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DEVELOPMENT OF A
MICRO-INTEGRATION TECHNIQUE
FOR THE FABRICATION OF A
CELL-FIBER SCAFFOLD COMPLEX IN
HEART VALVE TISSUE ENGINEERING

ABSTRACT

All clinically available heart valve prostheses. such as mechanical and bio-
prosthetic valves, are infrinsically flawed in that they are unable to grow and
become a fully functional part of the native tissue. In response to this critical
need for a befter heart valve substitute, we aim to develop a multifunctional
scaffold that ideally mimics a native heart valve in mechanical properties,
serves as a growth factor and cytokine delivery vehicle. and supports cell
attachment and proliferation through tissue engineering. An innovative tech-
nique known as micro-integration, involving simultaneous electrospraying
of cells and electro-spinning of fiber matrix. is designed and optimized for
uniform and selective positioning of cells within a scaffold. The effective-
ness of this process, as well as cell viability. proliferation and location in
scaffold are then assessed using live/dead cell assay and fluorescence and
confocal microscopies. Preliminary work involves electrostatic spraying of
fluorescent NTH 3T3 fibroblasts. endothelial progenitor cells and., eventu-
ally. mesenchymal stem cell into a polymer scaffold made from solutions of
biodegradable and biocompatible polymers such as poly-(e-caprolactone) in
chloroform. Optical and scanning microscopy images of a seeded scaffold
fixed in paraformaldehyde indicate improved cell growth and adhesion on
fibrous surfaces with small pores in comparison to a smooth film of the same
polymer. Fluorescent imaging shows uniform cell distribution throughout
the scaffold. Unfixed portions of the scaffold cultured for subsequent assess-
ment illustrate approximately 80% cell viability and growth via cell count-
ing and live/dead stain. Future work will focus on improving the scaffold
through controlled delivery of key growth factors and ensuring adequate nu-
trient and waste transport through controlled porosity. The expected outcome
of this work is a state-of-the-art methodology for tissue engineering scaffold
optimization which will lay a strong foundation for achieving the long term
goal of developing a fully functional regenerated heart valve.

INTRODUCTION

The study of heart valve disease is an emerging area of research made pos-
sible by the design of in vitro and in vivo cellular experimental involved in
development of synthetic valves. Heart valve disease is a health care con-
cern that draws much attention in society as it affects a significant portion
of the international population. Every year, about 5 million Americans learn
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they have heart valve disease (Nkomo et al.. 2006). The
common treatment of end stage valvular disease is valve
replacement. followed by prosthetic valve implantation.
Currently, the two types of prosthetic valves available—
mechanical and synthetic valves—are both flawed. A
principal limitation of the use of mechanical prosthetic
valves is the need for a life-long anticoagulation to treat
thromboembolism. While synthetic valves do not require
confinuous anticoagulant use, they are only durable for
10 to 15 years due fo matrix calcification, which requires
frequent reoperation. The operation-associated complica-
tions increase patients’ morbidity, mortality and financial
burdens. Furthermore. the fact that all clinically available
heart valve prostheses cannot grow and function fully as
part of the native tissue is a particular concern in pediatric
patients who are still growing (Fong. Shin’oka and Lopez-
Soler, 2006). Clearly, there is an urgent need for an im-
proved heart valve substitute, which can be accomplished
through the use of tissue engineering and regeneration.
The advantage of investigating synthetic scaffolds
is that they allow for controlled development of valve me-
chanical properties and varied matrix structure obtained
from different types of polymers. Tissue engineered scaf-
folds act as a template for complex heart valve construct
re-growth. Ideally. scaffolds should facilitate cell attach-
ment and proliferation. provide an advantageous bio-
chemical environment, and enable adequate nutrient and
waste transport. Types of polymers available for fabricat-
ing scaffolds include poly(lactic acid). poly(glycolic acid).
poly(lactic-co-glycolic acid).and poly(caprolactone). More
commonly, a combination of these biocompatible and bio-
degradable materials is used. However, the rigid nature of
the polyesters prevents the scaffolds from having similar
mechanical properties and an architecture as complexly
layered as the native leaflet. Many synthetic matrices also
limit cell adhesion and scaffold infiltration (Mendelson
and Schoen, 2006). Thus, scaffold development for heart
valve tissue engineering needs improvements in both me-
chanical and cellular components. The long term goal of
this work focuses on developing a multifunctional scaf-
fold that: 1) possesses mechanical properties that meet the
fissue engineering application requirements, 2) serves as
a controlled multiple growth factor and cytokine delivery
vehicle, 3) is capable of supporting cell attachment and
proliferation and 4) influences progenitor cell differentia-
tion through both physical and biochemical stimuli. This
will be accomplished through a multidisciplinary approach

involving the following: mathematical modeling and ex-
perimental design of biopolymer scaffolds with targeted
mechanical properties and degradation rate, development
of a controlled growth factor delivery model. and an in-
novative electrospraying-electro-spinning methodology
(known as micro-integration) of cell incorporation into
the biologically active scaffold. The immediate aim of the
work presented in this paper is to enable selective distri-
bution of endothelial cells and fibroblasts throughout the
scaffold matrix via the micro-integration method. and to
promote and assess cell viability and proliferation within
the scaffold using fluorescence and optical microscopy.
Histological staining and protein expression are used to
evaluate the biological impact of the scaffolds with and
without incorporated growth factor release.

The electro-spinning technique is capable of pro-
ducing micro- or nanofibrous scaffolds with similar mor-
phological characteristics to natural extracellular matrices
(Bowlin et al.. 2002). It is a means of polymer processing
making use of electric forces to form small diameter poly-
mer fibers and non-woven mats of those fibers. In practice,
the polymer solution loaded in a syringe is charged by a
strong electrical potential to the metal needle, which is
in the presence of a grounded target located on a rotating
metal a few centimeters away. The application of the po-
tential results in a charged jet of the polymer solution be-
ing released from the tip of the needle in the formation of
a tailor cone. The jet travels through the air to a grounded
collecting drum, leaving a solid polymer fiber. As fibers
start to collect with time. a mat is formed. The jet diameter
is usually a small fraction of that of the needle. and the
resulting fiber diameters and pore sizes can vary depend-
ing upon the polymer flow rate and the distance between
the tip of the needle and the grounded target. In the elec-
trospraying process. drops of cells dispersed in cell media
shoot out from the tip of another needle toward the same
drum upon being charged by the electrical potential. Thus,
the electro-sprayed cells are entrapped within the selected
areas of the fibrous matrix in the formation of the cell-fiber
construct.

METHODS
Cell Selection and Culture

Preliminary studies involved seeding GFP+ (green fluo-
rescent) 3T3 fibroblasts into poly-(caprolactone) (PCI)
scaffolds. GFP+ fibroblasts were chosen for the conve-
nience of fluorescence spotting in optical imaging. Later
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experiments involved the use of endothelial progenitor
cell (EPC) derived from umbilical cord blood. CD133+.
This cell type is closest in replicating the natural cellu-
lar component found in the native leaflet tissue. To obtain
these cells. mononuclear stem cells (MNSCs) were first
isolated from samples of cord blood by conventional cen-
trifuge methods through a Ficoll-density gradient. Whole
blood samples were placed on top of Ficoll and then were
cenfrifuged at 1,500 rmp for 30 minutes with the break
open. Before isolation and seven days of culturing. re-
covered MNSCs were sucked and removed from the tube
and placed into a new centrifuging tube containing phos-
phate-buffered saline (PBS). The culture media used was
Medium-199. supplemented with 20% fetal bovine serum
(FBS) and antibiotics. During this period. cell maturing
and proliferation was induced. Flow cytometry was then
used to identify the CD133+. In preparation for the micro-
integration process. the cells were detached using 0.05%
trypsin from the flasks. where they were suspended in Me-
dium-199 and DMEM, respectively, with 10% FBS. Then,
cells were counted and placed in a sterile 5 mL syringe.

Micro-integration Process

PCl served as a starting point for our material investiga-
fion. A 12 wt% solution of PCI in chloroform was loaded
in a 5 mL syringe with a blunt tipped 18 gauge stainless
steel needle and horizontally positioned with respect to a
sterilized. rotating metal drum with a surface area of 12.5
cm?2. A second syringe containing approximately 4 x 106
fibroblasts in 0.6 mL culture media was positioned verti-
cally above the collecting drum. A positive 15 kV volt-
age was applied to both syringes. In order to enhance fiber
collection via opposite polarity, a negative 3kV voltage
was applied to the drum instead of grounded. The elec-
fro-spinning flow rate was set at 1 mL/hr with the syringe
positioned 0.8cm away from the target. The flow rate for
electrostatic spraying process was 0.3mL/hr. and the sy-
ringe containing cells was placed at 0.4cm away from the
target. Then, electro-spinning of the polymer and electro-
spraying of the cells were carried out simultaneously. as
shown in Figure 1. The scaffold was allowed to build up
to approximately 100 um in thickness and then removed
from the drum. A portion of the scaffold was removed.
placed in growth media and kept in an incubator (37°C
and 5% CO2). The remaining scaffold was fixed in para-
formadehyde for imaging using optical and fluorescent
microscopy.

Electrospray
rolle
Syringe fees ' m

cell soln feed
Electrospray
generatorn {+ source)

Rotating
drum

Syringe pump 2:

PCI jon feed
Grounding (-
ource)
ﬁﬂectmspinning

generator (+
source)

Electro-spin
Pl fihare

Figure 1: Experimental design of micro-integration set-up
involving simultaneous electrospraying of cells and electro-
spinning polymer.

Later experiments focused on developing scaf-
folds consisting of multiple cell types and polymers. This
was accomplished using a sequential approach to construct
and form various layers. Outer layers consisting of colla-
gen electrospun from hexafluoroisopropanol (HFIP) were
combined with electrosprayed EPCs. These collagen lay-
ers were sandwiched around an inner layer of electrospun
PC1 containing electrosprayed mesenchymal stem cells.
This allowed for the development of a scaffold consisting
of two localized cell populations in a layered multi-com-
ponent polymeric scaffold. Once constructed, the mats
were kept in culture conditions with DMEM media with
2% fetal bovine serum. Electrospun mats were then char-
acterized via scanning electron microscopy for fiber di-
ameters and porosity. Cell distribution within the scaffold
was identified through hematoxylin and eosin staining and
visualized with light microscopy. Cell viability was also
assessed using the dead/alive assay.

RESULTS

Initial studies were carried out using a single polymer/cell
types construct: (PCIL)/(GFP+ 3T3 Fibroblasts) . Live and
functioning cells spread themselves out on a surface in the
attaching process. Microscopic images of the cells in the
electrospun PCl sample taken at 1. 3, 7. 10 and 14 days af-
ter inifial seeding showed increasing cell diameter, which
suggests excellent cell attachment and growth. Visualiza-
tion of attaching cells is shown in Figure 2 (right).

A live/dead fluorescent stain performed on these
cells confirmed cell viability and proliferation as illus-
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Figure 2: fluorescence and light microscopy of alive and
well-attaching GPF+ 3T3 fibroblasts before electrostatic
seeding

trated in Figure 3. The green florescence indicates living
cells. while the red fluorescence shows the amount of dead
cells present in the sample. The image shown in Figure 2
illustrates the presence of a majority of green fluorescently
stained cells. This result provided further evidence for cell
viability and proliferation.

To determine stafistically the number of live cells
in the sample after the initial 24 hour period. dead cells
were washed away with PBS, and the remaining alive ones
were counted manually. Cell counts data were taken from
10 equally sized areas within the scaffold. Subsequent
calculation of live and dead cell averages and deviations
showed approximately 80% cell viability in comparison to
the total number of cells counted before the electro-spin-
ning/spraying process. In addition, even number of live

Figure 3: Image of 3T3 fibroblast/PCl sample stained
with the alive/dead fluorescence assay. Green indicates
live cells and red indicates dead cell.

and dead cell counts determined at different thicknesses
and widths of the scaffold also demonstrated uniform cell
densities and cell distribution via the micro-integration
process. Figure 4 (next page) presents visual images of
homogenous cells distributed throughout the matrix taken
by light and fluorescence microscopy.

Furthermore, optical and scanning microscopy
images of a portion of seeded scaffold fixed in paraform-
aldehyde indicated improved cell growth and adhesion
on fibrous surfaces with small pores, in comparison to a
smooth film of the same polymer. These data were ob-
tained by comparing cell growth profiles on a mat of elec-
trospun PCl versus a PCI cast film.

Subsequent experiments involving the endothe-
lial progenitor cells and the fibroblasts seeded in layers of
electrospun collagen and PCI also showed good cell vi-
ability and uniform cellular distribution. Histological sec-
tioning and staining of the samples are still in progress.

DISCUSSION

In these experiments. an innovative approach involving si-
multaneous electrospinning of polymer and electrospray-
ing of cells was successfully developed and optimized in
seeding of the GFP+ 3T3 fibroblasts and the progenitor
cells in the electrospun fibrous scaffolds. Cell viability and
proliferation was maintained both through the electrospin-
ning process and subsequent culturing of the constructs.
Cells were also found to be uniformly distributed through-
out the cross section of the scaffold samples. The optimiza-
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Figured4: Light and fluorescence microscopy of electrospun poly(caprolactone) scaffolds seeded with green fluorescent pro-
tein expressing 3T3 fibroblasts via electrostatic spraying. showing the uniform distribution of cells throughout the matrix.

tion of the electrospin/spray process was achieved through
varying the electro-spinning processing parameters, such
as the flow rate of the polymer solution and the distance
between the syringe and the drum. Varied fiber diameter
and pore sizes were also obtained by controlling these pa-
rameters. During the micro-integration process. we over-
came the difficulty in keeping cells alive during the two
hour electrospray process by constantly spraying media
onto the developing cell/fiber construct. We also coated
the fibers with laminin to promote better cell adhesion to
the synthetic components of the scaffold. Upon fabrica-
fion of the cell-seeded scaffolds. the unfixed sample por-
tion cultured in cell media showed substantial viability
and differentiation over time. However, we believe that
we can induce further cell proliferation by adding growth
factors.

Data on fixed samples processed for histologi-
cal examination with hematoxylin and eosin staining to
identify cell location within the scaffold upon initial seed-
ing will be obtained in the next set of experiments. Also.
maturation of seeded cells from progenitor forms will be
assessed based on their genes and protein products by
multiplex protein analysis and real-time PCR analysis.
The extent of cell differentiation from precursor to mature
phenotype induced by the scaffold with or without growth
factor delivery must be determined in order to demonstrate
valve-like histological cell layering and cell type matched
matrix secrefion.

CONCLUSION

The expected outcome of these experiments showed that
1) cells survived the electrostatic seeding process and 2)
cells adhered to the fibers and were viable and multiplying
within the scaffold. Uniform distribution of cells within
the scaffolds also indicated successful application of the
micro-integration process. These preliminary investiga-
tions showed promising results in the development of both
a multifunctional scaffold and a state-of-the-art method-
ology for tissue engineering scaffold optimization, which
will lay a strong foundation for future work towards gen-
erating a fully functional heart valve substitute.

In future experiments, several other polymers will be con-
sidered for scaffolding, either on their own or as part of
a multi-polymer scaffold. These polymers include, but
are not limited to. synthetic biocompatible materials such
as PLGA. PGA. poly-4-hydroxybutyrate, and several
poly(urethanes). Natural polymers such as collagen, elas-
tin, and fibrinogen will also be investigated for incorpora-
tion with the synthetic polymers in an attempt to better
mimic the native cellular architecture and the mechanical
properties of the native heart valve tissue.

The next stages of work will concentrate on producing a
tri-layer scaffold with endothelial precursor layers on the
top and bottom, sandwiching a center layer of fibroblast
progenitor cells, and determining the biocompatibility and
hemodynamic function of the engineered valve in a bio-
reactor system, prior to valve implantation and testing in
mice models.
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