 

sectioned for immunohistochemical analysis of BrdU (ab6326; Abcam) co-segregation 

with cTnT.   

3.4.9 Statistical Analysis 

All data is presented as mean ± SEM. To determine if differences existed within 

groups, data was analyzed by a one or two-way ANOVA, as appropriate.  In all cases, 

variances were assumed to be equal and normality was confirmed prior to further post-

hoc testing. If differences existed, Sidak’s or Tukey’s corrected t-test was used to 

determine the group(s) with the difference(s) (Prism v6). Differences in categorical 
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measures were analyzed using Fischer’s exact test. A final value of P≤0.05 was 

considered significant for all analyses. 
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Chapter 4 

4.0 Study 2: Enhanced Therapeutic Repair of Injured Myocardium by High-

Throughput Microfluidic-Based Cocooning of Explant-Derived Cardiac Stem Cells 

4.1 Abstract  

Encapsulation of explant-derived cardiac stem cells (EDCs) in micrometer 

nanoporous gel (NPG) based cocoons boosts therapeutic regeneration by abrogating 

detachment induced cell death and vascular clearance of cocooned cells. Previously, we 

have shown increasing NPG content improves cell viability and cell-mediated repair of 

ischemic myocardium by expanding both the production and pro-healing signature of 

transplanted cells. The impact of altering other modifiable cocoon properties, such as 

cocoon size or intracapsular cell number, on the regenerative potential of transplanted 

cells is unknown and represents the focus of this study.  Increased cocoon size enhanced 

post-ischemic cardiac function by reducing clearance of transplanted cells and increased 

paracrine stimulation of endogenous repair. The latter being attributable to microfluidic 

cocooning closely following the expected Poisson distribution with smaller cocoons 

having a greater proportion of single cells while larger cocoons contained greater 

proportions of multicellular aggregates which enhanced cell-cell interactions to increase 

the amount of pro-healing cytokines delivered to injured myocardium. Thus, by altering 

cocoon size and occupancy using high-throughput microfluidics, the paracrine signature 

of encapsulated EDCs can be enhanced to promote greater endogenous repair of injured 

myocardium. 
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4.2 Results 

4.2.1 Fabrication of Microfluidic Platform 

The microfluidic (MF) chip platform consisted of: 1) two inlets, one for cell/NPG mix and 

the other for oil, 2) a nozzle, 3) a serpentine stage and 4) two outlets (Figure 10A; 

Supporting Figure S13). Up-front filtration within the inlet prevented micro-channel 

obstruction from cell and/or NPG clumping (Figure 10B). The cells/NPG mixture then 

entered a short serpentine mixing stage to align cells within the center of the micro-

channel for sequential cocooning.  Using an established flow-focused design,316 two oil 

channels then joined the cell/NPG microchannel at a perpendicular angle (Figure 10A). 

Given the aqueous cell/NPG mixture is immiscible within oil, passage though the 

cylindrical nozzle moulded circular NPG droplets (cocoons) about the cells (Figure 10D). 

NPG cocoon size was defined a priori by varying nozzle diameter (30 or 50 µm) and the 

perfusion pressure ratio between the sample (cell/NPG) and oil micro-channels. To 

prevent temperature fluctuations that influence cocooning consistency and efficiency, 

inlet and nozzle temperatures were maintained at 37º Celsius. Cocooned cells then 

travelled within a 4º Celsius serpentine stage to ensure all cocoons completed gelation 

prior to collection (Figure 10A). Post hoc filtration within the outlet filter removed unwanted 

cocoon aggregates and ensured collection of uniform sized cocooned cells (Figure 10C).  

Throughout the experiments, this design provided consistent uniform cocoon production 

at throughput rates approximating 300,000 cells/second. 
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Figure 10. Microfluidic schematics. (A) Microfluidic chip filled with a blue dye within the 

aqueous (cells/NPG) stream to help visualize the micro-channels (scale bar 1 cm). The 

microfluidic chip is divided into four main regions, inlet, nozzle, serpentine stage, and 

outlet. Magnified images show (I) cell/NPG inlet filter, (II) nozzle and (III) outlet filter; scale 

bar 200 µm. Arrow and arrow heads show direction of flow of cell/NPG and oil into the 

nozzle, respectively. (B) Debris and large cell clumps are trapped by the inlet filter; 

representative image taken ~30 minutes after starting encapsulation (scale bar 200 µm). 

(C) Representative image showing outlet filter trapping of large coalesced cocoons prior 

to collection (scale bar 200 µm). (D) Representative image demonstrating the formation 

of droplets (cocoons) at the nozzle as the cell/NPG mixture flows across two 

perpendicularly placed oil inlets (scale bar 200 µm). Depending on the cocoon size, the 

nozzle’s width (dotted box) was changed to 30 µm or 50 µm (see methods). 

 

4.2.2 Characterization of Nanoporous Gel Cocooned EDCs  

As previously shown,317 vortex-based encapsulation (Vx) inherently provides 

cocoons of varying size (30-100 µm) that are normally distributed about the mean 

(67.5±1.5 µm) with the upper limit capped after filtration through a 100 µm pore filter to 

avoid adverse effects attributable to clumped biomaterials (Figure 11A). By varying micro-

channel flow pressure ratios and nozzle diameters within the chip, MF-based 

encapsulation provided precise control over cocoon size with equivalent distribution of 

ECM proteins between cocoons (Supporting Figure S14A). Given that altering the 

physical properties of cocoons alters the ability of encapsulated cells to improve cardiac 

function, the influence of variable cocoon diameter on cells was explored by comparing 
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small (50.7±0.2 µm) and large (90.1±0.2 µm) with the standard Vx-defined (70.7±0.2 µm) 

cocoon diameters (Figures 11A and B). Akin to Vx cocooning, the addition of cells did not 

alter cocoon size (Supporting Figure S14B).  As shown in Figure 11C, MF increased the 

yield (proportion of cocooned cells divided by the total number of cells) of cocooned cells 

from 32.5±1.8 to 71.5±3.0% (p<0.0001 vs. 70 µm MF diameter cocoons) with no effect 

seen when manufacturing different cocoon sizes (p>0.20 for MF capsule size).  MF 

cocooning closely followed the expected Poisson distribution with smaller cocoons having 

a greater proportion of single cells while larger diameter cocoons contained greater 

proportions of multicellular aggregates (Figure 11D). The average cell occupancy of 70 

µm MF cocoons faithfully mirrored Vx cocoon occupancy (~60%; Figure 11E).  Very few 

cells (<2-3%) escaped MF or Vx cocooning to be found as free cells within the cocooned 

cell suspension immediately after processing (Figure 11F). Both MF and Vx cocooning 

was well tolerated by cells as ≈92% of cells were viable 1 hour (Figure 11G) and over 48 

hours (Figure 11H) after cocooning.  
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Figure 11. Characterization of microfluidic nanoporous gel cocoons. (A) 

Representative images showing microfluidic encapsulation of cells in NPG cocoons with 

50, 70, 90 µm diameter (top panels) and magnified images taken by confocal microscope 

(bottom panels). Confocal microscope image of Vx cocooned cells shown in the right 

image panel. (Scale bar 100 µm). (B) Box and whiskers plot showing the size distribution 

of MF and Vx cocooned EDCs. Size distributions were calculated from >100 individual 

cocoons using three independent samples. (C) Percent yield of MF or Vx cocooned cells 

(n=6; *p<0.001 vs. Vx cocoons). (D) Plot showing the percentage of cocoons that are 

occupied with either 0, 1, 2, 3, or 4+ cells. The occupancy was calculated from measuring 

>200 individual cocoons using three independent samples. The measured occupancy 

(solid line) was compared to the theoretical values (dotted line) calculated by the Poisson 

distribution model. (E) Bar graph showing the percentage of cocoons occupied by cells 

(n=6). (F) The percentage of free suspended cells that are not cocooned after MF or Vx 

cocooning (n=6; p=0.42). (G) Quantification of viable (live/dead) cells 1 h after cocooning 

(n=3; p=0.48). (H) Colorimetric dehydrogenase activity assay demonstrating the effect of 

cocooning, adherent (Adh) and suspended (Sp) cell culture conditions on cell viability 

(n=4; *p<0.05 and **p<0.01 vs. Sp). Error bars correspond to standard error mean SEM.  
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Figure 12. Effects of cocoon size on cell migration and viability. (A) EDCs were 

encapsulated with increasing cocoon size and grown on fibronectin-coated chamber 

slides within low serum (0.5% CEM) and 5% oxygen conditions. Random field images 

with were acquired using a confocal microscope at 10X magnification to count the number 

of viable EDCs inside and outside of the capsules at various time points (n=3). Viability 

of cells was assed using live/dead stain. For linear regression, R2=0.80, 0.88, and 0.82 

for MF50, 70, and 90, respectively. (B) Schematic showing the cell to cocoon volume ratio 

(ratio shown in brackets), and the percentage of cocoons containing either 1, 2, 3 or 4+ 

EDCs (n=3). The cell and cocoons are drawn to proportions. (C) Plot demonstrating that 

as the cocoon size decreased (i.e. increasing cell to cocoon volume ratio), cells escaped 

cocoons quicker (i.e. decreased occupancy half-time) (n=3). Error bars correspond to 

standard error mean SEM.              
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4.2.3 Effects of Nanoporous Gel Encapsulation on Cell Migration and Viability  

Given the impact of biomaterials on the kinetics of cell delivery within injured 

tissue318-320, the influence of cocoon size on cell egress was evaluated. As shown in 

Figure 12A and Supporting Figure S15, increasing cocoon size delayed the time needed 

for cells to emerge and adhere to the cultureware. Linear curve fitting of cell migration as 

a function of time from cocoon enclosure revealed that increasing cocoon size increased 

the occupancy half-time (i.e. time needed for half the cells to emerge from the cocoons) 

from 26±3 h to 52±4 h or 87±8 h for MF50, MF70 and MF90, respectively (p<0.05 MF50 

vs. all). Greater disparity in the ratio of cell(s) to cocoon volumes was seen in larger 

diameter cocoons (Figure 12B and C) making it unsurprising that more time was needed 

for cells to extravasate through the thicker NPG cocoon shell. Reassuringly, and in 

keeping with previous reports,279 increasing cocoon size had no effect on cell viability up 

to 48 hours after encapsulation obviating concerns regarding the effect of increased 

cocoon diameters on molecular diffusion and exchange (p>0.34 for effect of cocoon 

diameter on cell viability 1, 24 and 48 hours after cocooning). 

4.2.4 Effects of Altered Nanoporous Gel Capsule Size on Cell Retention and 

Myocardial Repair   

The impact of cocoon size on cell-mediated repair was explored using an 

established preclinical model of ischemic myocardial injury.136,214,296,317 As shown in 

Figure 13A, immunodeficient mice underwent left coronary artery (LCA) ligation 1 week 

before randomization to echocardiographic guided intra-myocardial injection of EDCs 

(suspended or variable diameter cocoons) or vehicle.  All animals had comparable 

echocardiographic left ventricular chamber dimensions and ejection fractions at the time 
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of cell or vehicle injection (Supporting Table S7).  Three weeks after intra-myocardial 

injection, animals that receive vehicle alone underwent progressive adverse ventricular 

remodeling whereas all animals treated with EDCs had better myocardial function 

(p<0.0001 vs. vehicle; Figure 13B and Supporting Figure S16). Interestingly, EDCs 

encapsulated within 90 µm cocoons achieved the greatest improvement in left ventricle 

ejection fraction (LVEF; +12±1% from baseline, p<0.001 vs. vehicle, suspended or 

cocooned EDCs). While histological analysis confirmed that all animals treated with either 

EDCs had smaller ventricular scars 3 weeks after cell treatment (p<0.0001 vs. vehicle; 

Figure 13C and Supporting Figure S17), the greatest reduction in scar burden was seen 

in animals treated with MF90 cocooned EDCs (p<0.05 vs. all groups). Similarly, more 

viable tissue within the infarct region (p<0.05 vs. all groups; Figure 13D) and greater 

vessel density within the peri-infarct region (P<0.05 vs. all groups; Figure 13E and 

Supporting Figure S18) was seen in animals that received MF90 cocooned EDCs.  

To determine the effects of transplanted cells on the generation of new 

cardiomyocytes within the peri-infarct region, all mice received daily intra-peritoneal 

injections of bromodeoxyuridine (BrdU) for 1 week after cell or vehicle injection. As shown 

in Figure 13F and Supporting Figure S19, animals that received MF90 EDCs 

demonstrated greater overall and cardiomyocyte proliferation compared to animals that 

received MF50, MF70, or suspended EDCs.        
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Figure 13. Effects of changing cocoon size on EDC engraftment and myocardial 

repair. (A)  Schematic summary of animal study. In a subset of animals, transgenic EDCs 

expressing firefly luciferase were tracked in vivo using bioluminescent imaging. LCA = left 

coronary artery ligation. (B) Echo analysis showing the difference between left ventricle 

ejection fraction at day 28 and baseline (day 7) (n=8-10 mice/cell and saline (vehicle) 

treated group; *p<0.0001 vs. vehicle, †p<0.001 MF90 vs. all groups). (C) Quantification 

of percent scar size using masson trichrome stained section (n=5; *p<0.0001 vs. vehicle, 

†p<0.05 MF90 vs. MF70, #p<0.001 MF90 vs. MF50 or suspended group). (D) 

Quantification of percentage of viable tissue within the infarct region (n=5; *p<0.05 vs. 

vehicle, †p<0.05 MF90 vs. all groups). (E) Isolectin b4 staining used to quantify vessel 

density within infarct region (n=5). Graph represented as a fold change over vehicle 

control group. (F) Graph showing the total number of proliferating cells (BrdU+) or 

cardiomyocytes (BrdU+/cTnT+) in the infarct/peri-infarct regions (n=5; *p<0.0001 vs. all). 

Random field images were acquired using an inverted fluorescent microscope at high 

power field (40X objective lens). Graph represented as fold change over vehicle control 

group. (G) Representative bioluminescent images over time showed significantly reduced 

clearance for MF90 cocooned EDCs. Quantification of bioluminescent intensity over time 

(n=4-5; *p<0.05, **p<0.01, ***p<0.001 MF90 vs. MF50 or suspended group). (I) 

Exponential curve fitting analysis was used to determine the time constant Tau. Larger 

negative Tau value corresponds to slower clearance of EDCs from the heart (n=4-5). 

Error bars correspond to standard error mean SEM.             
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In vivo bioluminescent imaging of transplanted luciferase labelled EDCs was used 

to evaluate the effect of increasing cocoon size on the kinetics of transplanted cell 

retention. As shown in Figure 13G and H, encapsulation within larger cocoons increased 

acute cell retention (2.5±1.1 and 10.5±4.7 folds greater vs. MF50, and suspended EDCs 

respectively at day 1; p<0.05 MF90 vs. all). Exponential fitting of bioluminescent flux from 

luciferase tagged cells as a function of time following cell injection revealed that large 90 

µm capsule diameters also reduced the rate of cell clearance (smaller cell clearance 

constant) from injured tissues (p<0.05 vs. suspended or MF50 cells; Figure 13I).       

4.2.5 Effects of Cell-Cell Contact on Paracrine Profile 

Given the importance of cell-cell contact in regulating paracrine secretion,321,322 the 

effects of abrogating these interactions on the cytokine profile in conditioned media was 

characterized using a proteomic array. Cell-cell contact between EDCs in MF90 cocoons 

was blocked using an antibody cocktail to block E/P-selectin and N-cadherin without 

effecting cell viability (Figure 14A). As shown in Figure 14, blocking cell-cell interactions 

(+Block) decreased the secretion of FGF-19, HGF, and SDF-1α which are previously 

shown to promote cardiac repair (7.2±2.1, 2.1±0.1, and 1.6±0.1 fold decrease for MF90 -

block vs. +block, p=0.04, p=0.01, and p=0.02, respectively).212,215,323 Interestingly, 

abrogating cell-cell contact also enhanced the proinflammatory cytokine profile known to 

negatively effect cardiac remodeling e.g. ENA-78, IFNG, IL-6, IL-8, MCP-1, PTX3, and 

Serpin E1.324-328 This data suggests that multicellular aggregates in large cocoons 

enhances cell-cell interactions to increase the amount of pro-healing cytokines delivered 

to injured myocardium.           
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Figure 14. Effects of cell-cell interaction on cytokine profile. (A) Colorimetric 

dehydrogenase activity assay demonstrating that blocking cell-cell contact using anti- 

E/P-selectin and anti-N-cadherin antibodies (+Block) did not affect cell viability (n=3). (B) 

Heat map showing hierarchical clustering of differentially expressed cytokine in condition 

media (48h of culture in 1% O2 and 0.5% serum) between MF90 cocooned EDCs with 

and without blocking antibodies (n=3). Colour scale shows relative expression level of 

cytokines; blue= upregulation; black= downregulation. (C) Graph represents Log2 fold 

change between differentially expressed cytokines present in condition media from MF90 

cocooned EDCs with and without blocking antibody (p<0.05 for +Block vs. -Block; n=3). 

Cocooned EDCs lacking cell-cell contact decrease secretion of pro-healing cytokines 

(e.g. FGF-19, HGF, SDF-1α) while increasing pro-inflammatory cytokines (e.g. IL-8, ENA-

78, IL-5, MCP-1).  All error bars correspond to standard error mean SEM. ENA= epithelial-

derived neutrophil-activating peptide; IFNG= Interferon gamma; IL= Interleukin; MCP= 

monocyte chemoattractant protein; PTX3= Pentraxin 3.  
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4.3 Conclusion  

In this study, we engineered a MF device to produce large quantities of 

encapsulated EDCs in NPG cocoons with precisely defined size, and cell occupancy. 

Cocooned EDCs were transplanted intramyocardially into clinically relevant NOD SCID 

mice that modelled ischemic cardiomyopathy. Enlarging the cocoon size increased the 

intracapsular cell number, and enhanced cell-mediated repair of ischemic myocardium by 

providing greater stimulation for blood vessel growth and endogenous cardiomyocyte 

proliferation. Although large cocoons boosted cell engraftment, this effect alone could not 

account for the improved cardiac gains. Instead, larger cocoons likely promoted greater 

number of cell-cell interactions that boosted EDC’s paracrine repertoire to promote 

cardiac healing.   

 

4.4 Methods 

4.4.1 Patients and Cell Culture 

Human EDCs were cultured from atrial appendages obtained from patients undergoing 

clinically-indicated surgery using established methods80,264,329,330 under a protocol 

approved by the University of Ottawa Heart Institute Research Ethics Board.  Briefly, the 

atrial tissue was minced, digested and plated in standard cardiac explant media (CEM) 

containing Iscove’s Modified Dulbecco’s Medium, 10% Fetal Bovine Serum, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 2mmol/l L-glutamine and 0.1 mmol/l 2-

mercaptoethanol (all from ThermoFisher). Cells were collected using mild enzymatic 

digestion (TrypLE, ThermoFisher) every 7 days for 4 weeks; trypan blue exclusion was 

used to identify cell death (Sigma-Aldrich). To limit possible experimental variation 
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attributable to differences in the regenerative potency of individual cell lines, all cell lines 

were used in parallel as controls or experimental groups.  As shown in the Supporting 

Information Table 8, the donor cohort was largely non-diabetic with good glycemic control 

(HbA1c= 6.2±0.3) and several patient comorbidities (Long Term Stratification for 

survivors of acute coronary syndromes score= 6.3±0.8) that directly reflect the population 

potentially in need of future cell therapy.307,330 All experimental evaluations were 

conducted and analyzed by individuals blinded to treatment allocation.  

EDC adherent or suspension culture was performed in fibronectin or Poly-HEMA 

(2-hydroxyethyl methacrylate) coated cultureware (ThermoFisher). To compare cell 

growth overtime, the metabolic activity of cell was measured using colorimetric WST-8 

assay (Dojindo).   

4.4.2 Vortex Encapsulation 

Cells were encapsulated as previously described.264,265 Briefly, human EDCs were 

suspended in media and mixed with low melt agarose human fibronectin and human 

fibrinogen (all from Sigma-Aldrich).  To form capsules, the cell/NPG mixture was added 

to agitated dimethylpolysiloxane (Sigma-Aldrich) prior to rapid cooling.  The mixture was 

then centrifuged and cocoons were filtered from the coalesced NPG using a 100 µm filter 

(Fisher Scientific) and were re-suspended in appropriate media for testing. In this report, 

we used NPG cocoons of 2.5% (weight/volume) agarose with 0.15 mg/ml of fibrinogen 

and 0.25 mg/ml fibronectin. We elected to use an NPG agarose concentration of 2.5% 

w/v to maximize cocoon stiffness (a decision rationalized by prior work demonstrating 

stiffer cocoons enhance EDC pro-healing paracrine profile) and minimize clogging of the 

inlet filters and microfluidic channels. The liquified agarose/ECM mix was add to the cells 
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at a 2:1 ratio. Cocoon diameter was measured using a digital microscope (VWR). Briefly, 

several images were taken every 10 mins within the microfluidic device to calculate the 

average cocoon diameter using Image J software; >200 cocoons were measured from at 

least three independent batches.  

4.4.3 Microdevice Design and Fabrication 

A microfluidic device for cell encapsulation was developed as shown in (Supporting 

Information Figure S13). The polydimethylsiloxane (PDMS) based platform consisted of 

two inlets, two outlets, a nozzle (where the cocoons are formed), and a serpentine section 

which allowed time for the NPG cocoons to properly gel before collection. The dimensions 

of the nozzle width variated from 30 to 50 µm to allow proper size control of the cocoons. 

The 30 µm and 50 µm nozzle was used to produce cocoons with diameter of 50 µm or 90 

µm, respectively, while any of the two nozzles were used to produce cocoons of 70 µm 

diameter. The height of the micro-channels ranged from 100 to 110 µm. All inlets and 

outlets contained a filtering stage to avoid passage of undesired debris, cell clumps, or 

coalesced agarose. 

Standard photolithography and soft lithography procedures were used to create 

the master moulds onto silicon wafers. The photo mask (CAD/Art Services) containing 

the designs (Supporting Information Figure S13) was drawn with AutoCAD (Autodesk). A 

negative photoresist SU-8-2050 (MicroChem Co., USA) was deposited onto clean silicon 

wafer. Then, patterns were exposed to UV light (OAI DUV/NUV mask aligner) through the 

photo mask. PDMS devices were made by mixing the elastomer to the curing agent (at a 

10:1 ratio), according to manufacturer’s protocols (Sylgard184, Ellsworth) and poured into 

the mould master. Subsequently, the mixture was degassed and cured overnight at 70°C. 
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Finally, PDMS devices were cut, inlets and outlets were punched with 0.75mm inner 

diameter biopsy punches, and permanently bonded to clean glass slides by air-plasma 

bonding at 50W for 45s (Glow Research Autoglow Oxygen Plasma System). Devices 

were kept at 70°C for 2 days, to ensure PDMS devices returned to a hydrophobic state. 

A schematic of the complete device setup is available in the Supporting Information 

Figure S13. Briefly, the setup includes the microfluidic droplet device mounted on a 

custom-made aluminum heat sink, which itself is mounted on a trinocular inverted 

microscope (VWR International). Thermoelectric modules (TE Technology Inc.) attached 

to the heat sink supply a constant temperature gradient across the microfluidic device, 

which maintained the temperature at ~37°C over the inlets (keeping the agarose liquid 

and the cells viable) and at ~4°C over the serpentine channels to help gel the agarose. A 

pump (Thermaltake AquaBay M5) drives warm (~37°C) water from a water bath through 

the heat sink continuously. This hydraulic system has two purposes: it allows for 

dissipation of heat from the device as well as maintenance of the cell/NPG mix at 37°C 

on the platform.  

Flow of fluid (oil or cell/NPG mix) is driven into the microfluidic chip by pressure. 

Unlike syringe pumps, air pressure driven flow generated higher amounts of 

monodispersed droplets due to the absence of pulsation effects induced by the stepper 

motors. Temperature, solenoid valves controlling the pressure, and image acquisition are 

controlled by a DAQ card (National Instruments) and custom written LabVIEW (NI 

LabVIEW 2013) module. Droplet formation rate, droplet size, and efficiency of 

encapsulation are measured using Image J; images acquired using a high-speed 
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monochrome camera (Blackfly Color 1.3 MP GigE) capturing images at (a reduced frame 

rate) set to 60 fps during droplet formation. 

Sterile filtered (0.2 micron pore size) mineral oil and deionized water were used to 

test the device for leaks and to ensure proper droplet formation prior to cell encapsulation. 

Following confirmation of flows stabilization and droplet formation, cells were harvested 

and collected in an eppendorf in a total volume of 65 µL of appropriate media at a 

concentration of 8.5x106 cells/mL. The NPG mixture (agarose:EMC) was added to cells 

in a 2:1 ratio and carefully mixed to avoid formation of air bubbles. The cell/NPG mixture 

was carefully transferred to a sterile, glass insert (0.15mL conical glass insert, VWR 

International), which was kept warm at 37ºC. Air pressure (~0.15-0.20MPa) was used to 

control the flow of the cell/NPG mixture and the oil into the microfluidic droplet device. 

Following 5 mins for droplet stabilization, and prior to introducing the cell/NPG mixture, 

the device is coated for 40 mins with 10% filtered BSA to reduce cell adhesion to the 

tubing or filters. Subsequently, the cell/NPG mixture is inserted, and the encapsulation 

process starts. By regulating the pressure of the cell and oil inlets different throughputs 

are obtained. Finally, cocooned cells are collected by placing outlet tubing (PEEK, 1/32” 

OD, 0.007” ID) into an ice cooled microcentrifuge tube containing media. A typical 

collection time lasts for 0.5-1 hour. Once the cocoons are collected, the oil is removed by 

centrifugation at 300 g for 3 mins and the cocoons are resuspend in appropriate media 

for further experiments.   

Confocal microscopy was used confirm that ECM was imbedded within the 

cocoons and that size of cocoons did not alter the ECM distribution. Briefly, empty 

cocoons supplemented with DsRed labeled fibrinogen (ThermoFisher) were placed into 
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a chamber slide (ThermoFisher) and images at 20X objective lens using the Zeiss LSM 

880 confocal microscope.   

To determine cell occupancy in different sized cocoons, samples were placed into 

a chamber slide and imaged using a confocal microscope (Zeiss LSM 880) with a 10X 

objective lens. The number of cells in each cocoon (or free cells) was counted in image 

J; >200 individual cocoons were counted from three different samples.       

4.4.4 Cell Viability, Migration Assay and Cytokine profile 

To monitor viability, cocooned cells were plated on a fibronectin coated chamber 

slide (ThermoFisher) and were labeled with live/dead stain (ThermoFisher) at 1, 24, 48h 

post-encapsulation. Cocooned cells were gown in 1% serum CEM and 5% Oxygen. A 

minimum of 5 random field images were acquired using a 10X objective lens on the Zeiss 

LSM 880 confocal microscope. The number of viable cells in the cocoons were counted 

in Image J software. To measure the rate of cell extravasating the cocoon, the number of 

viable cells inside and outside of the cocoons were counted (Image J) at the different time 

points and was represented as the percentage of cell migrating out of cocoons.  

 To determine the cell to cocoon volume ratio, EDC diameter was estimated as ~20 

µm. Both cells and cocoons were assumed to be spherical in geometry based on detailed 

z-stack images from confocal microscopy.317 The spherical volume of cocoon and EDC 

was calculated using the formula volume=4/3π(radius)3. Cell to cocoon volume ratio was 

calculated by dividing cell volume with cocoon volume. To account for differences in cell 

occupancy, the volume ratio was calculated for cocoons containing 1,2,3 or 4+ cells and 

the weighted average of cell-to-cocoon volume ratio was calculated:   
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𝑊𝑉𝑅 =  
[(𝑂1)(𝑅1)]1 cell +  [(𝑂2)(𝑅2)]2 cells + ⋯ +  [(𝑂n)(𝑅n)]n cells

(𝑂1 + 𝑂2 + ⋯ + 𝑂n)
   

WVR = weighted cell to cocoon volume ratio  

𝑂 = percentage of cocoons occupied with 1, 2, 3, 4, or n number of cells  

𝑅 = cell to cocoon volume ratio for cocoons occupied with 1, 2, 3, 4, or n number of cells 

The relative abundance of cytokines within conditioned media was measured using 

a Proteome Profiler Array capable of detecting 105 cytokines (Human XL Cytokine Array 

Kit; R&D Systems). Conditioned media was obtained from MF90 cocooned EDCs after 

48 h culture in 0.5% serum and 1% oxygen– conditions designed to mimic ischemic 

myocardium. Cell-cell interactions was blocked using anti-N-Cadherin antibody (C2542; 

Sigma) and anti-E/P-Selectin antibody (BBA1; R&D Systems).322 Briefly, prior to 

cocooning, EDCs were incubated for 1h with 10 µg/mL of anti-E/P-Selectin antibody and 

40 µg/mL of anti-N-Cadherin antibody. Post-cocooning, an additional 5 µg/mL of anti-E/P-

Selectin and 20 µg/mL of anti-N-Cadherin was added to the media.   

4.4.5 Myocardial Infarction, Cell Injection, and Functional Evaluation  

The effect of cocoon size on human EDC retention and post infarct repair was 

investigated in a series of male non-obese diabetic severe combined immunodeficient 

(NOD SCID, Charles River) mice (6-8 weeks old, average weight of 22.5±0.2 g) under a 

protocol approved by the University of Ottawa Animal Care Committee. Animals were 

injected with buprenorphine, sustained-release formula (1.2 mg/kg; subcutaneous) and 

meloxicam (0.2 mg/kg) 1 hour prior to surgery, and then meloxicam once daily thereafter 

for 2 more days. All animals underwent surgical ligation of the left coronary artery (LC). 
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During surgery and echocardiographic assessment, mice were anesthetized with 

isoflurane (2-3%), intubated (not intubated for echos) and maintained under physiologic 

temperature control (37˚C). Immediately after surgery, animals were placed in a 30˚C 

incubator with supplemental oxygen and moistened food to recover. Once animals 

returned to physiological state, they were returned to their normal holding room. All 

animals were housed in Techniplast ventilated cages with at least bi-weekly cage 

changes and were given food and water ad libitum. The food is supplied by Envigo 

(irradiated #2019 extruded chow) and the water is autoclaved and prepared on site. The 

overhead lighting in the holding room was alternated every 12 hours between light and 

dark cycles. A University of Ottawa Animal Care Technician monitored animals at least 

twice daily for 3 days post surgery and then at least once per day until the end of the 

study. One week after LC ligation, mice were randomized to receive echocardiographic 

guided injection of 100 000 EDCs in suspension, 100 000 vortex cocooned EDCs, 100 

000 microfluidic encapsulated EDCs in cocoon size of 90, 70, or 50 µm, or equivalent 

volume of phosphate-buffer saline. The effect of cell therapy on cardiac function was 

evaluated in the remaining animals using echocardiography (VisualSonics V1.3.8, 

VisualSonics) 14 and 21 days after cell or vehicle injection. At the end of the study, mice 

were sacrificed by cervical dislocation once the animal were anesthetized (2-3% 

isoflurane anesthesia) and displayed absence of withdrawal reflex to toe pinch. 

Investigators were blinded to animal’s treatment group when conducting experiments and 

analyzing data.   
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4.4.6 Viral Packaging and Transduction 

The third-generation packaging system was used to construct lentivirus 

(Addgene). Briefly, 293T human embryonic kidneys (HEK; Clontech) cells were 

transfected using lipofectamine 2000 (Invitrogen) with packaging plasmids, envelope 

plasmid, and transfer plasmid containing gene of interest i.e., firefly luciferase (Supporting 

Information Figure S20). Lentivirus was harvested at 48 and 72 h after transfection and 

concentrated using Lenti-X concentrator (Clontech) as per manufacture’s protocol.  

The lentivirus concentration was determined by qPCR of viral gene (IDT primer); 

(LV2 forward primer: 5’-ACCTGAAAGCGAAAGGGAAAC-3’; LV2 reverse primer: 5’-

CACCCATCTCTCTCCTTCTAGCC-3’). Briefly, the HEK 293T cells were transduced and 

grown for 72 h followed by genome DNA was extracted (DNeasy kit, Qiagen). To quantify 

stably integrated lentivirus genes in the genomic DNA by qPCR and standard curve was 

created using plasmids containing lentiviral genes.  

         For EDC transduction, cells were first treated with 0.8 µg/ml polybrene (Sigma) 

for 10 mins followed by the addition of lentivirus. Cells were allowed to recover for at least 

48 h. Stably expressing transgenic EDCs were further selected by a 24 h treatment of 2 

µg/ml puromycin. The amount of puromycin need for selection was determined 

empirically, i.e. the concentration at which ~100% of non-transduced were killed after 24 

h (see Supporting Information Figure S20). The multiplicity of infection (MOI) needed to 

achieve maximal transduction efficiency was determined by measuring the luciferase 

activity in transduced cell (Supporting Information Figure S20). Briefly, 48 h after 

puromycin selection, EDCs were lysed, mixed with luciferase assay reagents (Promega), 

and the light generated by the reaction was measured by a luminometer.            
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4.4.7 Bioluminescent Imagining for In Vivo Cell Tracking   

After Viral transduction and puromycin selection, cells were allowed to recover for at 

least 48 h. Hundred thousand suspended, MF50, or MF90 cocooned transgenic EDCs 

were delivered intramyocardially into NOD SCID mice 1-week post-infarction. One day 

after cell injection, mice were anesthetized with isoflurane (2-3%) followed by 

intraperitoneal injection of d-luciferin sodium salt (Gold Biotechnology) with a dose of 

150mg/kg. Mice were than transferred into the IVIS Spectrum (PerkinElmer), maintained 

under the anesthesia, and bioluminescent images were acquired every 5 mins until signal 

emission reached peak or plateaued (typically occurred within 20-40 mins); mice were 

kept under anesthesia for no longer than 1 h. Images from peak signal were analyzed 

with Living Image software V3.2 (PerkinElmer) and the total photon flux was reported.   

As shown in Supporting Information Figure 20, both colorimetric dehydrogenase 

assay (measured after 24 h) and quantification of genomic DNA demonstrated that we 

injected equal amounts of cells into the hearts therefore, eliminating the possibility that 

the differences in the bioluminescent signal intensity might be the result of injecting 

different number of cells.  

4.4.8 Histology 

After the final assessment of myocardial function, the remaining hearts were 

excised, fixed with 4% paraformaldehyde, embedded in optimal cutting temperature 

compound and sectioned. Scar size and tissue viability within the infarct zone was 

calculated from Masson’s trichrome stained sections; lung tissue, pericardium, and 

pooled blood in the ventricles were carefully removed prior to quantification using Image 

J.222,264,295,329,330 Infarct vascularization was evaluated using isolectin B4 (B-1205, Vector 
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Laboratories); random field images were acquired using Zeiss Axio Observer A1 

microscope.   

To evaluate the effects of encapsulation on endogenous repair, a series of NOD 

SCID mice were injected with 5-bromo-2'-deoxyuridine (BrdU; 100 mg/kg intra-peritoneal; 

ThermoFisher) once daily for 7 days after intra-myocardial injection of EDCs or vehicle. 

Twenty-one days after EDC or vehicle injection, mice were sacrificed, and hearts were 

sectioned for immunohistochemical analysis of BrdU (ab6326; Abcam) co-segregation 

with cTnT. Wide-field fluorescent images were acquired using the Zeiss Axio Observer 

A1 microscope. To confirm that BrdU was truly present in the nucleus (co-localized 

stained with DAPI), z-stack images were acquired using a 63X oil objective lens on the 

Zeiss LSM 880 confocal microscope. The z-stacks were acquired with slice thickness of 

1 µm, for a total of 10-11 slices, and were reconstructed into a 3-dimenstional image using 

ZEN 2.3 (blue edition) software.   

4.4.9 Statistical Analysis  

All data is presented as mean ± SEM.  To determine if differences existed within 

groups, data was analyzed by a one or two-way ANOVA, as appropriate.  In all cases, 

variances were assumed to be equal and normality was confirmed prior to further post-

hoc testing. If differences existed, Sidak’s or Tukey’s corrected t-test was used to 

determine the group(s) with the difference(s) (Prism v6). Differences in categorical 

measures were analyzed using Fischer’s exact test. A final value of P≤0.05 was 

considered significant for all analyses. 
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Chapter 5 
 

5.0 Discussion 

In these studies, we focused on improving the NPG cocooning technology to enhance 

cell-mediated repair of ischemia injured hearts. Overall, we investigated two key cocoon 

physical properties, namely NPG content and cocoon size. In the first study, we found 

that increasing NPG agarose concertation from 2 to 3.5% drastically increased capsule 

stiffness with knock-on benefits towards cell viability, motility, and paracrine output. These 

effects increased cardiac function by promoting the formation of new blood vessels and 

myocytes while also limiting scar expansion. Interestingly, benefits occurred despite 

capsule NPG concentration having no detectable effect on the long-term retention of 

transplanted cells; suggesting that transplant outcomes are more dependent on exposure 

to a potent paracrine cell product rather than simply increasing the number of cells 

retained.   

It follows that, the physical properties of the microenvironment likely play a 

fundamental role in dictating cell activity and that the outcome of cell injection is not solely 

dependent on specific characteristics of the cells (i.e., contractility, formation of cell-cell 

junctions, the ability to degrade and remodel the extracellular matrix) but instead on a 

dynamic interaction between cocooned cells and extracellular factors. Stiffness and mesh 

size in particular have proven to be critical parameters that influence cell function in 

normal and pathological conditions.331-333 For example, increasing stiffness in lung fibrotic 

lesions plays an important role in progressive pulmonary fibrosis through regulation of 

fibroblast migration and accumulation.280 Mechanistically, changes in cytokine and 
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exosome production/cargo can be attributed to increased traction (and membrane 

stretching) applied on cocooned cells as integrins pull on the ECM imbedded throughout 

the rigid 3.5% NPG capsules;331,334,335 an observation reflecting prior work exploring the 

effects of matrix elasticity/stiffness on cytokine production by hematological cells.284,285,336  

Both IL-6 and bFGF enhance cardiac function after ischemic injury by reducing apoptosis 

and increasing the generation of new cardiomyocytes or blood vessels.305,306,337  Thus, 

increasing production of nanovesicles rich in transcripts associated with proliferation,259 

development338 and cell migration339 likely provided additive paracrine stimulation.  

Interestingly, treatment with either suspended or 2% NPG cocooned cells had 

equivalent effects on myocardial function despite a marked increase both acute and long-

term cell engraftment (4±1 and 18±4 fold greater, respectively). This observation 

suggests that cell-mediated effects on endogenous repair are maximized and further 

increases, in the absence of an expanded paracrine repertoire, may not be possible. It 

follows that boosting the engraftment of a cell product with a restricted paracrine 

repertoire, solely reliant on indirect cardiac repair, would have no further benefits once a 

threshold cell dose had been reached. Only broadening the paracrine repertoire of these 

cells through biomaterial interactions, genetic engineering,295,297 or inductive pre-

treatment strategies233,340,341 can hope to improve cell treatment outcomes once sufficient 

cells have been administered. These observations may help to explain the clinical failure 

(to date) of autologous cell products as accumulating medical comorbidities significantly 

restrict the paracrine signature of all adult stem cells.307,342 Given that only ~10 cells/mg 

of myocardium (or 1,320 cells total engrafted cells) are found 21 days after injection, it is 

unrealistic to expect that this small number would have any meaningful contribution to 
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myocardial function. Although, it is unclear how many cells need to engraft for 

differentiation of cardiomyogenic cell products (i.e., cardiac-derived or pluripotent stem 

cells) to have any impact on cardiac function. Finally, the impact of intracapsular cell 

number and variable cocoon size may influence the regenerative performance of cells 

and while these variables cannot be altered using vortex technology this represented an 

intriguing avenue for our next study.   

In study 2, a MF-based means of encapsulating EDCs within NPG cocoons was 

developed to explore the influence of cocoon size and occupancy on EDC-mediated 

repair of ischemic myocardium. Unlike standard vortex-based cocooning, MF 

encapsulation enhanced: 1) cocooning throughput with ~2 fold more cells retrieved, 2) 

control over cocoon occupancy/size, and 3) injectate purity as MF encapsulation required 

~30 fold less oil.  When the effect of vortex cocooned EDCs on ischemic myocardium was 

compared to EDCs within similar MF encapsulated cocoons (i.e., 70 µm diameter vs. 

MF70), comparable gains in cardiac function and scar burden were realized.  Increasing 

cocoon diameter enhanced cell-mediated repair of ischemic injury by slowing clearance 

and enhancing the paracrine signature of transplanted cocooned cells. 

The importance of slowing clearance of transplanted cells is debatable.  Previously, 

we have shown that, while increasing cocoon density improves cells mediated repair of 

ischemic myocardium, these benefits occurred despite capsule NPG content having no 

detectable effect on the long-term retention of transplanted cells. Thus, suggesting that 

transplant outcomes are dependent on exposure to a potent paracrine cell product rather 

than simply increasing the number of cells retained. It follows that cell-cell interactions 

which are increased in large diameter cocoons may play an important role in regulating 



105 
 

the ‘stemness’ and paracrine activity of MF90 EDCs.69,321,343  The EDC literature supports 

this notion as culture within multicellular spheroids (cardiospheres) to recapitulate the 

stem cell niche environment simulates the formation of interconnected networks via gap 

junctions (connexin 43) and cell-cell adhesion molecules (E-selections).77,321,344 

Cardiosphere conditions promote the expression of multipotent (Nanog, SOX2), stem-cell 

(Telomerase), cytokine (IGF-1, VEGF) and adhesion (integrin-α2, laminin-β1, 

procollagen, E-selectins) transcription factors with reduced expression after cardiosphere 

dissociation into single cells or cell-cell contact inhibition.344 Unlike single cell 

transplantation into infarcted hearts, spheroids demonstrate increased resistance to 

oxidative stress with improved paracrine stimulation of endogenous repair. Collectively, 

these studies underscore the importance of cell-cell interactions in the regulation stem 

cell function and highlight the need to incorporate these concepts within the design of 

biomaterial technologies. Here we demonstrated that encapsulating multiple cells in 

cocoons is important for cell-cell contact which enhances the secretion of pro-healing 

cytokines. Inhibiting cell-cell contact using blocking antibodies for N-Cadherins and E/P-

Selectins (both expressed on EDCs surface321) diminished the production pro-healing 

cytokines and promoted the expression of inflammatory cytokines. Given that EDCs are 

composed of a heterogeneous cell population, the role of cell-cell contact in individual cell 

type remains unclear.    

 These studies have several important limitations that include the use of an immune 

deficient recipient that may limit immune clearance of cells. While this approach provides 

a relatively easy means of demonstrating “proof of principle” using cells sourced from 

patients possibly in need of future cell therapy, clinical translation will require proof in 
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autologous immunocompetent models to establish the additive benefit of encapsulation. 

Given that cardiac derived progenitor cells are immune-invasive, we suspect that cardiac 

gains will be similar in immunocompetent animals as demonstrated in previous 

studies.82,345 Furthermore, when extrapolating AFM data one should account for the 

experimental limitations such as cantilever, frequency, and scanned area.346 The timing 

of cell delivery also represents an important limitation as the benefits conferred by an 

enhanced paracrine profile may not be realized when cells are administered to an 

extensively scarred and remodelled myocardium rather than newly damaged or stunned 

tissue. Recent work has shown that direct cell-to-cell contact plays a role in the benefits 

seen after cardiac-derived cell delivery.185,347 As such, more work is needed to dissect 

the important kinetic relationship between transplanted cell membrane exposure to 

injured myocytes and contact mediated salvage of reversibly damaged cells. One must 

also consider the limitation of luciferase reporter gene when interpreting in vivo cell 

tracking.348 The quenching and scattering of light as it passes though deep tissue and 

chest wall make it difficult to detect less than 10000 retained cells;15,348 although the 

physiological importance of less than 1% of the initial injectate is debatable. In our studies, 

cocooned-cells were primarily delivered intramyocardially because short-term cell 

retention has shown to be superior to IC delivery (see Chapter 1.5 and 1.9 for more 

details). It is possible that IC delivery may have resulted in greater cell retention due to 

entrapment of large cocooned cells in the small coronary micro-vessels but, this risks 

further myocardial damaged by occluding blood flow.      

Although agarose NPG biomaterials can augment cell-based regenerative therapies, 

macrophage and foreign body giant cells mediated immune reactions to injected material 
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(i.e., foreign body reactions) can have unintended consequences.349 The magnitude of 

inflammatory response depends on the size, shape, charge and how closely the material 

mimics natural tissue composition.350 Although negatively charged polymers (like 

agarose) are less likely than positively charged polymers to induce a foreign body 

reaction, subcutaneous implant of high concentration agarose induces new vessel and 

fibrous tissue formation rich in neutrophils.351,352 Given these limitations, we identified 

hyaluronan hydrogels as an excellent alternative to cocooning EDCs because:  

1) The glycosaminoglycan component of the extracellular matrix is present in all 

connective tissues especially the heart.353 

2) It is highly expressed in embryonic and adult stem cells niches.354 

3) Increases transplanted cell viability in diverse target tissues such as adipose tissue, 

brain, and myocardium.234,355-357  

4) Promotes repair of injured myocardium by transplanted human cardiac stem cells.234,357 

5) It is biodegradable, biocompatible, with minimal activation of immune repose.358,359  

6) Hydrogel degradation products that promote angiogenesis.360  

7) Used in clinical practice for treating of osteoarthritis, burn wounds and provides surgical 

aid for abdominal or ophthalmological procedures.361-364    

Hystem-C (Sigma) is a commercially available hyaluronan-based hydrogel that is 

crosslinked using thiol-reactive poly(ethylene glycol) diacrylate and covalently linked to 

thiolated collagen. The biomaterial is chemically-defined and nonimmunogenic while the 

collagen is porcine derived.365 Given that Hystem-C system has also been shown to 



108 
 

enhance myocardial repair by cardiac stem cells,234,357 it is an excellent candidate for 

cocooning EDCs using the microfluidic platform.  

The implications of these studies on the future design of NPG for cell transplantation 

are evident as the reductionist agarose platform demonstrates not only is the cell:NPG 

contact important for cell-treatment outcomes but physical cues from the NPG, size of the 

cocoons, and cell-cell interaction play pivotal roles in guiding cell phenotype, and 

ultimately their regenerative potency. Hence, our work illustrates how deterministic 

nanostructural properties (such as porosity and stiffness) and macroscopic properties 

(such as cocoon size) dictate the regenerative properties of microsized structures.260 

Exciting avenues for future exploration include designing a microfluidic device that 

embeds or coats the surface of the cocoons with responsive polymers whose properties 

change in response to alterations in physiological pH, physical stress, or specific enzyme 

degradation (MMP for instance). Finally, optimization of the microfluidic device to perform 

multiple encapsulation in parallel will production of large dosages of cocooned cells 

necessary to carry out experiments in more clinically relevant large animal models (such 

as swine modeling ischemic cardiomyopathy).     
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Chapter 6 

6.0 Supporting Information 

Table S1. Advantages of agarose NPG. 

Biocompatibility 

• MSC encapsulated in composite agarose gel produced a week immune reaction 

after intramyocardial injection.278  

• Compared to other biomaterials (e.g. hyaluronan or collagen), subcutaneous 

injection of agarose scaffold elicited a reduced immune response.366  

• Use in humans for cosmetic lip augmentation and showed great compatibility 

over 3 years.367        

• Phase I/II clinical trial used a composite cellular agarose scaffold to create an 

artificial cornea for treating advanced corneal trophic ulcers (NCT01765244).368 

• Used as a scaffold for cartilage regeneration in preclinical,369,370 and phase II 

clinical371 studies.  

• Supports motor axon regeneration.372 

• Phase II clinical trial using agarose beads containing mouse renal 

adenocarcinoma cells to treat patients with advanced colorectal cancer 

(NCT02046174).  

Simplicity of encapsulation 

• Gelation is controlled by temperature. 
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• Gelation does not require cytotoxic cross-linkers (e.g. collagen or hyaluronan 

gels), pH neutralization (e.g. collagen gels), enzymatic proteolytic cleavage (e.g. 

fibrin gels), or metal ions (e.g. Calcium for alginate gelation) that may harm 

cardiomyocytes.   

Immuno-protective 

• Agarose scaffold are shown to protect cells (e.g. pancreatic islets cells) from 

immune rejection.373 This is especially important for allogenic or xenografts (i.e. 

humans to animals in preclinical studies) cell therapy.     

Ease of controlling physical properties 

• Can control matrix stiffness and pore size by simply altering agarose 

concentration.   

Cost effective  

Compatible with various cell types 

• Mesenchymal cells265,278 

• Explant-derived cardiac stem cells136,317 

• Neuronal cells374  

• Chondrocytes273 
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Table S2. Study 1: Echocardiographic measurements of left ventricle dimensions 

and function. 

 

*p<0.05 vs. suspended EDCs; †p<0.05 vs. 2% encapsulated EDCs; #p<0.01 vs. vehicle; 

$p<0.05 vs. 2 and 3.5% empty capsules.   

 

  
3.5% NPG 

cocooned EDCs 
(n=10) 

2% NPG 
cocooned 

EDCs (n=9) 

Suspended 
EDCs (n=9) 

Vehicle 
(n=9) 

3.5% empty 
capsules 

(n=6) 

2% empty 
capsules 

(n=6) 

Days post 
LCA 
ligation: 

+7 +28 +7 +28 +7 +28 +7 +28 +7 +28 +7 +28 

Left 
Ventricular 
End 
Diastolic 
Volume 
(µl) 

56±3 64±4 67±3 77±4 64±7 75±10 71±5 82±6 58±5 60±4 55±1 58±4 

Left 
Ventricular 
End 
Systolic 
Volume 
(µl) 

39±3 37±3# 47±3 51±3 47±6 50±8 51±5 63±7 41±4 43±4 38±1 41±3 

Stroke 
Volume 
(µl) 

17±1 27±1#$ 19±1 27±2#$ 21±1 26±2#$ 20±1 18±1 17±1 17±1 17±1 17±1 

Fractional 
Area 
Change 
(%) 

19±1 26±1*†#$ 16±1 21±1# 18±1 20±1# 16±1 14±2 18±1 17±1 19±1 18±1 

Left 
Ventricular 
Ejection 
Fraction 
(%) 

31±1 43±2*†#$ 29±2 35±2# 32±1 35±5# 29±2 24±3 30±1 30±1 31±1 29±1 
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Table S3. Top 20 miRNAs present in EDC secreted nanovesicles regulating 

angiogenesis, fibrosis, cardiomyocyte proliferation and apoptosis. 

Name Biological role 

hsa-miR-23a-3p Promotes CM proliferation375 

hsa-miR-125b-5p Protects against p53 mediates CM apoptosis and protects 
MSCs from anoikis376 

hsa-let-7b-5p Protects transplanted MSCs from apoptosis377  

hsa-miR-199a-3p+hsa-
miR-199b-3p 

Promotes adult CM to enter cell-cycle378 

hsa-miR-21-5p Protects CM from oxidative stress-related apoptosis379 

hsa-miR-130a-3p Involved in promoting blood derived endothelial progenitor cell 
angiogenesis380 

hsa-miR-29b-3p Regulates fibrotic response of fibroblast381  

hsa-miR-146a-5p Antiapoptotic and cardiomyogenic259 

hsa-miR-22-3p Regulates cardiac fibrosis382 

hsa-miR-126-3p Promotes angiogenesis380,383 

hsa-miR-93-5p Protects against ischemia-reperfusion injury induced CM 
apoptosis384  

hsa-miR-125a-5p Promotes M2-type (anti-fibrotic) macrophage phenotype385 

hsa-let-7g-5p Protects against hypoxia induced CM apoptosis386 

hsa-miR-222-3p Protect against adverse cardiac remodeling and dysfunction387 

hsa-miR-378d Promotes MSC survival and vascularization under hypoxic-
ischemic conditions. Also promote cardiac-derived stem cell 
survival through Akt/FAK/CTGF signaling pathway.388 

hsa-miR-132-3p Promotes cardiac repair (boosts angiogenesis, reduces 
fibrosis, and enhances cardiac functional)389 

hsa-miR-23b-3p Promotes CM proliferation375  

hsa-miR-24-3p Protects against CM apoptosis390 

hsa-miR-873-3p Inhibit RIPK1/RIPK3-mediated necrotic cell death in CMs391 
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hsa-miR-199a-5p Promote CM proliferation392 

 

CM=cardiomyocytes. 

 

Table S4. Comparing miRNA expression in nanovesicles isolated from cocooned 

and adherent EDCs.      

Name p-adjusted p-value log2 

(Fold change) 

Upregulated 3.5% vs. ADH    

hsa-miR-28-5p 1.05E-06 2.29E-09 8.35 

hsa-miR-145-5p 1.05E-06 2.62E-09 8.32 

hsa-miR-423-5p 1.57E-06 5.85E-09 8.11 

hsa-miR-424-5p 2.06E-06 1.03E-08 7.97 

hsa-miR-376c-3p 3.52E-06 2.34E-08 7.76 

hsa-miR-642a-3p 3.52E-06 2.63E-08 7.73 

hsa-miR-432-5p 4.58E-06 4.00E-08 7.62 

hsa-miR-337-5p 6.22E-06 6.19E-08 7.51 

hsa-miR-148b-3p 1.64E-05 1.84E-07 7.22 

hsa-miR-136-5p 3.91E-05 6.34E-07 6.89 

hsa-let-7c-5p 7.68E-05 1.38E-06 6.67 

hsa-miR-140-5p 8.30E-05 1.65E-06 6.62 

hsa-miR-29a-3p 1.85E-05 2.31E-07 6.06 

hsa-miR-374a-5p 2.13E-05 2.92E-07 5.93 

hsa-miR-154-5p 1.09E-03 2.99E-05 5.79 

hsa-miR-323a-3p 2.49E-03 8.68E-05 5.45 
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hsa-miR-19b-3p 2.77E-03 1.00E-04 5.41 

hsa-miR-29b-3p 7.68E-05 1.43E-06 5.39 

hsa-miR-222-3p 1.66E-04 3.52E-06 5.38 

hsa-miR-377-3p 4.03E-03 1.56E-04 5.27 

hsa-miR-15a-5p 2.67E-04 6.31E-06 5.2 

hsa-miR-151a-3p 5.14E-03 2.11E-04 5.17 

hsa-let-7i-5p 3.02E-04 7.52E-06 5.06 

hsa-miR-127-3p 2.67E-04 6.12E-06 5.04 

hsa-miR-148a-3p 7.82E-03 3.41E-04 5 

hsa-miR-20a-5p+hsa-miR-20b-5p 1.06E-02 4.76E-04 4.89 

hsa-miR-199a-5p 1.46E-03 4.92E-05 4.84 

hsa-miR-106a-5p+hsa-miR-17-5p 1.65E-02 8.03E-04 4.71 

hsa-miR-382-5p 1.17E-03 3.36E-05 4.66 

hsa-miR-376a-3p 1.17E-03 3.49E-05 4.51 

hsa-miR-1915-3p 3.32E-02 1.69E-03 4.43 

hsa-miR-379-5p 4.30E-02 2.52E-03 4.28 

hsa-miR-4516 5.14E-03 2.09E-04 4.04 

hsa-miR-495-3p 6.13E-03 2.60E-04 3.89 

hsa-miR-337-3p 4.27E-02 2.45E-03 3.78 

hsa-miR-181a-5p 1.28E-02 5.89E-04 3.66 

hsa-miR-130a-3p 2.52E-02 1.26E-03 3.36 

hsa-miR-574-3p 4.26E-02 2.36E-03 3.36 

hsa-miR-22-3p 4.26E-02 2.24E-03 3.21 

hsa-miR-543 4.26E-02 2.32E-03 3.19 

hsa-miR-25-3p 4.26E-02 2.39E-03 3.17 

hsa-miR-199a-3p+hsa-miR-199b-3p 4.81E-02 2.87E-03 3.06 

Downregulation 3.5% NPG vs. ADH   
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hsa-miR-4286 3.65E-03 1.37E-04 -4.68 

hsa-miR-626 1.40E-02 6.62E-04 -4.57 

Upregulation 2% NPG vs. ADH   

hsa-miR-145-5p 1.75E-10 2.18E-13 9.42 

hsa-miR-28-5p 4.89E-08 1.22E-10 8.19 

hsa-miR-376c-3p 1.24E-07 4.62E-10 7.92 

hsa-miR-19b-3p 3.91E-07 3.91E-09 7.47 

hsa-miR-423-5p 7.20E-07 9.87E-09 7.28 

hsa-let-7c-5p 1.36E-06 2.03E-08 7.12 

hsa-miR-148b-3p 2.78E-06 4.85E-08 6.93 

hsa-miR-218-5p 2.78E-06 4.85E-08 6.93 

hsa-miR-140-5p 3.18E-06 5.93E-08 6.89 

hsa-miR-222-3p 2.42E-07 1.20E-09 6.47 

hsa-miR-15b-5p 1.76E-05 4.38E-07 6.44 

hsa-miR-1915-3p 1.89E-05 4.94E-07 6.41 

hsa-miR-29a-3p 2.80E-07 2.09E-09 6.31 

hsa-miR-374a-5p 2.80E-07 1.95E-09 6.23 

hsa-miR-15a-5p 3.91E-07 4.38E-09 6.18 

hsa-let-7d-5p 4.24E-05 1.37E-06 6.17 

hsa-miR-575 6.79E-05 2.37E-06 6.04 

hsa-miR-29b-3p 3.91E-07 3.47E-09 5.96 

hsa-miR-136-5p 1.76E-04 6.57E-06 5.79 

hsa-miR-424-5p 1.98E-04 7.66E-06 5.75 

hsa-miR-337-5p 3.04E-04 1.23E-05 5.63 

hsa-miR-20a-5p+hsa-miR-20b-5p 4.90E-04 2.38E-05 5.45 

hsa-miR-199a-5p 2.39E-05 6.55E-07 5.4 

hsa-let-7i-5p 9.45E-06 1.88E-07 5.28 
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hsa-miR-377-3p 8.54E-04 4.78E-05 5.27 

hsa-miR-379-5p 8.54E-04 4.78E-05 5.27 

hsa-miR-30d-5p 9.80E-04 5.73E-05 5.22 

hsa-miR-99b-5p 4.24E-05 1.36E-06 5.06 

hsa-miR-23b-3p 2.72E-05 7.80E-07 5.04 

hsa-miR-126-3p 3.88E-05 1.16E-06 5.01 

hsa-miR-181a-5p 1.60E-05 3.59E-07 4.97 

hsa-let-7g-5p 4.79E-05 1.61E-06 4.92 

hsa-miR-342-3p 1.23E-03 7.64E-05 4.74 

hsa-miR-361-5p 9.96E-04 5.95E-05 4.68 

hsa-miR-29c-3p 8.48E-03 6.44E-04 4.5 

hsa-miR-125a-5p 1.44E-04 5.21E-06 4.47 

hsa-miR-199b-5p 3.04E-04 1.25E-05 4.32 

hsa-miR-26a-5p 2.80E-03 1.88E-04 4.27 

hsa-miR-574-3p 6.78E-04 3.46E-05 4.15 

hsa-miR-127-3p 4.72E-04 2.23E-05 4.12 

hsa-miR-16-5p 4.18E-04 1.82E-05 4.07 

hsa-miR-376a-3p 4.65E-04 2.14E-05 4.07 

hsa-miR-130a-3p 4.18E-04 1.79E-05 4.02 

hsa-miR-93-5p 7.08E-04 3.70E-05 4.01 

hsa-let-7a-5p 4.53E-04 2.03E-05 3.98 

hsa-miR-382-5p 1.25E-03 7.91E-05 3.92 

hsa-miR-4516 1.09E-03 6.67E-05 3.86 

hsa-miR-337-3p 1.13E-02 8.69E-04 3.83 

hsa-miR-25-3p 8.63E-04 4.94E-05 3.82 

hsa-miR-320e 7.53E-04 4.03E-05 3.79 

hsa-miR-21-5p 1.96E-03 1.27E-04 3.53 
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hsa-miR-27b-3p 2.35E-03 1.55E-04 3.51 

hsa-miR-24-3p 3.26E-03 2.23E-04 3.48 

hsa-miR-34a-5p 5.66E-03 4.10E-04 3.29 

hsa-miR-22-3p 1.39E-02 1.12E-03 3.02 

hsa-miR-199a-3p+hsa-miR-199b-3p 1.26E-02 9.91E-04 2.98 

hsa-let-7b-5p 1.56E-02 1.30E-03 2.91 

hsa-miR-100-5p 1.56E-02 1.32E-03 2.9 

hsa-miR-495-3p 2.01E-02 1.75E-03 2.89 

hsa-miR-630 2.93E-02 2.59E-03 2.74 

hsa-miR-125b-5p 4.62E-02 4.26E-03 2.56 

Downregulation 2% NPG vs. ADH   

hsa-miR-585-3p 2.96E-02 2.69E-03 -3.82 

hsa-miR-6721-5p 1.56E-02 1.28E-03 -4.28 

hsa-miR-184 4.82E-03 3.36E-04 -4.71 

hsa-miR-548e-5p 8.48E-03 6.44E-04 -4.5 
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Table S5. Comparing miRNA expression in nanovesicles isolated from EDCs 

cocooned in 3.5% and 2% NPG capsules.  

Name p-adjusted P-value Log2 

(Fold change) 

Upregulated 3.5% vs. 2%    

hsa-miR-154-5p 7.78E-03 2.12E-05 5.79 

hsa-miR-432-5p 1.83E-02 1.63E-04 4.21 

Downregulated 3.5% vs. 2%    

hsa-let-7a-5p 1.83E-02 1.82E-04 -3.82 

hsa-miR-15b-5p 1.30E-02 8.01E-05 -4.81 

hsa-miR-26a-5p 2.10E-02 2.36E-04 -4.57 

hsa-miR-23b-3p 3.41E-03 4.24E-06 -5.13 

hsa-miR-30d-5p 1.83E-02 1.39E-04 -5.22 

hsa-miR-342-3p 1.30E-02 8.12E-05 -5.17 

 

 

 

 

 

 

 

 



119 
 

Table S6. Study 1: Summary of patient characteristics.   

 Atrial Appendage donors 

(n=19) 

Age (yrs) 64±2 

BMI (kg/m2) 31±2 

Sex (%male) 74% 

  

Diabetes  42% 

Hypertension 90% 

Dyslipidemia  68% 

Ongoing smoking 26% 

Thyroid disease 17% 

Peripheral vascular 
disease 

21% 

  

Coronary artery 
disease 

79% 

History of MI 42% 

Valvular heart disease 74% 

Congestive heart 
failure 

21% 

  

NYHA class 1.4±0.2 

LV Ejection Fraction 
(%) 

44±4 

CCS class 2.1±0.5 

Creatinine (µmol/L) 100±11 

Hemoglobin A1c 6.2±0.3 
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BMI= Body Mass Index; MI= Myocardial infarction; NYHA= New York Heart Association; 

LV= Left ventricle; CCS= Canadian Cardiovascular Society; ACEI= Angiotensin-

converting enzyme inhibitor; ARB= Angiotensin receptor blocker; Error corresponds to 

standard error mean. 

 

 

 

 

 

 

 

 

 

  

Medications:  

Anti-platelet therapy 90% 

Beta-blocker 79% 

Statins 74% 

ACEI or ARB 74% 
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Table S7. Study 2: Echocardiographic measurements of left ventricle dimensions 

and function. 

 Vx 

(n=9) 

MF70 

(n=10) 

MF50 

(n=9) 

MF90 

(n=10) 

Sp 

(n=8) 

Vehicle 

(n=10) 

Days Post 
LCA ligation 

+7 +28 +7 +28 +7 +28 +7 +28 +7 +28 +7 +28 

Left 
Ventricular 

End 
Diastolic 

Volume (µl) 

623 755 574 635 614 655 623 747 614 706 684 814 

Left 
Ventricular 

End 
Systolic 

Volume (µl) 

442 495 404 
425

* 
433 444 453 466 444 496 483 624 

Stroke 
Volume (µl) 

 

174 
261

** 
171 222 181 211 

16.5

0.4 
282
***†# 

171 211 201 191 

Fractional 
Area 

Change (%) 
171 

221
** 

181 
222
*** 

181 
191

* 
161 

24±2
**** 

171 192 171 131 

Left 
Ventricular 

Ejection 
Fraction (%) 

282 
352

** 
312 

352
** 

312 
332

* 
272 

402
**** 

292 323 291 231 

 

*p<0.05, **p<0.01 ***, p<0.001, ****p<0.0001 vs. vehicle; †p<0.01 vs. MF70;   #p<0.01 

vs. MF50; $p<0.01 vs. Sp. Error corresponds to standard error mean. Sp= Suspended 

EDCs; Vx= Vortex cocooned EDCs; MF= Microfluidic cocooned EDCs; Vehicle= 

Phosphate-buffered saline 
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Table S8. Study 2: Summary of patient characteristics.   

 Atrial Appendage donors  

(n=22) 

Age (yrs) 67±2 

BMI (kg/m2) 31±2 

Gender (%male) 77% 

  

Diabetes 36% 

Hypertension 86% 

Dyslipidemia  73% 

Ongoing smoking 27% 

Thyroid disease 14% 

Peripheral vascular 
disease 

23% 

  

Coronary artery disease 82% 

History of MI 46% 

Valvular heart disease 68% 

Congestive heart failure 18% 

  

NYHA class 1.6±0.2 

LV Ejection Fraction (%) 45±4 

CCS class 2.5±0.4 

Creatinine (µmol/L) 99±10 

Hemoglobin A1c 6.2±0.3 
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BMI= Body Mass Index; LV= Left ventricle; MI=Myocardial infarction; NYHA= New York 

Heart Association; CCS= Canadian Cardiovascular Society; ACEI= Angiotensin-

converting enzyme inhibitor; ARB= Angiotensin receptor blocker; Error corresponds to 

standard error mean. 

 

 

 

 

 

 

 

Medications:  

Anti-platelet therapy 91% 

Beta-blocker 82% 

Statins 77% 

ACEI or ARB 73% 
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Figure S1. Size distribution of empty nanoporous gel capsules. Size distribution 

histograms for 2% and 3.5% NPG capsules without cells. Size distributions were 

calculated from measuring >100 individual capsules from three different samples.  
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Figure S2. Physical characterization of nanoporous gel capsules. (A) Ortho-

representation z-stack images (right panels) and 3D reconstruction (left panels) of cells 

within 3.5% NPG cocoon confirming cells are completely encapsulated by NPG. Cells are 



126 
 

labeled with Calcein-AM (green), DAPI (blue) while cocoons are demarcated by DsRed 

tagged fibrinogen (red). Scale bar 20 µm. (B) Selected SEM image for 3.5% NPG 

capsules (scale bar 100 µm). (C) Representative SEM images for porous regions of NPG 

capsules (scale bar 10 µm). (D) Surface morphology maps for NPG capsules measured 

by AFM (10x10 µm). The false color represents changes in intensity of the tint indicates 

areas of higher stiffness (scale bar 2 µm). (E) A transmission electron microscope image 

of an ultra-thin cell section showing membrane protrusions (black arrow heads). 

Membrane protrusions extend out form the cell surface (finger like projections) but may 

appear as non-contiguous structures (elongated sphere that are not continues with the 

cell surface) depending on their orientation in three-dimensional space. White arrow 

heads show secreted extracellular vesicles, non-contiguous structure with average 

diameter less than 100 nm, and any structures at a distance greater than 1000 nm 

(dashed line) from the cell surface were excluded (Scale bar 500 nm).  
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Figure S3. Cell viability in post encapsulation. (A) Left: Quantification of percentage 

of viable cells 1hr post-encapsulation (n=3). Right: Representative images showing EDCs 

1hr post-encapsulation and labeled with live (green)/dead (red) stain. Arrow highlight an 

example of a dead cell shown in the magnified panel. Scale bar 100µm. (B) 

Representative images show cells undergoing apoptosis (active-caspase 3, green) under 

stress conditions (1% serum and 1% oxygen). Scale bar 200 µm. (C) Representative 

images showing Ki67+ nucleus (arrow heads); long arrow shows a cell at a higher 

magnification (n=5 per sample). Scale bar 100 µm in large panel and 20µm in small panel. 

All error bars correspond to standard error mean. 

 

 

 

 

 

 

 

 

 

 



129 
 

 

Figure S4. Measuring 2-D cell migration rate. (A) Representative time lapse images of 

cells emerging out from the capsule and migrating on matrigel coated cultureware. Cell 

within the NPG cocoon is indicated by the arrow. Cells were manually tracked using 

Image J software (migration path traced in blue). Scale bar 50µm. (B) Displacement plot 

showing the path of cell migration of non-encapsulated (adherent) cells.  
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Figure S5. Kinetics of EDC emerging out of capsules. (A) Representative bright field 

images showing cells exiting the capsules at different time points on cultureware lacking 

fibrinogen coating. Scale bar 200µm. (B) Graph represents the number of EDCs that 

emerged from 3.5% NPG capsules on cultureware lacking fibrinogen coating (n=3). Error 

bar correspond to standard error mean. 
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Figure S6. Extracellular clustering in capsules. Cells (labeled with Calcein-AM, green) 

in cocoons (3.5% NPG) supplemented with DsRed tagged fibrinogen (red) 1 and 48 hr 

post-encapsulation. Arrow heads show fibrinogen clustering around the cells within 

capsules. Arrows (asterisk) highlight cells that have migrated out of capsules. Scale bar 

100µm. 
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Figure S7. Study 1: Scar size. Representative Masson’s trichrome images showing scar 

burden (blue= scar, red= viable myocardium) from 5 different animals and 2 sections per 

heart. Scale bar 1000µm. 
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Figure S8. Study 1: BrdU staining. Representative images showing proliferating cells 

(BrdU positive cells) within infarct/peri-infarct region of the heart section. Non-

cardiomyocyte proliferating cells (BrdU+/cTnT-) are indicated by solid arrow heads, and 

proliferating cardiomyocytes (BrdU+/cTnT+) are indicated by arrows with asterisk. Scale 

bar 50µm. 
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Figure S9. Study 1: Vessel density. Representative images showing blood vessels 

(indicated by the arrows) within infarct/peri-infarct region of the heart section. Scale bar 

20µm. 
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Figure S10. Profiling the secretion of TIMPs and exosome nanovesicles in 

condition media. (A) TIMP secreted into conditioned media was obtained from adherent 

(Adh), 2% and 3.5% NPG encapsulated EDCs after 48h of culture in hypoxic condition 

(1% oxygen). Magnetic Luminex Performance Assay was used to quantified protein 

concentration. Protein concentration was standardized to the number of cells (n=6 with 3 

technical replicates each). (B) Western Bot showing the presence of exosome markers 

CD63 and CD81. (C) Number of nanovesicles secreted into condition media quantified 

using particle-tracking analysis (Nanosight; n=5). (D) Average size of secreted 

nanovesicles (n=5). Error bar correspond to standard error mean. 
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Figure S11. KEGG pathway analysis for encapsulated vs. non-encapsulated EDCs. 

Pathways associates with up- and down-regulated miRNAs in nanovesicles isolated from 

3.5% and 2% NPG encapsulated EDCs compared to non-encapsulated EDCs (mirPath 

v.3 using DIANA Tools).393 

Upregulated Downregulated 
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Figure S12. KEGG pathway analysis for altering capsule composition. Pathways 

associates with up- and down-regulated miRNAs in nanovesicles isolated from 3.5% NPG 

encapsulated EDCs compared to 2% NPG encapsulation (mirPath v.3 using DIANA 

Tools).393 

Upregulated 

Downregulated 
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Figure S13. Microfluidic device setup. (A) Schemata of microfluidic chip (top panel 

scale bar=800 µm) drawn with AutoCAD; this blueprint was used as the photomask to 

develop the microfluidic (MF) chip. Magnified panel (scale bar= 400µm) highlight key 

areas on the microfluidic chip. The inlet and the outlet were maintained at a temperature 

of ~37ºC and ~4ºC, respectively. (B) Image showing the microfluidic device setup. The 

top and bottom left image panels show different angels of the aluminum heat sink which 

holds the MF chip. The left side of the aluminum heat sink is warmed to ~37ºC by a 

hydraulics system which pumps in warmed water (~37ºC); the path of the water is 

indicated in black dotted lines. The right side of the aluminum block is maintained at º4C. 

The image panel on the right shows the cell-gel mix and the oil container connected to 

the air pressure lines. Note that the cell-gel temperature is maintained at 37º by the 

heating block to prevent premature agarose gelation. The air pressure drives the 

movement of fluid (cell-gel mix or oil) into the microfluidic chip via the inlet tubes. The 

outlet tubes carry the cocoons into the ice chilled collection container (filled with 

appropriate culture media or buffer). 
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Figure S14. Empty cocoon size and ECM distribution. (A) Top panels show empty 

cocoons being formed at the nozzle while the bottom panels show confocal microscope 

images of empty cocoons supplemented with DsRed labeled fibrinogen (Scale bar=100 

µm). Extracellular matrix proteins were homogeneously distributed throughout the 

cocoons; cocoon size did not effect protein distribution. (B) Box and whiskers plot showing 

the size distribution of MF90, MF70, and MF50 cocooned EDCs. Size distributions were 

calculated from measuring >100 individual cocoons from three different samples.  
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Figure S15. EDCs viability and migration. Representative images showing EDCs 1, 

24, and 48 h post-encapsulation and labeled with live (green)/dead (red) stain. Images 

were acquired using confocal microscope (10X objective lens) with an enlarged image 

shown at the bottom left corner. Over one hundred live/dead stained cells from three 

different samples were counted to quantify intracapsular EDC viability. To measure the 

rate of cell escaping the cocoons (i.e. occupancy half-time), the number of cells inside 
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(rounded cell morphology) and outside (spindle cell morphology) of the cocoons were 

counted at various time points. Scale bar=100 µm.  

 

 

 

Figure S16. Left ventricular ejection fraction plot. Echo analysis showing left ventricle 

ejection fraction (LVEF) for each animal (solid grey lines) in the group and the averaged 

values (dotted lines). Error corresponds to standard error mean.  
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Figure S17. Study 2: Scar size. Representative Masson’s trichrome images showing 

scar burden (blue= scar, red= viable myocardium) from 3 different section of the heart 

(scale bar= 1000 µm). Box highlights areas of viable tissue within the infarct region. 
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Figure S18. Study 2: Vessel density. Representative images showing blood vessels 

(indicated by the yellow arrows) within infarct/peri-infarct regions of the heart. Vessels 

were stained with Isolectin B4 (scale bar=50 µm).  
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Figure S19. Study 2: BrdU staining. (A) Representative images showing proliferating 

cells (BrdU positive cells) within infarct/peri-infarct region of the heart; two images are 

shown for each group. Non-cardiomyocyte proliferating cells (BrdU+/cTnT-) are indicated 

by solid arrow heads, and proliferating cardiomyocytes (BrdU+/cTnT+) are indicated by 

arrows (scale bar=50 µm). (B) Ortho-representation of z-stack images (top panels) and 

three dimensional reconstruction (bottom panels) confirm co-localization of BrdU stain 

(orange) within nucleus (DAPI; blue). Images left to right are taken from the infarct, border, 

and remote regions of the heart, respectively.   
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Figure S20. Transgenic EDCs expressing firefly luciferase. (A) Diagram of transfer 

plasmid containing firefly luciferase (FLuc). This vector was used to construct a third-

generation virus used to transduce EDCs. The expression of luciferase was driven by 

constitutive elongation factor 1 (EF1) promoter. With the insertion of internal ribosome 

entry site (IRES), puromycin (puro) resistance gene was co-expressed with firefly 

luciferase. (B) Transgenic EDCs expressing luciferase were purified by eliminating non-

transduced cells using puromycin. First, we determined that 2.0 µg/ml puromycin was 
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sufficient to eliminate 100% of non-transduced EDCs within 24. Transduced-EDCs were 

than incubated with 2.0 µg/ml puromycin for 24 h. (C) EDC luciferase activity plotted 

against the different virus-to-cell ratio (i.e. multiplicity of infection (MOI) used for 

transduction. Maximal viral transduction efficiency was achieved with MOI 50 (i.e., the 

luciferase activity plateaued at this point). All future virus transduction experiments were 

carried out using MOI of 50. (D) Colorimetric cell viability assay (CCK-8) shows that 

roughly equal amounts of cells were counted using hemocytometer and loaded into each 

well; measurements taken 24 h after plating cells (n=4; no statistical significance was 

observed between the groups). (E) The graph showed that similar amount of DNA was 

extracted from 100 000 hemocytometer counted MF90 cocooned or suspended (Sp) 

EDCs (n=3; no statistical significance was observed between the groups). Error 

corresponds to standard error mean.    
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