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ABSTRACT: Over the past several years, biomaterials loaded
with mesenchymal stem cells (MSCs) have increasingly been
used to reduce the myocardial fate of postinfarction collagen
deposition and scar tissue formation. Despite successful gains,
therapeutic efficacy has remained limited because of restricted
transport of cell-secreting factors at the site of implantation.
We hypothesized that an MSC-laden hydrogel patch with
multiple microchannels would retain transplanted cells on
target tissue and support transport of cell-secreting factors into
tissue. By doing so, the gel patch will improve the therapeutic
potential of the cells and minimize the degradation of myocardial tissue postinfarction. To examine this hypothesis, a
stereolithographic apparatus (SLA) was used to introduce microchannels of controlled diameters (e.g., 500 and 1000 μm) during
in situ cross-linking reaction of poly(ethylene glycol)dimethacrylate solution suspended with cells. Placement of the MSC-laden,
microchanneled gel patch on the occluded left coronary artery in a murine model showed significant improvement in the ejection
fraction, fractional shortening, and stroke volume, compared with gel patches without MSCs and MSC-laden gel patches without
microchannels. In particular, the microchannels significantly reduced the number of cells required to recover cardiac function,
while minimizing cardiac remodeling. In sum, the microchanneled gel patch would provide a means to prevent abnormal fibrosis
resulting from acute ischemic injury.
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■ INTRODUCTION

Despite medical progress in treatment and intervention,
atherosclerotic cardiovascular disease is still a leading cause of
morbidity and mortality worldwide. Current techniques to treat
infarction involve removing vascular plaques and restoring
blood flow to the injured cardiac muscle, potentially decreasing
the permanent tissue damage resulting from hypoxia.1−4 This
approach, while beneficial, often stimulates an undesirable burst
of reactive oxygen species, termed ischemia-reperfusion injury,
that inadvertently increases the severity of tissue damage.5,6

Therefore, it is crucial to develop a therapeutic method that can
prevent the destructive myocardium remodeling and subse-
quent fatal heart failure.

Mesenchymal stem cells (MSCs) that can be derived from a

patient’s own bone marrow or adipose tissue have been studied

as a new generation of medicine to treat myocardial

infarction.7−10 MSCs can sustainably produce and release

therapeutic molecules that control apoptosis, inflammatory

response, and revascularization in damaged tissue.11,12 The

secretion activities of MSCs can be further stimulated with
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proper soluble and insoluble signals, increasing their
therapeutic potential.13−15

A variety of strategies have been employed to deliver MSCs
to infarcted tissue and control molecular secretion activities:
(1) direct intramyocardial injection of cells to the injured site;
(2) systemic intravenous infusion; and (3) local coronary
delivery via a catheter placed within the coronary vessels. All
three of these means have demonstrated an initial decrease in
infarct size, ventricular remodeling, and improved vasculariza-
tion.10,16−18 Although these reports are encouraging, it has been
reported that 7 days after transplantation, stem cell
concentration at the site of injection decreases by 10-fold,
with no trace of stem cells after 3 weeks, resulting in limited
therapeutic efficacy of cells over a desired treatment period.17,19

Consequently, the repeated cell transplantation on a regulated
or on-demand basis is required for cardiac repair, an approach
that can be plagued by limited cell source and massive medical
costs.
One proposed solution that has emerged to resolve this

challenge is to implant an MSC-loaded gel patch to damaged
cardiac tissue. The patch can be designed to maintain structural
stability under physiologically relevant deformation and
minimize the displacement of cells compared with cells injected
into cardiac muscle or delivered to coronary arteries.20−23 The
rigidity and permeability of gels can be tailored to support
cellular viability and secretion activities, specifically when gels
are suspended in cell culture media.24−29 However, for a gel
implanted on tissue, interface between the gel patch and tissue
often acts as a barrier to limit the release of cell-secreting
factors.
To this end, we hypothesized that loading MSCs into a

hydrogel assembled to present microchannels of controlled
diameters using a three-dimensional (3D) printer would
facilitate the release of paracrine factors on the implanted
tissue. The resulting MSC-loaded gel patch would be useful in
retaining cardiac function of the damaged heart due to
ischemia. To examine this hypothesis, we loaded bone
marrow-derived MSCs (BMSCs) into a hydrogel patch by
cross-linking poly(ethylene glycol) dimethacrylate (PEGDMA)
solution suspended with cells. The microchannels with a
desired diameter were incorporated into the cell-loaded
hydrogel via in situ cross-linking reaction using a stereolitho-
graphic assembly (SLA) unit.30 By doing so, the microchannels
serve as a drainage of cell-secreted growth factors to tissue.31

MSCs immobilized within the gels without microchannels were
also used as a control. The resulting cell-gel construct was
implanted on cardiac muscle that was damaged by clamping the
main coronary artery.31 Therapeutic efficacy of the implant was
assessed by measuring cardiac contraction using echocardiog-
raphy, and the degree of cardiac fibrosis using histology.

■ MATERIALS AND METHODS
Cell Culture. Human bone marrow-derived MSCs (Lonza, Basel,

Switzerland) were cultured in TheraPEAK MSCGM-CD mesenchy-
mal stem cell medium (Lonza) supplemented with 5% fetal bovine
serum (FBS, Gibco, Carlsbad, CA, USA), 100 U mL−1 penicillin, and
100 mg mL−1 streptomycin (Gibco). Cells were incubated at 37 °C
and 5% O2 in 175 cm2

flasks to 80% confluence. When preparing for
cell-encapsulation, cells were lifted with 0.25% trypsin and 0.04%
EDTA in HBSS (Gibco) and gently added to the pregel solution.
Microvascular Stamp: 3D Printing of Microchanneled, MSC-

Laden Hydrogel. The microvascular stamp fabrication method was
described in detail in a previous publication.30 In brief, poly(ethylene
glycol) dimethacrylate (PEGDMA) with a molecular weight of 1000

Da (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterile
phosphate buffer saline (PBS) to prepare a 20% w/v solution
prepolymer solution. The photoinitiator, 1-[4-(2-hydroxy- ethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959, Ciba,
Tarrytown, NY, USA), was dissolved in DMSO and added to the
pregel solution for a final concentration of 0.5% w/v. Depending on
the desired condition, medium either with or without cells was mixed
with the pregel PEGDMA solution immediately before fabrication.
The cell density in the solution was varied from 0 to 0.4 × 106 and 2.0
× 106 cells/mL. A precise amount of prepolymer solution sterilized via
filtration was transferred into a sterile apparatus designed to avoid the
contamination of final gel constructs by the environment. All pregel
solution preparations and gel assembly were done under a laminar flow
hood. A stereolithography apparatus (SLA, Model 250/50, 3D
Systems, Rock Hill, SC, USA) was used to fabricate the cell-
encapsulating hydrogel constructs with controlled spatial organization
of microchannels. Computer aided design models were generated
using AutoCAD 2009 (Autodesk, San Rafael, CA, USA) and exported
to stereolithography (STL) format. The SLA software, 3D Lightyear
v1.4 (3D Systems, Rock Hill, SC, USA) was used to slice the 3D
models into a series of 2D layers from a user-specified thickness. A
laser power of about 15 mW and an average energy dose of 1600 mJ
cm−2 was used to assemble the gel constructs via in situ photo
polymerization. The laser intensity and dose were optimized in a
previously published study.30 Once the fabrication procedure was
finished, the hydrogels were rinsed multiple times with 2 mL of culture
media at each rinse to remove excess polymer and incubated using
conventional sterile cell culture techniques.

Hydrogel Characterization. To assess for the role environmental
factors played on the patch properties of elastic modulus and swelling
ratio, we incubatedthe sterile constructs in media with a pH of 5.0 and
7.0 at 37 °C for 24 h following fabrication. For measurement of the
elastic modulus (E), the constructs were subjected to a mechanical
compression by an electromechanical tester (Insight, MTS Systems,
Eden Prairie, MN, USA at a constant deformation rate of 1.0 mm s1 at
25 C. The elastic modulus was calculated using the slope of the stress
(σ) vs strain (λ) curve. The swelling ratios of the gels were determined
by measuring the weight of the swollen gels and the weight of the
dried gels. The volumetric swelling ratio (Q) was calculated using the
following equation
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Where ms represents the mass of the swelled gel, md represents the
mass of the dried gel, ρp is the density of the polymer, 20% w/v in our
constructs, and ρw represents the density of water.

Cell Viability Tests. The 3D fabricated hydrogel processed in a
form of 5 mm diameter and 0.2 mm thickness was transferred to a 96-
well plate and incubated in 200 μL of cell culture media until viability
testing was completed. A live/dead viability/cytotoxicity test was
performed using a kit (Life Technologies, Carlsbad, CA, USA). Briefly
speaking, a working solution consisting of 1 μL of calcein AM and 2
μL of Ethidium homodimer-1 was added to 1 mL of sterile 1× PBS
immediately prior to performing the assay. The media was removed
from each construct-containing well and 150 μL of the working
solution was added. After 20 min, the cell-laden hydrogel disks were
visualized with fluorescent microscope (Zeiss, LSM700).

Cellular Trophic Factor Secretion Assessment. The cell culture
media used for BMSC culture was used to characterize the trophic
factors secreted by cells. A human angiogenesis antibody array kit
(R&D systems, Minneapolis, MN, USA) was used to analyze the cell
culture media following the manufactures protocols. Briefly, culture
media was diluted with a cocktail of prepared detection antibodies.
The solution was then incubated overnight with a provided antibody
spotted membrane. The membrane was then washed and developed
using chemiluminescence, displaying an array of captured antibodies
whose signal is proportionate to the amount of bound protein.

In parallel, the amount of VEGF in the cell culture media were
quantified using a VEGF human ELISA kit (Life Technologies,
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Carlsbad, CA, USA). Media was collected from cell encapsulating
hydrogel constructs at days 1, 3, 5, and 7, and stored in −20 °C. The
media were thawed just prior to running the angiogenesis membrane
assay. Collected media were incubated on a well plate containing
VEGF antibodies fixed to its surface. After brief washes, an enzyme-
linked detection antibody was added to the well plates to bind the
VEGF antigen. Finally, a substrate designed to react with the linked
enzyme was added to the plate. The absorbance of resulting color at
450 nm was recorded using a plate reader (Synergy HT, Bioteck).
In Vivo Evaluation of Cell-Hydrogel Constructs Using a

Myocardial Infarction Model. Prior to surgery, mice were
anesthetized in an anesthetic chamber with 5% isoflurane accompanied
by and 1 L/min supportive O2 flow. Their weight was recorded and
mice were intubated with a 20G angiocath tube and connected to a
small animal ventilator (160 bpm), where 1.5% isoflurane and 1 L/min
O2 were administered. The mice were placed on a heating pad in the
supine position. Hair was removed from the surgical site and an inch
long vertical incision was made slightly to the left of center. Two
muscle layers were teased back and sutured in the retracted position.
An intercostal incision was made between the third and fourth ribs and
the heart was exposed. A single 8−0 monofilament suture (Johnson &
Johnson, NJ) was placed in the left coronary artery to occlude blood
flow to the apex of the heart. The constructs were transferred to the
myocardium with a bead-sterilized spatula directly following vessel
occlusion. Using a 6−0 monofilament suture (Johnson & Johnson,
NJ), the ribs and muscle layers were closed by interrupted suture and
the skin layer incision was closed by continuous suture. The isoflurane
administration was ceased before the removal of the tracheal tube from
the mouse, and animals were monitored until full recovery.
Echocardiography. A VisualSonics Vevo 2100 (VisualSonics,

Toronto, Canada) small animal ultrasound was used to perform
echocardiography on the mice at 4wks postoperation. Animals were
placed in an anesthetic chamber and 5% isoflurane was administered
with 2 L/min of supportive O2. Once properly anesthetized, the
animals were moved to a nose cone and the percent of isoflurane was
decreased to 1.5−2%. The imaging area was cleared using a depilatory
cream and 2D M-mode echocardiography was performed on the
animals. All heart function calculations were made using the Vevo
2100 software.
Histological Analysis of Heart Sections. Animals were sacrificed

at 4 and 8 weeks postoperation and their hearts were collected, fixed in
a 10% formalin solution, and embedded in paraffin. Tissue was sliced
and cross sections were stained for Hematoxylin and Eosin and
Thrichrome Blue. Digital images of the stained sections were collected
with a NanoZoomer Slider Scanner/Digital Pathology System
(Hamamatsu, Hamamatsu, SZK).

■ RESULTS

3D Printing of MSC-Laden Hydrogel Patch. The MSC-
laden, microchanneled hydrogel patch was constructed by
activating a cross-linking reaction of PEGDMA solution mixed
with cell suspension using a stereolithography apparatus (SLA).
The computer-controlled SLA unit, prescribed by a computer
aided design (CAD) file, focused laser light directly on desired
sites of the PEGDMA solution mixed with MSCs. This process
enabled cross-linking at the site of light focus (Figure 1a). The
laser-activated photo cross-linking reaction allowed detailed
control of the three-dimensional features of the construct.
Previous work has demonstrated controlled and directed

neovascularization through the incorporation of microchannel
diameters less than 800 μm, with diminished vascularization at
larger diameters.32 To demonstrate this vascularization
discrepancy, we introduced 9 separate microchannels, with
diameters kept constant at 500 or 1000 μm, in the MSC-laden
gel patch using the SLA unit. An additional control patch
without microchannels also prepared (Figure 1b). The resulting
gel entrapped the cells in a hydrogel construct, thus minimizing

cell displacement. The concentration of cells loaded in the gel
was controlled to be 0, 0.4 × 106, or 2.0 × 106 cells/mL, by
altering the number of cells mixed with PEGDMA pregel
solution. The incorporation of 500 μm-diameter microchannels
slightly reduced the total number of cells loaded in the gel
patch. In contrast, incorporation of 1000 μm-diameter
microchannels led to 1.6-fold decrease in the number of cells
laden in the gel.

Stability of Swelling and Mechanical Properties of the
Consructs. The swelling ratio (Q) and elastic modulus (E) of
each of the gel construct designs were measured (Figure 1c). At
physiological conditions of pH of 7.0 and temperature of 37 °C,
the incorporation of microchannels did not change the
construct properties. To assess for the stability of the constructs
under varied pH conditions, we incubated gel constructs in

Figure 1. 3D printing of the MSC-laden gel patches with
microchannels of controlled diameters. (a) Schematic representation
of the stereolithography apparatus (SLA) process. A 3D CAD was
developed and converted into the stereolithography format. The SLA
then focused a UV light source on a cell-containing prepolymer
solution. The focusing of the light resulted in cross-linking and
subsequent encapsulation of the cells in the predefined design. (b)
Three designs were chosen, one without microchannels, and two with
9 evenly spaced microchannels. The microchannel diameter was kept
constant at 500 and 1000 μm. (c) Neither the microchannel diameter
nor the environmental conditions altered the swelling ratio and elastic
moduli of the constructs.
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media at pH of 5.0. The degree of swelling and the elastic
moduli of the gel constructs were found to have statistically
insignificant differences in differing environmental pH’s.
Analysis of Cellular Survival and Cytokine Secretion

Activities. To obtain a macroscopic view of the cell population
and its changes over time, we performed a qualitative analysis of
live/dead cell staining at day 1, 7, and 14. No significant
difference in the number of viable cells between conditions was
observed (Figure 2). In addition, independent of the micro-

channel diameter, the number of viable cells stained by the
hydrolyzed calcein was increased over 14 days of cell culture.
Note that the calcein is hydrolyzed to fluorescent molecules on
the live cell membrane. In parallel, few dead cells stained by the
ethidium homodimer-1 were found for all conditions.
Next, the secretion profile of the encapsulated MSCs was

examined by using the angiogenesis membrane assay kit. Cells
cultured on a cell culture substrate release a series of
proangiogenic factors [e.g., interleukin-8 (IL-8), vascular
endothelial growth factor (VEGF)] and antiangiogenic factors
[pigment epithelium-derived factor (PEDF)] (Figure 3a). Cells
also secrete cytokines including tissue inhibitor of metal-

loproteinase-1 (TIMP-1), which decreases left ventricular
remodeling, plasminogen activator inhibitor (PAI-1), which
decreases cardiac fibrosis after myocardial infarction (MI).
Additionally, cells releases thrombospondin-1 (TSP-1) and
pentraxin-related protein (PTX-3), both of which are known
antiapoptotic cytokines.
Interestingly, MSCs encapsulated in gels reduced the

expression levels of PEDF, PTX-3, and TSP-1, but kept the
secretion activities of VEGF, PAI-1, and TIMP-1. These results
suggest MSCs loaded in the gel patch can orchestrate a variety
of pathways beneficial to prevent deterioration of heart
remodeling following acute cardiac infarction and further
treat the damaged muscle by stimulating neovascularization.
We further examined whether the cells can sustainably

release cytokines by examining cellular release profile of VEGF
over 2 weeks. As expected, the cumulative amount of VGEF
released from cells into cell culture media was linearly increased
over a week, independent of the diameter of microchannels
(Figure 3b). According to the cumulative VEGF amount
normalized to the number of encapsulated cells, increasing the
encapsulated cell density significantly elevated the normalized
cumulative VEGF concentration. In contrast, the microchannel
diameter made insignificant influence on the cellular secretion

Figure 2. Live/dead analysis of MSCs laden in the gel using the pair of
calcein (green, live cell marker)/ethidium homodimer (red, apoptotic,
or necrotic cell marker). Dashed circles in the first row of images
represent microchannels introduced into the gel patches. Cell density
was kept constant at 2.0 × 106 cells/mL.

Figure 3. Analysis of secretion activities of MSCs. (a) An angiogenesis
antibody array used to evaluate the relative levels of cytokines secreted
from MSCs cultured on a plastic cell culture well and those
encapsulated in a hydrogel with 500 μm diameter microchannels.
The angiogenesis antibody array presents 55 angiogenesis-related
proteins involved in proangiogenesis, antiangiogenesis, fibrosis,
antiapoptosis, and tissue remodeling. (b) Normalized cumulative
VEGF amount in the cell culture media incubated with MSC-laden gel
patches. The cell density was kept constant at 0.4 × 106 cells/mL
(marked with “low”) and 2.0 × 106 cells/mL (marked with “high”). “0”
represents the cell-free, blank gel patch. The cumulative VEGF amount
was normalized to the initial number of cells loaded into the gel.
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of VEGF level, in particular for the higher cell density at 2.0 ×
106 cells/mL. The significant decrease of the cellular VEGF
secretion level for the cells loaded into the 1000 μm-diameter
microchanneled gels is attributed to the decreased cell number
because of active cell migration outward the gel.
Therapeutic Activity of the MSC-Laden Gel Patch

Using the Mouse MI model. A mouse MI model was used to
test the efficacy of the MSC-laden hydrogel patch to alleviating
the remodeling of the heart following ischemic injury. The left
coronary artery was occluded to mimic the blockage of blood
flow to the left ventricle that is characteristic of the majority of
MI (Figure 4a). A blanching of the myocardium downstream of
the occluded vessel could be seen almost instantaneously,
confirming the identification of the ischemic tissue. Echocardio-
gram measurements were then performed to analyze the heart
function with and without gel patches. The LAD occlusion
resulted in a significant reduction in the ejection fraction (EF)
(from 61 ± 9% to 16 ± 11%), fractional shorting (FS) (from 31

± 6% to 7 ± 5%), and stroke volume (SV) (from 28 ± 6% to
14 ± 7%).
Immediately following the occlusion, the gel patch was

placed directly on the ischemic tissue (Figure 4a, b). A fibrin-
based glue was applied to the exterior of the patch to ensure
adherence of the gel to the myocardium. On the basis of the in
vitro experiments, the MSC-laden hydrogel patch with 500 μm-
diameter microchannels and MSC-laden gel patch without
microchannels were used for therapies. The MSC-laden
hydrogel patch with 1000 μm-diameter microchannels was
excluded because of small difference of the cytokine secretion
profile from the patch with 500 μm-diameter microchannels.
Echocardiograph measurements taken 5 weeks postoper-

atively showed a significant increase of EF and SV in the hearts
treated with the MSC-laden patch with microchannels (Figure
4c−e). Although not statistically significant, a stepwise
improvement was noticed with an increase in cell density. In
particular, microchanneled gel patches loaded with MSCs at a

Figure 4. Evaluation of the gel patch to recovering cardiac function of hearts injured by vascular occlusion. (a) Schematic representation of the in
vivo murine myocardial infarction studies depicts the occlusion of the left coronary artery, the blanching of the left ventricular wall that accompanies
the occlusion, and the placement of the patch and subsequent addition of the fibrin based glue to ensure patch adherence. (b) Supplementing the
schematic representation is a live-image of the final placement of the construct on the epicardial surface of the heart. (c−e) Echocardiogram
measurements of (c) ejection fraction (EF), (d) fractional shortening (FS), and (e) stroke volume (SV) show comparative assessments of cardiac
function among mice receiving no treatment (MI only), those implanted with blank gel patch (Blank), those implanted with the microchanneled gel
patch laden with MSCs at densities of 0.4 × 106 cells/mL (low) and 2.0 × 106 cells/mL (high), those without MI (No MI), and those implanted
with the microchannel-free gel patch laden with MSCs at a density of 2.0 × 106 cells/mL (no channels). The microchannel diameter was kept
constant at 500 μm. Asterisks (*) represent statistical significance of the difference of the values between conditions (p < 0.05).
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density of 2.0 × 106 cells/mL led to the EF and SV levels
similar to those of mice that were not subject to MI. Patches
containing no cells (marked with “blank” in Figure 4c−e) led to
limited recovery of cardiac function, similar to the untreated
group (marked with “MI only”). More interestingly, the MSC-
laden gel patch without microchannels (marked with “No
channels” in Figure 4c−e) displayed a sporadically lower
recovery level of cardiac function.
Animals were sacrificed at 8 weeks after the surgery.

Histological analysis showed a clear collagen deposition in
the untreated mice (marked with “MI ony”), a characteristic of
cardiomyocytes necrosis and scar tissue formation (Figure 5a).
Left ventricular dilation and wall thinning were also seen in the
“MI only” condition, and mice implanted with a cell-free

microchanneled gel patch (marked with “Blank”). The
microchanneled gel patches with MSCs at a density of 0.4 ×
106 cells/mL (marked with “Low density patch”) displayed a
slight decrease in cardiac fibrosis and left ventricular dilation.
Finally, mice treated with microchanneled gel patches laden
with MSCs at a density of 2.0 × 106 cells/mL (marked with
“High density patch”) showed very little necrosis at the site of
injury, with little to no ventricular dilation and wall thinning.
The left ventricular and septal thicknesses quantified with the
histological images were further normalized to the ventricular
diameter. These quantifications confirmed that the MSC-laden
gel patches increased the normalized left ventricular and septal
thickness compared to the negative controls (Figure 5b, c). In a
previously published study, we demonstrated the lack of
damage to the surrounding myocardial tissue 7 days after
placement of a control patch on noninfarcted tissue.31

■ DISCUSSION

This study demonstrated that the 3D printed PEGDMA
hydrogel patch with microchannels of controlled diameters
could encapsulate MSCs without affecting cellular ability to
secret therapeutic cytokines and subsequently enhance
therapeutic quality to treat cardiac muscle damaged by MI.
Using the SLA, the MSC-laden gel patch was assembled to
present microchannels with diameters appropriate for sustained
release of multiple therapeutic cytokines from cells and
subsequent diffusion of the cytokines into target tissue, while
minimizing cell loss. The MSC-laden microchanneled gel
implanted on heart damaged by coronary artery occlusion
showed enhanced recovery of cardiac function and minimizing
cardiac remodeling, compared with multiple control conditions.
This study strengthens the importance of paracrine factors to

aid in the prevention of myocardial damage post-MI. We have
previously calculated the pore diameter of our gel constructs to
be approximately 11 nm, large enough to allow cytokine
secretion while still maintaining cells encapsulated within the
construct. Further studies in the field have reported that the
cardioprotective effect of MSCs lies not only in their secretion
of individual cytokines, but also in the secretion of larger
exosomes.33 Based on the pore size of the PEDGMA hydrogel,
our current platform, which remains stable in physiological
conditions, may not be able to release these particles. Further
modification of the gel to expand or degrade in a physiological
condition may enable us to attain a therapeutic synergy by
delivering both biomolecules and exosomes
In a previous study, we established that 500 μm-diameter

microchannels 3D printed in a hydrogel enhanced localization
of cell-secreting factors and more effectively stimulated
cytokine release from host cells than constructs without
microchannels.32 This result implicated that therapeutic
outcomes are dependent more on the concentrated flux of
cytokines into the microchannels than the total amount of
cytokine released. In particular, compared with the micro-
channel-free gel patch, this microchanneled gel patch allowed
for greater and directed angiogenic potential at the site of the
microchannels, resulting in a more beneficial outcome. We
propose that further decrease of microchannel diameter to 200
to 300 μm would increase the amount of cell-secreting factors
into implanted tissue. This smaller-diameter microchannels can
be incorporated into the gel constructs using a microSLA we
recently assembled to fabricate a 3D gel construct with a higher
resolution.34

Figure 5. Histological analysis. (a) Representative 8 week histological
images of each condition are shown along with their respective
functional measurements. The constructs can clearly be seen, and a
decrease in fibrosis and collagen deposition (blue staining) can be
appreciated with implantation of the MSC-laden, microchanneled
hydrogel patch. Quantitative analysis of (b) left ventricular free wall
thickness and (c) septal thickness normalized to the overall heart
diameter show an increase in each with implantation of the MSC-
laden, microchanneled hydrogel patch. Asterisks (*) represent
statistical significance of the difference of the values between
conditions (p < 0.05).
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In this paper, we have demonstrated the cessation of cardiac
remodeling following myocardial infarction, resulting in the
prevention of tissue necrosis and scar tissue formation.
Although tissue fibrosis has always thought to be a terminal
process, studies on liver cirrhosis have demonstrated its
reversibility with subsequent cell regeneration.35−38 Translation
of these findings to the myocardium, our cardiac patch could be
utilized for the reversal of damage caused by vascular insult. By
this method, treatment success would be independent of the
time elapsed between injury to intervention. Although we have
yet to explore this possibility, we intend to explore fibrotic
reversal as a promising avenue for future directions in the field.
In a similar context, this study demonstrated that micro-

channel architecture was an important factor to prevent injury
of cardiac muscle damaged by MI. The MSC-laden gel patch
without microchannels resulted in a decrease in reproducibility
of cardiac protection, as was seen in the large statistical
variation of outcomes. In contrast, the microchanneled gel
patch could improve cardiac function in a reproducible manner,
while minimizing terminal scar formation. More interestingly,
the therapeutic function of the gel patch was not significantly
dependent on the cell density, thus enabling us to propose that
the microchanneled gel patch is advantageous to reducing the
number of required cells for therapies. This feature would
greatly help alleviating the translational burden of collecting
and culturing MSCs for clinical use.

■ CONCLUSIONS
In conclusion, this 3D printed, microchanneled hydrogel laden
with MSCs would become an advanced therapeutic tool that
can sustainably deliver multiple therapeutics to the site of injury
and improve therapeutic quality of ischemic heart injury. We
propose that the microchannels in the gel play an important
role in releasing cell-secreting therapeutic cytokines into target
tissue by removing gel−tissue interface, a physical barrier for
biomolecular transports. This study provides a promising cell-
based drug delivery system that aids the prevention of
detrimental tissue remodeling following acute injury.
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