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Myocardial infarction (MI) causes significant cell loss and damage to myocardium. Cell-based therapies for
treatment of MI aim to remuscularize the resultant scar tissue, but the majority of transplanted cells do not
survive or integrate with the host tissue. Scaffolds can improve cell retention following construct implantation,
but often do little to enhance host-graft integration and/or show limited biodegradation. Fibrin is an ideal
biomaterial for cardiac tissue engineering as it is a natural, biodegradable polymer that can induce neovascu-
larization, promote cell attachment, and has tunable mechanical properties. Here we describe a novel, high-
density microtemplated fibrin scaffold seeded with a tri-cell mixture of cardiomyocytes, endothelial cells (ECs),
and fibroblasts to mimic native cardiac tissue in structure and cellular composition to improve cell retention and
promote integration with the host tissue. Scaffolds were designed with uniform architecture of parallel 60 um
microchannels surrounded by an interconnected microporous network of 27-pm-diameter pores and mechanical
stiffness comparable to native cardiac tissues (70-90kPa). Scaffold degradation was controlled with the addition
of Factor XIII (FXIII) and/or protease inhibitor (aprotinin). Unmodified scaffolds had a fast degradation profile
both in vitro (19.9% +3.9% stiffness retention after 10 days) and in vivo. Scaffolds treated with FXIII showed an
intermediate degradation profile in vitro (45.8% +5.9%), while scaffolds treated with aprotinin or both FXIII and
aprotinin showed significantly slowed degradation in vitro (60.9%%5.2% and 76.4%%7.6%, respectively,
p<0.05). Acellular aprotinin scaffold myocardial implants showed decreased collagen deposition after 7 days.
Unmodified and aprotinin implants could not be located by 14 days, while 2 of 8 FXIII implants were found, but
were significantly degraded. Constructs supported seeded cell survival and organization in vitro, promoting EC-
lined lumen structure formation in construct channels and colocalization of viable ECs and cardiomyocytes. In
addition, constructs promoted extracellular matrix deposition by seeded cells, as shown by collagen staining
within construct channels and by significant increases in construct stiffness over 10 days in vitro (209% +32%,
p<0.05). The data suggest our fibrin scaffolds are ideally designed to promote graft cell survival and organi-
zation, thus improving chances of promoting construct integration with the host tissue upon implantation.

Introduction

URRENT CELL-BASED THERAPIES for myocardial infarction

(MI) in human trials include direct injection of cells
(such as bone marrow stem cells, skeletal myoblasts, or stem
cell-derived cardiomyocytes) into infarcted myocardium or
surrounding tissue or coronary vessels. The hope is that these
delivered cells will home to damaged tissue and exert thera-
peutic effects. However, few cells reach the infarct with these
methods and cell retention and survival remain extremely low
(<10%).}7* In addition, cells delivered in suspension can be
disorganized and often lack cell-cell and cell-matrix con-
tacts. Cells respond differently when grown in a 2D versus 3D

environment, and the function of many cell types is anchor-
age-dependent. Sheets of cells have been stacked to form
thicker tissue grafts, but these are limited by diffusion of nu-
trients and low mechanical s’creng’ch.z’5 For cell-based thera-
pies to successfully regenerate damaged myocardium, it is
imperative to deliver enough viable cells to the infarct zone
that survive and function like normal cardiac cells and inte-
grate with the host tissue. For these reasons, biomaterials are
desirable as delivery vehicles to help improve cell retention.
However, issues with immune rejection, degradation, and me-
chanical integration have limited their success in cardiac repair."*

An effective cellular construct for the treatment of MI
should (1) enhance cell attachment and promote cellular
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organization to increase the number of functional cells being
delivered, (2) encourage infiltration of and integration with
the host vasculature to improve construct survival upon
implantation, (3) be nonimmunogenic, and (4) degrade into
nontoxic byproducts. Additionally, constructs should have a
mechanical strength similar to native myocardium to sup-
port grafted cell function and to avoid issues with mechan-
ical mismatch upon implantation. Both synthetic and natural
polymers are being investigated for use in cardiac tissue
engineering applications. Many of these are used to form
scaffolds mimicking an extracellular matrix (ECM)-like
structure on which cells are grown before implantation of the
construct.”?

Fibrin is a natural protein used as an effective scaffolding
material to grow cells and tissue constructs due to its cell
adhesive properties and natural nontoxic degradation
products.®™® Fibrin is the major protein component of blood
clots, and is formed when the precursor, fibrinogen, is
cleaved by thrombin, which also activates the zymogen
factor XIII (FXII) to covalently crosslink the unstable fibrin
network to form an insoluble fibrin clot. These clots are
naturally degraded by plasmin into D-dimers and other
degradation products that are easily cleared by the body.””
Fibrin hydrogels have been utilized to deliver cells, 12 with
Christman ef al. being the first to demonstrate transplanted
cell survival was improved when injected with fibrin hy-
drogels.13 Additionally, fibrin induces neovascularization
within ischemic myocardium and reduces infarct expansion,
with enhanced neovascularization in ischemic myocardium
observed following injection of fibrin gels alone or in con-
junction with cells."*'®> The observed neovascularization
effects of fibrin fit with the well-established role of fibrin
degradation products in the induction of angiogenesis,'® and
further demonstrate the suitability of fibrin as a scaffold
biomaterial.

The main issue with fibrin hydrogels for cardiac tissue
engineering applications is that they are mechanically weak,
limiting their ability to adequately support dynamically
contracting cardiomyocytes and constantly working native
myocardium. In contrast, high-concentration fibrin glues are
too dense for cells to penetrate, limiting their use as cell
delivery vehicles. Ideally, the scaffold—cell construct should
have similar biomechanical properties to ventricular wall
tissue. Recently, Linnes et al. developed a method of micro-
templating high-density fibrin into an interconnected mi-
croporous architecture with controllable pore size and
mechanical stiffness closer to cardiac tissue than fibrin gels.”
A sphere-templated microporous architecture with pores of
equal size is ideal for promoting nutrient delivery, gas ex-
change, and neovascularization within the construct,* but is
limited by low-density cell-seeding and random cellular
alignment. Madden et al. overcame these limitations by in-
corporating a microchannel network into a similar micro-
porous scaffold construction, producing bimodal synthetic
scaffolds for use as cardiac constructs.

Here we describe a novel high-density templated fibrin
scaffold with a microchanneled and microporous architec-
ture that we successfully seeded with a tri-cell mixture of
cardiomyocytes, endothelial cells (ECs), and cardiac fibro-
blasts. This cell-seeded scaffold is designed to mimic native
cardiac tissue in both structure and composition to address
many of the issues described above. The microarchitecture of
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our scaffold allows higher density cell-seeding, promotes
cellular alignment and prevascular network formation
within channels, and facilitates nutrient exchange and waste
removal within constructs. In addition, the high-density
fibrin material promotes cellular attachment, provides ade-
quate and tunable mechanical strength for the grafted cells,
and should promote construct integration with the host tis-
sue upon implantation.

Materials and Methods
Fibrin scaffold construction

Scaffolds were constructed according to published meth-
ods with modifications,*” summarized in Figure 1. Briefly,
optical fibers (Paradigm Optics, Vancouver, WA) with a
60-pm-diameter inner polycarbonate (PC) core and a 30-pm-
thickness poly(methyl methacrylate) (PMMA) outer shell
were bundled in Teflon shrink tubing and sintered at 145°C
overnight to form a solid PMMA matrix containing PC cores
spaced 60pum apart. After sectioning into 1-3-mm-length
disks and immobilizing the ends of the PC cores with cya-
noacrylate, the PMMA matrix was selectively dissolved with
xylene washes over 5 days. The resulting void space around
the PC cores was then filled with PMMA microbeads (27 pm
diameter, Microbeads, Skedsmokorset, Norway) in a close-
packed arrangement via sonic sifting. The beads were sin-
tered in place at 180°C for 24 h to obtain a pore neck diameter
50% of the bead diameter. The polymer template was infil-
trated with a 200mg/mL fibrinogen solution (bovine fi-
brinogen Type 1-S, Sigma-Aldrich, St. Louis, MO; in 0.9%
NaCl) via centrifugation. A concentrated thrombin solution
(13.25 U/mL thrombin, Sigma, St. Louis, MO; 8.3 mM CaCly;
DMEM, Gibco, Grand Island, NY) was used to polymerize
the fibrinogen into fibrin around the polymer template
overnight at room temperature. After scraping the exterior
of the scaffolds to remove excess fibrin, the polymer tem-
plate was dissolved with two 24h washes in a 90% di-
chloromethane/10% hexanes solution followed by a 24-h
acetone wash on an orbital shaker at room temperature.
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FIG. 1. Microtemplated fibrin scaffold construction. (a)
Bundle poly(methyl methacrylate) (PMMA)/polycarbonate
(PC) fibers & sinter to form PMMA matrix with PC cores
spaced 60 pm apart, (b) section & immobilize ends of PC cores,
() selectively remove PMMA matrix, (d) pack PMMA beads
around PC cores and sinter, (e) add fibrinogen solution via
centrifugation, (f) polymerize with thrombin solution, (g) re-
move synthetic polymers, and (h) rehydrate fibrin scaffold.
Color images available online at www.liebertpub.com/tea



FIBRIN SCAFFOLDS FOR CARDIAC TISSUE ENGINEERING

Scaffolds were treated with 100% ethanol rinses for 1 week
before rehydration with a graded ethanol series into sterile
phosphate-buffered saline (PBS).

Scaffold modifications

Additional crosslinking of fibrin scaffolds was achieved by
adding the human Factor XIII (FXIIL; Innovative Research,
Novi, MI) at 100 ug/mL to the fibrinogen solution before
centrifugation into polymer templates. Inhibition of scaffold
degradation by proteases was tested by adding the serine
protease inhibitor aprotinin (3000 U/mL; Sigma-Aldrich, St.
Louis, MO) to the fibrinogen solution. These scaffold modi-
fications were tested alone and in combination with each
other to determine their effects on stiffness and in wvitro
degradation rates of the fibrin scaffolds.

Architecture evaluation

Scaffold architecture was evaluated with scanning electron
microscopy (SEM). Briefly, scaffolds were fixed in 0.5%
glutaraldehyde overnight at room temperature followed by
dehydration in a graded ethanol series and critical point
drying to maintain pore and channel structures. Samples
were cut to different depths and Au/Pd sputter-coated for
60 s before imaging with an FEI (Hillsboro, OR) Sirion field-
emission microscope under high-vacuum conditions at an
accelerating voltage of 10kV.

Mechanical stiffness and in vitro degradation analysis

To assess the tensile strength and degradation time-course
of the fibrin scaffolds, scaffold stiffness was measured using
a custom-built biomechanical analysis setup in the Regnier
lab.'”"'* Briefly, scaffolds were cut into strips (0.2-0.4mm
diameter x 1.0 mm length) and mounted with aluminum foil
T-clips between a force transducer and a servomotor tuned
for a 300 ps step response (Fig. 2A). Step changes in length
(4%—24% of scaffold strip length) and resulting changes in
tension (Fig. 2B) were measured and recorded by our custom
LabVIEW software program. Resulting tension (mN) and
force normalized to a cross-sectional area (mm?) were plotted
against percent length change, and the slope of the resulting
linear regression line was used as a measure of stiffness in
kPa (Fig. 2C). Scaffolds were measured at different time
points (0, 3, 6, & 10 days) after incubation at 37°C in sterile
PBS (for acellular degradation studies) or in culture medium
(for cell-seeded scaffolds).

Acellular scaffold myocardial implants

After rehydration and equilibration in sterile PBS, acellular
fibrin scaffolds (unmodified, FXIII-treated, or aprotinin-
treated) were cut into 300-400-pm-diameter x 1-2-mm-long
strips and kept in sterile PBS at 4°C until implantation. All
animal procedures were conducted in accordance with the
US National Institutes of Health Policy on Humane Care and
Use of Laboratory Animals and were approved by the Uni-
versity of Washington (UW) Animal Care Committee. Rats
were housed in the Department of Comparative Medicine at
UW and cared for in accordance with the UW Institutional
Animal Care and Use Committee (IACUC) procedures.
Adult male Fischer 344 rats (200-300g) were sedated with
isoflurane before implanting scaffold strips into the wall of
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FIG. 2. Mechanical stiffness testing of fibrin scaffolds. (A)
Strip of scaffold mounted between a force transducer and a
motor (10x magnification). (B) Step length changes (4%-
24%) with resulting tension measured as force (mN). (C)
Normalized steady-state force (mN/mm?) is plotted against
% length change, and the slope of the resulting regression
line is the material stiffness (kPa).

the left ventricle as described previously by our group.4 At
endpoints of 1, 7, and 14 days, rats were euthanized via
pentobarbital overdose (120-150 mg/kg) administered via IP
injection, followed by pneumothorax before rapidly dissect-
ing the hearts. This method of euthanasia is in accordance
with recommendations of the Panel on Euthanasia of the
American Veterinary Medical Association.

Cell-seeding and culture of fibrin constructs

Primary neonatal rat ventricular cardiomyocytes (NRVCs)
and neonatal rat cardiac fibroblasts (NRCFs) were isolated
from 1-3-day-old Fischer 344 rats using standard protocols
reported previously by our group.'” Cardiomyocytes were
separated from fibroblasts by preplating the primary cell
suspension, and the two cell types were kept separately in
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tissue culture flasks for 2—4 days before seeding. Cardio-
myocytes were heat shocked at 42°C for 40 min, 24 h before
seeding, as this has been shown to enhance cell survival after
transplantation, and we believe this treatment will be im-
portant for our system due to the stress of seeding and the
high density of cells being used.** Rat aortic endothelial
cells (RAECs, a gift from Dr. Nicosia, VA hospital Seattle,
WA) or human umbilical vein endothelial cells (HUVECsS,
Lonza, Basel, Switzerland) were grown in culture. For some
constructs, cardiomyocytes were labeled with a fluorescent
lipophilic tracer dye (CM-Dil, Vybrant Cell-Labeling Solu-
tions; Molecular Probes, Eugene, OR) during heat shock
treatment 24 h before seeding. After rehydration into sterile
PBS, scaffolds were cut using 2-mm-diameter biopsy punch
tubes in which the scaffolds remained for the duration
of seeding. Cells were seeded at a 4:2:1 ratio (NRVCs:
ECs:NRCFs) at a density of 2x10° cells per scaffold (2mm
diameter x2-3 mm length). The tri-cell mixture was pipetted
into the biopsy punch tubes and centrifuged into the scaf-
folds over 3—4 rounds of centrifugation at ~7 g for 5min per
round. After seeding, scaffolds were removed from the bi-
opsy punch tubes, placed in 12-well tissue culture plates, and
kept in an incubator (37°C, 5% CO,) for 15-30 min to allow
cells to adhere to scaffolds before pipetting 2mL of plating
media®" around each scaffold. Cell-seeded scaffolds were
maintained in static culture with media changes every other
day. Live cell-seeded constructs containing CM-Dil-labeled
cardiomyocytes were imaged under fluorescent light.

Histological analysis

Hearts from acellular implant studies were sliced into 2-
mm sections beginning with a cut through the center of the
implant site, and then immersion-fixed in Methyl Carnoy’s
(MQ) fixative. Cell-seeded constructs were immersion-fixed
in MC fixative at different time points from 0-14 days after
seeding. Samples were processed, embedded in paraffin, and
sectioned (5pm) for histology. Serial sections of samples
were stained with H&E, Masson’s trichrome stain, and with
immunohistochemical staining using hematoxylin as the
nuclear counterstain. Immunostaining was performed with
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primary antibodies against sarcomeric myosin (clone MF-20,
Developmental Studies Hybridoma Bank), rat endothelial
cell antigen (RECA-1, mouse anti-rat (1:10); AbDSerotec,
Raleigh, NC), human EC marker (CD31, mouse anti-human
(1:100); Dako, Carpinteria, CA), desmin (rabbit anti-rat
(1:20); Dako, Carpinteria, CA), leukocyte marker CD45
(mouse anti-rat (1:100); BD Biosciences, San Jose, CA), and
macrophage marker CD68 (mouse anti-rat (1:100); AbDSer-
otec, Raleigh, NC). Samples were then labeled with second-
ary antibodies using either a biotinylated horse anti-mouse
(1:400) secondary antibody (Vector, Burlingame, CA) and
developed with DAB (Sigma-Aldrich, St. Louis, MO), or with
fluorescently labeled secondary antibodies (Alexa Fluor 488
goat anti-mouse (1:100) or Alexa Fluor 594 goat anti-rabbit
(1:100), Molecular Probes, Eugene, OR) and counterstained
with 4’,6-diamidino-2-phenylindole, dilactate (DAPI, dilac-
tate, 300 nM, Molecular Probes, Eugene, OR).

Statistical analysis

All values are reported as mean+S.E.M. When comparing
stiffness values, statistical significance from unmodified
scaffold values was determined with a One-Way ANOVA
test using the Dunnett method. Statistical significance between
other scaffold modifications was tested using a 2-sided
Student’s t-test (x=0.05). Differences at a p-value <0.05 were
considered statistically significant.

Results
Fibrin scaffold construction

High-density (200mg/mL) fibrin scaffolds were con-
structed using the polymer templates described in the Meth-
ods section. Success of fibrin scaffold formation was assessed
with SEM imaging at different depths through the scaffold,
confirming an interconnected microporous network (27-um-
diameter pores) surrounding open microchannels (60pum
diameter) that spanned the length of the construct. SEM
analysis confirmed consistent formation of this microtemplated
architecture with regularly shaped and evenly spaced chan-
nels and pores throughout the fibrin scaffold (Fig. 3).

10.0kV 100gm

FIG. 3. Scanning electron microscopy images of high-density microtemplated fibrin confirming scaffold architecture with a
uniform 27-um porous network (arrowhead) surrounding evenly spaced 60-um channels (arrow) at (A) 60xand (B) 250 x

magnification. Scale bars=100 pm.
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FIG. 4. Acellular fibrin scaffold implants in adult rat myocardium. Masson’s trichrome staining of scaffold implants in cross
section. Unmodified scaffolds after (A, F) 1 day and (B, G) 7 days, aprotinin scaffolds after (C, H) 7 days, and FXIII scaffolds
after (D, I) 7 days and (E, J) 14 days of implantation. Black arrows indicate fibrin implant material, white arrows indicate
loose collagen deposition, arrowheads indicate examples of infiltrated neutrophils. Scale bars =100 pm in (A-E), 50 pm (F-J).

Color images available online at www .liebertpub.com/tea

Acellular scaffold myocardial implants

An initial study was performed to determine how the host
cardiac tissue would respond to the scaffold material and to
assess the time course of degradation of scaffolds in vivo.
Unmodified, FXIII-treated, and aprotinin-treated fibrin scaf-
folds were implanted in the ventricular wall of adult rat
hearts. Scaffolds located at the site of implantation were
completely infiltrated with host cells after 1 day (Fig. 4A, F).

FXI

Aprotinin

Histological analysis indicated these were mainly neutro-
phils, suggesting a normal early inflammatory response to
the fibrin scaffolds as expected for this early time point.
Scaffolds were significantly degraded by 7 days post-
implantation (Fig. 4b-D, G-I). Histological analysis of day 7
samples showed an area of inflammation immediately sur-
rounding the implants, characterized by RECA-1+ EC-lined
lumens (Fig. 5A, D), CD45+ leukocytes (Fig. 5B, E) and
CD68+ macrophages (Fig. 5C, F), and an area of newly

FIG. 5. Acellular fibrin scaffold implants in adult rat myocardium. Immunohistological staining of FXIII (A-C) and
aprotinin (D-F) scaffold implants in cross section after 7 days of implantation. Rat endothelial cell antigen (RECA)-1 (A, D),
CD45 (B, E), and CD68 (C, F) staining indicate a normal wound-healing response to implants. Inset images in (A) and (D)
show RECA-1+ cells (indicated by arrowheads) within and adjacent to fibrin scaffold. Black arrows in all panels indicate
fibrin implant material. Scale bars=100 um (50 pm in insets). Color images available online at www.liebertpub.com/tea
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(A) Degradation curves (% stiffness retention) of fibrin scaffold formulations in vitro. Statistically significant dif-

ference from unmodified scaffolds on day 6 (*) or on day 10 (}) (One-Way ANOVA, Dunnett’s method, p <0.05); statistically
significant difference from FXIII scaffolds on day 6 (}) or on day 10 (#) (2-sided Student’s t-test, p <0.05). (B) Stiffness values of
scaffold formulations over 10 days in vitro. Brackets indicate significant differences between time points within each group (2-

sided Student’s t-test, p <0.05).

deposited loose collagen (Fig. 4B-D, G-I), consistent with a
normal wound-healing response. Unmodified and FXIII-
treated scaffolds showed a similar host response at the 7-day
time point. Aprotinin-treated scaffolds appeared to have less
collagen deposition in the area of implantation at the 7-day
time point (Fig. 4C, H), and 3 of 6 aprotinin-treated implants
were located after 7 days (as compared to 1 of 6 unmodified,
and 2 of 6 FXIII-treated implants). Unmodified and aproti-
nin-treated scaffolds could not be located 14 days post-
implantation, suggesting complete scaffold degradation by
this time. Although significantly degraded, 2 of 8 FXIII-
treated scaffolds were located at the site of implantation after
14 days (Fig. 4E, ]J) versus 0 of 5 unmodified scaffolds and
0 of 6 aprotinin-treated scaffolds, suggesting that FXIII
modification may slow fibrin scaffold degradation in vivo.

Acellular scaffold mechanical stiffness
and in vitro degradation analysis

Following the in vivo study, we wanted to determine
whether scaffold treatments that may slow degradation
in vivo would affect the material stiffness, as we believe it
will be important to maintain an initial scaffold stiffness
comparable to that of native tissues (neonatal rat myocardi-
um=39+9kPa; adult rat myocardium=273+100 kPa).'?
Scaffolds were mechanically tested in vitro to determine
material stiffness and degradation rates with and without
material modifications (FXIIL +aprotinin). The stiffness
and degradation time course for each treatment tested is

summarized in Figure 6 and material stiffness values are
reported in Table 1. Unmodified fibrin scaffolds had an
average stiffness of 80.9+6.0kPa, a value comparable to
native cardiac tissues. This stiffness rapidly decreased to
38.3+£3.5kPa (47.3%+5.6% stiffness retention, significantly
different from day 0, p<0.05) after 3 days and to 30.3*
2.7kPa (37.5%*4.3%) after 6 days, with a continuing sig-
nificant drop in stiffness to 16.1+2.9kPa (19.9%+3.9%,
p<0.05) after 10 days in sterile PBS at 37°C. During testing of
the day 10 samples, 10 of the unmodified scaffold strips tore
before they could be measured due to a high extent of deg-
radation. The stiffness value reported for the day 10 un-
modified scaffolds includes these 10 samples as zero passive
force. Without the inclusion of these samples, the day 10
stiffness was 22.8+3.1kPa (28.2% £4.4% stiffness retention).
This data in combination with the results of the in vivo im-
plant study indicate a fast degradation time course for our
unmodified fibrin scaffolds. Addition of FXIII did not sig-
nificantly change initial scaffold stiffness (90.8 8.4 kPa), but
did significantly decrease the overall extent of scaffold deg-
radation (45.8%+5.9% after 10 days, p <0.05) compared with
unmodified scaffolds. A significant decrease in FXIII scaffold
stiffness was observed between the 3- and 6-day time points
(68.3%%7.5% down to 43.9%+5.8%, p<0.05). Addition of
aprotinin to the fibrin material also did not significantly
change initial material stiffness (68.0+4.7kPa), and signifi-
cantly decreased the rate of scaffold degradation in vitro
(60.9%+5.2% after 10 days, p<0.05) compared to unmodi-
fied scaffolds, with no significant decrease in stiffness

TaBLE 1. STIFFNESS (kKPA) OF FIBRIN ScaFroLD FormuLaTIONS OVER 10 DAYS IN VITRO

Stiffness in kPa (n)

Scaffold treatment Day 0

Day 3

Day 6 Day 10

Unmodified 80.9£6.0 (40)
FXIII 90.8+8.4 (35)
Aprotinin 68.0+4.7 (49)
FXIII + Aprotinin 89.0£5.9 (35)

38.3+3.5 (35)
62.0+3.7 (35)
46.3+3.4 (35)
54.4+2.6 (36)

30.3+2.7 (37)
39.9+3.7 (35)
42.0+2.4 (48)
63.8+5.1 (35)

16.1£2.9 (34)°
41.6+3.7 (35)
414+2.1 (35)
68.0+5.1 (34)

“Unmodified day 10 stiffness value includes 10 preps that yielded zero passive force, which did not occur in other groups.
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observed past the 3-day time point. The combination of FXIII
with aprotinin produced a scaffold with a stiffness of
89.0+£5.9kPa and, as with aprotinin alone, significantly de-
creased the extent of scaffold degradation (76.4%+7.6% after
10 days, p<0.05), with no significant decrease in stiffness
past the 3-day time point. The degradation rates of aprotinin
with EXIII and aprotinin-only scaffolds were not signifi-
cantly different. These data demonstrate our ability to tune
the material properties of our fibrin scaffolds in terms of
initial stiffness and rate of degradation to target the desired
scaffold properties for in vivo implants.

Tri-cell seeding of fibrin scaffolds

Tri-cell seeding of scaffolds with NRVCs, RAECs or
HUVEC, and NRCFs via centrifugation resulted in constructs
containing viable cells, as indicated by images of fluores-
cently labeled (CM-Dil) cardiomyocytes 2 hours after seed-
ing into scaffolds (Fig. 7A). Histological analysis showed
viable cells seeded through the width of the constructs
(Fig. 7B) and down the length of the microchannels (Fig. 7C)
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in 8-day constructs. Cardiomyocytes were seen contracting
within microchannels 2—4 days after seeding (Supplementary
Information), as were nonseeded cardiomyocytes on the
bottom of culture dishes (data not shown), demonstrating
cardiac cell survival and viability. Constructs seeded with
only cardiomyocytes or ECs resulted in poor cell survival
(data not shown). Histological analysis of tri-cell constructs
indicated cardiomyocytes (sarcomeric myosin, MF-20) sur-
vived seeding and were localized in scaffold channels (Fig.
7A, D, G), and that they elongated within channels over time
in culture (Fig. 7G). This analysis suggests that the cardio-
myocytes may be beginning to form columnar structures
through the construct parallel to the microchannel orienta-
tion. ECs (RECA-1 or CD31) also survived seeding, became
elongated within channels, and consistently formed lumen
structures within and aligned parallel with channels, as
indicated by histological staining both in cross-sectional
(Fig. 7E) and in longitudinal sections (Fig. 7F, H). Fluorescent
double-staining (desmin & CD31, Fig. 7G-I) of a tri-cell-
seeded scaffold in the longitudinal section confirmed these
cells were colocalized and aligned within scaffold channels.

FIG. 7. Tri-cell-seeded
scaffolds in vitro. (A) Scaffold
2 hours after seeding
showing fluorescently
labeled (CM-Dil)
cardiomyocytes (NRVCs)
seeded in microchannels
(white arrows), 5x
magnification. Histological
analysis of 8 day samples cut
in cross-sectional (B, D, E)
and longitudinal section (C,
F-I). (B, C) H&E staining
showing viable cells within
construct channels (black
arrows), scale bars=100 um
(50 pm in insets). (D) NRVCs
(ME-20, sarcomeric myosin)
and (E) endothelial cells
(RECA-1) colocalized within
channels (representative
channels shown by black and
red arrows), scale
bars=100 um (50 pm in
insets). (E, F) Endothelial cells
formed lumen structures
within channels (black
arrows), scale bar in
(F) =50 um. Fluorescent
double staining with (G)
desmin and (H) CD31
confirming cardiomyocytes
and endothelial cells are
colocalized and elongated
within scaffold channels
(channel walls outlined with
dotted lines, fibrin material
is autofluorescent). (I)
Merged images with DAPI
nuclear stain. Scale bars in
(G-I) =50 pm. Color images
available online at
www.liebertpub.com/tea
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Taken together, these results indicate the scaffold micro-
architecture is promoting EC and cardiomyocyte organiza-
tion and orientation within constructs and the development
of a prevascular cell network adjacent to columns of elon-
gated and aligned cardiomyocytes throughout the parallel
construct channels, mimicking the cell orientation present in
native cardiac tissue.

Cell-seeded construct stiffness in vitro

Aprotinin scaffolds were seeded with the tri-cell mixture
and mechanically tested over 10 days to determine the effect
of cell seeding on scaffold degradation. Stiffness of day 0
unseeded scaffolds was used as the baseline stiffness value.
In contrast to the degradation profile of acellular scaffolds,
the stiffness of cell-seeded scaffolds did not drop initially and
significantly increased between days 6 and 10, up to
209%+32% (p<0.05) of initial stiffness (Fig. 8A). Masson’s
trichrome staining of tri-cell constructs confirmed the pres-
ence of newly deposited collagen by cells within construct
channels after 8 days in vitro (Fig. 8B), providing a potential
explanation of the observed increase in construct stiffness.

Discussion

In this study, we describe the development of a tri-cell-
seeded cardiac tissue construct using a high-density micro-
channeled and microporous fibrin scaffold that promoted
cell survival and organization and had tunable stiffness and
rates of degradation. We successfully seeded cardiomyo-
cytes, ECs, and fibroblasts into the aligned channels of our
scaffolds, creating a construct that mimics native cardiac
tissue in structure, material properties, and cellular compo-
sition. Our constructs supported cardiomyocyte survival and
the development of a prevascular EC network in vitro. In
addition, our constructs promoted collagen deposition by
seeded cells within construct channels. Taken together, these
are all characteristics of a promising cardiac tissue construct
that is engineered to improve graft survival and integration
upon implantation.
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Fibrin is a natural protein ideally suited for tissue engi-
neering, as it has been shown to promote cellular adhesion,
has tunable mechanical and degradation properties, and
naturally degrades into nontoxic bioactive molecules that
induce neovascularization. Linnes et al. developed a method
of sphere-templating fibrin at a high density to produce
stable and nontoxic porous scaffolds with mechanical stiff-
ness that could be controlled by altering fibrinogen con-
centration, time in acetone, and time of exposure to an
external crosslinker (genipin).” Madden et al. developed a
method of incorporating parallel microchannels within the
porous network to align seeded cardiomyocytes within
synthetic scaffolds.* Modification of these two templating
procedures allowed us to produce a high-density templated
fibrin scaffold with 60-um parallel microchannels sur-
rounded by an interconnected 27-um porous network. The
choice of channel diameter was based on studies done by
Madden et al. that determined 60-um channels were optimal
for cell-seeding, while minimizing mass transport issues
within the channel, while channel spacing was chosen so
that pores in the range of 20-40 um diameter could be in-
corporated around the channels, as this range of pore sizes
has been shown to induce a greater extent of host vascular
infiltration and reduced fibrous capsule formation in myo-
cardial implants.**

Our in vivo degradation studies confirmed a normal host
response to our fibrin implants with no indications of calci-
fication or foreign body giant cell formation. We observed an
area of granulation tissue surrounding acellular implants
after 1 and 2 weeks in vivo. We determined our acellular
unmodified fibrin scaffold had a stiffness of 80.9+6.0kPa, a
value comparable to native cardiac tissues.'® However, our
unmodified fibrin scaffolds had a rapid degradation profile
both in vitro (likely due to contaminating levels of plasmin in
the fibrinogen) and in vivo. We hypothesized that a slower
degradation profile would be necessary to maintain struc-
tural support for grafted cells until they had deposited their
own replacement ECM. This led us to test modifications to
the fibrin material in an attempt to slow the degradation of
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FIG. 8. Cell-seeded construct mechanical properties. (A) Change in construct stiffness (% of baseline, Day 0 stiffness) of tri-
cell-seeded aprotinin scaffolds over 10 days in vitro. * Statistically significant difference from Day 6 time point (2-sided
Student’s t-test, p <0.05). (B) Masson’s trichrome staining of 8 day cell-seeded construct indicating newly deposited collagen
(arrow) by cells within channels. Scale bar=100 pm. Color images available online at www liebertpub.com/tea
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our scaffolds, while maintaining the material stiffness within
the range of native cardiac tissues.

During coagulation, fibrin clots are stabilized and pro-
tected from rapid fibrinolysis by FXIII crosslinking.”*** We
therefore tested the addition of FXIII to the fibrinogen solu-
tion at a concentration approximately 3-5xthat normally
found in mammalian plasma®*?* as a method to retain ma-
terial stiffness. Contrary to other studies,?>*?® we did not
find a significant increase in material stiffness of our FXIII-
treated scaffolds (90.8+8.4kPa) compared to unmodified
scaffolds (80.9+6.0kPa). An explanation for this could be
that the extremely high density of the fibrin (200mg/mL) is
masking moderate effects on stiffness resulting from addi-
tion of FXIII. Additionally, the fibrin scaffolds are exposed to
a series of water-free solvents during production that are
most likely further increasing material stiffness.”*” The effect
of FXIII treatment on scaffold degradation was unclear from
our in vivo implant studies, but seemed to indicate it may be
slowing scaffold degradation. Further investigation with
in vitro degradation studies showed an intermediate level of
stiffness retention (45.8%+5.9%) that was significantly im-
proved from unmodified fibrin scaffolds (19.9%+3.9%) over
10 days in vitro.

The addition of the protease inhibitor aprotinin also sig-
nificantly reduced scaffold degradation in our constructs
(60.9%+5.2%) over 10 days in vitro, and appeared to de-
crease collagen deposition in vivo 7 days after implantation
(Fig. 4). Aprotinin is commonly incorporated in fibrin glue-
based tissue sealants for surgical applications to increase the
material clurabili’fy.25 In addition, aprotinin has been indi-
cated as an anti-inflammatory agent that reduces activation
and chemotaxis of neutrophils and macrophages, therefore
lessening the release of inflammatory cytokines and the re-
sulting cell and tissue damage they cause.”®** We wanted to
determine whether aprotinin would remain in our high-
density fibrin material and, most importantly, retain its ac-
tivity after undergoing the scaffold processing required to
remove the polymer template. The slowing of degradation
seen in our in vitro study suggests aprotinin is still present
and is not denatured by the scaffold processing procedures.
As hypothesized, the combination of FXIII with aprotinin
also had a significant effect on slowing scaffold degradation
compared to the unmodified and FXIll-only groups,
maintaining 76% of scaffold stiffness after 10 days in vitro.
However, this was not significantly different from the deg-
radation rate of the aprotinin-only group (Fig. 6). Based on
these in vitro results, it was expected that aprotinin implants
would perform equally as well as or better than FXIII im-
plants. However, while more aprotinin implants were lo-
cated after 7 days than in the unmodified and FXIII groups,
no aprotinin implants could be located at the 14-day time
point. One possible explanation for this may be that the dose
of aprotinin delivered with the implant was sufficient to
prolong the scaffold life for 7 days, but not for 14 days due to
the relatively small size of the implants. Since our degrada-
tion studies showed most of the retained stiffness occurs
with aprotinin scaffolds for up to 10 days in vitro, we pro-
pose that the addition of aprotinin to our high-density fibrin
scaffolds will extend the scaffold life in vivo in the presence of
cell seeding and the inflammatory environment of the infarct
when a larger scaffold size is implanted. Optimal degrada-
tion time will depend on a variety of factors, such as how
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quickly the construct mechanically integrates, forms vascular
anastomoses, and how much fibrin needs to degrade to
promote neovascularization. These questions are beyond the
scope of this study, but the tunable properties of our novel
construct in regard to both stiffness and degradation will
allow careful assessment of these questions in the future.

For future animal studies, it will be essential for grafted
cardiomyocytes within a scaffold to survive after implanta-
tion in infarcted myocardium and become rapidly vascular-
ized by the host. By using fibrin as our scaffold material and
by developing a prevascular network within our constructs
in vitro, we hope to encourage rapid anastomosis of our graft
with the host vasculature and improve the overall chances of
graft survival. Important components of healthy heart tissue
are mature cardiomyocytes coupled with an extensive mi-
crovascular network. Thus, a cardiac repair construct should
contain a high density of cardiomyocytes and the compo-
nents of microvessels, specifically ECs and supporting cells.
It is well established that coculture of ECs and fibroblasts or
mesenchymal stem cells generates stable vascular networks
in 3D cultures.*>?! Studies by the Davis group have shown
that the neovessel formation is a complex process requiring a
sequential set of events modulated by cell-cell and cell-
matrix interactions.*> When 3D tri-cell constructs were im-
planted in vivo, they exhibited continuous differentiation and
were invaded by host blood vessels.**>® Fibroblasts stabi-
lized neovessels by reducing EC death and increasing EC
proliferation, and capillaries improved cardiomyocyte pro-
liferation.***” Fibrin constructs seeded with cardiomyocytes
alone showed poor cell survival in our system (data not
shown). Conversely, within 8 days of in vitro culture our tri-
cell constructs consistently developed EC-lined lumen
structures within scaffold microchannels, and were coloca-
lized with viable cardiomyocytes oriented parallel to scaffold
channels (Fig. 7). In addition, seeded cells began depositing
their own ECM in the form of collagen within construct
microchannels during this time period, as indicated by his-
tological analysis and resulting in increased construct stiff-
ness over 10 days (Fig. 8). This is a desirable attribute for a
degradable cellular construct, as the newly deposited ECM
will provide structural support to the cells and assist in
maturation of the tissue as the scaffold is degraded. The rate
of scaffold degradation and ECM deposition should be
balanced to prevent transfer to the newly deposited matrix
too soon.

With the design of our scaffold architecture, we are di-
recting the organization of cultured cells by seeding them
into parallel microchannels to more closely resemble the or-
ganized alignment found in vivo. In addition, this architec-
ture allows for a greater extent of cell seeding, alignment,
and organization than other traditional methods of seeding
cells into scaffolds. The use of our tri-cell mixture and the
architecture of our scaffolds are designed to provide guid-
ance for the formation of a prevascular network within our
constructs to promote a quick anastomosis of grafted cells
with the host myocardium upon implantation. The micro-
porous network consisting of 27-pum pores that surround the
channels aids in exchange of nutrients and waste removal,
and may also elicit further host angiogenesis and a weaker or
more prohealing inflammatory response when constructs are
implanted into hearts."****® Future studies will focus on
further improving the density of cell-seeding, organization of
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cardiomyocytes and prevascular network formation within
constructs, and assessing construct integration with the host
tissue and effects on heart function. The combination of the
natural polymer fibrin in a microtemplated architecture with
our tri-cell seeding strategy has allowed the development of
a prevascularized and aligned cardiac tissue construct with
tunable mechanical properties that will promote integration
with host myocardium for the improvement of cardiac
function following MI.
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