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ABSTRACT: Although cocooning explant-derived cardiac
stem cells (EDCs) in protective nanoporous gels (NPGs)
prior to intramyocardial injection boosts long-term cell
retention, the number of EDCs that �nally engraft is trivial
and unlikely to account for salutary e�ects on myocardial
function and scar size. As such, we investigated the e�ect of
varying the NPG content within capsules to alter the
physical properties of cocoons without in�uencing cocoon
dimensions. Increasing NPG concentration enhanced cell
migration and viability while improving cell-mediated repair
of injured myocardium. Given that the latter occurred with
NPG content having no detectable e�ect 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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Heart failure is one of the leading causes of morbidity
worldwide with a 1-year mortality linked to ischemic
cardiomyopathy that approaches 25%,1 an outcome

that has decreased by only 2% over the last 10 years despite
many innovations in other �elds of cardiovascular care.2 Stem
cell therapies have attracted interest as they promise functional
recovery after myocardial infarction. Unfortunately, infarcted
heart tissue is inhospitable to transplanted cells, and cell-based
therapeutics are limited by very poor short-term retention and
long-term engraftment.3 As such, many of the bene�ts seen
after delivery of cell products appear to rely on paracrine
secretion of pro-healing nanosized exosomes that exert trophic

e�ects on resident host tissue through the transfer of biological
material (i.e., microRNAs [miRNAs]).3�7

In response to this challenge, biomaterial approaches have
been explored as a means of enhancing short- and long-term
retention of transplanted cells.8 Of these approaches, individual
microcapsules have attracted attention as they permit di�usion
of growth factors, nutrients, and oxygen while protecting cells
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from mechanical stress and detachment induced cell death (i.e.,
anoikis) during injection.9�11 We developed a technique to
encapsulate cells within extracellular matrix (ECM) supple-
mented nanoporous gels (NPG) to provide a temporary
“home” from which cells can exit after a de�ned period (i.e.,
cocoons) (Figure 1A).12,13 Single-cell encapsulation provides a
miniscule amount of biomaterial as compared to more classic
multicellular encapsulation, thus limiting the injectate required

for transplant.14�16 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 cytokines/
nutrients through the permeable shell.12,13,17 Previous work
showed that polymerization of �brinogen and �bronectin, the
de facto proteins of wound healing, within cocoon walls
provides critical traction for attached cells to escape anoikis.12

Figure 1. 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 �m) and EDCs
encapsulated in 2 and 3.5% NPG cocoons (scale bar 100 �m). (C) Size distribution histograms for 2% and 3.5% NPG-encapsulated EDCs.
Size distributions were calculated from measuring >100 individual capsules from three di�erent samples. (D) Distribution of cells found
within 2 and 3.5% NPG cocoons (measured >1500 cocoons from 6 di�erent 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 quanti�ed 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 quanti�ed 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
pretreatment of EDCs with �V, �5, �1, and �3 integrin blocking antibodies reduces cell viability by 1.5 ± 0.1 folds. + ECM= capsules
containing matrix protein �bronectin and �brinogen; Susp = nonencapsulated suspended cells; Adh = nonencapsulated 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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Although cocooning increased retention of explant-derived
cardiac stem cells (EDCs) and improved long-term gains in
function after myocardial infarction,12 it is 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 in�uence of NPG physical
properties on cell behavior in 2- or 3-dimensional cultures,18�25

few publications have considered the e�ects of altering the
physical properties of NPGs on cells con�ned within 30�100
� m diameter capsules.17,26,27 Given that changes in biomaterial
properties can trigger drastic metabolic changes in chondro-
cytes,23 the aim of this study was to explore the in�uence of
varying NPG composition on the exosome nanovesicles
secreted by cocooned EDCs. We hypothesized 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 number and identity of exosome
nanocarriers produced by cocooned cells.

To test our hypothesis, we injected NPG-cocooned human
EDCs into an immunode�cient mouse model of ischemic
cardiomyopathy. We identi�ed 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.
Ultimately, our work shows that by simply varying NPG
content surrounding encapsulated cells provides a straightfor-

ward means of boosting the regenerative potential of cardiac-
derived stem cells without recourse to genetic manipulation28

or multiple cell injections.29,30

RESULTS
Characterization of Nanoporous Gel Capsules. Figure

1A summarizes the process of encapsulating human EDCs
within a NPG cocoon using the vortex-agitation method.
Representative bright-�eld images of cell-free aqueous
suspended NPG capsules illustrate the inherent heterogeneity
of capsule sizes resulting from vortex agitation (Figure 1B). The
capsular diameter of cell-free suspensions varied from 30 to 100
� m with the upper limit re�ecting �ltration through 100 � m
pore �lters to remove clumped NPG (Supporting Information
Figure S1). Increasing NPG content from 2 to 3.5% had no
e�ect on the average diameter of cell-free capsules as measured
using bright �eld microscopy (58 ± 2 and 62 ± 1 � m,
respectively, p = 0.11) and electron microscope images of
individual spheres (60 ± 5 and 71 ± 6 � m, respectively, p =
0.17). Incorporation of EDCs within 2 or 3.5% NPG cocoons
had also no e�ect on the average diameter of the cocoons (57
± 1 and 59 ± 1 � m, respectively; p = 0.14 vs empty capsules,
Figure 1B,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 1D). Altering
NPG content had no e�ect on the proportion of empty

Figure 2. E�ect of nanoporous gel encapsulation on cell cytoskeletal structure. (A) Actin �laments are stained using phalloidin (green) for
nonencapsulated EDCs (adherent) and EDCs within capsules supplemented with extra-cellular matrix (ECM) or without ECM proteins
(�bronectin and �brinogen). For the cocooned cells, corresponding bright�eld, single-stain actin and DAPI images are shown (right panels),
while lower panels display magni�ed views with the dashed area indicating the area of increased magni�cation 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 �m). (B) TEM images showing EDCs within capsules with or without
extracellular matrix protein (scale bar 2 �m). Highlighted on the images are the nucleus (N), cell, capsule, and the arrow showing a membrane
protrusion. (C) Number of membrane projection identi�ed with TEM images are quanti�ed (n = 5) (see the Methods and Supporting
Information Figure S2E for details). Error bars correspond to standard error mean SEM.
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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 con�rmed that cells were truly located inside the
NPG cocoons (Supporting Information Figure S2A).

Scanning electron microscopy (SEM) showed spherical
structures (Supporting Information Figure S2B) with clear
porous submicrometer structural features (Supporting Infor-
mation Figure S2C). Porous sizes for the 3.5% NPG capsules
were smaller (0.75 ± 0.07 � m) than the 2.0% NPG capsules
(1.07 ± 0.07 � m, p < 0.0001, Figure 1E) with values that were
closer to what has been reported for other 3D NPG
structures.31,32 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) con�rmed that changing
the NPG content altered the cocoon’s sti�ness (2.2 ± 0.01
x10�3 vs 1.5 ± 0.02 x10�3 � N/nm; p < 0.0001 vs 2% NPG
cocoons, Figure 1F), as previously shown using NPG-based
encapsulation of chondrocytes.23 Interestingly, the addition of
ECM increased cocoon sti�ness by �0.5 x10�3 � N/nm for both
3.5 and 2.0% capsules (1.56 ± 0.01 x10�3 vs 1.08 ± 0.01 x10�3

� N/nm for 3.5% and 2% NPG cocoons, respectively); an
observation potentially attributable to additional ECM-
mediated cross-linking during capsule formation. From a
physical standpoint, the sti�ness of a 3D �brous network is

directly connected to its porosity (i.e., mesh size). In general, a
higher sti�ness corresponds to a smaller mesh size as a result of
greater intermolecular bonding (e.g., resulting from cross-
linking).33 In the case of our NPG, SEM and AFM data indicate
that the observed interconnection between concentration-
dependent sti�ness 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 polymer chains that expedites intermolecular interactions,
which sti�ens the 3D mesh and reduces pore size.

E� ects of Nanoporous Gel Encapsulation on Pro-
liferation and Viability. Vortex cocooning was well tolerated
by EDCs as evidenced by �90% of cells remaining viable 1 h
after encapsulation (p = 0.96 for e�ect of cocooning and NPG
content, Supporting Information S3A). Cell counts at 48 h 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 1G). This �nding was attributable to a
combination of reduced apoptosis (p = 0.02; Figure 1G and
Supporting Information Figure S3B) and increased prolifer-
ation (p = 0.04; Figure 1G and Supporting Information Figure
S3C). Mechanistically, this e�ect was mediated through
integrin-dependent pro-survival signaling as EDCs within
ECM-free cocoons or suspension (poly-2-hydroxyethyl meth-
acrylate) culture conditions demonstrated a 2.5 ± 0.2 (p =
0.003 vs ECM supplemented cocoons; Figure 1H) or 2.6 ± 0.2
(p = 0.003 vs ECM supplemented cocoons) fold decline in
metabolic activity, respectively. Pretreatment of EDCs with � V,
� 5, � 1, and � 3 integrin blocking antibodies further established

Figure 3. E�ects of nanoporous gel encapsulation on cell migration. (A) EDCs were encapsulated with increasing NPG concentration of 2%
and 3.5% and plated on �bronectin-coated cultureware within low oxygen/serum conditions. Random �eld images were acquired at 10×
magni�cation 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 �eld images compare cells exiting capsules of di�erent NPG
concentration (scale bar 200 �m). (B) Number of EDCs which cross the 8 �m pore membrane from the top chamber into the lower chamber.
Data were analyzed using exponential curve �tting with Prism v6 (n = 4). (C) Curve-�tting analysis was used to determine cell migration
doubling rate. 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 di�erent NPG
concentrations or suspension culture conditions alone. Migration rate was determined by manual cell tracking software (ImageJ; n = 52).
Error bars correspond to standard error mean SEM.

ACS Nano Article

DOI: 10.1021/acsnano.7b08881
ACS Nano XXXX, XXX, XXX�XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b08881


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 1H).

E� ects of Nanoporous Gel Encapsulation on Cell
Morphology and Migration. To explore the e�ects of
variable-capsule NPG composition on EDC phenotype,
immunohistochemistry and electron microscopy were used to
pro�le the cytoskeleton structure of cocooned cells. As shown
in Figure 2A, encapsulation within NPG devoid of ECM
prompted cells to assume a spherical shape with a di�use halo
of actin mono�laments 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 �laments
throughout the cell with no apparent di�erences between 2 or
3.5% NPG cocooned cells. Transmission electron microscopy
con�rmed that cells within ECM supplemented cocoons
possessed robust micrometer sized membrane protrusions
that were not present in cells encapsulated within NPG alone
(Figure 2B). Increasing NPG content doubled the number of
membrane protrusions per cell seen on each encapsulated cell
(Figure 2C).

Sequential in vitro imaging of plated NPG encapsulated
EDCs demonstrated that increasing capsule NPG composition
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 3A). When
representative images are compared after comparable numbers
of EDCs exited the capsules (i.e., 18 vs 40 h for cells cocooned
within 2% or 3.5% NPG, respectively), similar proportions of
rounded and �attened cells can be appreciated. Real-time
Boyden chamber imaging revealed that straightforward
application of suspended nonencapsulated EDCs resulted in
immediate and consistent migration across the membrane when
cells were plated in basal media and exposed to a 20% serum
gradient (lower chamber, Figure 3B). Exponential curve �tting
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 3C)
from 49 ± 4 h for nonencapsulated (p = 0.001) and 46 ± 3 h (p
= 0.02) for 2% NPG. To con�rm if increasing NPG content
confers a greater migratory potential, individual cells were
tracked for 11 h after emergence from capsules. As displayed in
Figure 3D and Supporting Information Figure S4A,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.

Figure 4. Characterizing cell egress from nanoporous gel capsules. (A) Images acquired at di�erent time points using the IncuCyte System.
Cells are outlined in orange. (B) EDCs are stained for �1 integrin (green) and capsules contain DsRed tagged �brinogen (red), scale bar 10
�m. The �brinogen can be seen di�usely present within the capsule but also clusters around the cell. Overlap between �brinogen and �1
integrin at the cell surface is highlighted in the magni�ed panel. Image taken 1 day after encapsulation. (C) Cells (labeled with Calcein-AM,
green) retained a coat of �bronogen (red) after exiting the capsules (scale bar 30 �m).
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Real-time live cell microscopy was used to pro�le 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 4A). These
membranous protrusions developed into large �at 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 �bronectin coated
cultureware (p = 0.03; Supporting Information Figure S5).
Within the cocoon, �brinogen clustered around EDCs and
bound to � 1 integrins (Figure 4B and Supporting Information
Figure S6). As EDCs elongated through the capsule wall and
adhered to the cultureware, a portion of the capsular ECM
tracked with the emerging cells (Figure 4C), suggesting that the
tightly bound ECM tracks with cells to maintain prosurvival
signaling outside the capsule.

E� ects of Altered Nanoporous Gel Capsule Rigidity
on EDC Engraftment and Myocardial Repair. As shown in
Figure 5A, the impact of capsular NPG content on cell-
mediated repair of ischemic myocardium was evaluated using

echocardiographic-guided intramyocardial injection of human
EDCs into an immunode�cient mouse 1 week after left
coronary artery (LCA) ligation.12,34�37 LCA is a well-
established and clinically relevant mouse model for myocardial
infarction.38 NPG encapsulation increased the acute retention
of EDCs by 4 ± 1 fold (p = 0.04 vs suspended EDCs; Figure
5B). This boost was associated with enhanced long-term
retention of cells as cocooning cells within 2 or 3.5% NPG
increased long-term retention by 18 ± 4 fold (p = 0.001) or 22
± 8 fold (p = 0.03), respectively. Increasing capsule NPG
content had no detectable e�ect on the long-term retention of
transplanted cells.

Despite negligible additive e�ects on cell engraftment,
increasing capsule NPG content enhanced the ability of
transplanted EDCs to repair injured myocardium. As shown
in Supporting Information Table S1, all animals had
comparable cardiac function as measured by left ventricular
ejection fraction and chamber dimensions 1 week after LCA
ligation. Three weeks after intramyocardial injection, animals
randomized to receive intramyocardial 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 5C), encapsulation within dense 3.5%
NPG cocoons achieved the greatest improvement in left
ventricular ejection fraction (p < 0.0001 vs vehicle, 2% NPG

Figure 5. E�ects 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 intramyocardial 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) Quanti�cation of percent scar size (n =
5). (E) The number of proliferating cardiomyocytes (BrdU+/cTnT+) and noncardiomyocyte cells (BrdU+/cTnT�) quanti�ed using random
�eld analysis at high power �eld (HPF; 40× magni�cation; 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-bu�ered saline. All error bars correspond to standard error mean SEM.

ACS Nano Article

DOI: 10.1021/acsnano.7b08881
ACS Nano XXXX, XXX, XXX�XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b08881/suppl_file/nn7b08881_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b08881


cocooned EDCs, suspended EDCs or cell-free ECM-
supplemented cocoons). Interestingly, transplant of 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 5D and Supporting Information Figure S7).

To evaluate the e�ect of cell transplant on the generation of
new myocytes within the peri-infarct region, all mice received
daily intraperitoneal injections of bromodeoxyuridine (BrdU)
for the �rst week after cell or vehicle injection. As depicted in
Figure 5E 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 5F and Supporting
Information Figure S9).

Paracrine Pro� ling of Encapsulated EDCs. The
mechanisms accounting for the discrepancy between cell
engraftment and function outcomes were evaluated using
proteomic pro�ling of media collected during EDC capsular
migration for cytokines and proteases typically produced by
migratory invasive cells.39�44 While encapsulation alone
promoted the expression of ECM metalloproteinase inducer
(EMMPRIN), matrix metalloproteinase 1 (MMP1) and
MMP10 (Figure 6A), NPG capsule content had no e�ect 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 �broblast growth factor (bFGF) and interleukin-6 (IL-
6) (Figure 6B); two cytokines implicated in post infarct
healing.37,45,46

While encapsulation and cocoon NPG content had no e�ect
on characteristic markers of nanovesicles’ lineage or size

Figure 6. Paracrine pro�ling 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 48 h 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) Amount of secreted cytokines and growth factors 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 quanti�ed 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 nonencapsulated 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 di�erentially
expressed miRNA between EDCs cocooned in 2 and 3.5% NPG capsules. Color scale at bottom shows relative expression level of miRNA;
blue = upregulation; red = downregulation. All error bars correspond to standard error mean SEM.
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(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 6C). Within adherent cultured
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 �brosis (e.g., hsa-miR-22�3p and hsa-
miR-132�3p) (Supporting Information Table S2). 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 6D, Supporting Information Table S3).
These miRNAs typically clustered within ECM matrix
biosynthesis, cell adhesion, fatty acid biosynthesis, Ras
signaling, TGF-� 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 6E and Supporting Information Table S4) involved in
the promotion of cell adhesion, cell cycle re-entry, TGF-�
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 pro�le, increasing NPG content
boosts both the production and pro-survival pro�le of EDC-
sourced nanovesicles.

DISCUSSION
In this study, we found that increasing NPG content from 2 to
3.5% drastically increased capsule sti�ness with knock-on
bene�ts toward cell viability, motility, and paracrine output.
These biomaterial e�ects increased cardiac function by
promoting the formation of new blood vessels and myocytes
while also limiting scar expansion. Interestingly, bene�ts
occurred despite capsule NPG content having no detectable
e�ect 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 microenviron-
ment likely play a fundamental role in dictating cell activity and
that the outcome of cell injection is not solely dependent on
speci�c 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. Sti�ness and
mesh size in particular have proven to be critical parameters
that in�uence cell function in normal and pathological
conditions.47�49 For example, increasing sti�ness in lung
�brotic lesions plays an important role in progressive
pulmonary �brosis through regulation of �broblast migration
and accumulation.50 Mechanistically, changes in cytokine and
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;47,51,52 an observation re�ecting prior work
exploring the e�ects of matrix elasticity/sti�ness on cytokine
production by hematological cells.53�55 Both IL-6 and bFGF
enhance cardiac function after ischemic injury by reducing
apoptosis and increasing the generation of new cardiomyocytes
or blood vessels.45,46,56 Thus, increasing production of
nanovesicles rich in transcripts associated with proliferation,7

development57 and cell migration58 likely provided additive
paracrine stimulation.

Interestingly, treatment with either suspended or 2% NPG
cocooned cells had equivalent e�ects 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 e�ects 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 bene�ts once a threshold cell dose had
been reached. Only broadening the paracrine repertoire of
these cells through biomaterial interactions, genetic engineer-
ing,34,36 or inductive pretreatment strategies59�61 can hope to
improve cell treatment outcomes once su�cient cells have been
administered. These observations may help to explain the
clinical failure (to date) of autologous cell products as
accumulating medical comorbidities signi�cantly restrict the
paracrine signature of all adult stem cells.62,63 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 myocardial function. Although, it is unclear how many cells
need to engraft for di�erentiation of cardiomyogenic cell
products (i.e., cardiac-derived or pluripotent stem cells) to have
any impact on cardiac function.

The implications of this study 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 play pivotal roles in guiding cell phenotype and,
ultimately, their regenerative potency. Hence, our work
illustrates how deterministic nanostructural properties (such
as porosity and sti�ness) dictate the regenerative properties of
microsized structures.8 Exciting avenues for future exploration
include designing NPGs that incorporate the use of responsive
polymers whose properties change in response to alterations in
physiological pH, physical stress, or speci�c enzyme degrada-
tion (MMP for instance).

This study has several important limitations that include the
use of an immune-de�cient 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 autologous immunocompetent
models to establish the additive bene�t of encapsulation.
Furthermore, when extrapolating AFM data one should
account for the experimental limitations such as cantilever,
frequency, and scanned area.64 The timing of cell delivery also
represents an important limitation as the bene�ts conferred by
an enhanced paracrine pro�le 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 bene�ts seen after cardiac-derived cell delivery.65,66

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. Finally, the impact of intracapsular cell number
and variable cocoon size may in�uence the regenerative
performance of cells and while these variables cannot be
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altered using vortex technology this represents an intriguing
avenue for future study.

CONCLUSION
Encapsulation of EDCs within NPG cocoons boosts acute and
long-term retention of cells after intramyocardial 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 bene�t from the enriched
paracrine signature provided by encapsulation of EDCs in
dense NPG cocoons.

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.

METHODS
Patients and Cell Culture. Human EDCs were cultured from

atrial appendages obtained from patients undergoing clinically
indicated surgery using established methods12,35,37,67 under a protocol
approved by the University of Ottawa Heart Institute Research Ethics
Board. Brie�y, the atrial tissue was minced, digested, and plated in
standard media (Iscove’s Modi�ed Dulbecco’s Medium, 20% Fetal
Bovine Serum, 100 U/mL of penicillin, 100 � g/mL of streptomycin, 2
mmol/L of L-glutamine, and 0.1 mmol/L of 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 di�erences in the
regenerative potency of individual cell lines, all cell lines were used in
parallel as controls or experimental groups. As shown in Supporting
Information Table S5, the donor cohort was largely nondiabetic with
good glycemic control (HbA1c = 6.2 ± 0.3) and several patient
comorbidities (long-term strati�cation for survivors of acute coronary
syndromes score = 7.0 ± 1.3) that directly re�ect the population
potentially in need of future cell therapy.35,62 All experimental
evaluations were conducted and analyzed by individuals blinded to
treatment allocation.

EDC adherent or suspension culture was performed in �bronectin
or Poly(2-hydroxyethyl methacrylate) coated cultureware (Thermo-
Fisher). Integrin neutralizing experiments were performed after
pretreating EDCs with integrin � 3 (MAB1952P, EMD Millipore),
integrin � V (ab16821, Abcam), integrin � 1 (ab24693, Abcam), and
integrin � 3 (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).

Nanoporous Gel Encapsulation. Cells were encapsulated as
previously described.12,13 Brie�y, human EDCs were suspended in
media and mixed with low melt agarose at variable concentrations,
human �bronectin and human �brinogen as indicated (all from Sigma-
Aldrich). 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 �ltered
from the coalesced NPG using a 100 � m �lter (Fisher Scienti�c) and
were resuspended 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 e�ects 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.12 Capsule sizes were
estimated from measuring the diameter of individual capsules using
a JuLI digital microscope. Brie�y, samples were placed onto a glass

slide and covered with a coverslip using 200 � m plastic spacers.
Reported values correspond to the average of three independent
batches, each measured by triplicated with >100 individual particles
were measured in all cases.

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 � L 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 software68 from measuring >100 individual pores from
di�erent areas in the grid, similar to the description for determining
material porosity for other materials.69

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 (5 × 5) � m2

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 and 2 V and
3�6 V, respectively, with a frequency of 1000 Hz. Selected DPFM
curves were converted from de�ection [V]-phase (deg) into force [N]-
displacement (nm) according to a previously published procedure.70

From these curves, the sti�ness was calculated (� N/m). At least 45
independent points from three images were randomly selected to
calculate the sti�ness values.

To observe EDC morphology within capsules of varying NPG
composition, samples were �rst �xed overnight in a primary �xative
(2.5% glutaraldehyde in 0.1 M cacodylate bu�er (pH 7.4), at 4 °C.
Following primary �xative, the samples were washed in cacodylate
bu�er and than placed for 2 h in a post �xative solution (2% OsO4 in
0.1 M cacodylate bu�er). After washing in cacodilate bu�er the
samples were dehydrated in a series of (acetone and remove) ethanol,
transferred to acetone, and then embedded in Spurr’s resin. Ultrathin
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
quanti�ed (ImageJ; Supporting Information Figure S2E). Given that
membrane protrusions (similar density to the cytoplasm) may appear
as noncontiguous structures with the cell membrane as they orientate
in space while being captured within ultrathin 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.71,72

To con�rm 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. Brie�y, EDCs labeled with calcein-AM
were cocooned in NPG containing DsRed labeled �brinogen
(ThermoFisher), �xed using 4% paraformaldehyde (Alfa Aesar) and
DAPI stained for nucleus. For imaging, z-stacks were acquired with
slice thickness of 1 � m, for a total of 104 slices, and were reconstructed
into a 3-dimenstional image using ZEN 2.3 (blue edition) software.

Immunohistochemistry. The e�ects of NPG encapsulation on
proliferation and apoptosis were evaluated by staining for Ki-67
(ab15580; Abcam) or caspase-3 (mAb9664; Cell Signaling Technol-
ogy), respectively. Images were acquired using Zeiss Axio Observer A1
microscope and analyzed in AxioVision Version 4.8. Incorporation and
migration of �brinogen within capsules was evaluated by including
DsRed labeled �brinogen (ThermoFisher) during encapsulation. The
e�ects of NPG encapsulation on the cytoskeleton rearrangements was
evaluated by staining cells for actin (Phalloidin conjugated to Alexa
Fluor 488; ThermoFisher). Images were acquired using Olympus IX81
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confocal microscope and analyzed using FluoView10-ASW Version
4.2. For all quantitative analysis, �ve random �elds from a minimum of
three cell lines were counted.

Conditioned Media for Paracrine Pro� ling. Conditioned media
was obtained after 48 h of culture in 0.5% serum 1% oxygen�
conditions designed to mimic ischemic myocardium. Conditioned
media used to pro�le exosome production/identity was generated
using exosome depleted serum (ThermoFisher). Matrix metal-
loproteinase (MMP) and cytokine content were pro�led on a Bio-
Plex 200 system (Bio-Rad Technologies) using custom Luminex
Procarta Immunoassay kits (A�ymetrix, CA).37 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 quanti-
�ed using Nanoparticle Tracking Analysis (Nanosight V2.3). Nano-
vesicle miRNA content was pro�led and analyzed using multiplex
�uorescent oligonucleotide-based miRNA detection (Human v3,
Nanostring). Brie�y, 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 25 ng of RNA was loaded for each reaction
using nCounter Human V3 miRNA Expression Assay. Prior to
di�erential gene expression analysis, data were imported into nSolver
for image quality control metrics, as described by manufacture. No
data were �agged for percent �eld of view (FOV) less than 75% and,
binding density of samples ranged between 0.05 and 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)73 and
di�erentially expressed miRNA were identi�ed using the generalized
liner model (GLM) likelihood-ratio-test74 using EdgeR in the online
DEBrowser tool (https://debrowser.umassmed.edu/). A heat map was
created in the DEBrowser tool using the “complete” clustering
method.

Migration Assays. EDCs were plated on a �bronectin coated 8
� m pore plate (Essen BioScience) at a density of 1200 cells per well in
0.5% serum 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 �tting
was used to determine the cell migration rates.

Quanti�cation 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 45 min, and cells were manually tracked in ImageJ
software.75 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 eight frames were
discarded.

Myocardial Infarction, Cell Injection, and Functional
Evaluation. The e�ect of NPG capsule composition on human
EDC retention and post infarct repair was investigated in a series of
male nonobese diabetic severe combined immunode�cient (NOD
SCID, Charles River) mice (6�8 weeks old, average weight of 23 ± 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 h 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 iso�urane (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 a physiological
state, they were returned to their normal holding room. All animals
were housed in Techniplast ventilated cages with at least biweekly cage
changes and were given food and water ad libitum. The food is
supplied by Envigo (irradiated no. 2019 extruded chow) and the water

is autoclaved and prepared on site. The overhead lighting in the
holding room was alternated every 12 h 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, 100000 EDCs encapsulated in 2% NPG, 100000
EDCs encapsulated in 3.5% NPG, empty 2% and 3.5% NPG capsules
or an equivalent volume of saline. The e�ect of cell therapy on cardiac
function was evaluated in the remaining animals using echocardiog-
raphy (VisualSonics V1.3.8, VisualSonics) 14 and 21 days after cell or
vehicle injection. At the end of the study, mice were sacri�ced by
cervical dislocation once the animal were anesthetized (2�3%
iso�urane anesthesia) and displayed absence of withdrawal re�ex 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 noncoding human
alu repeats.34,36,37 The left ventricle was excised, weighed and
homogenized to extract genomic DNA (DNeasy kit; Qiagen) for
performing qPCR using transcript speci�c hydrolysis primer probes
(Primer 1:5�-GCCTCAGCCTCCCGAGTAG-3�; Primer 2:5�-CAT-
GGTGAAACCCCGTCTCTA-3�; Probe: 5�-56-FAM ATTAGC-
CGG/ZEN/GCGTGGTGGCG-31ABkFQ-3�, Integrated DNA Tech-
nologies). 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 di�erence in heart size, the
number of engrafted EDCs was expressed as cells per mg of
myocardial tissue.

Histology. After the �nal assessment of myocardial function, the
remaining hearts were excised, �xed 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 quanti�cation using ImageJ.12,34�37

Infarct vascularization was evaluated using isolectin B4 (B-1205,
Vector Laboratories).

To evaluate the e�ects of encapsulation on endogenous repair, a
series of NOD SCID mice were injected with 5-bromo-2�-
deoxyuridine (BrdU; 100 mg/kg intraperitoneal; ThermoFisher)
once daily for 7 days after intramyocardial injection of EDCs or
vehicle. Twenty-one days after EDC or vehicle injection, mice were
sacri�ced, and hearts were sectioned for immunohistochemical analysis
of BrdU (ab6326; Abcam) cosegregation with cTnT.

Statistical Analysis. All data is presented as mean ± SEM. To
determine if di�erences 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 con�rmed prior to further
posthoc testing. If di�erences existed, Sidak’s or Tukey’s corrected t
test was used to determine the group(s) with the di�erence(s) (Prism
v6). Di�erences in categorical measures were analyzed using Fischer’s
exact test. A �nal value of P � 0.05 was considered signi�cant for all
analyses.
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