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ABSTRACT

The development of sufficient vascularization to maintain adequate perfusion is a primary
consideration in the engineering of large tissue constructs. This research investigated the abil-
ity of aortic endothelial cells to affect the organization of vascular structures within a matrix
both in vitro and in vivo. Highly porous matrices of poly(glycolic) acid (PGA) (50 mg/cc) 10 x
10 x 3 mm meshes were implanted subcutaneously (two per rat) in inbred rats, with and with-
out syngeneic cells. Test groups (n = 8/group) were: PGA; PGA with aortic endothelial cells;
PGA with aortic smooth muscle cells; PGA with skeletal muscle cells. Matrices were evalu-
ated histologically from two rats per week at weeks 1,2,3, and 4. Scanning electron microscopy
was done on matrices prior to implantation. Matrices without cells demonstrated typical in-
growth of host fibroblasts, capillaries, and macrophages/giant cells. Matrices containing skele-
tal muscle or aortic smooth muscle cells showed similar vascularization to matrices without
cells. The implanted muscle cells demonstrated cellular growth with little organization. Ma-
trices containing aortic endothelial cells demonstrated organized and unorganized endothelial
cells within the matrix, increased numbers of capillaries, increased numbers of lymphatic-like
structures, and numerous heterogeneous and unusual vascular structures which were positive
for factor VIII localization including: 1) large parallel arrays of capillaries, 2) large thin si-
nusoidal vascular structures, and 3) layered complex vascular structures.

INTRODUCTION

APPROXIMATELY EIGHT MILLION SURGICAL PROCEDURES are performed annually in the United States to

treat individuals who have lost tissue or organs as a result of a variety of disease processes and in-
juries.1 Organ loss is typically treated by transplantation of organs from one individual to another,2 the use
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of surgical reconstruction techniques, or the use of mechanical devices and prosthetics. Mechanical devices
are often less than satisfactory replacements for the lost organ or tissue because many of the characteristic
qualities of the tissue cannot be replaced. In addition, many organs have never been successfully trans-
planted and/or transplantation is impractical or contraindicated because of the need for immunosuppression
or related concerns.

Breast and soft tissue reconstruction for cancer, trauma, or for cosmetic purposes has relied primarily on
mechanical implants or surgical flap techniques to move tissues to needed locations. The goal of breast and
soft tissue reconstruction is to produce a tissue mass with all of the aesthetic properties of natural tissue.
Because of the many associated problems with artificial implants, new methods of breast and soft tissue re-
construction are needed.

Tissue engineering is a relatively new discipline that incorporates principles of engineering, chemistry,
cell biology, and physiology to produce biological substitutes that restore, maintain, or improve tissue func-
tion.3 The appeal of tissue engineering is that functional tissue can be reconstructed using either autologous
or allogenic cells derived from relatively small tissue biopsies. The ability to expand cells in vitro produces
a nearly continuous supply which can be used for the reconstruction of tissues.

A variety of biomaterials have been developed or are being designed for use in tissue engineering.4-5

Both natural and synthetic polymers have played an important role in this regard. These materials have been
employed in three-dimensional constructs to provide scaffolds for the growth of transplanted cells.4"20 Many
of these polymers have had particular appeal in that they are hydrolyzed over time and completely disap-
pear without leaving residual substances. Polyesters and co-polyesters of naturally occurring hydroxy acids
including glycolic acid, lactic acid, and epsilon caproic acid are widely employed in tissue engineering.

Various constructs of autologous cells and highly porous absorbable polymers show considerable promise
for tissue engineering. The development of sufficient vascularization to maintain adequate perfusion of the
cells with oxygen and nutrients and to eliminate metabolic products is a primary consideration in the en-
gineering of thicker tissue constructs. The practical thickness of most constructs is severely limited (sev-
eral millimeters at most) because of the slow ingrowth of host vasculature and resultant limited diffusion
of nutrients and oxygen. This invariably leads to the death of many cells that have been seeded into the
polymer before implantation. This is a substantial problem for the development of constructs 10 cm or
thicker needed for large tissue defects and most breast reconstruction.

Our laboratories are evaluating a variety of cell and polymer fabrications and techniques for the devel-
opment of thicker constructs that may be used for tissue-engineered breast reconstruction. The research ad-
dresses the hypothesis that the addition of syngeneic vascular endothelial cells to PGA meshes will result
in increased vascularization of the mesh when implanted into a host.

MATERIALS AND METHODS

Protocol

PGA (50 mg/cc) matrices were implanted subcutaneously (two per rat) on the flanks of 8- to 12-week-
old female Lewis rats. The groups tested were as follows: a) eight received matrices without cells, b) eight
received matrices with aortic endothelial cells, c) eight received matrices with aortic smooth muscle cells,
and d) eight received PGA matrices with skeletal muscle cells. Animals were euthanized by CO2 overdose,
two per week per group at weeks 1, 2, 3, and 4, and the constructs evaluated histologically for cell growth
and characteristics of vascularization. Several cell-containing matrices in each group were evaluated by
scanning electron microscopy prior to implantation.

Matrices

Highly porous (>90%) matrices of PGA mesh in the form of 10 X 10 X 3 mm wafers were prepared by
Albany International (Albany, NY). PGA was composed of a non-woven array of fibers. The bulk density
of the PGA was 50 mg/cc. The average diameter of the PGA fibers was 12 microns. This PGA is non-
enzymatically hydrolyzed in vitro in approximately 3 months.
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Cell Preparation

Aortic endothelial, aortic smooth muscle, and skeletal muscle cells were obtained from syngeneic donor
rats and established as primary cultures. The aorta was aseptically collected from an euthanized donor rat,
stripped of adventitia, and washed three times in Hank's Balanced Salt Solution (Sigma, St. Louis, MO).
The aorta was sliced into rings and placed on a 12.5 cm2 flask and placed in a 37°C incubator for 45 min
without media. Three ml of media were carefully placed in the flask without disturbing the tissue. The
medium consisted of Dulbecco's Modified Eagle's Medium (DMEM) (Mediatech, Herdon, VA) with the
following supplements: 10% fetal bovine serum (FBS), 0.02 /ig/ml basic fibroblastic growth factor, 1% of
penicillin-streptomycin solution, 100 U/ml nystatin, 5 /ug/ml insulin, 5 fxg/ml transferrin, and 5 ng/ml
sodium selenite (all Sigma, St. Louis, MO). Colonies of endothelial cells grew from the aortic rings and
were subsequently expanded as pure populations of endothelial cells. Skeletal muscle was obtained as a
biopsy from the leg or abdomen and prepared in a similar fashion. Aortic smooth muscle cells were ob-
tained by placing aortic rings in 1 mg/ml collagenase, 0.125 mg/ml elastase, and 1 /ulAnl FBS in 15 ml of
DMEM and incubated for 45 min at 37°C. The digested tissue was then triturated through a 15 gauge can-
nula and passed through a 70 /j,m sterile mesh. The cells were plated in Smooth Muscle Growth Medium
(Clonetics, San Diego, CA) supplemented with SMGM-2 in Biocoat flasks (Collaborative Laboratories,
Bedford, MA). Cell types were confirmed by avidin-biotin antibody labeling with anti-factor VIII (en-
dothelial cells) or anti-desmin (skeletal and smooth muscle cells).

Cell Attachment to Matrices

Four to six polymers were placed into a 100-ml silicone-coated spinner flask with 30 ml of medium. For
each polymer, 2.5 to 5.0 X 106 cells were added to the medium. Viability of cells was determined using
trypan blue (Sigma, St. Louis, MO) dye exclusion. In all cases, viability was 99% or greater. The polymers
were stirred for 24 h in an incubator and then placed into a sterile Petri dish. After the incubation period,
cells remaining in the medium were quantitated to estimate the number of cells adhering to the polymer.
Cell counts indicated that 97% of the muscle cells and 75% of the aortic endothelial cells were adherent to
the polymers.

Animals

Eight- to 12-week-old female, inbred, Lewis rats were obtained from Harlan Sprague Dawley (Indi-
anapolis, IN) and used for the study. Public Health Service and Carolinas Medical Center Institutional An-
imal Care and Use Committee guidelines were observed. Rats were given standard rat feed and water ad
libitum and were on a 12-h light/dark cycle.

Surgical Procedures

Aseptic technique was used for all surgical procedures. Animals were anesthetized with isoflurane. An
area of the back and flank was shaved and prepped with Betadine™ and 70% ethanol. For implantation of
polymers, two incisions approximately 1 cm in length were made in either flank. A subcutaneous pocket
was then created by blunt dissection about 2 cm lateral to the mid-line. The polymers were placed under-
neath the pocket, and the skin was closed with surgical staples. Rats recovering from surgery were warmed
with a heating pad and continuously observed until ambulatory and twice daily thereafter. Surgical staples
were removed on postoperative day 7.

Histology

All rats and histologic preparations were given identification code numbers. A wide block of the skin,
matrix, and muscle was excised from euthanized animals. Care was taken to include skin, underlying mus-
cle, and ribs so that the implanted area was not disturbed. The blocks were pinned on a cork sheet and fixed
in 10% neutral buffered formalin for 24 h. The blocks were then sliced perpendicular to the skin surface at
3- to 4-mm intervals to locate the implanted matrix. The implant and adjacent tissue were then oriented and
placed in a processing cassette, taken through a graded ethanol series, and embedded in paraffin using a
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Shandon Lipshaw™ automatic paraffin processor. Each piece of tissue was oriented and embedded on edge
for a complete cross-sectional view. A Leica 2065 microtome was used for sectioning. Sections were de-
paraffinized and stained with hematoxylin and eosin or Masson's trichrome, and permanently mounted with
Permount (Fisher, Pittsburgh, PA). The presence and distribution of endothelial cells was confirmed by
avidin-biotin antibody labeling with anti-factor VIII (Sigma, St. Louis, MO). Microvessels were quanti-
tated using the method of Weidner et al.21 Capillaries and other microvessels were localized by factor VIII
staining and counted as microvessels/mm2 within the PGA matrices. Quantitative analysis was performed
with OsteoMetrics software. The mean area of tissue scored was 2.43mm2 ± 0.56 for each sample.

Histologic slides were evaluated by two of the investigators for cell growth and vascularization. Multi-
ple photographs were taken of each matrix and surrounding tissues in each of the experimental animals us-
ing a Zeiss microscope with a Nikon camera and video camera film.

Scanning Electron Microscopy (SEM)

Samples were placed in 1% glutaraldehyde for 1 h and transferred to 0.1% formaldehyde for 24 h. The
matrix samples were then stored in a phosphate buffered saline solution and later dehydrated through a se-
ries of graded ethanol solutions. Matrices were attached to aluminum mounts with conductive glue and sput-
ter coated with gold using a Polaron Model 5100 Sputter Coater. Micrographs were obtained with an ISI
DS-130 scanning electron microscope. Magnification and voltage values were placed on the respective pho-
tographs.

RESULTS

SEM of Matrices

Figure 1 shows SEM images of a PGA matrix with aortic endothelial cells as it would appear immedi-
ately before implantation into a rat. The matrices consistently showed scattered cells and cell clusters at-
tached to the matrix. This also was a consistent observation with both the vascular smooth muscle and skele-
tal muscle (data not shown).

FIG. 1. Scanning electron micrograph of PGA stirred with aortic endothelial cells for 20 h. Similar specimens are im-
planted at this time. (X106)

152



INCREASED VASCULARIZATION AND HETEROGENEITY OF VASCULAR STRUCTURES

Histology

There were no significant differences in implanted cell growth over time between PGA matrices with
aortic smooth muscle cells or skeletal muscle cells. A foreign body, multinucleated giant cell reaction oc-
curred in the presence of polymer fragments and was a consistent observation with each of the PGA ma-
trices. Interestingly, the giant cell reaction was grossly less within matrices which had been stirred with
cells prior to implantation. A substantial capillary network developed early (well defined at 1 week) within
the fibrous capsule surrounding all the polymers. Vascularization proceeded from this network into the in-
terstices of the polymers with capillaries appearing through the 3-mm-thick matrices by 3 to 4 weeks. At
this time, all of the PGA meshes also showed evidence of growth of the added cells within the matrix. Host
cell ingrowth of the matrices was variable but generally occurred at a rate of 1.0 mm/week on the side of
the matrix placed against the chest wall. Cellular ingrowth from the skin side into the matrix was more vari-
able and tended to be less (0.5 to 1.0 mm/week). The most consistent ingrowth occurred from surfaces that
made direct contact with muscle. The cellular ingrowth was comprised primarily of fibroblasts, macrophages,
giant cells, and capillaries. There were no major differences in vascularization or host cell ingrowth among
PGA polymers without cells or with aortic smooth muscle cells or with skeletal muscle cells. Therefore,
examples of the aortic smooth muscle cell and the skeletal muscle cell data are not shown. The implanted
muscle cells showed cellular growth with little organization. Both skeletal and smooth muscle cells were
present within the matrices as scattered cells and as clumps. Bands of collagen deposition, as demonstrated
by the Masson's trichrome stain, we seen concomitantly with the host cellular ingrowth. The presence of
capillaries was demonstrated by individual factor VIII positive cells, often in a circular configuration. This
was further substantiated by the presence of erythrocytes within the lumen. Occasionally, factor VIII pos-
itive, capillary-like structures were encountered that were devoid of erythrocytes but contained numerous
lymphocytes. These were commonly seen in matrices with aortic endothelial cells, rarely in matrices with
skeletal or smooth muscle cells, and never in matrices without added cells. These are hereafter designated
"lymphatic-like structures."

Matrices containing endothelial cells demonstrated organized and scattered individual endothelial cells
growing within the matrix (Figs. 2,3). Compared to the matrices alone and matrices containing control cells,
the PGA with endothelial cells demonstrated increased numbers of capillaries (Figs. 4,5), particularly at
week 1. There were also increased numbers of lymphatic-like structures (Fig. 6), and numerous unusual
heterogeneous vascular structures. These structures which stained positive for factor VIII include: a) large
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FIG. 2. Histology of PGA with (right) and without (left) aortic endothelial cells, harvested at 1 week and stained with
anti-factor VIII with hematoxylin counter stain. (X210)
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FIG. 3. Histology of PGA with and without aortic endothelial cells, harvested at 3 weeks and stained with anti-
factor VIII with hematoxylin counter stain. (X210)

parallel arrays of capillaries (Fig. 7), b) large, thin, single-cell-thick tubular sinusoidal structures (Fig. 8),
and c) complex membranous and layered structures (Fig. 9). The heterogeneous vascular structures con-
tained erythrocytes and were consistently observed in the endothelial cell-containing polymers and not in
the other groups. The heterogeneous vascular structures were most numerous at weeks 1 and 3, and less
numerous, but still present, by week 4. The large parallel arrays of capillaries were most frequently seen
within the matrix adjacent to the edge near the capsule. These varied from 4 or 5 to as many as 30 paral-
lel capillaries, and were interconnected with other capillaries within the matrix and capsular capillaries.

;s>

FIG. 4. Histology of PGA containing aortic endothelial cells showing large numbers of capillaries that are typically
noted that are grossly increased from controls. (2 weeks) (X485)
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FIG. 5. Comparison of capillary counts of implanted matrices with aortic endothelial cells (•) or aortic smooth mus-
cle cells (•) for each of 4 weeks after implantation.

These capillaries appeared normal in size, with their diameter often completely filled with a single ery-
throcyte. The large sinusoidal tubular structures were composed of a single cell layer that was identical to
the cells of smaller capillaries. The size of these structures varied greatly and included large tubular struc-
tures up to 20 times larger in diameter than typical capillaries. The layered complex structures were the
most unusual features encountered. These most often occurred within the matrix at the periphery or at the
edge of a matrix in a small fracture or space. In some structures resembling lacunae or sinuses, no cellular
elements could be defined within the wall, and the wall appeared to be composed of a filamentous mater-
ial that stained with anti-factor VIII. Blood cells were present within most of these structures and, if viewed
immediately before fixation, these matrices had a bloody appearance. Other structures demonstrated some

FIG. 6. Histology of PGA containing aortic endothelial cells showing lymphatic-like structure with numerous lym-
phocytes and no erythrocytes. (2 weeks) (X500)
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FIG. 7. Histology of PGA containing aortic endothelial cells showing large parallel array of capillaries. (2 weeks)

(X240)

FIG. 8. Histology of PGA containing aortic endothelial cells showing a large blood-containing sinusoidal vessel
(week 3).

156



INCREASED VASCULARIZATION AND HETEROGENEITY OF VASCULAR STRUCTURES

FIG. 9. Histology of PGA containing aortic endothelial cells with blood-containing complex membranous structure.
Stained with anti-factor VIII and hematoxylin counterstain. (week 3) (X485)

evidence of organization with a second thicker layer with the appearance of an internal elastic lamina pre-
sent below the filamentous thin material. Table 1 outlines the findings with the different cell types in the
PGA matrix.

DISCUSSION

The data demonstrate a definite vascularization-enhancing effect of aortic endothelial cells added to im-
planted PGA polymers during a period of 4 weeks of observations. There is a gross increase in capillary
development throughout the matrices along with the development of some interesting structures that appear
to be precursors of multi-layered vessels, possibly arteries/arterioles or veins/venules. This observation has
not previously been reported by other authors. Researchers conducting this study have had considerable ex-
perience evaluating a variety of absorbable polymers implanted with and without various cells into rats.
The observation of enhanced vascularization has not been made with multiple other cell types with poly-
mers including PGA and poly(lactic) acid (PLLA) sponges. The authors have, however, also observed the

TABLE 1. STRUCTURES DEMONSTRATED IN PGA MATRIX

IMPLANTED 1 TO 4 WEEKS, WITH AND WITHOUT CELLS

PGA alone PGA + AE PGA + SmMC PGA + SkMC

Capillaries
Lymphatic structures
Parallel capillary arrays
Large thin-walled vessels
Layered complex structures

PGA = poly(glycolic) acid polymer; AE = aortic endothelial cells; SmMC = smooth muscle cells; SkMC = skeletal

muscle cells.
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large parallel capillary arrays and layered complex structures in PLLA with aortic endothelial cells im-
planted 1 to 4 weeks (unpublished). This observation suggests that the effect is unrelated to the polymer
type but is related more specifically to the cell type.

The stirred method of loading cells onto polymers has been observed by the authors to produce excel-
lent cell adhesion throughout the entire polymer. This technique will be compared with other methods in a
future publication.

There are several possible mechanisms for the enhanced vascularization of the aortic endothelial cell
loaded matrices: a) the added endothelial cells are organized into new vessels, b) endothelial cells do not
grow to produce new vessels but provide signals (growth factors, extracellular matrix) for the ingrowth of
host vessels, c) added endothelial cells both produce signals for host vascular ingrowth and also grow into
vessels that mesh with ingrowing host vessels.

Some non-organized endothelial cells persist fairly evenly scattered throughout the matrices through the
4 weeks of observation. While it is difficult to know with certainty what ultimately happens to these cells,
there are several possibilities: a) they persist as non-organized endothelial cells, b) they eventually are or-
ganized into vascular structures, c) they are incorporated into ingrowing host vascular structures, d) they
dedifferentiate into fibroblast-like cells, or e) they eventually die. These cells have been observed to per-
sist and growth within the matrices by simple expansion with little organization for up to 8 weeks in vitro
(unpublished). Longer-term studies with specifically labeled cells may explain the fate of these cells.

The addition of aortic endothelial cells greatly enhances the development of capillaries within the first 2
weeks as compared with controls without cells or polymers with aortic smooth muscle cells or skeletal mus-
cle cells (Fig. 5). The number of capillaries rapidly diminishes, however. From these histological observa-
tions, there appears to be a major change in vessel formation during this time to produce new structures.
This can occur as a result of vascular splitting (intussusceptive growth), vascular fusion, and vascular re-
gression. The large sinuses are similar to structures in the liver and spleen, and some of the vessels resemble
irregular vessels in recanalized thrombus.

Since the aortic endothelial cells do not appear to organize into any tubular structures prior to implanta-
tion (Fig. 1), it appears that the signals for organization come from the host, perhaps in response to the for-
eign body reaction produced by the matrix. Several authors have reported that macrophages and giant cells
produce factors that induce angiogenesis in response to injury and other stimuli, particularly some types of
cancer.22 Angiogenesis is normally a multistep process to form capillaries from existing vessels. This process
includes endothelial cell proliferation and migration and organization into new capillaries. Multiple factors
are known to stimulate angiogenesis primarily by direct effects on capillary endothelial cells, including vas-
cular endothelial cell growth factor (VEGF), basic fibroblastic growth factor (BFGF), epidermal growth
factor (EGF), platelet derived growth factor (PDGF), tumor necrosis factor-a (TNF-a) insulin-like growth
factor-I, and hepatocyte growth factor.23 Several of these factors are known to be secreted by mono-
cytes/macrophages (EGF,24 TNF-a,25 VEGF, and BFGF26), particularly in cancer patients. Also,
macrophages in the presence of lactide-glycolide copolymers have been shown to produce BFGF.27 These
observations demonstrate a possible role of monocytes/macrophages in the production of signals to induce
polymer vascularization. However, we have noted that PGA and PLLA loaded with cells using the stirred
method have grossly fewer giant cells than polymers without added cells or polymers on which cells have
been dropped prior to implantation. This suggests that giant cells play less of a role in the matrices seeded
with aortic endothelial cells.

CONCLUSIONS

The production of thicker tissue constructs is perhaps the greatest difficulty to be overcome in tissue en-
gineering before fully functional major tissues and organs can be produced. A first step in this direction is
to increase the amount of early vascularization and the rate of overall vascularization. This would assure
better perfusion of implanted cells, permit more of these cells to proliferate, and allow for the development
of a larger organ or tissue. It appears that the addition of vascular endothelial cells may be one of the sim-
plest means to achieve this goal.
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Matrices containing endothelial cells demonstrated organized and unorganized endothelial cells within
the matrix, increased numbers of capillaries, increased numbers of lymphatic-like structures, and numerous
unusual heterogeneous vascular structures, which were blood-containing and factor VIII positive, includ-
ing: a) large parallel arrays of capillaries, b) large, thin, sinusoidal vascular structures, and c) layered com-
plex structures. These observations suggest that the addition of aortic endothelial cells to PGA matrices en-
hances vascularization of the matrices over the 4-week period observed in this experiment. This observation
suggests that the addition of vascular endothelial cells to tissue-engineered constructs may facilitate the de-
velopment of thicker constructs by permitting earlier and possibly more rapid vascularization of implanted
cell/polymer matrices.
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