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Abstract
Engineered vascularized adipose tissue could serve as an alternative to traditional tissue
reconstruction procedures. Adipose formation occurs in a coordinated fashion with
neovascularization. Previous studies have shown that extracellular matrix-based materials
supplemented with factors that stimulate neovascularization promote adipogenesis in a number of
animal models. The present study examines the ability of fibroblast growth factor (FGF-1) delivered
from alginate microbeads to induce neovascularization and adipogenesis in type I collagen gels in a
vascular pedicle model of adipose tissue engineering. FGF-1 loaded microbeads stimulated greater
vascular network formation in an in vitro 3D co-culture model compared than a single bolus of FGF-1.
In in vivo studies, FGF-1 loaded beads suspended in collagen and implanted in a chamber surrounding
the exposed femoral pedicle of a rat resulted in a significant increase in vascular density at 1 and 6
weeks in comparison to bolus administration of FGF-1. Staining for smooth muscle actin showed
that over 48% of vessels had associated mural cells. While an increase in neovascularization was
achieved, there was less than 3% adipose under any condition. These results show that delivery of
FGF-1 from alginate beads stimulated a more persistent neovascularization response than bolus
FGF-1 both in vitro and in vivo. However, unlike previous studies, this increased neovascularization
did not result in adipogenesis. Future studies need to provide a better understanding of the relationship
between neovascularization and adipogenesis in order to design advanced tissue engineering
therapies.
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Introduction
A significant challenge to the creation of clinically functional tissue engineering products is
appropriate vascularization that provide oxygen and nutrients and promote integration of the
tissue constructs.[1,2] Despite almost 2 decades of extensive research in tissue engineering,
clinical successes consist primarily of tissues which are thin enough that the normal
neovascularization process is sufficient or tissues that can largely survive via diffusion of
nutrients form existing vasculature.[3,4] One strategy that has been explored to improve the
function of engineered tissue is to stimulate neovascularization through the use of soluble,
naturally-occurring growth factors. Stimulating or accelerating vascular formation using
growth factors is a promising solution; however therapeutic effect of the proteins can be
enhanced through use of appropriate delivery method. The delivery of a single, high
concentration of proteins can stimulate a response, but sustained delivery of proteins has been
demonstrated to be the most effective use of these proteins for stimulating a persistent
neovascularization response. [5–7]

Engineered adipose tissue could eventually serve as a material for use in the replacement of
lost or damaged tissue due to tumor removal, trauma, lipoatrophy, or congenital defects.
However, the growth of adipose tissue is tightly coupled to neovascularization. In adulthood,
increases in adipose tissue are accompanied by increases in the microcirculation. [8] The
concomitant relationship between angiogenesis and adipogenesis is not fully understood,
albeit, but the dependency of adipogenesis on neovascularization been observed during
embryonic development [9,10] and in wound healing where vascular formation precedes
adipogenesis [1]. This information has been used to design approaches to adipose tissue
engineering that incorporate factors that stimulate neovascularization.

Previous studies has demonstrated that Matrigel, a laminin-111 rich extract from a mouse
sarcoma, induces adipogenesis when supplemented with fibroblast growth factor 2 [11,12],
vascular endothelial growth factor-120 (VEGF120,) and platelet derived growth factor (PDGF-
BB). [13]. The adipogenic properties of these materials are thought to primarily result from
their ability to induce neovascularization. Similarly type 1 collagen supplemented with FGF-2
generates vascularized adipose tissue in fat pads defects [14] or when implanted around the
epigastric vein and artery in a rodent [15]. Without exogenous growth factors adipose formation
was not achieved in either Matrigel or collagen. It has been suggested that supplementing these
matrices with growth factors which promote angiogenesis leads to an environment rich in
nutrients and oxygen which fosters the development and survival of adipose tissue.

Fibroblast growth factor 1 (FGF-1) is a potent modulator of a variety of cells. [16–18] It induces
formation of vessels in vitro as well as in vivo [19–21] and has been shown to increase
preadipocyte differentiation and proliferation[10]. We have previously shown that delivering
FGF-1 from alginate microbeads increases vessel development in an experimental model useful
for islet transplantation. [7,22] Delivering angiogens using alginate microbeads not only aids
in containing the protein to the targeted area but, more importantly, allows for sustained
delivery of proteins in order to induce persistent vascularization. The goal of the present studies
was to investigate the effects of sustained local delivery of FGF-1 from alginate microbeads
on neovascularization and subsequent adipogenesis in an in vivo model of vascularized adipose
formation.

Materials and Methods
Fabrication of Microbeads

Microbeads for experiments were fabricated as previously described [7,22] based on a
modification of a technique developed for islet encapsulation [23]. Briefly, 2% (w/v) low
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viscosity alginate of high guluronic acid content (LVG, G:M ratio > 1.5) was loaded into a
custom-made air droplet microencapsulator and extruded through a 25 gauge needle (at air
jacket pressure of 10 pounds per square inch (psi) and air jacket pressure of 15 psi) into a 1.1%
CaCl2 solution resulting in gelled spherical microbeads. For some studies, heparin (5U/ml)
was added to the LVG solution prior to gelation. For all in vitro and in vivo, studies microbeads
were sterilized by autoclaving the beads at 110°C for 20 minutes. Microbeads were then
allowed to re-swell in sterile saline for 2 days prior to incubation with FGF-1.

FGF-1 Activity Assay
Alginate microbeads of 2% LVG with and without heparin were incubated in FGF-1 solution
(10 ng/µl) for 2 days. FGF-1 loaded microbeads were placed in a solution of sterile saline with
physiological levels of calcium in a humid incubator at 37°C and samples of release were taken
at 4 and 8 hours. Activity of released FGF-1 was tested using an enzyme immunoassay for
quantification of proliferating cells. Human umbilical vein endothelial cells (HUVEC) were
seeded in 96-well-plates (7,000 cells/well) and grown in endothelial basal media with
supplements (2% fetal bovine serum, bovine brain extract, gentamicin, hydrocortisone, EGF)
for 3 days to approximately 80% confluence. The media was replaced with 0.5% serum in basal
media with gentamicin for 24 hours before stimulation with the test samples. All groups were
studied in quadruplicate, with negative control of stimulation with PBS and positive controls
of 20% serum and FGF-1 not released from the microbeads.

After 24 hours of stimulation, wells were incubated with bromodeoxyuridine (BrdU). Twenty-
four hours after addition of BrdU, the proliferative response was determined by measuring
BrdU incorporation using a BrdU cell proliferation assay kit (Calbiochem). Briefly, samples
were incubated for 30 minutes in fixative/denaturing solution prior to adding anti-BrdU for 1
hour. Wells were then incubated for another hour with detector anti-BrdU antibody followed
by a 30-minute incubation with a horseradish peroxidase (HRP)-conjugated antibody. Tetra
methyl benzidine was added to the wells for 15 minutes where it reacted with the HRP forming
a blue solution. The reaction was stopped and color development measured using a
spectrophotometer at 450 nm and at a reference wavelength of 540nm. Data are presented
normalized to the response of HUVECs to the positive control of 20% serum stimulation.

Three-Dimensional Angiogenesis in vitro
Sprouting angiogenesis in response to FGF-1 loaded microbeads was studied using a modified
version of a previously published three-dimensional angiogenesis assay.[5,24] Rat tail type 1
collagen (BD Bioscience, Franklin Lakes, NJ) was neutralized with 1N NaOH and diluted with
10× PBS and dH2O to yield a final concentration of 2.5 mg/ml. Microbeads (250 beads/well)
suspended in 150 µl/well of collagen were used to form a first layer of collagen in 48-well
plates. Beads were loaded with FGF-1 to yield final concentrations of 2.5, 0.5 and 0 (“empty
beads”) µg/ml of collagen. A fourth study group consisting of empty FGF-1 beads along with
a bolus injection of FGF-1 (2.5 µg/ml) was also evaluated (“beads and bolus”). For the bolus
group, FGF-1 solution was added to the collagen prior to gelation. The collagen layer
containing the beads was allowed to assemble at 37°C for 30 minutes before adding the top
layer containing the cell aggregate.

Cell aggregates were prepared by suspending 2,500 cells/well of HUVECs along with 2,500
cells/well of human umbilical artery smooth muscle cells (HUASMCs) in EC culture medium
containing 0.25% (w/v) carboxymethylcellulose in nonadherent round-bottom-96-well plates
(Griener, Germany). After 24 hours of incubation at 37°C a co-culture spheroid formed at the
bottom of each well. The aggregates were then suspended in 200µl of 2.5 mg/ml collagen and
placed on top of the 1st assembled collagen/bead layer. The entire plate was incubated for 45
minutes to allow for complete assembly of the top collagen layer.
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Serum free media was added to the wells. The aggregates were monitored for the formation of
networks and assay media changed every two days. Images of aggregates (5×, 1.25 µm/pixel)
were taken daily using an Axiovert 200 inverted microscope (Carl Zeiss MicroImaging, Inc)
to monitor sprout formation. Sprout lengths were quantified using a grid at 36 even 10° intervals
aligned with the digital photograph. Results are presented as mean radial distance (MRD) which
was calculated using the following equation:

(1)

where N=36 and li is the intersecting length between a line drawn from the aggregate at an
angle of 2πi/N and the greatest invasion distance.

In vivo model of vascularized adipose formation
The in vivo pedicle model of vascularized adipose tissue formation was performed as described
previously.[25] Briefly, Sprague Dawley rats (170–260 grams, n=5 per group per time point)
were anesthetized using Isoflurane and the femoral vessels surgically exposed. A silicon
chamber (length = 7mm, ID=3.3 mm) was placed around the vessels and collagen gels (50 µl)
containing microbeads were transferred into the chamber. (Figure 1) Twelve microbeads
fabricated with 2% LVG + heparin loaded with FGF-1 protein were dispersed in 50 µl solution
of collagen (2.5 mg/ml) which was then allowed to gel at 37°C for a minimum of 30 minutes
prior to implantation. These conditions yielded final FGF-1 concentrations of 2.5, 0.5, and 0
µg/ml (“empty beads”). For the bolus FGF-1 group (“beads and bolus”), FGF-1 (2.5 µg/ml)
was added to collagen with empty microbeads prior to gelation. The silicone tube containing
the gels was sealed using 6-0 suture nylon suture. To immobilize the tube, a local fat pad
supplied by the inferior epigastric vessels was wrapped around the tube and sutured to the
abdominal muscle. The incision was closed using 4-0 nylon suture. Animals were sacrificed
at 1, 3 and 6 weeks post-implantation using 2% Xylocaine. At the time of harvest, tissue inside
the chambers was explanted, fixed in formalin, paraffin embedded and serially sectioned (4µm
thickness) from the centerline of the tube for histological analysis. Specimens were stained
with hematoxylin and eosin (H&E) and Masson’s Trichrome stain to examine general
histological structure.

Immunohistochemistry and image analyses
Serial sections were stained for CD31, a sensitive marker of ECs, and smooth muscle alpha
actin (SMA), a mural cell marker [26]. Deparaffinized and rehydrated sections underwent
steam antigen retrieval using Dako target retrieval solution (Dako, Carpinteria, CA) prior to
immunohistological staining. Specimens were stained following an indirect procedure using
rabbit anti-human CD31 (Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit anti-SMA
(Abcam) and a biotinylated anti-rabbit secondary antibody using the Vectastain Elite ABC kit
(Vector Labs, Burlingame, CA). Sections were digitally imaged (20× objective, 0.17 µm/pixel)
using an Axiovert 200 inverted microscope. Vessels stained positive for CD31 and SMA were
manually selected using Axiovision AC (Carl Zeiss, Germany). The vessel density (number
of vessels per area) was calculated using the following formula:

(2)
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Similarly, for SMA stained section the density of SMA stained vessels was calculated using
the following formula:

(3)

Four images (328 µm × 485 µm) per section were quantified for both CD31 and SMA analysis.
Capillaries were defined as vessels less than 20 µm in diameter. Additionally adipose formation
was quantified by manual selection of adipose area stained sections and is presented as percent
of adipose tissue per total tissue area.

Statistical Analyses
To determine significant differences between the groups of data, analysis of variance
(ANOVA) was performed with a Fisher LSD post-hoc test. In all cases, differences were
considered significant for p < 0.05. For 3D culture and animal studies the data are expressed
as mean ± standard error of the mean. Sample size analyses of preliminary data were used to
determine group sizes for comparison.

Results
Activity of Released Protein

The biological activity of FGF-1 released from alginate microbeads was evaluated for its ability
to stimulate EC proliferation. FGF-1 protein released from microbeads after 4 hours and 8
hours stimulated the proliferation of ECs (Figure 2). At 4 hours there were no differences in
proliferation between FGF-1 released from microbeads with or without heparin. At 8 hours,
FGF-1 released from microbeads made with heparin induced greater proliferation when
compared to beads made without heparin. For all future studies heparin was included in the
microbeads to enhance the biological activity of the FGF-1.

Angiogenesis Assay
A 3D in vitro co-culture model was used to determine the ability of FGF-1 loaded microbeads
to promote sprouting angiogenesis. Cells migrated from pellets invading the collagen to form
distinct vessel-like structures by day 1 in all groups. By day 3 differences in mean radial
distance (MRD) of invasion were present between beads loaded with FGF-1 (2.5 µg/ml,
MRD=43.3 ± 6.1 µm) and all other groups (0.5 µg/ml group: 9.0 ± 1.3 µm; Bolus group: 9.8
± 2.0 µm; Empty group: 5.6 ± 3.1 µm) (Figure 3). Beads loaded with FGF-1 at 2.5 µg/ml had
greater MRD than empty control beads from day 3 through day 9. For FGF-1 loaded beads
with the lower level of FGF-1 (0.5 µg/ml)sprouting was significant from empty control beads
from day 5 through day 7. By day 14 vessel sprout formation had stabilized for all treatment
groups.

Animal Studies
Microbeads synthesized with 2% LVG and 5 U/ml heparin were loaded with two different
concentrations of FGF-1 and implanted in an in vivo model used to study strategies for
engineering vascularized adipose tissue. Chambers were harvested at 1, 3 and 6 weeks post
implantation. Two groups were included as controls: empty microbeads and empty microbeads
injected simultaneously with a bolus of FGF-1. Bolus injection of FGF-1 was administered at
the same total dose of FGF-1 as loaded into the highest concentration of FGF-1 loaded
microbeads (2.5 µg/ml). Stains revealed that microbeads were still intact at all time points for
all 4 four groups. Cellular and vessel invasion into the collagen gels could be seen at week 1
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(Figure 4). By week 3 the majority of the collagen had degraded and was replaced by
fibrovascular tisue

To evaluate fibrous encapsulation of the implanted alginate beads, the specimens were stained
with Masson’s Trichrome. Microscopic evaluation of the stains showed minimal fibrous
capsule formation at 1 week. (Figure 5) At 3 and 6 weeks a small fibrous capsule around the
beads could be seen around all the beads but the size of the capsule did not vary with treatment
conditions.

Vascular Density
Numerous blood vessels were observed for all groups at all time points (Figure 6 A–L). At 1
week, vessel density in the groups that had FGF-1 was higher in comparison to control
microbeads without FGF-1 (Figure 7A); however, only FGF-1 loaded beads at 0.5 µg/ml,
exhibited a statistically significant difference (156 ± 12 vs 106 ±3 vessels/mm2 , p=0.045). At
3 weeks there were no differences between the groups. Vessel number density increased from
1 week to 6 weeks for FGF-1 loaded beads at the higher concentration of 2.5 µg/ml. These
beads induced a higher number density at 6 weeks than both empty beads (210 ± 48 vs 108 ±
54 vessels/mm2, p< 0.001) and bolus injection of FGF-1 (139 ± 6 vessels/mm2, p=0.004).
Microbeads loaded with a lower concentration (0.5 µg/ml) of FGF-1 had a higher number
density in comparison to both bolus (175 ± 48 vs 139 ± 6 vessels/mm2, p=0.007) and empty
beads (108 ± 54 vessels/mm2, p=0.143) groups but the density was lower than the beads loaded
at the higher FGF-1 concentration (p=0.152). Bolus injection of FGF-1 resulted in higher vessel
density at 1 week relative to controls (153 ± 33 vs 106 ± 7 vessels/mm2, p=0.059), but by 6
weeks the vessel density had decreased to control levels (139 ± 7 vs 108 ± 54 vessels/mm2,
p=0.192).

The effects of FGF-1 on vascularization were further examined by isolating influence on the
density of capillaries (Figure 7B). Similar to the pattern seen with overall vessel density, at 1
week mean capillary density in tissues with FGF-1 delivered from microbeads or bolus
injection of FGF-1 appeared to have a higher vessel density than in the absence of FGF-1;
however, no statistically significant differences in capillary density were noted. At 6 weeks,
groups with FGF-1 loaded beads had a higher capillary density than beads without FGF-1.
Beads loaded with 2.5 µg/ml of FGF-1 also showed an increase in vessel number when
compared to the bolus injection of FGF-1 (151 ± 17 vs 101 ± 3 vessels/mm2, p=0.009) and
control (70 ± 16 vessels/mm2, p<0.001). Density of vessels greater than 20µm in diameter was
not different between the groups at any of the time points. (Figure 7C) These results suggest
that the increase in vessel density caused by FGF-1 delivery was primarily due to an increase
in capillary density.

Mural Cells
Staining for SMA was used to assess the presence of mural cells in contact with ECs as an
indication of vessel maturity (Figure 8 A–L). At 1 week, similar to the CD31 stained vessels,
beads with FGF-1 (injected or loaded) had a higher number of SMA coated vessels than empty
beads. This result was only statistically significant for beads loaded with 0.5 µg/ml of FGF-1
(111 ± 16 vs 64 ± 7, p=0.012) (Figure 9 A). At 6 weeks FGF-1 loaded microbeads at both
concentrations showed a greater number of SMA positive vessels in comparison to the empty
beads. Also, microbeads loaded with FGF-1 at 2.5 µg/ml had a significant increase in vessel
number in comparison to the bolus FGF-1 group (120 ± 16 vs 84 ±13 vessels/mm2, p=0.044).

When the number of capillaries stained for SMA was quantified, similar trends were observed.
At 1 week a higher number of SMA positive capillaries was observed for all groups containing
FGF-1 in comparison to empty beads. (Figure 9 B). However, by 6 weeks the bolus injection
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group of FGF-1 had decreased to levels found with the empty bead whereas beads loaded with
FGF-1 still had a significantly higher number of SMA stained capillaries. As with CD31 stained
vessels, the effect of increased number of SMA-associated vessels appeared to be primarily
due to an increase in the number of stained capillaries. No differences in the density of vessels
greater than 20 µm was observed between any of the groups at any time point. (Figure 9 C)

In order to normalize for differences in total vessel number between the groups, the ratio of
SMA to CD31 stained vessels was quantified. At all time points, between 48 and 71% of vessels
were associated with SMA positive cells in all groups (Table 1). No significant difference in
the ratio of SMA to CD31 positive stained vessels was observed between any of the groups at
any of the time points.

Adipose tissue formation
Previous studies have shown that stimulation of neovascularization in type I collagen gels
results in increased adipogenesis in both pedicle and subcutaneous implantation models. [14,
15] Tissue sections showed only scattered amounts of adipose present in only a few of the
samples in this study (< 3% adipose area in all groups). Adipose tissue formation was not
greater than controls under any of the FGF-1 conditions. The percentage of adipose formation
showed there was no significant difference between any group and any time point with mean
adipose levels less than 1% under all conditions. (Table 2)

Discussion
Therapeutic neovascularization using growth factors holds promise for clinical application;
however, an optimal delivery approach is still needed. Methods that could avoid the need for
repeated injection and high short term doses may improve clinical outcomes. The use of
alginate to control the local levels of growth factors may help progress in neovascularization
therapies as well as increase the viability of implanted tissue constructs or transplanted cells.
In the present study, controlled release of FGF-1 protein from alginate microbeads was
investigated for its ability to increase the persistence of vascular network formation over bolus
delivery in vitro and in vivo.

FGF-1 released from the beads retained its biological activity as indicated by the stimulation
of HUVEC proliferation after release. This response was enhanced by the incorporation of
heparin into the beads (5U/ml). The improvement in activity in the presence of heparin was
not observed after 4 hours of release presumably due to the initial high burst release in this
system.[27] Four hours later when the amount of protein released was lower, the effects of
heparin on proliferation was apparent. For this reason heparin was incorporated into the alginate
for further in vitro and in vivo studies. Heparin acts to enhance the activity of FGF-1 in two
ways, facilitating dimerization of the growth factor with its receptor in order to activate its
tyrosine kinase [28], and protection from inactivation due to heat, acid or proteolysis. [29] In
a study by Schroeder-Tefft et al, transforming growth factor beta 2 (TGF-β2) mixed with
heparin formed a complex that remained biologically active when stored at physiologic
conditions (PBS at 37°C) compared to TGF-β2 alone which had a drastic decrease in activity.
[30] In this same study, TGF-β2+heparin mixed with fibrillar collagen also remained
biologically active in vivo. Other researchers have incorporated heparin into matrices for
protein release and demonstrated an added benefit of heparin aiding to slow down the release
of the protein. [31–33]

A 3D in vitro model of angiogenesis was used to investigate the ability of the released protein
to stimulate the formation of microvascular networks. Sprouting occurred in all the groups but
only in the groups with FGF-1 released from microbead did the sprouting invasion in the gel
continue to increase. A one time bolus administration of FGF-1 at the same dose as loaded in
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the alginate was not sufficient to promote significant sprout formation. In the present study,
the beads loaded at a higher amount of FGF-1 showed persistent vascular network formation
in vitro. In addition the release of FGF-1 from beads loaded with a lower total amount of FGF-1,
was able to stimulate a significant response. These results show that when delivered from
alginate a lower total dose of FGF-1 may be able to stimulate a significant response. We have
previously shown that persistently high concentrations of FGF-1 cause vessels to regress.[5]
There is an initial burst release from the microbeads, but the initial high amount of FGF-1
released, did not appear to adversely affect the formation of sprouts to form. These results
suggest that total protein load is not the only factor involved in promoting a persistent response.

Similar increases in neovascularization were observed in response to FGF-1 delivered from
microbeads in vivo. Results from these experiments demonstrated that FGF-1 loaded beads can
stimulate a more persistent response than bolus delivery. The results presented here show that
at equal total FGF-1 amounts, encapsulation of FGF-1 in alginate microbeads and bolus
delivery increased vascular density at one week, but only delivery from alginate showed an
increase in vascular density at 6 weeks. Also, these results show a persistent vascular response
can be achieved using lower doses when the protein is delivered from alginate microbeads.

Along with an increase in vessel number, animals treated with FGF-1 loaded microbeads had
an accompanied increase in SMA coated vessels. Mural cells, commonly stained for using
SMA, surround tubes on endothelial cells in capillaries and their presence indicates vessel
maturity. Vessels consisting of mural cells have been shown to be less dependent on angiogenic
factors for survival. [34] While FGF-1 stimulated an increase in the number of SMA positive
vessels, the percentage of positive vessels did not vary between groups. These results are
consistent with was previously observed in another in vivo animal model study using alginate
microbeads to deliver FGF-1 locally. [7,22] When combined with our finding that the increased
vessel density was due to formation of capillaries, it appears that the sustained delivery of
FGF-1 does not improve the remodeling and stabilization process, or that 6 weeks is too early
a time to examine this process. Delivery of additional growth factors involved in the process
of blood vessel maturation, such as PDGF-BB, angiopoietin-1, or TGF-β [35–37], may be
required to directly increase recruitment of mural cells and density of large vessels.

Previous researchers using similar pedicle models have demonstrated that biomaterials
containing angiogenic growth factors, including VEGF, PDGF-BB and FGF-2, result in large
amounts of adipose formation. [13,15,38] In studies by Vashi et al. biodegradable gelatin
microspheres imbibed with FGF-2 were mixed with collagen, placed in a chamber models
surrounding epigastric vessels and at time of harvest (6 weeks) significant adipose formation
was found accompanied by angiogenesis.[15] In the epigastric model, extracellular matrices
such as collagen 1, fibrin, and hyaluronan without exogenous angiogenic growth factors did
neither produce adipose formation nor extensive vascularization. [39] These researchers
concluded that the growth factors present in the surrounding materials were responsible for
inducing angiogenesis which drives the formation of adipose tissue.

Our findings in the present study appear to contradict this hypothesis as increased angiogenesis
was observed but with minimal adipogenesis. In the studies here the chamber was placed
around the unligated femoral artery and vein rather that the epigastric vessels as used in many
other studies.[13,15,40,41] Differences between the two pedicles may help explain differences
in adipose formation. The epigastric model uses pedicle directly connected to adipose tissue
source which may provide easier migration of surrounding stromal precurosors and
preadipocytes into the chamber. In these types of models migration of adipocytes is thought
to mostly occur from the surrounding tissue.[40,42] However with the epigastric model even
when it is used as a sealed chamber (not in contact with the surrounding adipose tissue) some
adipocytes are observed. These were attributed to either residual adipocytes left on the vascular
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pedicle or mesenchymal stems cells via the circulation.[40,42] It is possible that this results
from differences in surgical technique, however, we have previously shown that the femoral
pedicle model supports extensive adipogenesis when an adipogenic biomaterial is used.[25,
43] Additional studies are needed to better understand how local environmental factors that
help promote adipogenesis in the different pedicle models.

Another difference between this and previous studies is the use of FGF-1, which has not
previously been applied in these pedicle models. Both FGF-1 and FGF-2 are thought to play
a role in adipogenesis as mitogens. In one study, both proteins were able to stimulate
preadipocyte proliferation; however, FGF-2 may have greater potency. [10] Another study,
however found that human preadipocytes isolated from both subcutaneous and omental fat
incubated with either FGF-1 or FGF-2 resulted in increased adipoctye differentiation and
FGF-1 was found to be the more potent adipogenic agent.[44] These findings suggest that
FGF-1 does not negatively affect fat formation. While many of the growth factors involved in
adipogenesis also play a role in angiogenesis, further research is necessary for fully
understanding the concomitant relationship between angiogenesis and adipogenesis,
particularly in the rodent pedicle models frequently used for studying vascularized adipose
formation. The potentially conflicting results in different models also suggest that a better in
vivo test is needed. Potentially, the use of materials in orthotopic animal models would allow
much better understanding of the results.

Conclusion
In summary, both in vitro and in vivo testing demonstrated that the sustained release of FGF-1
stimulated neovascularization. In vitro studies demonstrated the continued release of FGF-1
from the microbeads resulted in a significant and persistent vascular response. Results similar
to in vitro were observed in vivo. Beads loaded with the higher amount of protein caused the
greatest increase in microvascular density at 6 weeks compared to bolus and empty bead
groups. Beads loaded with FGF-1 also induced a high number of SMA stained vessels.
However no differences were observed in ratio of SMA coated vessels between the FGF-1
loaded group and any of the other groups. Adipose formation was not observed to accompany
the increase in vessels formed in response to FGF-1 delivered from microbeads. These results
suggest that FGF-1 beads can be used to increase the duration of the local vascular response
and provide a compelling impetus for further experimental pursuit of FGF-loaded alginate
microcapsules for therapeutic neovascularization.
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Figure 1.
Model of vascularized adipose tissue formation. A silicone tube is cut open and wrapped around
exposed femoral artery and vein (A). The tube is then filled with a collagen gel containing
alginate microbeads and sutured closed. (B). A local fat pad is wrapped around the tube to seal
the ends (C).
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Figure 2.
FGF-1 released from alginate microbeads at 4 and 8 hours had significantly stimulated greater
proliferation than negative control cells (PBS) (p<0.05, n=4). Black bars are FGF-1 released
from alginate in the absence of heparin. Hashed bars are FGF-1 release from microbeads
containing heparin. At 8 hours FGF-1 released from alginate beads containing heparin caused
a significantly greater proliferation (*) than FGF-1 released from beads without heparin.
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Figure 3.
Sprouting angiogenesis from co-culture cell pellet stimulated by FGF-1 released from alginate
microbeads. (A, B, C, D) Images taken at day 9 (inset images are of pellets at day 0) show
vascular networks formation for groups with FGF-1 loaded beads. FGF-1 (2.5 µg/ml) beads
showed increase and persistent vessel formation from day 3 to day 14 (E) # signifies statistical
difference (p<0.05) from empty group.
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Figure 4.
Cellular and vessel invasion into the collagen gels could be seen at week 1. Samples harvested
at 1 week and stained with Masson’s showed that collagen gel had been degraded and replaced
fibrovascular tissue. (arrow indicates a region of non-degraded gel).
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Figure 5.
Sections of specimens were stained with Masson’s trichrome and imaged (20×, 0.17µm/pixel)
to evaluate the presence of fibrosis around the alginate microbeads. No fibrosis was apparent
at 1 week (A & D). Mild fibrosis (arrows) was visible at 6 weeks (C & F) regardless of whether
beads were empty or loaded with FGF-1
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Figure 6.
CD31 stain of endothelial cells (brown) in specimens from rats treated for 1, 3 and 6 weeks
with bolus FGF-1 (A–C), empty beads (D–F), FGF-1 (0.5 µg/ml) beads (G–I) FGF-1 (2.5 µg/
ml) beads (J–L). The femoral artery and vein are indicated by “a” and “v” respectively.
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Figure 7.
Animals treated with FGF-1 loaded beads showed a higher total vessel number density (A) at
6 weeks. When the total vessels were separated into vessels less than 20µm (B) and vessels
greater than 20 µm (C), the increase in the number of vessels appeared to primarily result from
an increase in number of vessels less than 20 µm in diameter. * Indicates statistical significance
p<0.05
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Figure 8.
SMA stain (brown) in specimens from rats treated for 1, 3 and 6 weeks with bolus FGF-1 (A–
C), empty beads (D–F), FGF-1 (0.5 µg/ml) beads (G–I) FGF-1 (2.5 µg/ml) beads (J–L). Artery
and vein are indicated by “a” and “v” respectively.
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Figure 9.
Animals treated with FGF-1 loaded beads showed a higher total number of SMA positive
vessels per area (A) at 6 weeks. When the total vessels were separated into vessels less than
20µm (B) and vessels greater than 20 µm (C), the increase in the number of SMA positive
vessels appeared to primarily result from an increase in number of positive vessels less than
20 µm in diameter. * Indicates statistical significance p<0.05
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Table 1

Mural cell coverage as % of SMA positive vessels to CD31 vessels

Bolus & Beads Empty Beads FGF-1 (0.5 µ g/ml)
Beads

FGF-1 (2.5 µ g/ml)
Beads

1 week 67 ± 12 60 ± 10 67 ± 1 74 ± 9

3 weeks 68 ± 12 71 ± 10 64 ± 7 48 ± 9

6 weeks 55 ± 17 68 ± 16 67 ± 0.13 69 ± 12
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Table 2

Generation of adipose tissue as % of total tissue area

Bolus &
Beads

Empty
Beads

FGF-1 (0.5 µ g/ml)
Beads

FGF-1 (2.5 µ g/ml)
Beads

1 week 1.67 ± 2.4 1.86 ± 3.9 1.06 ± 1.7 2.63 ± 2.8

3 weeks 0.01 ± 0.0 0.25 ± 0.6 0.05 ± 0.1 1.1 ± 2.5

6 weeks 0.96 ± 2.1 0.39 ± 0.5 0.0 ± 0.0 0.85 ± 1.6
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