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ANISOTROPIC BIOLOGICAL PACEMAKERS 
AND AV BYPASSES 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of and priority to 
US. Provisional Patent Application Ser. No. 61/391,203, 
?led on Oct. 8, 2010. The entire contents of this application 
are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Bradyarrhythmiasiincluding sick sinus syndrome 
and atrioventricular block (AV block)iaffect millions of 
people, and can result in hemodynamic collapse. Implantable 
arti?cial pacemakers are the standard of therapy for the treat 
ment of bradyarrhythmia. However, such implantable devices 
are unresponsive to autonomic heart rate modulation, require 
invasive surgical implantation and replacement every 5-10 
years, are susceptible to temporary malfunction in the pres 
ence of magnets (metal detectors or MRI machines) or envi 
ronmental noise, and increase the patient’s in?ammatory 
response and risk of infection. Also, electronic pacemakers 
are often not suitable for pediatric patients, have a limited 
battery life, and long-term use can be associated With perma 
nent cardiac tissue damage. Recent studies suggest that 
implantable cardiac device failure is a problem, With explants 
and device replacements due to failure averaging several hun 
dred a year in the United States. 
[0003] Biological pacemakers are one alternative to elec 
trical pacing therapy. Biological pacemakers are responsive 
to autonomic modulation, require no external poWer source or 
replacement, present minimal in?ammatory response, can be 
permanent, and can be autologous. Attempts at restoring car 
diac automaticity With biologics have recently focused on tWo 
main approaches: gene therapy and cell transplantation. 
Gene-based approaches introduce genes directly into myo 
cardial cells to restore or enhance automaticity, Whereas cell 
transplantation approaches involve transplanting isolated 
spontaneously active or genetically-engineered cells directly 
into the myocardium. These transplanted cells must then elec 
trically couple With the surrounding myocardium to effec 
tively pace the heart. One of the central challenges of cell 
based therapy is successful integration of transplanted cells 
Within the three-dimensional architecture of the heart. In the 
absence of cues to direct their appropriate alignment With 
native heart tissue, isolated transplanted cells are unable to 
spatially align and effectively integrate into the existing three 
dimensional architecture and are, thus, unable to provide 
improvement in functionality and generate an impulse to pace 
the heart. 
[0004] Accordingly, there is a need for improved biological 
pacemakers orAV-node bypasses that can successfully estab 
lish connections With existing heart tissue and more closely 
replicate the function of a normal sinoatrial (SA) and/ or atrio 
ventricular (AV) node, thereby alloWing more precise pacing 
control over the surrounding cardiac tissue. 

SUMMARY OF THE INVENTION 

[0005] The present invention is based, at least in part, on the 
development of anisotropic muscle thin ?lms (MTFs) that 
function as pacemakers and AV bypass nodes. Accordingly, 
described herein are methods and compositions for recon 
structing the sinoatrial or atrioventricular nodal microarchi 
tecture in vitro using tissue grafts that are easily implantable 
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in vivo by minimally invasive means. These methods and 
compositions are applicable to both gene and cell therapies, 
but their applicability to cell-tissue applications Will be 
described for the purposes of exempli?cation. 

[0006] In one aspect, a biological pacemaker is provided 
that includes a ?exible polymer layer and a population of 
pacemaker cells coated on the ?exible polymer layer to form 
a tissue structure. In exemplary embodiments, the tissue 
structure is con?gured for epicardial or myocardial attach 
ment and for the propagation of an action potential through 
the attached tissue. 

[0007] To con?gure a tissue structure for epicardial or 
mycocardial attachment, the ?exible polymer is patterned 
With, for example, essentially parallel lines of an extracellular 
matrix protein, e.g., ?bronectin, that are spaced about 20 [1M 
apart and are about 20 [1M Wide and about 2 [1M high. The 
patterned ?exible polymer (attached to the sacri?cial polymer 
layer) is seeded With suitable cells and cultured to form an 
anisotropic tissue that Will concatenate With a subject’ s heart, 
thereby forming gap junctions and is, thus, con?gured to 
propagate an action potential through the attached tissue to 
the subject’s heart. 

[0008] In other embodiments of the invention, a portion to 
substantially all of a portion at the site of placement of the 
epicardium, e.g., of the left or right atrium or the SA node, 
may be enZymatically digested to facilitate patch adhesion, 
concatenation of the patch to the subject’s heart tissue, and 
propagation of an action potential through the attached tissue 
to the subj ect’s heart. 

[0009] In another aspect, the invention provides a method 
for fabricating a biological pacemaker by providing a base 
layer and coating it With a sacri?cial polymer layer Which, in 
turn, is coated With a ?exible polymer layer that is more 
?exible then the base layer; seeding and culturing pacemaker 
cells to form a tissue structure; and releasing the ?exible 
polymer layer With the tissue structure to produce a pace 
maker graft. In exemplary embodiments, the graft is con?g 
ured for epicardial or myocardial attachment and for the 
propagation of an action potential through the attached tissue. 

[0010] To con?gure a tissue structure for epicardial or 
mycocardial attachment, the ?exible polymer is patterned 
With, for example, essentially parallel lines of an extracellular 
matrix protein, e.g., ?bronectin, that are spaced about 20 [1M 
apart and are about 20 [1M Wide and about 2 [1M high. The 
patterned ?exible polymer (attached to the sacri?cial polymer 
layer) is seeded With suitable cells and cultured to form an 
anisotropic tissue that Will concatenate With a subject’ s heart, 
thereby forming gap junctions and is, thus, con?gured to 
propagate an action potential through the attached tissue to 
the subject’s heart. 

[0011] In yet another aspect, the invention provides a 
method of treating a patient With a bradyarrythmia, such as a 
bradyarrythmia caused by an SA node defect, by providing a 
biological pacemaker that includes a ?exible polymer layer 
and a population of pacemaker cells coated on the ?exible 
polymer layer to form a tissue structure, and attaching (e.g., 
by placing, suturing, and/ or use of ?brin-based adhesives) the 
tissue structure to the patient’ s epicardium or myocardium. In 
some embodiments, the epicardial surface is treated, e.g., 
With a collagenase, to remove a portion of the epicardial 
surface at the site of attachment of the patch. In some exem 
plary embodiments, the biological pacemaker is con?gured 
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for epicardial attachment and for the propagation of an action 
potential through the attached tissue to the remainder of the 
heart. 

[0012] To con?gure a tissue structure for epicardial or 
mycocardial attachment, the ?exible polymer is patterned 
With, for example, essentially parallel lines of an extracellular 
matrix protein, e. g., ?bronectin, that are spaced about 20 [1M 
apart and are about 20 [1M Wide and about 2 [1M high. The 
patterned ?exible polymer (attached to the sacri?cial polymer 
layer) is seeded With suitable cells and cultured to form an 
anisotropic tissue that Will concatenate With a subject’ s heart, 
thereby forming gap junctions and is, thus, con?gured to 
propagate an action potential through the attached tissue to 
the subject’s heart. 

[0013] In yet another aspect, the invention provides a 
method of treating a patient With AV nodal dysfunction or AV 
block by providing a biological AV bypass that includes a 
?exible polymer layer and a population of excitable cells 
coated on the ?exible polymer layer to form a tissue structure 
Which can bridge AV conduction defects and can propagate 
excitation from atria to ventricles With appropriate safety of 
conduction and a tunable AV delay. The tissue structure is 
attached (e.g., by placing, suturing, and/or use of ?brin-based 
adhesives) to the patient’s ventricular myocardium. In some 
embodiments, the AV bypass is con?gured for myocardial or 
endocardial attachment and for propagation of an action 
potential through the attached tissue to the remainder of the 
heart. 

[0014] To con?gure a tissue structure for endocardial or 
mycocardial attachment, the ?exible polymer is patterned 
With, for example, essentially parallel lines of an extracellular 
matrix protein, e. g., ?bronectin, that are spaced about 20 [1M 
apart and are about 20 [1M Wide and about 2 [1M high. The 
patterned ?exible polymer (attached to the sacri?cial polymer 
layer) is seeded With suitable cells and cultured to form an 
anisotropic tissue that Will concatenate With a subject’ s heart, 
thereby forming gap junctions and is, thus, con?gured to 
propagate an action potential through the attached tissue to 
the subject’s heart. 

[0015] In some embodiments, the epicardial surface is 
treated, e.g., With a collagenase, to remove essentially all of 
the epicardial surface and at least a portion of the myocardium 
at the site of patch placement and expose at least a portion of 
the myocardium and/or endocardium. In some exemplary 
embodiments, the biological pacemaker is con?gured for 
myocardial or endocardial attachment and for the propaga 
tion of an action potential through the attached tissue to the 
remainder of the heart. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a schematic of the steps of one embodiment 
of the MTF fabrication process. (1) The substrates are fabri 
cated on a glass cover slip spin coated With PIPAAm that 
provides temporary adhesion to a PDMS top layer. The 
PDMS is patterned With ECM, ?bronectin (FN) in this case, 
to elicit cell adhesion and groWth. (2) Substrates are placed in 
culture With a cell suspension to alloW pacemaking cells to 
settle and adhere to the surface. (3) MTFs are cultured in an 
incubator until the pacemaking cells form a 2D tissue. (4) A 
desired shape is cut in the tissue/PDMS ?lm using a scalpel. 
(5) The PIPAAm is dissolved by loWering the bath tempera 
ture below 350 C., releasing the MTF. The cutout shape ?oats 
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free or is gently peeled off With tWeeZers. (6) The free-stand 
ing MTF is then used directly or modi?ed further by folding 
into a 3D conformation. 
[0017] FIGS. 2A-2F depict immunostained and phase-con 
trast images of cultured human Mesenchymal Stem Cells 
(hMSC) seeded at 2.5><l04 cells/cm2 and stained on day 3. 
The left column shoWs immuno-stained images With medium 
gray, dark gray, and light gray corresponding to actin, 
?bronectin, and the nucleus, respectively. The right column 
shoWs phase-contrast images of the same tissue. A & B: 
Isotropic arrangement of cells; C & D: Anisotropic arrange 
ment of cells, Which are aligned horizontally; E & F hMSC 
arranged in horiZontal lines. 
[0018] FIG. 3 depicts spontaneous gap junction formation 
betWeen cardiac myocytes cultured on a micropatterned sub 
strate. Connexin 43 (White), sarcomere Z-lines are indicated 
by ?ourescent staining of a-actinin (gray), and nuclear DNA. 
[0019] FIG. 4 depicts a magni?ed image of the edge of a 
MTF With cultured hMSCs. The hMSCs Were seeded on thin 
?lms functionaliZed With ?bronectin (20x20 um 50 ug/ml 
lines W/2.5 ug/ml background) at a density of ~250 k cells/ 
Well (25 k cells/cm2). On day 4 the media Was alloWed to cool 
doWn below 350 C. The ?lm Was cut With a raZor blade inside 
the culture hood and pieces of the thin ?lm Were peeled off. 
Some of the pieces Were placed in contact With myocyte 
monolayers and media Was then added. Other pieces Were 
removed and imaged. 
[0020] FIG. 5 depicts immunostained and phase contrast 
images of hMSC-cardiomyocyte cultures. The constructs are 
comprised of alternating roWs (20 um Wide) of hMSC and 
neonatal rat cardiomyocytes. Actin (White, left column), 
alpha-actinin (medium gray, right column and light gray, top 
roW), and connexin-43 (medium gray, bottom column) are 
visualiZed in the hMSC-cardiomyocyte co-cultures. These 
images illustrate the concatenation and potential connectivity 
betWeen the tWo cell types. 
[0021] FIG. 6 depicts immunostained image of co-culture 
of hMSCs MTF and cardiomyocytes. The neonatal rat ven 
tricular cardiomyocytes Were seeded at a density of l ><l06 per 
35 mm petri dish and the hMSC Were seeded at a density of 
l.50><l04 per petri dish on day 4 after myocyte seeding. The 
co-cultures Were immunostained on day 7 With DAPI (dark 
gray), a-actinin (light gray) and Connexin-43 (medium gray) 
stains and overlaid. The cardiomyocytes Were patterned in a 
non-con?uent anisotropic mono-layer. White arroWs point to 
the nuclei of an hMSC and a cardiomyocyte. The dashed 
circle points out the Cx-43 expressed inside an hMSC. 
[0022] FIG. 7 depicts an immunostained image of an hMSC 
MTF and neonatal rat cardiomyocyte co-culture. The neona 
tal rat cardiomyocytes Were seeded at a density of l><l06 per 
Well and the hMSCs Were seeded at a density l.50><l04 per 
Well on day 4 after myocyte seeding. The co-culture construct 
Was stained on day 7 With DAPI (dark gray), ot-actinin 
(White), Cx43 (light gray), and actin (White) stains. The car 
diomyocytes Were patterned in a non-con?uent anisotropic 
mono-layer. The inset focuses on the Cx-43 on the boundary 
betWeen a cardiomyocyte and an hMSC. 

[0023] FIGS. 8A-8D depict in vitro studies, in Which an 
engineered anisotropic tissue (dark gray, myocyte nuclei indi 
cated With medium gray (in A and B), gap junctions formed 
betWeen cells (in B)) is cultured on a PDMS covered glass 
cover slip With a pacing MTF (Wedge in A; top cells in B) 
attached to the apical surface. Gap junctions spontaneously 
form, electrically coupling the pacing MTF to the ventricular 


























