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Background: Revascularization of the heart after myocardial infarction (MI) using growth factors deliv-
ered by hydrogel-based microspheres represents a promising therapeutic approach for cardiac regener-
ation. Microspheres have tuneable degradation properties and support the prolonged release of soluble
factors. Cardiac patches provide mechanical restraint, preventing dilatation associated with ventricular
remodelling. Methods: We combined these approaches and produced a compacted calcium-alginate
microsphere patch, restrained by a chitosan sheet, to deliver vascular endothelial growth factor (VEGF)
to the heart after myocardial injury in rats. Results: Microspheres had an average diameter of 3.2 lm,
were nonporous, and characterized by a smooth dimpled surface. Microsphere patches demonstrated
prolonged in vitro release characteristics compared to non-compacted microspheres and VEGF super-
natants obtained from patches maintained their bioactivity for the 5 day duration of the study in vitro.
In vivo, patches were assessed with magnetic resonance imaging following MI, and demonstrated 50%
degradation 25.6 days after implantation. Both VEGF(�) and VEGF(+) microsphere patch-treated hearts
had better cardiac function than unpatched (chitosan sheet only) controls. However, VEGF(+)

microsphere-patched hearts had thicker scars characterized by higher capillary density in the border
zone than did those treated with VEGF(�) patches. VEGF was detected in the patches 4 weeks post-
implantation. Conclusion: The condensed microsphere patch represents a new therapeutic platform for
cytokine delivery and could be used as an adjuvant to current biomaterial and cell-based therapies to
promote localized angiogenesis in the infarcted heart.

Statement of Significance

Following a heart attack, a lack of blood flow to the heart results in loss of heart cells. Growth factors may
facilitate growth of blood vessels and heart tissue repair and prevent the onset of heart failure.
Determining a way to deliver these growth factors directly to the heart is vital. Here, we combined
two biomaterial-based approaches to deliver vascular endothelial growth factor (VEGF) to rat hearts after
heart attack: a microsphere for prolonged release of VEGF, and a cardiac patch for mechanical restraint to
prevent heart dysfunction. The feasibility of this microsphere patch was demonstrated by surgically
implanting it over the infarct region of the heart post-injury. VEGF-patched hearts had better blood vessel
growth, tissue repair, and heart function.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Following myocardial infarction (MI), a lack of blood flow to the
heart results in an irreversible loss of cardiomyocytes which can
progress to heart failure. Lack of angiogenesis represents a crucial
hurdle in the post-MI heart, and this deficiency of new blood vessel
formation contributes to the progression of maladaptive ventricu-
lar remodelling, including scar formation and ventricular dilata-
tion. Current evidence indicates that much of the benefit
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observed from clinical trials examining cell transplantation may be
attributable to indirect paracrine effects. Soluble factors secreted
from the cells that act through paracrine mechanisms promote
angiogenesis and regeneration [1]. In order to realize the potential
of cytokines as either an adjunctive or stand-alone therapy,
strategies must be devised to effectively deliver and regulate the
release of cytokines to the target tissue. Infusion of soluble factors
into systemic circulation is limited by their short half-life and low
myocardial uptake [2]. Local intracoronary delivery of vascular
endothelial growth factor (VEGF) was shown to improve blood
flow in the ischemic myocardium in animal models [3], but this
effect was less dramatic in patients [4]. Therefore, biomaterial-
based platforms that permit both the sustained and local release
of cytokines represent an attractive approach for efficient cytokine
delivery to the heart.

Multiple biomaterial platforms have been established for the
delivery of cytokines to the infarcted heart. Ideally, these materials
are biodegradable, do not induce significant host immune
responses, and are capable of delivering cells or cytokines. Hydro-
gels mixed with cells or cytokines can be injected directly into a
localized region of the myocardium [5,6]. Hydrogels, such as algi-
nate, have also been shown to directly alter ventricular wall
mechanical properties, counteracting ventricular dilatation, and
improving heart function [7]. Microspheres are produced from
the same basic components as hydrogels, and are also injectable,
but lack structural cohesiveness due to their individual and diffuse
nature. However, they benefit from defined degradation and cyto-
kine release characteristics [8]. One successful example of gelatin
microsphere-mediated therapy in a rat MI model involved the
combination of VEGF and IGF-1, which induced extensive angio-
genesis [9]. Similarly, poly(lactic-co-glycolic acid) (PLGA)/VEGF-
microspheres increased angiogenesis and arteriogenesis for up to
1 month in an ischemia/reperfusion model [10]. However, when
microspheres are injected into the myocardium, they exhibit lim-
ited retention due to leakage into the coronary vasculature, from
the injection tract, and via lymphatic return. Furthermore, clinical
efficacy may be limited by the number of injections used to deliver
the microspheres, as most of the growth factor persists within
close proximity to the injection site [11]. In contrast to hydrogels
and microspheres, collagen-based scaffolds containing cytokines
such as VEGF and others [12], cells [13], or a combination of cytoki-
nes and cells [14,15] provide external mechanical support to the
left ventricular (LV) free wall, and may be used in combination
with surgical ventricular restoration [15]. However, the cytokines
in these scaffolds remain at a distance from the mid-
myocardium, and tend to have limited capacity to induce transmu-
ral neovascularization due to limitations in diffusion [13,16].

The cohesive nature of alginate-based microspheres allows
them to be compressed into more solid forms [17], such as
loosely-aggregated patches. We hypothesized that a modular
microsphere patch delivery system would permit prolonged cyto-
kine delivery to an extended area of the myocardium including
both the infarct and border zone. This system could also serve as
a ventricular restraint, preventing harmful dilatation. Individual
microspheres in close contact with the epicardium may separate
from the main aggregate and interact with nearby tissues, creating
a large surface area-to-volume ratio. Therefore, we created a
cytokine-enhanced microsphere patch loaded with VEGF protein.
VEGF-treated microsphere patches had prolonged release kinetics
compared to non-aggregated microspheres, and supported angio-
genesis in vitro for up to 5 days. The feasibility of this platform
was demonstrated by surgically implanting the patch on the epi-
cardium over the infarct region in a rat MI model. VEGF-patched
MI hearts had smaller scars, enhanced ejection fraction compared
to non-treated animals, and denser capillary vasculature in the
myocardial tissue adjacent to the epicardial patch.
2. Materials and methods

2.1. Microsphere and compacted microsphere patch synthesis

Microspheres were produced using a water-in-oil-in-water
double emulsion technique. In order to minimize the impairment
of protein activity during microsphere synthesis, the 25 Hz sonica-
tion steps were carried out on ice and were limited to 1 s pulses.
The final concentration of components required for the generation
of microspheres was 0.43% Na+-alginate, 0.0043% CaCl2, 21.4%
commercial grade pure olive oil, and 78.5% ddH2O. All solutions
were initially filtered with a 0.22 lm-pore syringe filter. For exper-
iments using non-compacted microspheres, a pellet was formed
with gentle centrifugation, and microspheres were then reconsti-
tuted in PBS. Microspheres for use in compacted microsphere
patches were produced from 200 lL of their components in PCR
tubes to produce the desired patch dimensions (�7 � 4 � 2 mm
and oval-shaped). For initial compaction, centrifugation was per-
formed at 16g for 1 min. Excess liquid was removed and centrifu-
gation was repeated for 3 min to obtain final compaction. Model
proteins were incorporated into microspheres by mixing them
with Na+-alginate solution prior to microsphere synthesis. For pro-
tein release studies, microspheres contained 15 lg/ml bovine
serum albumin-conjugated fluorescein isothiocyanate (BSA-FITC;
Sigma Aldrich Canada, Oakville, Ontario) before centrifugation.
VEGF(+) microsphere patches contained 1.5 lg/ml recombinant
rat VEGF-164 (0.3 lg VEGF/patch; R&D Systems, Minneapolis, Min-
nesota) and 15 lg/ml BSA (bovine serum albumin, Bioshop Canada,
Burlington, Ontario) before compaction. VEGF(�) microsphere
patches had 15 lg/ml BSA without any VEGF protein, and served
as controls.

2.2. Electron microscopy

Electron microscopy was performed according to the detailed
methodology provided in the Supplementary Material.

2.3. Microsphere size analysis

A Mastersizer S particle analyzer (Malvern Instruments Canada,
Montreal, Quebec) was used to determine particle diameters of
microspheres diluted in 50 mL of ddH20. The average microsphere
diameter for each population was calculated by the following for-
mula: average diameter (dav) = (f1�d1 + f2�d2. . .)/(f1 + f2. . .), where fn
represents the frequency of each microsphere diameter (dn). The
size of the created microspheres was studied and we identified
two populations. The first population was characterized by smaller
microspheres and the second population by larger microspheres
(average diameter of 323.13 lm). The larger population of micro-
spheres (aggregates and debris) was excluded with the use of a
40 lm strainer. The smaller microspheres had an average diameter
of 3.2 lm and were used for all subsequent experiments.

2.4. Measurement of protein release from microspheres and patches

To study the delivery of protein from the microspheres, we used
two systems: (1) evaluation of protein release and (2) evaluation of
the biological function of the released protein. To investigate pro-
tein release kinetics, a BSA releasing assay was used and we iden-
tified that BSA was released gradually frommicrospheres. Since the
protein release characteristics may be different for BSA and VEGF,
we evaluated the release of VEGF and conducted a functional anal-
ysis for the growth factor release.

Microspheres and microsphere patches were loaded with
BSA-FITC as described in Section 2.1. Equivalent volumes were
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incubated with 1 mL PBS. Before removing the release solution,
samples were centrifuged for 30 s at 10g to pellet any loose debris.
200 lL of the release solution was removed daily for analysis, and
replaced with fresh PBS, and the release solution was filtered with
a 0.22 lm syringe filter to remove any loose microspheres or deb-
ris. The fluorescent signal intensity was measured in triplicate
using a multi-well plate reader (Cytofluor4000, Life Technologies,
Burlington, Ontario) at an excitation wavelength of 485 nm and
an emission wavelength of 530 nm. The incremental daily increase
in fluorescence except for day 1, which was not diluted, was calcu-
lated using the following formula: DXi = Xt=i � 0.8(Xt=i-1), where
X = fluorescence signal, t = time at the ith day of release, and
0.8 = dilution factor. The cumulative fluorescent signal at each time
point was calculated using the following formula: Rt=i = DX1 +DX2-
. . ., where R = cumulative release after i number of days and
t = time at the ith day of release. The cumulative release values
were plotted against their respective times to construct a release
curve, and this was normalized to the maximal fluorescence inten-
sity (1.0 arbitrary units) measured in each sample on day 9.

2.5. In vitro VEGF functional assays

VEGF(+) microsphere patches were added to 500 lL of Iscove’s
Modified Dulbecco’s Medium (IMDM; Life Technologies, Burling-
ton, Ontario) with 10% (v/v) fetal bovine serum (FBS; Life Technolo-
gies, Burlington, Ontario) and 1% (v/v) penicillin and streptomycin
(Wisent Bio Products, St-Jean-Baptiste, Quebec) and incubated at
37 �C. VEGF(�) microsphere patches containing BSA served as con-
trols. Total media (500 lL IMDM) was collected in 24 h increments
and denoted as F1 (fraction 1), F2, etc. At each sampling point,
patches were washed 3 times with PBS, and 500 lL of fresh IMDM
was added. The cells were cultured for 24 h and 500 lL media was
collected as F1. Then, 500 lL of fresh media was added into the
same culture dish for an additional 24 h (48 h time point). The
media (500 lL) was collected (F2) and fresh media (500 lL) was
added again for culture and collection of F3 at the 72 h time point.
F1, F2 and F3 were used to assess the proliferation of human
saphenous vein endothelial cells (HSVECs) with an MTT assay,
and F5 was used to assess HSVEC tube formation using release
media collected 5 days after patch production.

For MTT assays, 5 � 103 HSVECs were added to wells in a 96-
well plate with 100 lL of medium and incubated as above. 24 h
later, 100 lL of VEGF release media was added to the wells, and
cells were cultured for an additional 48 h. Media was removed
and cells were incubated with 50 lL of MTT (Sigma Aldrich Canada,
Oakville, Ontario) in IMDM for 4 h at 37 �C. MTT solution was
replaced with 50 lL of dimethyl sulfoxide (Sigma Aldrich Canada,
Oakville, Ontario). The optical density of each well was measured
at 570 nm and 650 nm using a lQuant plate reader in triplicate.
Plate absorbance was calculated as follows: (OD650 � OD570) and
normalized to non-MTT-treated cells in IMDM.

Tube formation analysis using cultured cells is the most com-
mon measurement for the evaluation of angiogenic effects of cyto-
kines. The HSVEC tube formation assay was used to evaluate the
angiogenic capacity of VEGF released from VEGF(+) or VEGF(�)

patches. Wells of a 96-well plate were coated with 50 lL of growth
factor-reduced Matrigel (BD Biosciences, Mississauga, Ontario) and
3 � 104 HSVECs were added to each well with 100 lL of F5 VEGF(+)

or VEGF(�) release media. Samples were run in triplicate for each
group. Plates were incubated at 37 �C for 18 h. Under microscopic
view, the tube formation system had four detectable parameters:
cells, tubes, loops and branches. To quantify vascular structure for-
mation and in vitro angiogenesis, we employed two key parame-
ters based on our previous studies and those from others [18,19]:
the number of tubes and the number of branches. Wells were
viewed at low magnification (100�), and the number of tubes
(defined as tubular structures formed by two or more cultured
endothelial cells joined by projections or direct cell contact) and
the number of branches (cellular projections without contact with
other cells) formed by cultured endothelial cells per mm2 were
manually counted and averaged. The data were analyzed and com-
parisons made between groups.

2.6. Chitosan sheet production

Chitosan (2% w/v; Sigma Aldrich Canada, Oakville, Ontario) in
2% acetic acid was sterilized using a 0.22 lm syringe filter. The
solution was cast in a circular polytetrafluoroethylene mold with
a diameter of 2 cm and left to air dry in sterile conditions over-
night. The following day, 1 mL of 5 N NaOH was added to form
the chitosan sheet. The sheet was then washed 6 times in ddH2O
to remove excess NaOH.

2.7. MI model and epicardial patch implantation

The Animal Care Committee of the University Health Network
approved all experimental procedures, which were carried out
according to the Guide for the Care and Use of Laboratory Animals
(NIH, revised 1996). Left anterior descending coronary artery
(LAD) ligations were performed in female Sprague-Dawley rats
weighing 220–230 g (Charles River Laboratories, Sherbrooke, Que-
bec) as previously published [6]. Briefly, rats were anesthetized
with isoflurane maintained at 2.5–3% (v/v) and intubated. A left
thoracotomy was performed, and MI was induced by permanent
LAD ligation. Four days later, a median sternotomy was performed
and epicardial tissue at the site of infarction was gently wiped
away with a cotton swab. To prevent early LV remodelling and
enhance greater angiogenesis, we chose a patch transplantation
time of 4 days post-MI [20,21]. Patches were implanted onto the
anterior wall overlaying both the infarct and adjacent non-
ischemic border zone with a single stitch. The chitosan sheet was
placed above the patch and secured to the epicardial surface with
a running suture over the perimeter of the sheet. A chitosan sheet
was used to cover the epicardium with a running suture in the
unpatched MI control group. The chest was closed, and buprenor-
phine (0.05 mg/kg) and Duplocillin (15,000 IU) were administered
subcutaneously.

2.8. Magnetic resonance imaging

Magnetic resonance imaging (MRI) was performed at the
Spatio-Temporal Targeting and Amplification of Radiation
Response facility (MaRS Centre, Toronto). The rat was anesthetized
with isoflurane (2% in mixed oxygen) and placed in a BioSpec 30/70
USR preclinical MRI System (Bruker, Coventry, UK). Cardiac gating
was achieved by synchronizing the image capture rate with the
ECG and breathing rate. Images were captured, short-axis views
of the heart were stored, and the patch was measured using Med-
ical Image Processing, Analysis, and Visualization software (NIH).
To monitor patch degradation in vivo, we used one animal for the
MRI study.

2.9. Echocardiography

Echocardiography was performed on anesthetized rats using a
Vivid 7 Ultrasound System with a 10S ultrasound probe (GE
Healthcare, Mississauga, Ontario) at 11 MHz as previously
described [15]. Echocardiography was performed prior to infarc-
tion, before patch implantation, and at 1, 2, 3, and 4 weeks follow-
ing patch implantation [unpatched MI control (chitosan sheet
only): n = 6; VEGF(�) patch: n = 9; VEGF(+) patch: n = 9]. Left ven-
tricular diastolic diameter (LVDd) and left ventricular systolic
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diameter (LVSd) were measured in M-mode. Fractional shortening
(FS%), was calculated using the following formula: FS% = [(LVDd �
LVSd) / LVDd] � 100%. Change in fractional shortening (DFS%) was
calculated as (FS%Week4 � FS%PreImplantation)/ FS%PreImplantation.
2.10. Histological evaluation of cardiac morphology

Rats were sacrificed 4 weeks after patch implantation. Hearts
were arrested in diastole with 1 M KCl, fixed with 10% buffered for-
malin for 72 h, and cross-sectioned prior to embedding in paraffin
blocks. Masson’s trichrome staining was performed on 5 lm tissue
sections as previously described [unpatched MI control (chitosan
sheet only): n = 5; VEGF(�) patch: n = 7; VEGF(+) patch: n = 7]
[13]. Whole-heart trichrome stained cross-sections were imaged
using an Olympus VS-120 slide scanner, and morphological param-
eters were quantified using cellSens software (Olympus, Centre
Valley, Pennsylvania).
2.11. Immunohistochemistry and assessment of blood vessel density

To assess blood vessel density, immunohistochemistry was per-
formed to quantify smooth muscle actin (SMA, arteriolar struc-
tures) and isolectin (capillary structures) positivity in tissue
sections. For arteriole identification, we stained myocardial tissue
using an antibody against a-SMA and all vascular structures with
smooth muscle cells were identified. To avoid human counting
error, we used a scanner to calculate the a-SMA+ area. The
A

C

Fig. 1. Ca2+-alginate microsphere characterization. (A) Visualization of the microsphere
ranged in size from �1–6 lM in diameter, and were similar in morphology. Scale bar = 5
non-porous, solid and dimpled surface. Scale bar = 1 lm. (C) The interior of the microsph
a solid interior with no ultrastructural features. Scale bar = 1 lm. (D) Microsphere diamet
for Population 1 was 3.19 lm. Population 2 microspheres (aggregates and debris) were
arterioles were quantified as described using a-SMA+ area/scanned
area (%). For capillary identification and quantification, we stained
myocardial tissue using an antibody against isolectin (staining for
endothelial cells) and all vascular structures with endothelial cells
were identified. We used a scanner to calculate the isolectin+ area
and we used the isolectin area quantified as isolectin+ area/
scanned area (%) to reflect the vascular structure area. Please see
the Supplementary Material for detailed methodology.

2.12. Statistical analysis

Statistical analyses were performed with GraphPad Prism 5
software (GraphPad, La Jolla, California). All values are expressed
as mean ± SEM. Differences among groups were determined with
one-way or two-way ANOVA followed by Bonferroni post-hoc
tests. Differences between two groups were determined with an
unpaired Student’s t-test. A non-linear regression analysis was per-
formed for the in vivo patch degradation rate. Differences were
deemed significant at p < 0.05.

3. Results

3.1. Microsphere synthesis, characterization and biocompatibility

Ca2+-alginate microspheres were produced using a water-in-oil-
in-water double emulsion technique. The final composition of the
microspheres was as follows: ddH2O (78.5% v/v), olive oil (21.4%
v/v), Na+-alginic acid (0.429% w/v), and CaCl2 (0.00428% w/v).
D

B

s by scanning electron microscopy demonstrated that they were uniformly round,
lm. (B) Higher magnification revealed that microspheres were characterized by a

eres was visualized using transmission electron microscopy. Microspheres exhibited
ers were measured using a particle size analyzer. The average microsphere diameter
excluded with the use of a 40 lm strainer for all further experiments.
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Scanning electron microscopy revealed spherical microspheres
with a dimpled and non-porous surface (Fig. 1A and B). Transmis-
sion electron microscopy cross-sections of the microspheres
demonstrated a solid microsphere interior lacking ultrastructural
features such as macropores or channels (Fig. 1C).

The microspheres consisted of a polydisperse population of two
distinct sizes (Fig. 1D). The calculated average diameter for the
more abundant population (56.2%) was 3.19 lm. The average
diameter for the other population was 323.13 lm, contributing
Fig. 2. Microsphere patches release biologically active protein for several days. (A) Micro
was used to determine the BSA-FITC release from microspheres, and microsphere compo
plotted against time to construct a protein release curve (AU = arbitrary units). The releas
1. (C) Schematic illustrating the use of supernatant obtained from microspheres contain
from daily fractions of supernatants over three days (F1-F3). VEGF-containing fractions
(n = 3/group). (E) Fraction 4 [VEGF(+)] supernatant increased HSVEC tube formation in Ma
of tubes formed per mm2 and the number of branches per mm2. ⁄p < 0.05, ⁄⁄p < 0.0
isothiocyanate; VEGF = vascular endothelial growth factor; HSVECs = human saphenous
41.0% of the total population, and consisting mostly of aggregated
microspheres and debris upon bright field microscopic investiga-
tion (not shown).

3.2. Synthesis and characterization of compacted microsphere patches

To produce a protein delivery platform compatible with ventric-
ular repair, we compacted the microspheres into a patch-like
aggregate suitable for epicardial implantation. Centrifugal force
sphere composite patches following compaction. Scale bar = 5 mm. (B) Fluorescence
site patches over 9 days (n = 4). The cumulative BSA-FITC fluorescence values were
e of BSA-FITC was significantly slower from the patch than the microspheres at Day
ing VEGF to test protein activity. (D) VEGF released from the patches was collected
[VEGF(+)] significantly increased the number of HSVECs as assessed by MTT assay
trigel-coated wells (n = 3/group, 100X) as assessed by quantification of the number
1. AU = arbitrary units; BSA-FITC = bovine serum albumin-conjugated fluorescein
vein endothelial cells.
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was applied to the microspheres in the presence of Ca2+ ions to
produce a composite patch. The compaction process consistently
yielded oval-shaped patches of approximately 7 � 4 � 2 mm
(Fig. 2A). Varying the size of the receptacle used during micro-
sphere centrifugation allows for customization of microsphere
patch dimensions.

In order to establish the stability of the microspheres following
compaction, we disintegrated the patches and observed micro-
spheres using bright field microscopy. The microspheres retained
their spherical shape, but many appeared as aggregates, which is
indicative of their cohesive property following patch formation
(data not shown).

BSA-FITC-containing microspheres were used in vitro to model
the rate of protein release from microspheres and compacted
microsphere patches. BSA-FITC was mixed with alginate during
the microsphere synthesis process. Microspheres and microsphere
patches were incubated in PBS and supernatants were collected
over a period of 9 days. BSA-FITC fluorescence intensity was mea-
sured to approximate protein release kinetics in both systems. The
cumulative release values were plotted against time to construct a
release curve. By normalizing the peak fluorescence signal on day 9
we determined that 50% of the BSA-FITC was released by 1.15 days
for microspheres, and 1.6 days for microsphere patches (Fig. 2B). In
microsphere patches, there was less cumulative BSA-FITC release
after 24 h (32% vs. 48% released), indicating the potential for a
more extended protein delivery from patches. Protein release from
the microsphere patches best correlated with first-order kinetics
(R2 = 0.9973). The release of BSA-FITC was significantly slower in
the patch group compared to the microsphere group at Day 1
(p < 0.05). We selected microsphere patches as a potential thera-
peutic platform for in vivo experiments because of this more grad-
ual protein release.

3.3. In vitro biological activity of VEGF-loaded microsphere patches

BSA-FITC served as model proteins to investigate properties
associated with release and activity, and the cytokine VEGF was
selected as a therapeutically viable model protein for cardiac
regeneration. To ensure that VEGF would retain its biological activ-
ity and that the patch would have the ability to elicit a biological
response in vivo, we investigated the performance of VEGF released
from patches in vitro. The response of HSVECs to VEGF released
from the patch was assessed with the MTT and endothelial tube
formation assays. Microsphere patches containing BSA served as
a negative control.

The MTT assay measured HSVEC proliferation in response to
VEGF released from the patch over 3 days. Patches were placed
in media and fractions were collected every 24 h (Fig. 2C). The
presence of VEGF significantly increased the number of cells for
each fraction compared to the BSA control [VEGF(�)] (Fig. 2D).

Tube formation assays using HSVECs were performed to
determine the angiogenic potential of the VEGF released from the
patches (Fig. 2E). Cells were seeded onto Matrigel-coated plates
and incubated with media collected from fraction 5 supernatants
taken from the microsphere patches. Incubation of HSVECs
with supernatants obtained from VEGF(+) patches resulted in
enhanced tube formation as quantified by the number of tubular
structures formed by endothelial cells per mm2 and the number
of branches of endothelial cell line structures per mm2 compared
to control. VEGF released from patches remained bioactive for at
least 4 days.

3.4. Epicardial microsphere patch implantation and degradation

The microsphere patch and chitosan sheet platform was used in
a rat model of MI following coronary artery ligation. Constructs
were implanted on the left ventricular epicardial surface 4 days
after LAD ligation (Fig. 3A). The chitosan sheet served as a restraint
for the patch and maintained its close contact with the epicardium.
Cross-sectional gross histology confirmed that the biomaterial had
extensive contact with the ventricular wall and had not undergone
complete degradation after 2 weeks (Fig. 3B). Gross histological
images of the construct at the time of implantation, and after
4 weeks demonstrated that patches could be visually identified
as oval-shaped pale pink structures contrasting with the surround-
ing dark red myocardium (Fig. 3C).

MRI was used to characterize the in vivo degradation of the
patch following implantation over 8 weeks in a single animal
(Fig. 3D). The patch was visualized on the surface of the left ven-
tricular anterior wall in the short-axis. Patch cross-sectional area
was measured over time, and a non-linear regression analysis
(R2 = 0.9639) determined that the patch was 50% degraded by
25.6 days following implantation (Fig. 3E). After 8 weeks, 26.7%
of the patch remained on the epicardial surface. This MRI-based
characterization of patch degradation was an observation-based
component of the study, and we thus did not perform statistical
analysis.

3.5. In vivo functional efficacy of VEGF-loaded microsphere cardiac
patches

To assess the potential regenerative capacity and feasibility of
VEGF-loaded microsphere patches, we carried out LAD ligations
in rats randomized into 3 groups. Four days after MI, animals
received either a VEGF(+)-containing patch, a patch loaded with
BSA (VEGF(�)), or no patch (chitosan sheet only). Cardiac functional
parameters were assessed throughout the study using echocardio-
graphy. FS% demonstrated that cardiac function worsened over the
4-week time period following patch implantation in all groups
(Fig. 4A). The VEGF(+) patch-treated group had significantly better
%FS compared to the unpatched (chitosan sheet only) MI controls
(n = 6) [VEGF(�), n = 9; VEGF(+), n = 9]. There was no statistically
significant difference in %FS between the MI control (chitosan
sheet only) and VEGF(�) group. Percentage change in FS (%DFS)
was used to eliminate surgical variability by normalizing the %FS
measured at the endpoint of the study to the baseline recorded
immediately before patch implantation (Fig. 4B). Animals receiving
no patch treatment (chitosan sheet only) had significantly greater
%DFS than the VEGF(+) patched group. Thus, there was significantly
better function following VEGF(+) patch implantation in compar-
ison with implantation of the chitosan sheet only. There was no
statistically significant difference in %DFS between the MI control
(chitosan sheet only) and VEGF(�) group. Although there was no
statistically significant difference between VEGF(+) and VEGF(�)

treated hearts, there was a trend toward improvement with
VEGF(+) treatment, and this became much more apparent after
normalization.

After four weeks, hearts were excised and myocardial cross-
sections were stained with Masson’s trichrome to characterize tis-
sue morphology (Fig. 4C). This allowed for measurement of the
patch/epicardium interface, which formed an uninterrupted border
in both patch-treated groups. Cell infiltration was widespread in
the VEGF(�) and VEGF(+) patches and vascular-like structures were
identified in both groups, particularly in the patch regions adjacent
to the native myocardium. Many of these vascular structures also
contained erythrocytes, which are stained bright pink by Masson’s
trichrome.

Morphological quantification of whole heart cross-sections
allowed for the characterization of cardiac and patch structures
(Fig. 4D). The whole heart cross-sectional area, excluding the
patch, was not significantly different between the three treatment
groups. There was a small trend toward LV chamber area



Fig. 3. Epicardial patches persist up to two months post-implantation. (A) Schematic illustrating the procedure for surgical attachment of a microsphere composite patch
onto a rat heart. A chitosan sheet is sutured on top of the patch for structural reinforcement and protection. (B) Microsphere patches were surgically attached over the
anterior left ventricular wall in healthy rats and excised after two weeks to confirm construct stability. Hearts are shown in cross-section and dashed yellow lines indicate the
epicardial-patch interface. (C) To demonstrate the feasibility of the construct system in a clinically-relevant model, patches were implanted following permanent LAD
ligation. White arrows denote the patch, and yellow dashed lines outline the approximate patch area. (D) Parasternal short-axis magnetic resonance images of an infarcted rat
heart were taken over 2 months following patch implantation. Black arrows denote the outer edge of the patch. (E) The degradation rate of the patch in vivowas calculated by
a non-linear regression analysis (n = 1).
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Fig. 4. Epicardial microsphere patches improve cardiac functioning and VEGF(+) patches improve cardiac morphometry post MI. (A) Myocardial infarction (MI) was induced in
mice by left anterior descending artery ligation. Patches were transplanted onto the left ventricular surface of the heart 4 days after MI, and fractional shortening (%FS) was
measured for 4 weeks. Test groups included unpatched chitosan sheet only MI control hearts (n = 6), VEGF(�) patch (n = 9), and VEGF(+) patch-treated hearts (n = 9). The
VEGF(+) patch group was characterized by significantly greater %FS from 2 weeks to the end of the study compared to the unpatched (chitosan sheet only) MI control group,
⁄p < 0.05; ⁄⁄p < 0.01. There was no statistically significant difference in %FS between the MI control and VEGF(�) group. (B) To compensate for variability at baseline (1-week
post MI, pre-implantation, t = 0) FS was also expressed as a percentage change over the 4-week time course (%D FS). (C) Tissue morphometry was assessed using Masson’s
trichrome stain. Patch/epicardial interfaces were identified under high magnification and are indicated with a broken yellow line. Scale bar = 2 mm. Insets show vascular
structures (arrows) in the patch areas (scale bar = 50 lm). (D) Left ventricular and patch morphometry were quantified using whole-slide scanned trichrome stained cross-
sections [unpatched (chitosan sheet only) MI control: n = 5; VEGF(�) patch: n = 7; VEGF(+) patch: n = 7]. There was no significant difference between the three groups in terms
of whole heart cross-sectional area or LV chamber area. There was no significant difference between patch-treated groups in terms of LV free wall thickness or patch cross-
sectional area. VEGF(+)-treated hearts had significantly thicker scars than VEGF(�)-treated and unpatched MI control hearts. There were no significant difference between
VEGF(+)- and VEGF(�)-treated hearts in scar area and length, but both patched groups had significantly smaller scar areas and lengths than unpatched MI controls. Finally,
VEGF(+)-treated hearts had significantly greater patch/epicardium interface length than VEGF(�)-treated hearts. VEGF = vascular endothelial growth factor.
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enlargement in the unpatched (chitosan sheet only) MI control
compared to patched hearts, but this was not statistically signifi-
cant. When comparing VEGF(�) and VEGF(+) patched hearts, there
was no significant difference in LV free wall thickness including
the patch, or in the overall patch cross-sectional area. The patches
therefore underwent a similar degree of degradation. Scar thick-
ness was obtained by averaging five evenly-spaced measurements
and showed that VEGF(+) patched hearts had significantly thicker
scars than both unpatched (chitosan sheet only) MI control and
VEGF(�) patched hearts. There was no significant difference in scar
thickness between VEGF(�)-treated hearts and MI control hearts.
There were no significant difference between VEGF(+)- and
VEGF(�)-treated hearts in scar area and length, but both groups
of patched hearts had significantly smaller scar areas and scar
lengths than unpatched (chitosan sheet only) MI controls. Thus,
unpatched (chitosan sheet only) MI control hearts possessed larger
scars that were more prone to thinning and dilatation. This finding
supports the observed progressive decline in %FS between 2 and
4 weeks post-implantation, and suggests that the microsphere
patch and chitosan sheet system may be functioning as a ventric-
ular restraint device, limiting the extent of scar expansion post
MI. Finally, the length of the patch/epicardium interface in VEGF(+)

patched hearts was significantly greater than that of VEGF(�)

hearts. This would potentially enhance the total contact surface
available for VEGF protein diffusion; particularly to the vulnerable
border zone region surrounding the scar.

3.6. In vivo biological activity of VEGF-loaded microsphere cardiac
patches

To understand the potential utility and biological activity of
VEGF(+) microsphere patches, an area extending 400 lm from the
patch/epicardial interface into both the patch and myocardium in
VEGF(�) and VEGF(+) patch-treated hearts was analyzed (Fig. 5A).
The length of this interface consisted of a dense scar region at
the centre of the LV free wall, surrounded by a border zone that
transitioned into healthy myocardium with increasing distance
from the scar. The entire interface length was included in the sub-
sequent analysis. Representative high magnification Masson’s tri-
chrome images for the patch and border zone myocardium are
shown in Fig. 5B.

a-SMA staining was performed to assess the functional impact
of VEGF released from the microsphere patches on the presence
of arteriolar structures (Fig. 5C). There was no significant differ-
ence in the percentage area corresponding to arteriolar structures
in the myocardium bordering the interface region (Fig. 5D). There
was, however, a significantly larger a-SMA+ area in the patch
region of VEGF(+) versus VEGF(�) hearts (Fig. 5D). This result illus-
trates the ability of vascular precursor cells to infiltrate the
VEGF(+) patches more readily, and produce a primitive arteriolar
network, as evidenced by the variety of lumen-possessing tubular
structure of various sizes found in the porous microsphere patch
structure.

Total capillary density was also assessed using GS-isolectin B4
staining (Fig. 5E). We observed dense isolectin staining in the myo-
cardium of both VEGF(+) and VEGF(�) groups. These capillary struc-
tures were homogeneous in terms of their size and distribution;
however, the VEGF(+) myocardium had a significantly higher den-
sity of these structures compared to VEGF(�) as measured by
isolectin+ area (Fig. 5F). Thus, VEGF may diffuse across the epi-
cardium into the LV free wall myocardium and enhance the capil-
lary network density. Furthermore, there was a significantly
greater isolectin+ area in the VEGF(+) patch areas bordering the epi-
cardium (Fig. 5F). These structures appeared to be homogeneous in
terms of their size and distribution, resembling those seen in the
native myocardium, and contrasted with the larger round struc-
tures observed in VEGF(�) patches. VEGF-loaded patches main-
tained their biological activity in vivo, and enhanced the
spontaneous angiogenesis and vasculogenesis within the com-
pacted alginate microsphere patches.

Anti-VEGF immunostaining was performed to detect the pres-
ence of VEGF remaining in the microsphere patch (Fig. 5G). Distinct
areas of non-degraded biomaterial were identified by autofluores-
cence using long exposures (not shown). There was no VEGF stain-
ing visible in the non-degraded biomaterial structures of the
VEGF(�) patches. However, weakly diffuse VEGF staining was visi-
ble in the intact biomaterial areas within VEGF(+) patches. Thus,
while much of the loaded VEGF protein may be released shortly
after patch implantation, there remain measurable amounts up
to 4 weeks after epicardial implantation.
4. Discussion

A biomaterial-based approach to revascularization of the
ischemic myocardium after MI using targeted and sustained-
release cytokine therapy represents an attractive option for cardiac
regeneration [22,23]. In the present study, we established proof-of-
concept for a new therapeutic platform for the targeted delivery of
the pro-angiogenic cytokine VEGF to the epicardial surface via a
compacted alginate-microsphere patch. Microsphere patches had
prolonged release characteristics compared to non-aggregated
microspheres in vitro, and degraded slowly over a period exceeding
two months on the epicardial surface of the heart in vivo. MI hearts
treated with microsphere patches had smaller scars and better %FS
than untreated controls. Finally, VEGF-containing microsphere-
patched MI hearts had thicker scars and were characterized by
higher capillary densities in the scar and border zone regions adja-
cent to the epicardial interface compared to VEGF(�)-control MI
hearts.

Reliable and prolonged local delivery of intact proteins such as
VEGF remains challenging. Previous studies have evaluated vari-
ous methods to test the sustained release of VEGF and other
growth factors. For example, Hao et al. examined the effects of
sequential release of VEGF-A165 and PDGF-BB with injectable
alginate hydrogels after MI [24]. Yang et al. investigated the
effects of intrapericardial delivery of bFGF/VEGF embedded in
alginate beads in a cryoinjury infarction pig model [25]. Typically,
when the VEGF protein is embedded into biomaterials, it can be
only released after biomaterial degradation. This process will take
time and protease may be involved, which may reduce the effi-
cacy of VEGF. Furthermore, when growth factors are coated onto
the biomaterial, the carrying capacity of the material is limited by
the surface area. We combined two biomaterial-based approaches
to avoid these limitations on the delivery of VEGF: (1) a micro-
sphere increased the surface area for loading VEGF and no degra-
dation was required for prolonged release of VEGF; and (2) a
cardiac patch for mechanical restraint was used to prevent heart
dysfunction. The microsphere patch approach to protein therapy
was pursued because of the unique advantages this technology
offers over conventional hydrogel or traditional patch-based
alternatives. First, alginate microspheres possess highly tuneable
degradation properties that allow for the controlled release of
pro-angiogenic factors, such as VEGF, at the level of the individual
microsphere unit [24,26,27]. Second, a condensed microsphere
patch reinforced with a chitosan sheet may function like a ven-
tricular restraint, and offers the secondary benefit of preventing
ventricular dilatation and scar expansion. By combining the ben-
efits of a patch with the flexibility of hydrogel-based micro-
spheres, we have developed a hybrid system that could
augment existing cell and hydrogel-based tissue engineering
approaches.



Fig. 5. VEGF(+) patches show increased angiogenesis within the patch and surrounding myocardium. (A) Schematic diagram illustrating the position and depth of the patch/
epicardial interface depicted in the subsequent representative images. Analysis was carried out along the entire scar and border zone length to a depth of 400 lm
perpendicular to the interface. (B) High magnification Masson’s trichrome images show the patch/epicardium interface indicated by the central dashed line. The upper and
lower dashed lines correspond to a 400 lm distance from that interface. Scale bar = 200 lm. (C) a-SMA staining (green; nuclei = blue) was used to assess arteriolar structures
in the myocardium and patch regions. There was a significantly greater a-SMA+ area in the VEGF(+) versus VEGF(�) patch, but no significant difference was observed in the
myocardium (D, ⁄⁄p < 0.01; VEGF(�) patched: n = 9; VEGF(+) patched: n = 7; scale bar = 200 lm). (E) To examine overall vascular composition and capillary density, GS-
isolectin B4 staining was performed (yellow; nuclei = blue). There was a significantly greater isolectin+ area in VEGF(+)-treated hearts both in the myocardium and patch areas
adjacent to the epicardium/patch interface (F, ⁄p < 0.05; VEGF(�) patched: n = 9; VEGF(+) patched: n = 7; scale bar = 200 lm). (G) VEGF staining was performed to determine
whether any VEGF protein remained in patches at the endpoint of the study (red; nuclei = blue, autofluorescence = green). VEGF protein was identified in non-degraded
regions of patches in the VEGF(+) group, but no staining was present in the VEGF(�) patches. Scale bar = 200 lm; inset image scale bars = 50 lm. VEGF = vascular endothelial
growth factor.
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4.1. Alginate microsphere patches promote sustained release of
bioactive VEGF

Calcium-alginate microspheres were produced in the present
study with or without the addition of VEGF protein prior to ionic
cross-linking with calcium. The microspheres had a predominantly
uniform size and structure characterized by a smooth but dimpled
surface and solid internal structure. In comparison to micro-
spheres, alginate hydrogels have lower surface-to-volume ratios
and are often characterized by unpredictable degradation rates
[26]. In contrast, individual microspheres may undergo rapid
degradation as they have large surface area exposure, but this
degradation is more uniform and dependent on tuneable factors
such as microsphere diameter, polymer composition and divalent
cation concentration during synthesis. Thus, microspheres were
selected in place of casted hydrogel nodules to produce a loosely
tableted patch so that the benefits of both systems could be
exploited. Gursoy et al. demonstrated that tableting of alginate
microspheres prolonged the release of the drug dipyridamole
[28]. We observed a 44.4 ± 17.7% slower release of BSA-FITC from
microsphere patches in vitro versus an equivalent volume of unt-
ableted microspheres in the first two days.

Following the production of microspheres and upon the absorp-
tion of water, the alginate matrix swells, becomes porous, and
facilitates protein diffusion out of the matrix [29]. Thus, in addition
to degradation of the alginate matrix itself, the protein release rate
is determined by the properties of the therapeutic protein
employed. Proteins with a higher isoelectric point (pI) are released
from alginate microspheres more slowly due to the negatively
charged carboxyl groups found on the alginate polymer, and pro-
duce stronger electrostatic interactions [30]. The pI of VEGF is
approximately 7.6, giving it a slight positive charge under physio-
logical conditions. Previous studies have demonstrated the sequen-
tial release of multiple cytokines from alginate microspheres after
MI [27]. Thus, differences in protein affinity binding could produce
mixtures of temporally-controlled therapeutic microsphere
cocktails.

VEGF release from alginate microspheres may extend for weeks
[31,32]. In the present study, VEGF release occurred for at least
5 days in vitro with maintained cytokine bioactivity. However, we
observed that a majority of the associated protein was released
within the first two days as evidenced by the accumulation of
BSA-FITC in vitro. VEGF released from the patch was collected from
daily fractions of supernatants over three days (fractions 1–3).
VEGF-containing fractions significantly increased the number of
HSVECs. Since we focused on the biological function of VEGF as
well as the duration of functional cytokine release, we did not
design the study for comparisons to be made between fractions.
Such comparisons will be investigated in a future study. While
the detection of VEGF protein in histological cross-sections of the
remaining VEGF(+) microsphere patches was promising, it is possi-
ble that VEGF was trapped within the non-degraded portion of the
remaining patch, and may provide little therapeutic value. Future
modifications to the alginate-microsphere patch platform could
be undertaken to prolong release kinetics. Control of the protein
release rate from microspheres may be achieved by coating algi-
nate microspheres or by producing microspheres from alginate-
polymer blends [8,33]. Jay et al. demonstrated that VEGF release
from alginate microspheres can be altered by using different cation
species for cross-linking [8]. Covalent conjugation may be
accomplished by carbodiimide cross-linking. Carbodiimides, such
as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, react with
carboxyl groups on molecules like alginate to form reactive inter-
mediates that can be coupled to the amine groups found on pro-
tein. N-hydroxysuccinimide can also be added to stabilize the
reactive intermediate molecule to improve conjugation efficiency.
Our group used carbodiimide cross-linking to develop a
temperature-sensitive hydrogel covalently linked to VEGF [5].
Injecting the VEGF-conjugated hydrogel into the peri-infarct zone
augmented blood vessel growth and improved cardiac function
compared to injecting a VEGF-mixed hydrogel, suggesting that
the conjugated hydrogel prolonged VEGF release and led to a more
robust angiogenic response. Hydrogel mixing prolongs the release
of VEGF from microspheres compared to loading VEGF alone into
the hydrogel, demonstrating that ideal properties may be achieved
by the combination of multiple biomaterial-based systems [34].
These examples demonstrate that future iterations of the micro-
sphere patch platform could incorporate optimized protein release
and microsphere degradation characteristics as required in the
context of salvaging tissue function after MI.

4.2. VEGF-microsphere patches augmented LV function by promoting
angiogenesis

On its own, alginate has been reported to confer beneficial
effects for repairing the infarcted heart. Leor et al. demonstrated
attenuated ventricular dilation and improved cardiac function in
pigs following an intracoronary injection of alginate, which gels
within the infarct and increases ventricular wall thickness [35].
Injection of alginate hydrogel also promotes angiogenesis in the
absence of additional cytokines [36]. Direct injection of alginate
into new (1 week post MI) and old (2 months post MI) infarcts in
rats resulted in varied therapeutic responses [36]. Improvements
in wall thickening and prevention of LV dilatation were observed
in both groups, but newer infarcts responded better, suggesting
that post-MI therapies are more effective when applied early in
the LV remodelling process. Our group has utilized collagen-
based porous scaffolds for ventricular repair and as a carrier for
cells [13], cytokines [12] and combinations of both [14] as well
as in concert with hydrogels [15]. As a whole, these studies demon-
strated the ability for a patch to augment ventricular geometry and
limit scar expansion, thereby preventing maladaptive ventricular
remodelling associated with loss of cardiac function. In the present
study, our compressed alginate VEGF(+) microsphere patch per-
formed better than the alginate VEGF(�) microsphere patch and
chitosan sheet control. However, long-term studies would be
required to assess whether this effect is permanent or a function
of the maintenance of biomaterial tensile properties prior to
degradation.

A major hurdle to cell survival in the context of cardiac tissue
engineering is vascularization of the biomaterial constructs. VEGF
released from alginate matrices induces angiogenesis in vivo
[24,31]. Here, thicker scars were observed in VEGF(+)-treated hearts
and this was associated with increased capillary density in the
native myocardium immediately adjacent (within 400 lm) to the
epicardial interface with the microsphere patch. Thus, we hypoth-
esize that this therapy will continue to confer functional advan-
tages to the infarcted myocardium throughout the patch
degradation process. However, the activity of multiple protein fac-
tors is necessary for the formation of mature blood vessels. Hao
et al. reported an increase in the number of a-SMA–expressing
blood vessels in the rat ischemic myocardium following the injec-
tion of an alginate hydrogel loaded with both VEGF and platelet-
derived growth factor (PDGF) compared to hydrogel injection with
VEGF or PDGF alone [24]. PDGF was released more slowly than
VEGF, which facilitated sequential blood vessel formation followed
by cell recruitment. While our system demonstrated enhanced
angiogenesis, there was no change in the border zone myocardium
arteriolar density. Future studies could exploit the sequential
application of multiple angiogenic factors to promote the forma-
tion of a mature, functional and integrated vascular network con-
nected to the host circulation. Logistically, multiple variations of
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cytokine-carrying microspheres could be prepared separately, and
combined together into a custom-tailored microsphere patch.
Furthermore, as described previously [15], patch therapy can be
combined with intramyocardial injection of hydrogels (or
microspheres) to help promote transmural angiogenesis in the
ischemic heart. Finally, these therapies could be combined with
various cell transplantation strategies, ultimately resulting in
functional regeneration of the heart.
5. Conclusions

In summary, a microsphere-composite patch prototype may
enable: (i) localized delivery, as it can be placed onto the surface
of the heart; (ii) the delivery of protein or growth factors, which
can be loaded into microsphere modules; and (iii) tailored protein
release from microspheres or microsphere patches. Producing a
protein-releasing patch from basic constituent components leads
to a greater degree of control over the release properties of the
patch. This proof-of-concept study has demonstrated the potential
utility of an alginate-microsphere patch system. However, opti-
mized therapy will likely need to include the use of multiple
sequentially-released cytokines for rapid angiogenesis and vessel
maturation thereby improving cardiac function, as well as further
improvement in LV morphology via patch implantation directly
onto the infarct and border zone regions.
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