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a b s t r a c t

Although the induction of neovascularization by cell-based approaches has demonstrated substantial
potential in treating myocardial infarction (MI), the process of cell-mediated angiogenesis and its cor-
relation with therapeutic mechanisms of cardiac repair remain elusive. In this work, three-dimensional
(3D) aggregates of human umbilical vein endothelial cells (HUVECs) and cord-blood mesenchymal stem
cells (cbMSCs) are constructed using a methylcellulose hydrogel system. By maximizing cellecell and cell
eECM communications and establishing a hypoxic microenvironment in their inner cores, these cell
aggregates are capable of forming widespread tubular networks together with the angiogenic marker
avb3 integrin; they secret multiple pro-angiogenic, pro-survival, and mobilizing factors when grown on
Matrigel. The aggregates of HUVECs/cbMSCs are exogenously engrafted into the peri-infarct zones of rats
with MI via direct local injection. Multimodality noninvasive imaging techniques, including positron
emission tomography, single photon emission computed tomography, and echocardiography, are
employed to monitor serially the beneficial effects of cell therapy on angiogenesis, blood perfusion, and
global/regional ventricular function, respectively. The myocardial perfusion is correlated with ventricular
contractility, demonstrating that the recovery of blood perfusion helps to restore regional cardiac
function, leading to the improvement in global ventricular performance. These experimental data reveal
the efficacy of the exogenous transplantation of 3D cell aggregates after MI and elucidate the mechanism
of cell-mediated therapeutic angiogenesis for cardiac repair.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The induction of therapeutic angiogenesis by cell-based trans-
plantation has been shown to have substantial potential for treat-
ing limb or myocardial ischemia [1,2]. Before transplantation, cells
of the desired typesmust be grown on a large scale in vitro and then
dissociated from their culture dishes using proteolytic enzymes.
The retention of intramuscularly injected dissociated cells at
engrafted sites is reportedly problematic [3]. The poor cell retention
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adversely influences the efficacy of cell-transplantation therapy,
suggesting that the cell delivery strategy warrants further refine-
ment [4].

To promote the success of cell engraftment for therapeutic
angiogenesis, our group has developed a cell delivery strategy that
involves three-dimensional (3D) cell aggregates that are assembled
in a thermo-responsive methylcellulose (MC) hydrogel system
[5e8]. The cell aggregates that are capable of angiogenesis con-
sisted of human umbilical vein endothelial cells (HUVECs) and
cord-blood mesenchymal stem cells (cbMSCs). To ensure vascular
maturation and stability, ECs must functionally interact with mural
cells such as pericytes or smooth muscle cells (SMCs) [9]. In-
vestigations have shown that MSCs can differentiate into pericytes
and SMCs [10]. Assembling cells into 3D aggregates enables the
cellecell and celleextracellular matrix (ECM) interactions to be re-
established, forming a native tissue-mimicking microenvironment
[11,12]. Using a mouse model of hindlimb ischemia, the 3D cell
aggregates that were transplanted intramuscularly via local injec-
tion were demonstrated to be entrapped effectively in the in-
terstices of muscular tissues and then to adhere to engraftment
sites [7,13]. The engrafted cells subsequently promoted consider-
able angiogenesis, improving the regional perfusion and salvaging
the ischemic limb.

Although the therapeutic efficacy of HUVEC/cbMSC aggregates
appears to be favorable, the mechanism of their angiogenesis in
repairing ischemic tissues remains elusive. As one of the key cell-
surface receptors and adhesion molecules in initiating and regu-
lating angiogenesis, avb3 integrin is strongly expressed by ECs
during neovascular growth [14,15]. The expression of integrins
modulates the migration of angiogenic vessels by enabling ECs to
adhere to ECM [16]. Furthermore, avb3 integrin associates with
growth-factor receptors, facilitating their activation for angiogen-
esis [16,17]. The important roles of avb3 integrin in angiogenesis
make it a potential target for the noninvasive imaging of angio-
genesis [14].

This study extends our earlier observations by elucidating the
process of cell-mediated angiogenesis and its therapeutic effects
that are induced by exogenously engrafted HUVEC/cbMSC aggre-
gates in rats with myocardial infarction (MI), using multimodality
noninvasive imaging methods. Noninvasive methods for the eval-
uation of angiogenesis, myocardial perfusion, and cardiac function
would be valuable in reducing the number of animals required and
limiting inter-subject variability, as each animal could be imaged
repeatedly.

To elucidate the beneficial effects of cell aggregates in treating
MI, avb3 integrin was used as an imaging target to track the
angiogenic process after cell treatment by positron emission to-
mography (PET). Blood perfusion recovery, global cardiac function,
and regional myocardial strains were evaluated using single photon
emission computed tomography (SPECT) and echocardiography,
respectively. PET and SPECT are noninvasive molecular imaging
modalities for assessing responses to cell therapies that involve the
stimulation of angiogenesis. Measurements of myocardial 2D
strains by a noninvasive echocardiographic technique offer a sen-
sitive means of detecting changes in regional contraction during
ischemia.

2. Materials and methods

2.1. Cell culture

Human cbMSCs and HUVECs were obtained from Bioresource
Collection and Research Center, Food Industry Research and
Development Institute, Hsinchu, Taiwan. The cbMSCs, which were
transfected non-virally with red fluorescent protein (RFP;
pDsRed2-N1, Clontech, Palo Alto, CA, USA) and human telomerase
reverse transcriptase (pGRN145, American Type Culture Collection,
Manassas, VA, USA) [18], were cultured in minimum essential
medium Alpha (a-MEM; Life Technologies, Carlsbad, CA, USA) that
contained 20% fetal bovine serum (FBS; HyClone, Logan, UT, USA),
30 mg/mL hygromycin B, and 200 mg/mL geneticin (Life Technolo-
gies). The HUVECs were cultivated in Medium 199 (Life Technolo-
gies) that was supplemented with 10% FBS and 1%
penicillinestreptomycin (Life Technologies). Cells were grown at
37 �C in a humidified incubator with 5% (v/v) CO2.

2.2. Construction and characterization of 3D HUVEC/cbMSC
aggregates

The 3D aggregates of HUVECs/cbMSCs were constructed in a-
MEM that contained 20% FBS and 1% penicillinestreptomycin, us-
ing a thermo-responsive MC hydrogel system that was created in
96-well plates [19,20]. Briefly, equal amounts of HUVECs and
cbMSCs were suspended in a culture medium, which was then
added to each well that contained the MC hydrogel system
(5 � 103 cells of each type per well), and then cultivated for 24 h
with orbital shaking at 85 rpm (Fig. 1). The cell aggregates thus
formed were collected and fixed in 4% paraformaldehyde (Sigma-
eAldrich, St. Louis, MO, USA), before being cryosectioned at 10 mm
thickness and stained with antibodies against von Willebrand
factor (vWF; Dako, Glostrup, Denmark), fibronectin or hypoxia-
inducible factor (HIF)-1a (Abcam, Cambridge, MA, USA); they
were then incubated with Alexa Fluor 488-conjugated secondary
antibodies (Life Technologies), mounted with 4,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA),
and visualized using confocal laser scanning microscopy (CLSM;
Carl Zeiss, Jena GmbH, Germany). Cell viability was investigated
using a live/dead staining kit (Life Technologies), in which the hy-
drolysis of calcein-AM in live cells generated green fluorescence,
while the ethidium homodimer produced red fluorescence in dead
cells.

2.3. Tube formation assay

The grown cell aggregates were transferred onto growth factor-
reduced Matrigel (BD Biosciences, San Jose, CA, USA)-coated m-Dish
(ibidi, Munich, Germany). On days 1, 4, 7, 10, and 14, the immu-
nofluorescence staining of the tubular structures that were grown
on Matrigel was carried out with anti-vWF and anti-aVb3 integrin
antibodies, visualized by fluorophore-conjugated secondary anti-
bodies (Life Technologies), counterstained with DAPI, and observed
by CLSM. Concomitantly, the culture media were collected and
analyzed by the Procarta Plex Cytokine assay (n ¼ 6; Affymetrix,
Santa Clara, CA, USA).

2.4. Animal study

All animal experiments in this study conformed to the “Guide
for the Care and Use of Laboratory Animals” of the Institute of
Laboratory Animal Resources, National Research Council, published
by the National Academy Press in 1996. The Institutional Animal
Care and Use Committee of Veterans General Hospital (Taichung,
Taiwan) reviewed and approved all animal protocols. Lewis rats
that weighed 250e300 g underwent permanent ligation of the left
coronary artery to induce acute MI [21e23]. Animals that fulfilled
the echocardiographic inclusion criterion by exhibiting left ven-
tricular fractional shortening <35% were used in the subsequent
experiments. These animals were intramyocardially injected with
saline, dissociated HUVECs/cbMSCs (1� 106 cells each type per rat),
or 3D HUVEC/cbMSC aggregates (200 cell aggregates per rat,



Fig. 1. Schematic illustrations of the construction of 3D aggregates of HUVECs/cbMSCs in a methylcellulose (MC) hydrogel system and use of these cell aggregates to treat
myocardial infarction in rats. 3D cell aggregates were intramyocardially transplanted into peri-infarct areas. Engrafted cells induced significant therapeutic angiogenesis by direct
formation of neovasculatures or by indirect paracrine secretion of pro-angiogenic factors, enhancing myocardial blood perfusion and improving post-infarcted cardiac function.
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equivalent to 1 � 106 cells each type) in the peri-infarct zones.
Immunosuppression was realized by intramuscularly adminis-
tering cyclosporine A (Novartis, Rueil-Malmaison, France) at a dose
of 10 mg/kg/day from three days before transplantation until the
animals were euthanized.
2.5. SPECT and PET imaging

The myocardial perfusion of the animals under light sedation
(2% isoflurane in oxygen) was observed noninvasively using high-
sensitivity SPECT. SPECT imaging was conducted using a Nano-
SPECT/CT scanner (Bioscan, Washington DC, USA) three days
following MI induction (as the baseline) and four weeks following
cell treatment (n ¼ 5 for each test group). One hour before the
acquisition of SPECT images, animals were intravenously adminis-
tered 99mTc-sestamibi (74 MBq); images were acquired for 20 min.

The post-infarcted angiogenesis of each animal was studied by
PET (Siemens Medical Solutions, Knoxville, TN, USA) on day five
after cell treatment, at which time the myocardial angiogenesis
peaked (data not shown). In this experiment, gallium-68 (68Ga), a
radioisotope, was immobilized on an arginine-glycine-aspartic acid
(RGD) peptide as a tracer for PET imaging. Test animals were
intravenously injected with 68Ga-RGD (37 MBq) at 45 min before
the PET image acquisition began (n ¼ 5 for each group); the PET
images were acquired for 30 min.

The acquired SPECT and PET images were evaluated using image
analysis software (PMOD Technologies, Zurich, Switzerland). The
PMOD Cardiac Modeling Tool was employed to produce the
myocardial contours. To quantify the size of the perfusion defect,
the activity of the tracer was normalized to its maximum value and
shown as a 2D polar map with 17 segments, or it was reconstructed
three-dimensionally. The area of the perfusion defect was defined
as the fraction of the polar-map elements whose tracer-uptakes
were diminished by more than 50% of their maximum uptakes
[24]. The percentage perfusion recovery was the reduction in the
size of the perfusion defect divided by the original size of the
defect � 100%. In the PET images, the mean radioactivity was
expressed as a percentage of the injected dose per gram (%ID/g).

2.6. Echocardiography

Echocardiography was performed to assess the global cardiac
function of test animals at the baseline and at four weeks following
cell treatment (n¼ 6 for each studied group). An ultrasound system
(Vivid E9, GE Healthcare, Wauwatosa, WI, USA), equipped with a
4e12MHz phased-array transducer, was used to capture 2D images
and M-mode tracings in standard parasternal short-axis views. The
LV end systolic dimension (LVESD) and end diastolic dimension
(LVEDD) were determined using M-mode tracings. The LV end
diastolic volume (LVEDV) and end systolic volume (LVESV) were
then calculated by applying the Teichholz formula [25], and the LV
ejection fraction (LVEF) was estimated as LVEF
(%)¼ [(LVEDV� LVESV)/LVEDV]� 100% [25]. To compare the effects
of treatment, changes in LVEF (DLVEF) were also calculated as (LVEF
after four weeks)�(LVEF at baseline).

To evaluate regional cardiac function, the LVwas divided into six
segments (anterior, anteroseptal, inferoseptal, inferior, infero-
lateral, and anterolateral); their strains, which are changes in
length divided by the original lengths [26], in the circumferential
and radial directions were calculated using a speckle-tracking al-
gorithm (EchoPAC, GE Healthcare). The sum of the areas of the
anterior and anterolateral segments was defined as the infarct area;
the sum of the areas of the anteroseptal and inferolateral segments
was described as the peri-infarct area and the sum of the areas of
the inferoseptal and inferior segments was the remote area [25].
The strain associated with each area was calculated as the average
of the two segments and expressed as a percentage (%); the change
of strain between the baseline and four weeks after treatment was
also estimated.

2.7. Histological analyses

Four weeks after cell transplantation, samples of LV myocar-
dium were harvested from test animals, fixed in 10% phosphate-
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buffered formalin, embedded in paraffin, and then sectioned for
subsequent histological analyses. Masson's trichrome staining was
performed to evaluate ventricular morphology and myocardial
fibrosis. Themorphometric parameters (the infarct size, infarct wall
thickness, LV cavity area, and total LV area) were evaluated using
the Image-Pro® Plus software (Media Cybernetics, Silver Spring,
MD, USA) [27]. The LV expansion index, which is an index of LV
dilation, was obtained as (area of LV cavity/total LV area) � (non-
infarcted wall thickness/infarcted wall thickness) [27].

Capillary and arteriole densities were separately obtained by
immunohistochemical staining with antibodies against vWF and
smooth muscle actin (SMA; Dako), respectively. The numbers of
capillaries and arterioles per unit area (mm2)were blindly calculated
using Image-Pro® Plus software. For immunofluorescence staining,
tissue sampleswere incubatedwith primary antibodies against vWF,
SMA, or RFP. Fluorescent signals were amplified with suitable Alexa
Fluor-conjugated secondary antibodies. The stained sections were
counterstained with DAPI and then examined by CLSM.

2.8. Statistical analysis

Data are expressed as mean ± standard deviation. Statistical
analyses were performed in SPSS (Chicago, IL, USA). To make sta-
tistical comparison between any two groups, the one-tailed Stu-
dent t test was employed; tomake the comparisons among three or
more groups, one-way analysis of variation (ANOVA) was followed
by the Bonferroni post hoc test. The Pearson's correlation coefficient
was calculated to assess the correlation between percentage
perfusion recovery and change in cardiac function/myocardial
strains. Differences are considered significant at P < 0.05.

3. Results and discussion

Cell-based therapeutic angiogenesis to alleviate post-infarcted
LV remodeling and dysfunction has been shown to be safe and
clinically applicable [1]. This work demonstrates that the exoge-
nous engraftment of 3D aggregates of HUVECs/cbMSCs in rats with
MI promotes robust angiogenesis in the ischemic myocardium,
considerably improving blood perfusion and regional LV me-
chanics, and restoring post-infarcted global cardiac function. Mul-
timodality noninvasive imaging with SPECT, PET and
echocardiography was performed to elucidate cell-mediated
angiogenesis and its correlation with therapeutic benefits in
attenuating adverse cardiac remodeling and preserving ventricular
function.

3.1. Construction of 3D HUVEC/cbMSC aggregates and their
characteristics

To construct 3D cell aggregates, premixed cell suspensions that
contained HUVECs and cbMSCs were co-cultured in a 96-well MC-
hydrogel system. The hydrated surface of the MC hydrogel, being
hydrophilic and electrically neutral, prevented both the adsorption
of proteins and the attachment of cells, promoting the assembly of
the seeded cells [28]. Within 24 h, a cell aggregate with uniformly
mixed HUVECs (cyan) and cbMSCs (red) formed in each well
(Fig. 2). The constructed cell aggregates were then harvested using
a multichannel pipette. Since no proteolytic enzymes were
employed in harvesting the cell aggregates, the cells in the aggre-
gates adhered to each other by bonding to ECM molecules, such as
fibronectin, maximizing the cellecell and celleECM communica-
tions that are crucial to the survival and retention of cells following
transplantation [3]. Each cell aggregate was spherical with a radius
of around 150 mm.

The results of the live/dead staining reveal that most cells in the
aggregates remained viable, as evidence by the prevalent green
fluorescence from the live cells. However, hypoxia was present in
the inner cores of the dense cellular structures, as indicated by the
accumulation of HIF-1a. HIF-1a is a master regulator that can co-
ordinate the induction of multiple angiogenic and survival factors
[29]. The capacity of cell aggregates to secrete angiogenic growth
factors and induce neovascularization can be greatly enhanced by
effectively switching on HIF-1a-regulated pro-angiogenic pathways.

3.2. Angiogenic potency of 3D HUVEC/cbMSC aggregates

The angiogenic potency of 3D aggregates of HUVECs/cbMSCs
was examined using the in vitroMatrigel tube-formation assay that
closely models the in vivo processes of sprouting angiogenesis [30].
The grown tubular networks were fixed and immunostained at pre-
determined times to identify avb3 integrin. The avb3 integrin, which
mediates EC migration, proliferation, and survival, is the critical
cell-surface receptor and adhesion molecule that is expressed in
the formation of blood vessels [14,15]. The control was a co-culture
of dissociated HUVECs and cbMSCs on Matrigel in a conventional
2D format.

On the first day after co-culture, the dissociated cells, together
with avb3 integrin, formed tubular networks, but these tubular-like
vessels were unstable and prone to regression over time (Fig. 3a).
On day 14, hardly any avb3 integrin was detectable in the residual
tubular structures. In 2Dmonolayer cultures, only the lateral region
of the cell was in contact with the neighboring cells, establishing
the cell polarization that may have been responsible for the
reduction of the intracellular signaling and influenced the fate of
the phenotype, including its maturation and the stability of the
formed tubes [7].

Culturing 3D aggregates of HUVECs/cbMSCs on Matrigel formed
widespread tubular networks that matured and stabilized with
time. An increase in the amount of avb3 integrin was clearly
observed in the formed tubular structures (Fig. 3a and b), revealing
that the angiogenic potency of 3D cell aggregates exceeded that of
their dissociated counterparts. Unlike in a conventional 2D culture,
intensive direct cellecell and celleECM interactions in a 3D
phenotype can establish a communication network thatmimics the
specificity of real tissues, in which the cells are associated with
various molecules and surrounded by neighboring cells. Accord-
ingly, 3D cell aggregates have the potential to develop mature and
stable tubular vessels.

In addition to contributing directly to the formation of neo-
vasculatures, MSCs can promote angiogenesis via the indirect
paracrine secretions of several pro-angiogenic, pro-survival, and
mobilizing factors in the development of tubular networks. As pro-
angiogenic factors, vascular endothelial growth factor A (VEGF-A)
and fibroblast growth factor 2 (FGF-2) have major roles in vascu-
lature development [31,32], and placenta growth factor (PlGF)
amplifies the angiogenic activity of VEGF and stimulates arterio-
genesis [33]. Hepatocyte growth factor (HGF) and epidermal
growth factor (EGF) are powerful pro-survival factors and potent
mitogens for vascular ECs [31,34], whereas stem cell factor (SCF),
which is a mobilizing factor, contributes to the homing of bone-
marrow progenitor cells [35].

The concentrations of the paracrine growth factors that were
present in the culture media following the above tube-formation
assay were analyzed. According to Fig. 3c, the concentrations of all
investigated paracrine growth factors increased significantly over
time in themedia that were culturedwith dissociated cells or 3D cell
aggregates; however, the increase in the latter group was greater
than in the former group (P < 0.05). These experimental data clearly
demonstrate that the 3D aggregates of HUVECs/cbMSCs have great
potential in promoting angiogenesis in vitro via both direct and



Fig. 2. Characteristics of a constructed HUVEC/cbMSC aggregate. vWF-positive HUVECs (cyan color) and RFP-expressing cbMSCs (red color) were thoroughly mixed within the cell
aggregate. ECM molecules such as fibronectin were preserved in the cell aggregate. Most cells in the aggregate remained viable, as revealed by strong green fluorescence in live
cells; however, hypoxia (HIF-1a) developed in the core of the cell aggregate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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indirect mechanisms over that achieved using their dissociated
counterparts. The cellecell contacts and celleECM interactions,
which are crucial to the formation and stabilization of tubular net-
works for cells grown on Matrigel [7], are maximized for the cells
that reside within the 3D cell aggregates. Additionally, hypoxia that
are present in the inner cores of cell aggregates can activate the
expression of numerous hypoxia-responsive angiogenic factors,
promoting the formation of robust tubular structures [13].
3.3. Noninvasive molecular imaging of myocardial angiogenesis
and perfusion recovery

Therapeutic angiogenesis, which increases vascular density and
promotes collateral development, occurs before any significant
recovery in blood perfusion and improvement in global/regional
ventricular function. To investigate further their in vivo myocardial
angiogenesis and perfusion recovery, the cell aggregates were
intramyocardially engrafted into the peri-infarct areas of rats with
MI and then examined noninvasively by SPECT and PET molecular
imaging. 99mTc-sestamibi is a radiopharmaceutical agent that is
commonly utilized in SPECT imaging to detect cardiac perfusion,
while 68Ga-RGD, which has a strong affinity for the angiogenic
marker avb3 integrin, is employed as a PET imaging agent to locate
and quantify myocardial angiogenesis. The areas in the images that
very little or no 99mTc-sestamibi (or 68Ga-RGD) could reach are the
perfusion defect zones (or regions with no significant angiogen-
esis). The control groups received saline or dissociated cells.

SPECT and PET images of the LV myocardium on day three after
the induction of MI (baseline) and at pre-determined intervals
following cell transplantation were volumetrically sampled and
then reconstructed as a 2D polar map or a 3D video (Fig. 4a and
Supplementary Video 1); the size of each perfusion defect and
percentage perfusion recovery were analyzed using image analysis
software (Fig. 4b). At the baseline, the investigated groups exhibi-
ted no statistically significant variation in perfusion defect size
(P > 0.05), suggesting that the degrees of impairment of myocardial
perfusion in all test rats following their MI induction were com-
parable. Soon after cell engraftment (day five), the hearts that
received 3D cell aggregates took up more 68Ga-RGD than did those
that received saline or dissociated cells (P < 0.05), indicating robust
angiogenesis. Four weeks later, the cell-aggregate-treated hearts
exhibited a significant recovery in blood perfusion (49.1 ± 7.9%
recovery), indicative a pronounced therapeutic effect, relative to
the hearts that received dissociated cells (21.2 ± 8.2% recovery) or
saline (22.5 ± 7.4% deterioration; Fig. 4a and b). These findings
suggest that regional angiogenesis was considerably promoted in
the early stage after exogenous engraftment of 3D HUVEC/cbMSC
aggregates, resulting in the restoration in myocardial perfusion and
reduction in defect size.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.09.009.
3.4. Noninvasive assessment of global/regional cardiac function by
echocardiography

In addition to molecular imaging, echocardiography was used to

http://dx.doi.org/10.1016/j.biomaterials.2015.09.009


Fig. 3. Angiogenic potency of 3D HUVEC/cbMSC aggregates on Matrigel. (a) Immunofluorescence images of tubular networks with angiogenic marker avb3 integrin formed by
dissociated cells or cell aggregates. (b) Magnified images of grown tubular structures that are indicated by dashed box in (a). (c) Temporal profiles of paracrine secretions of
numerous pro-angiogenic, pro-survival, and mobilizing factors during development of tubular networks (n ¼ 6). yP < 0.05 vs. dissociated-cell group; zP < 0.001 vs. dissociated-cell
group.
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assess noninvasively the global and regional cardiac function in
each test animal. TheM-mode echocardiograms that were obtained
at four weeks after cell transplantation (Fig. 5a) demonstrate that
the dilation of LV was more attenuated in the hearts that were
treated with HUVEC/cbMSC aggregates than in those that received
saline or dissociated HUVECs/cbMSCs. Moreover, the improved
global cardiac function (a higher LVEF in week four) and the
beneficial effect of treatment (a positive DLVEF over time) of the
hearts in response to an engraftment of cell aggregates were
greater than in the control hearts (P < 0.05, Fig. 5b).
Regional LV mechanics (including the circumferential and radial

strains that represent myocardial shortening and thickening,
respectively) within the infarct, peri-infarct, and remote segments,
were further analyzed using a speckle tracking algorithm [25]. 2D
strain analysis more directly yields LV contractility than do con-
ventional measurements of parameters of ventricular function,
such as LVEF [36]. Values of myocardial strains can be either posi-
tive, corresponding to lengthening, or negative, reflecting



Fig. 4. Multimodality noninvasive imaging by SPECT and PET, showing myocardial perfusion and angiogenesis, respectively. (a) SPECT and PET images in polar-map format, showing
perfusion defects and angiogenesis of infarcted hearts that were treated with saline, dissociated cells, or cell aggregates. (b) Quantitative results concerning size of perfusion defect
and percentage perfusion recovery (n ¼ 5). yP < 0.05 vs. saline group; zP < 0.001 vs. saline group; #P < 0.05 vs. dissociated-cell group; ##P < 0.001 vs. dissociated-cell group; *P < 0.05
vs. same group at baseline; **P < 0.001 vs. same group at baseline.
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shortening. Normal values of circumferential strain are negative,
whereas those of radial strain are positive. Conventionally, an LV
segment that exhibits normal contractility is colored red, while that
with reduced contractility is colored blue, and these colors are used
in conventional 2D images.

Fig. 5c and Supplementary Videos 2 and 3 provide representa-
tive 2D strain images and their corresponding strainetime curves
along the circumferential and radial directions for all investigated
groups. The strainetime curves were color-coded in a manner that
indicated the myocardial segments, as depicted in the figure, and
their peak strain values were identified and presented in Fig. 5d.
The obtained strain images reveal that the hearts that received
HUVEC/cbMSC aggregates had better contractility than the control
hearts. Additionally, the peak strain values suggest that the
engraftment of cell aggregates significantly improved the circum-
ferential and radial strains in the peri-infarct and infarcted zones
over those in the control hearts (P < 0.05), suggesting an
enhancement of regional wall motion.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.09.009.
To elucidate the mechanisms of the functional changes in the

infarcted hearts that are caused by treatment, the correlations be-
tween the recovery of myocardial perfusion and the change in LVEF
(or the increase in myocardial contractility) were calculated. Ac-
cording to Fig. 5e, a significant correlation existed between recov-
ery in LV perfusion and change in LVEF, suggesting that a reduction
in the infarct size improved LV function. Additionally, enhanced
blood perfusion in the infarcted area was correlated with improved
regional circumferential and radial strains. These observations are
attributable to the fact that hearts that received cell aggregates
exhibited a stronger angiogenic response and a smaller perfusion
defect than the control hearts that received saline or dissociated
cells (Fig. 4), so their regional myocardial contractility was pre-
served (Fig. 5c) and their global heart function was better (Fig. 5a).

3.5. Histological analyses

The above therapeutic benefits, observed using multimodality

http://dx.doi.org/10.1016/j.biomaterials.2015.09.009


Fig. 5. Noninvasive echocardiographic assessment of global/regional cardiac function. (a) Representative M-mode echocardiograms and (b) derived left ventricular ejection fraction
(LVEF) and changes in LVEF (DLVEF) (n ¼ 6). (c) Circumferential and radial strain images and corresponding strainetime curves for infarct (anterior and anterolateral segments),
peri-infarct (anteroseptal and inferolateral segments) and remote (inferoseptal and inferior segments) regions and (d) corresponding peak strain values. (e) Correlations of recovery
in myocardial perfusion with change in LVEF (DLVEF) and change in myocardial contractility (Dcircumferential strain orDradial strain) (n ¼ 16). yP < 0.05 vs. saline group; zP < 0.001
vs. saline group; #P < 0.05 vs. dissociated-cell group; ##P < 0.001 vs. dissociated-cell group; *P < 0.05 vs. same group at baseline; **P < 0.001 vs. same group at baseline.
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noninvasive image techniques, were confirmed histologically. At
four weeks after cell transplantation, the animals were euthanized,
and their hearts were explanted and processed for pathological
examination. As shown in Fig. 6, the Masson's trichrome-stained
sections of the hearts that had been treated with saline exhibited
severe transmural fibrosis, infarct wall thinning, and ventricular
dilation. The cell-treated hearts exhibited a smaller scar area,
attenuated anterior wall thinning, and limited LV cavity enlarge-
ment. Based on the morphometric quantification, the protective
effect was more pronounced in the cell-aggregate-treated hearts,
Fig. 5. (cont
which had smaller infarcts, thicker infracted walls, and less LV
dilation than the hearts that had received dissociated cells
(P < 0.05). These results reveal that the engraftment of cell aggre-
gates in infarcted hearts effectively attenuated their adverse ven-
tricular remodeling, helping to maintain post-infarcted LV function.

In an attempt to explore the mechanism of the observed ther-
apeutic effects of cell transplantation, immunohistological staining
for the angiogenic marker avb3 integrin was conducted on tissue
samples that were obtained five days after cell engraftment. Ac-
cording to Fig. 7a, significant expression of avb3 integrin was
inued).



Fig. 5. (continued).
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detectable in the cell-aggregate-treated hearts, while only a few
avb3 integrin-positive cells were identified in the hearts that had
received dissociated cells or saline (P < 0.05).

The capillary and arteriole densities (as obtained by staining
with antibodies against vWF and SMA, respectively) in infarcted
hearts that were obtained at week four were also examined. Ac-
cording to Fig. 7b, both the infarct and the peri-infarct zones in the
hearts receiving cell aggregates contained significantly more cap-
illaries and arterioles than did those in the hearts that received
saline or dissociated cells (P < 0.05). Comparing these histological
findings with the noninvasive imaging data in Figs. 4 and 5 reveals
Fig. 6. Morphometric analyses of heart sections upon retrieval. Sections were Masson's tric
expansion index (n ¼ 6). yP < 0.05 vs. saline group; zP < 0.001 vs. saline group; #P < 0.05 v
that exogenous engraftment of HUVEC/cbMSC aggregates into the
peri-infarct zones significantly promoted the formation of func-
tional neovasculatures, augmenting regional blood perfusion and
restoring the post-infarcted ventricular function.

To determine the cellular fate and function of the engrafted
aggregates of HUVECs/cbMSCs, test samples were immunohisto-
logically stained to identify the exogenously transplanted cells. As
presented in Fig. 8, the transplanted HUVECs and cbMSCs were
incorporated into the vascular structures. Furthermore, the RFP-
transfected cbMSCs expressed SMA, suggesting smooth muscle
differentiation. These experimental results show that the
horme-stained for histological assessment of infarct size, infarct wall thickness, and LV
s. dissociated-cell group.



Fig. 7. Evaluation of angiogenic responses by immunohistological staining. (a) Images of angiogenic marker avb3 integrin in infarcted hearts retrieved on day five after cell
engraftment and corresponding quantitative results (n ¼ 6). (b) Images of vWF and SMA staining, showing densities of capillaries and arterioles in infarcted hearts retrieved four
weeks after cell treatment and corresponding quantitative results (n ¼ 6). yP < 0.05 vs. saline group; zP < 0.001 vs. saline group; #P < 0.05 vs. dissociated-cell group; ##P < 0.001 vs.
dissociated-cell group.
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transplanted HUVEC/cbMSC aggregates were directly involved in
the formation of functional vessels within the ischemic myocar-
dium, improving the post-infarcted cardiac function. Direct
Fig. 8. In vivo cellular fate of engrafted cbMSCs. Immunofluorescence images of hearts four
RFP and vWF to detect luminal structures and (b) RFP and SMA to elucidate the differentia
differentiation and indirect paracrine signaling have both been
identified as the mechanisms by which MSCs stimulate angiogen-
esis [37].
weeks after treatment with 3D HUVEC/cbMSC aggregates. Sections were stained for (a)
tion of cbMSCs.
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4. Conclusions

The present investigation reveals that the 3D aggregates of
HUVECs/cbMSCs that were constructed in the study have great
potential to promote angiogenesis in vitro via both direct and in-
direct mechanisms over that realized by their dissociated coun-
terparts. Multimodality noninvasive imaging with PET, SPECT, and
echocardiography enables precise characterization of the thera-
peutic benefits of cell engraftment in rats with MI. The in vivo re-
sults indicate that transplantation of 3D cell aggregates promotes
cardiac repair by inducing substantial therapeutic angiogenesis,
leading to recovery in blood perfusion and improvement in global/
regional ventricular function. Understanding the mechanism of
in vivo therapeutic angiogenesis induced by the cell aggregates in
the study may provide foundations for advanced treatments on MI.
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