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Abstract
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Therapeutic angiogenesis relies on the delivery of angiogenic factors capable of reversing tissue
ischemia. Polymeric materials that can provide spatial and temporal over vascular endothelial growth
factor (VEGF) presentation provide clear benefit, but the influence of VEGF dose, temporal, and
spatial presentation on the resultant angiogenic process are largely unknown. The influence of the
temporal profile of VEGF concentration, dose, and the impact of VEGF spatial distribution on
angiogenesis in in vitro models of angiogenesis and ischemic murine limbs was analyzed in this
study. Importantly, a profile consisting of a high VEGF concentration initially, followed by a
decreasing concentration over time was found to yield optimal angiogenic sprouting. A total VEGF
dose 0.1 μg/g, when delivered with kinetics found to be optimal in vitro, provided a favorable
therapeutic dose in murine hindlimb ischemia model, and distributing this VEGF dose in two spatial
locations induces a higher level of vascularization and perfusion than a single location. These findings
suggest that material systems capable of controlling and regulating the temporal and spatial
presentation of VEGF maybe useful to achieve a robust and potent therapeutic angiogenic effect in
vivo.

Introduction
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There is a significant need for new approaches to promote blood vessel formation in ischemic
diseases, as these diseases remain the dominant cause of mortality worldwide [1,2]. Further,
the engineering or regeneration of many tissues and organs is currently being explored [3], and
the success of virtually all strategies will rely on the creation of a functional vascular network
capable of providing for the metabolic needs of the cells and facilitating integration with native
tissue. The molecular and genetic mechanisms involved in blood vessel formation have been
extensively studied in the past decades [4,5], and several factors have been identified as critical
regulators of neovascularization, including vascular endothelial growth factor (VEGF). VEGF
has been extensively tested in pre-clinical and clinical studies with a therapeutic objective
[6]. However, the predominant delivery strategies used in these studies involved simple
infusions or injections of VEGF in solution, and these approaches do not allow one to address
many key issues, including tissue-specific targeting, low systemic exposure and extended time
of exposure [7]. Further, the effects of angiogenic growth factors are highly dependent on the
timing of their expression and their concentration gradients [8].
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Polymeric systems had been utilized to bypass limitations of bolus delivery by providing a
desirable spatial distribution of angiogenic factors in a localized and sustainable manner to
specific cell populations [9-12]. In particular, injectable alginate hydrogels have been utilized
to investigate how sustained, localized VEGF delivery can directly stimulate
neovascularization in vivo, and return limb perfusion to normal levels and prevent limb necrosis
[10] in a mouse model of peripheral vascular disease (PVD) [13]. However, there is currently
limited information regarding the influence of the temporal changes in VEGF concentration,
the role of VEGF dose, and the impact of VEGF spatial distribution on angiogenesis resulting
from this delivery approach.
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A series of in vitro and in vivo experiments were performed in this study to examine the role
of VEGF presentation on the angiogenic process. In vitro models are useful tools for the study
of neovasculatization events, since they allow one to screen the effects of specific conditions
on EC behavior in a tightly controlled environment. Here a versatile three-dimensional (3-D)
in vitro sprouting assay [14] was utilized that creates a depot of cells able to form capillary
structures in a 3-D environment, in order to investigate EC behavior under different VEGF
stimuli. The hypercholesterolemic ApoE -/- mice is a widely used model to study angiogenesis
in vivo in preclinical models of PAD [13], due to very limited ability of this mouse to promote
angiogenesis after hindlimb ischemia. This preclinical model was used here to screen how
specific aspects of VEGF delivery influence neovascularization. An injectable alginate
hydrogel system was utilized for the in vivo studies, as previous work has demonstrated the
ability of this system to control the kinetics of VEGF release and spatial distribution in both
ischemic hindlimb and coronary infarct rodent models [10,15].

Materials & Methods
In vitro studies
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For proliferation studies, human microvascular dermal endothelial cells (HMVEC) (Cambrex
Corporation, NJ, USA) (passage 6) were seeded into 6 well plates (5,000 cells/cm2) and
cultured overnight with EGM-2MV (Cambrex Corporation, NJ, USA). Endothelial cells were
then washed twice with PBS and cultured with either EGM-2MV without growth factors, or
EGM-2MV without growth factors but supplemented with VEGF at different concentrations
(3, 5, 10, 20, 30, 50, 100 ng/ml). Media was changed every day for 3 days. After 72 hours the
endothelial cells were detached via trypsinization and counted in a Coulter Counter (Beckman
Corp.) and compared and normalized to the cultures with the EGM-2MV without growth
factors. For in vitro sprouting analysis, HMVEC (passage 4) in EGM-2MV were combined
with 50 mg of hydrated Cytodex 3 microcarriers (Amersham Biosciences, Piscataway, NJ,
USA) in a 7:1 (cell:microcarrier) ratio in a spinner vessel (Bellco Glass Inc., Vineland, NJ,
USA). The microcarriers with cells were subsequently transferred to tissue culture flasks, and
cultured for 1-2 days, until cells reached confluence. Beads in suspension (57 μl) were
combined with 170.5 μl of fibrinogen (Sigma) solution (4 mg/ml) and 22.7 μl of aprotinin
(Sigma) (500 μg/ml). This solution was then added to 200 μl of thrombin (Sigma) (22.72 units/
ml), and incubated at 37°C for 20 min to allow gel formation. Cultures were fed every day with
0.8 ml of EGM-2MV without growth factors, or EGM-2MV with control VEGF (ranging from
25 - 50 - 100 ng/ml at day 1). After 5 days, gels were washed twice with PBS and incubated
with 4% formaldehyde overnight at 4°C. The formaldehyde solution was then aspirated, and
gels were washed twice with PBS, and sprouts per bead were quantified from microscopic
images (average of 100 beads analyzed per condition). A sprout was defined as an elongated
structure extending from the bead with the participation of two or more endothelial cells [10,
16].
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Binary Molecular Weight Alginate Gel Formulation and Modifications
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Ultrapure alginates were purchase from ProNova Biomedical (Norway). MVG alginate, a high
G containing alginate was used as the high molecular weight component to prepare gels. Low
molecular weight alginate was obtained by gamma (γ)-irradiating high molecular weight
alginate with a cobalt-60 source for 4 h at a γ-dose of 5.0 Mrad (Phoenix Lab, University of
Michigan, Ann Arbor, USA), as specified [10]. The alginate gels were a combination of the
high molecular weight and low molecular weight polymers at a ratio of 75:25. Both alginate
(low and high molecular weight) polymer chains were oxidized - 1% of the sugar residues with sodium periodate (Aldrich, USA) by maintaining solutions in the dark for 17 h at room
temperature, as previously described [17]. The solution was sterile filtered, frozen (-20°C
overnight), lyophilized and stored at −20°C. To prepare gels, modified alginates were
reconstituted in EBM-2 (Cambrex) to obtain 2% w/v solution (75% LMW; 25% HMW used
in all experiments) prior to gelation. The 2% w/v alginate solutions were cross-linked with
aqueous slurries of a calcium sulfate solution (0.21 g CaSO4/ml d H2O) in a ratio of 25:1 (40
μl of CaSO4 per 1 ml of 2 % w/v alginate solution) using a 1 ml syringe. Reconstituted alginate
was stored at 4°C.
Growth Factor Incorporation and Release Kinetics
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Alginates were first mixed with recombinant human VEGF165 protein (R and D Systems, USA)
by using two syringes coupled by a syringe connector, and the calcium slurry (Sigma, USA)
was then mixed with the resulting alginate/VEGF solution using two syringes coupled by a
syringe connector to facilitate the mixing process and prevent entrapment of air bubbles during
mixing. The mixture was allowed to gel for 30 minutes and then was maintained at 4°C prior
to animal injections. For quantification of in vitro VEGF release, alginates were mixed with
iodinated growth factor, as described above for VEGF. 125I-VEGF165 was purchased from
PerkinElmer Life Sciences (USA). Gels were placed in PBS buffer solution (PBS - Invitrogen
with 0.1g/l of MgCl2*6H2O and 0.132g/l of CaCl2*2H2O Sigma) at 37°C, the solution was
changed daily, and the radiolabeled growth factor released into the buffer solution at each time
point was measured using a gamma counter (1470 WIZARD (PerkinElmer, USA)) and
compared to the initial total 125I VEGF165 incorporated into the sample, as described [10].
Animals and Surgical Procedures
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All animal work was performed in compliance with NIH and institutional guidelines. Female
ApoE-/- mice aged 6 weeks were purchased (Jackson Laboratories, Bar Harbour, ME) and used
for these studies. Mice were fed a high fat diet (21% fat, 0.15% cholesterol, Harlan Teklad)
for at least 6 weeks prior to enrollment in the study. Mice were anesthetized with an
intraperitoneal injection of a mixture of ketamine 80 mg/kg and xylazine 5 mg/kg prior to all
surgical procedures. Hindlimb ischemia was induced by unilateral external iliac and femoral
artery and vein ligation as previously described [13].
After the vessel ligation, mice were injected with a total volume of 50 μl of alginate gel
containing 3 μg, 5 μg and 10 μg VEGF165, or gel with no VEGF165. Intramuscular injections
were performed using a 25G needle (Becton Dickinson, USA) directly into the area where the
vessels were ligated. The injected gel volume represents approximately 6% of the total ischemic
skeletal muscle tissue injection site. The ischemic tissue volume was calculated from direct
measurement of the total mice hindlimb volume, assuming that 70% of the tissue is ischemic;
this assumption is based on the 70% drop in regional blood flow to the limb following ligation.
In certain experiments, two injection sites were used: the first injection of 25 μl alginate gel
(1.5 μg VEGF165) into the area where vessels were ligated and other 25 μl alginate gel (1.5
μg VEGF165) at the location where the aorta branches to the iliac artery. Incisions were
subsequently surgically closed and animals monitored over time.
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Before surgery and 0, 1, 3 and 7 days, and 2, 4, and 6 weeks post-surgery measurements of the
ischemic/normal limb blood flow ratio were performed on isoflurane (2% v/O2) anesthetized
animals (n=6/timepoint/experimental condition) using a Periscan system blood perfusion
monitor laser Doppler equipment (Perimed, Sweden). Perfusion measurements were obtained
from the right (ischemic) and left (non-ischemic) limb. Laser Doppler Perfusion Imaging
(LDPI) non-invasively measures blood flow by analyzing the flow velocity of the red blood
cells circulating in the blood vessels, by means of changes in the wavelength of the reflected
light [18]. To minimize variability due to ambient light and temperature, the index was
expressed as a ratio of ischemic to non-ischemic limb blood flow.
Hindlimb muscle tissues (n=6/timepoint/experimental condition) were retrieved, fixed,
paraffin embedded, and stained for mouse CD31 (BD Biosciences Pharmingen, San Diego
CA). For measurement of capillary densities, 30 randomly chosen high-power fields of the
tissue were analyzed. The number of positively stained blood vessels were manually counted
and normalized to the tissue area. Sections from each sample were visualized at 200× and 400×
with a Nikon Eclipse E800 light microscope (Japan) connected to an Olympus DP70 digital
image capture system (Japan) and analyzed using IPLab 3.7 software (Scanalytics, Rockville,
MD). Vessel size was determined using IPLab 3.7 software.
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Statistical Analysis
All statistical comparisons were performed using Students t-test (two-tail comparisons) and
one-way analysis of variance (ANOVA), and analyzed using InStat 3.0b (Graphpad, USA)
software. Differences between conditions were considered significant if p<0.05.

Results
Effect of VEGF dose and dose distribution on HMVEC-d proliferation and sprouting
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To confirm the mitogenic potential of VEGF165 on endothelial cells, HMVEC-d were cultured
with discrete VEGF doses for 3 days, and the subsequent cell counts were normalized to no
growth factor controls. Increasing the VEGF165 dose induced a gradual increase in EC
proliferation (Figure 1A). Doses ranging from 5 – 20 ng/ml of VEGF165 resulted in the same
level of cell proliferation, approximately 25% more proliferation than the control. The cell
proliferation rate reached a plateau at 50 ng/ml, as no further increase was observed with a
dose of 100 ng/ml, and for both conditions cells proliferated approximately 60% more than
compared to no VEGF treated cells. The effects of VEGF dose distribution were next analyzed
in a 3-D sprouting assay, a standard in vitro model that mimics some early events of
angiogenesis [14, 19]. In particular, the effect of VEGF dose distribution on HMVEC-d
sprouting was examined (Figure 1B). HMVEC-d were exposed to the same total VEGF165
dose (200 ng of VEGF) over 5 days. However four different dose distributions were used,
including a constant dose distribution (50 ng/ml every day), a decreasing dose distribution (100
ng/ml, 50 ng/ml, 50 ng/ml, 25 ng/ml, 25 ng/ml; from 1-5 days respectively), a delayed dose
distribution (100 ng/ml, 100 ng/ml, 20 ng/ml, 20 ng/ml, 10 ng/ml; from 1-5 days respectively)
and an increasing dose distribution (25 ng/ml, 25 ng/ml, 50 ng/ml, 50 ng/ml, 100 ng/ml; 1-5
days respectively). After 5 days the number and length of sprouts formed under these conditions
was quantified. Media containing no VEGF was used as the negative control. Cells exposed
to higher doses of VEGF in the early days exhibited higher numbers of sprouts, as compared
to a constant dose distribution or to an increasing dose with time. Interestingly, no differences
in the numbers of sprouts were observed between a constant dose distribution and an increasing
dose distribution. The average length of the sprouts that formed under all conditions was
constant (data not shown).
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VEGF dose response in ischemic ApoE-/- hindlimb model
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Alginate hydrogels with well controlled degradation rates can be formulated by combining
control over molecular weight distribution and partial oxidation to make the polymer chains
susceptible to hydrolysis [20]. Previous studies with this system have indicated a rapid release
of a substantial quantity of encapsulated VEGF, followed by a sustained release at a lower rate
– this profile mimics the optimal VEGF exposure for sprout formation identified in the
sprouting study and so was utilized for the in vivo studies. Quantification of the VEGF release
from the gels used in this study confirmed an initial burst, followed by a sustained VEGF
release, and within 7 days approximately 60% of the total VEGF was released (Fig. 1C).
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The effects of the dose of VEGF165 released from the gels on vascularization and perfusion of
ischemic tissues was next analyzed in ApoE-/- mice that were subjected to femoral artery and
vein ligation, a standard model of peripheral ischemia that mimics some aspects of human
atherosclerosis [13]. The angiogenic response to delivery of three different doses (3, 5 and 10
μg) of VEGF from alginate gels was analyzed via immunohistochemical evaluation of blood
vessel densities and determination of blood perfusion in the ischemic regions (Figure 2).
Immunohistochemical analysis revealed that VEGF delivering gels increased blood vessel
densities, compared with blank gels (no VEGF), but no statistically significant differences
between the various doses of VEGF was noted (Figure 2A). Quantification of this staining
confirmed that delivery of VEGF had a significant effect on vascularization (∼3 fold increase
in blood vessel densities), as expected, compared with delivery of blank gels (Figure 2B).
Animals treated with blank gels were incapable of recovering normal levels of hindlimb blood
perfusion after surgery. In contrast, animals treated with alginate releasing VEGF165 displayed
a significant recovery of regional blood flow over time. However, no significant differences
were observed between the three different doses delivered (Figure 2C), suggesting that 3 μg
was a saturating dose of VEGF in this model.
Effects of VEGF spatial distribution in ischemic ApoE-/- hindlimb model
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The effects of delivering VEGF from hydrogels placed at two distinct spatial locations
(proximal and distal to the ischemic region), as contrasted to the standard single gel injection,
on vascularization and perfusion of ischemic tissues was next analyzed in the same animal
model described above. Immediately after surgery animals were injected with 50 μl hydrogels
gels containing VEGF165 (3 μg) or blank gels. The total gel volume was either injected into
the region A – the area proximal to the site of femoral artery ligation, or the gel volume was
split into two equal volume injections – one injection in region A and the other in region B,
which was an area more distal to the site of femoral artery ligation. After 42 days postoperative,
tissue sections were immunostained to identify blood vessels (Figure 3A). Quantification of
the blood vessel densities demonstrated no statistically significant difference between the
animals treated with one versus two gel injections (Figure 3B). As expected, animals treated
with gels loaded with VEGF demonstrated a significant recovery of regional blood flow over
time, in contrast to the animals treated with blank gels. Interesting, animals treated with two
gel injections demonstrated complete recovery of regional blood perfusion to normal levels,
as compared with the ∼80% recovery observed for the animals treated with a single gel injection
(Figure 3C).

Discussion
The results of this study confirmed that VEGF is capable of governing in vitro EC phenotype
in a manner dependent on both its dose and temporal presentation. The proliferation studies
revealed that the mitogenic potential of VEGF saturated at 50 ng/ml, suggesting that this
concentration is likely to be the optimal dose of VEGF in vitro, in agreement with previous
studies [21,22]. The effect of VEGF temporal presentation on EC sprouting formation was

Biomaterials. Author manuscript; available in PMC 2011 February 1.

Silva and Mooney

Page 6

NIH-PA Author Manuscript

tested by using different dose distributions. High levels of VEGF at early time points resulted
in a marked increase in EC sprouting. In contrast, a constant VEGF dose over time or a
gradually increasing VEGF dose resulted in noticeably less sprouting. The level of EC
sprouting resulting from a constant VEGF presentation over time has been studied [23] as has
the importance of VEGF gradients [24], but the importance of VEGF temporal gradients has
been neglected. No differences were observed regarding sprouts length with the various
treatments, suggesting that either sprouting proceeds autonomously once initiated, or that other
factors are needed to promote further maturation and elongation of the structures initiated by
VEGF exposure.
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Determining the optimum dose of VEGF clearly remains a critical factor in controlling
angiogenesis in vivo. In this study we demonstrated that a total dose 3 μg per animal (0.1 μg/
g) of VEGF provides a favorable therapeutic dose for this particular atherosclerosis murine
hindlimb model. Several past studies have suggested that there is an optimal therapeutic
window for VEGF delivery [8,24] Also, other previous studies have demonstrated that higher
doses of VEGF (0.14 - 0.33 μg/g) resulted in an increased level of neovascularization in vivo
[25,26]. However VEGF was delivered in a bolus formulation in those studies. More recently,
a relatively low dose of VEGF (0.04 μg/g) was reported to be sufficient to induce significant
angiogenesis in vivo by using an alginate gel loaded with PLGA microspheres, however no
information on higher doses was provided [27]. Similar to our findings, previous studies have
demonstrated that polymer systems that provide a sustained and controlled released of
angiogenic factors result in significant benefit in terms of eliciting neovascularization, as
compared with simple protein aqueous formulations [7,9,16,27,28].
Interestingly, binary gel injections led to greater perfusion, even though the increase in blood
vessel density was similar to a single injection. This likely resulted from either the initial
angiogenic response occurring in a larger tissue volume, resulting in significant increases in
blood vessel formation throughout a greater percentage of the ischemic limb, and/or enhanced
remodeling of the initially formed vasculature into a more functional network [11] with
spatially distrubuted VEGF delivery. Finally, this work showed that the appropriate therapeutic
dose distributed in a binary spatial fashion resulted in superior regional blood perfusion and
neovascularization. These results stress the need to gain spatiotemporal control over the VEGF
presentation in vivo and are in agreement with previous studies that suggest control over local
distribution can improve the efficacy of VEGF delivery without a need to change the total dose
[8,29,30].

Conclusions
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The results of this study indicate that temporal gradients of VEGF, and in particular a high
early concentration followed by lower concentrations, is capable of inducing more endothelial
cell sprouting in vitro than a constant VEGF concentration. It is also demonstrated that a total
VEGF dose 0.1 μg/g, when delivered with kinetics found to be optimal in vitro, provides a
favorable therapeutic dose in the common pre-clinical model of atherosclerotic murine
hindlimb ischemia, and that distributing this VEGF dose in two spatial locations induces a
higher level of vascularization and perfusion than a single injection.
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Figure 1.

Effect of VEGF dose on in vitro endothelial cell proliferation and sprouting. The proliferation
of human microvascular endothelial cells (HMVEC-d) was analyzed after 73 hours of culture
with distinct VEGF165 concentrations (A). A statistically significant higher endothelial cell
proliferation was observed when cells were cultured with 50 ng/ml of VEGF165, as compared
to lower VEGF concentrations, but no statistically difference was noted between 50 and 100
ng/ml. Gradually decreasing the VEGF dose induced a greater number of endothelial cells
sprouts, as compared to a constant VEGF doses (50 ng/ml day), or a gradual VEGF dose
decrease over time (B). The release kinetics of 125I – VEGF165 from gels formed from binary
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molecular weight alginate partially oxidized was monitored over time (C). In (A) (B) and (C),
values represent mean and standard deviation (A, n=6 and B and C, n=4).
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Figure 2.
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Monitoring the effect of VEGF dose in driving vascularization in ApoE-/- ischemic hindlimbs.
Representative photomicrographs from CD31 immunostained sections of hindlimb muscle
tissues (A). Quantification of blood vessel densities in hindlimb muscle tissues 6 weeks after
treatment with a control blank gel (+ 0); a gel with 3 μg of VEGF (+ 3); a gel with 5 μg of
VEGF (+ 5) and a gel with 10 μg of VEGF (+ 10) (B). No statistically significant differences
were observed between the different VEGF doses. Tissue perfusion of ApoE-/- mice hindlimbs
at various time points following treatment with a control blank gel (◇); 3 μg of VEGF delivered
from alginate hydrogels (●); 5 μg of VEGF delivered from alginate hydrogels (○) and 10 μg
of VEGF delivered from alginate hydrogels (□) (C). Mean values are presented with standard
deviations and * indicates statistically significant differences (p<0.05), as compared to control
gels. N.S. displays no statistically significant difference between conditions.
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Figure 3.
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Assessing the effect of spatial distribution of VEGF delivery on the ischemic ApoE-/hindlimbs. Photomicrographs of representative tissue sections from hindlimbs of ApoE-/- mice
at postoperative 42 days, immunostained for the endothelial marker CD31 (A). Quantification
of blood vessels densities after 6 weeks with 2 injections (proximal and distal) of control blank
alginate hydrogel (+ 0 2); 1 injection of alginate loaded with VEGF (proximal) (+ 3 1) and 2
injections of alginate loaded with VEGF (proximal and distal) (+ 3 2) (B). Similar values of
blood vessel densities were obtained for the 1 and 2 injections of VEGF. Perfusion profiles of
hindlimbs at various experimental time points with 2 injections of control blank gel (●); VEGF
delivered from alginate gels (1 injection - proximal) (●) and VEGF delivered from alginate
gels (2 injections – proximal and distal) (○) (C). The two injections of VEGF elicited an increase
in the regional perfusion, as compared with a single injection (VEGF loaded), even though the
total VEGF dose was the same between the two conditions. Mean values are presented with
standard deviations, * indicates statistically significant differences (p<0.05), as compared to
control gels, and # represents statistically significant differences (p<0.05) between conditions.
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