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There is great demand for the development of novel therapies for
ischemic cardiovascular disease, a leading cause of morbidity and
mortality worldwide. We report here on the development of a
completely synthetic cell-free therapy based on peptide amphi-
phile nanostructures designed to mimic the activity of VEGF, one
of the most potent angiogenic signaling proteins. Following self-
assembly of peptide amphiphiles, nanoscale filaments form that
display on their surfaces a VEGF-mimetic peptide at high density.
The VEGF-mimetic filamentswere found to induce phosphorylation
of VEGF receptors and promote proangiogenic behavior in
endothelial cells, indicated by an enhancement in proliferation,
survival, and migration in vitro. In a chicken embryo assay, these
nanostructures elicited an angiogenic response in the host vascu-
lature. When evaluated in a mouse hind-limb ischemia model, the
nanofibers increased tissue perfusion, functional recovery, limb
salvage, and treadmill endurance compared to controls, which
included the VEGF-mimetic peptide alone. Immunohistological
evidence also demonstrated an increase in the density of microcir-
culation in the ischemic hind limb, suggesting the mechanism
of efficacy of this promising potential therapy is linked to the
enhanced microcirculatory angiogenesis that results from treat-
ment with these polyvalent VEGF-mimetic nanofibers.

Ischemic tissue disease remains one of the foremost causes of
morbidity and mortality worldwide (1). There is tremendous

need for new therapeutic approaches that regenerate ischemic
tissue. One target is to enhance microvasculature perfusion in is-
chemic tissue by delivering proangiogenic signals, termed thera-
peutic angiogenesis. The mechanisms of angiogenesis have been
extensively studied and its regulation involves complex cascades
of signaling molecules and growth factors (2). VEGF is among
the most potent, yet rate limiting, of these angiogenic factors
(3). Thus, efforts toward therapeutic angiogenesis have focused
on VEGF to enhance microvasculature in ischemic tissue. How-
ever, clinical trials to date have not convincingly demonstrated
efficacy (4, 5). One potential obstacle for the success of these
therapies is inadequate retention of protein in the target zone
because protein retention in tissue is on the order of minutes
to hours, depending on delivery route (6–8). Maintaining a ther-
apeutic level of protein within ischemic tissue could require serial
treatments over time, making these therapies more invasive and
necessitating cost-prohibitive quantities of protein (4).

Recent work has demonstrated the therapeutic potential of a
platform of self-assembling filamentous nanofibers formed from
customizable peptide amphiphile (PA) molecules (9–12). PAs
consist of a hydrophobic alkyl segment covalently linked to a pep-
tide sequence that contains at least two domains: an amino acid
sequence that drives self-assembly of the molecules into nanofi-
bers through the formation of β-sheets and a customizable bioac-
tive domain designed to interact with specific proteins, receptors,
biopolymers, or other cellular targets. Hydrophobic collapse
drives the alkyl tails into the core of the nanofiber, resulting in
the presentation of the bioactive domain on the fiber surface.

These nanofibers have dimensions similar to filamentous struc-
tures in the extracellular matrix and can form gel networks
at low concentrations in aqueous media, allowing for three-
dimensional entrapment of cells presuspended in aqueous PA
solutions (13). Their high aspect ratio and the high surface area
of displayed signals at controlled density likely facilitate their
enhanced biological signaling, while their extensive internal
hydration also offers the necessary dynamics to promote interac-
tion with receptors and ligands (14–16). Furthermore, these
PA-based therapies can be delivered noninvasively as easily
injectable liquids that become solid nanostructures in situ and
are biocompatible with desirable rates of degradation and tissue
clearance over a period of weeks (17–19).

Advancements in the design of biomaterials have enabled
some of the issues of bolus VEGF protein therapy to be over-
come through the use of materials to control the spatial and tem-
poral delivery of VEGF (20). These scaffolds have been designed
to control the release kinetics through scaffold design (21–23),
the use of heparin to specifically bind VEGF (24, 25), or through
the covalent attachment of VEGF for on-demand cell-mediated
VEGF delivery (26, 27), among many other strategies. The
general concept aims to use materials to control the kinetics
of protein bioavailability. However, each strategy is reliant on
recombinant proteins and, although some are injectable, some
require invasive surgical implantation within the site where angio-
genesis is to be modulated. In addition, a number of synthetic
strategies have emerged to modulate angiogenesis through small
molecules or peptides and have been developed to antagonize
receptors for cancer therapies or to promote angiogenesis by
signaling through these receptors (28, 29). Currently, only one
synthetic oligopeptide has been demonstrated to mimic VEGF
through the activation of its receptors (30, 31). This peptide
was designed based on the native α-helical receptor-binding do-
main of VEGF and was shown to mimic native VEGF through
activation of VEGF receptors. This synthetic approach, although
potentially addressing issues related to the production of recom-
binant proteins, does not address the poor tissue retention for
protein-based therapies.

Here, the customizable presentation of bioactive signals on
our PA platform was leveraged to present this VEGF-mimetic
epitope in a polyvalent fashion on the surface of high aspect
ratio nanofibers. This strategy could provide a feasible synthetic
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alternative to protein therapies that would address issues of
tissue retention and bioavailability. Moreover, polyvalent epitope
display could enhance the dimerization-dependent signaling
of the VEGF receptors. Thus, we have evaluated here PA presen-
tation of this VEGF-mimetic sequence and its possible use as
therapy for ischemic tissue regeneration.

Results
Design and Characterization of a VEGF-Mimetic PA. The VEGF PA
(Fig. 1A) was designed to display on the surface of nanostructures
a peptide sequence that mimics VEGF, KLTWQELYQLKYKGI-
NH2 (30). At the N terminus of this peptide, we covalently
attached a K3G sequence to facilitate solubility and a V2A2

β-domain followed by a C16 alkyl chain to promote self-assembly
into cylindrical nanostructures through intermolecular hydrogen
bonding and hydrophobic collapse (Fig. 1G). Cryogenic transmis-
sion electron microscopy (TEM) of this PA reveals the formation
of self-assembled high aspect ratio cylindrical nanostructures
(Fig. 1B). At a concentration used for therapeutic studies and
in the presence of divalent counterions, VEGF PA nanostruc-
tures form entangled nanofiber gels (Fig. 1C). The reported
bioactive secondary structure of the VEGF-mimetic sequence
is α-helical (30, 31). CD of the VEGF PA revealed a signal char-
acteristic of α-helix (Fig. 1D). This α-helix had greater conforma-
tional stability when incorporated in PA molecules (Fig. 1E)
compared to the peptide alone (Fig. 1F), evident by less change
in the 220-nm α-helical CD signature upon heating. Conjugation
to an alkyl tail is known to stabilize α-helical peptides (32) and
supramolecular effects could also explain the increased thermal
stability of the α-helical epitope when presented on the PA. Such
stabilization of the bioactive conformation of the peptide by PA
conjugation could enhance the potency of the epitope. In addi-
tion to the VEGF PA and epitope-only peptide control, a PA was
synthesized with systematic replacement of four specific residues

known to be near the peptide–receptor-binding interface with
structurally distinct amino acids. Structures of all molecules used
in this study are shown (Fig. S1).

VEGF PA Specifically Activates VEGF Receptors in Vitro. VEGF signal
transduction is initiated by phosphorylation of several tyrosines
on the intracellular receptor domain (33). In order to determine
VEGF-mimetic signaling of the VEGF PA, human umbilical
vein endothelial cells (HUVECs) were stimulated with VEGF PA
and then quantified for the amount of phosphorylated VEGF
receptor 1 (VEGFR1) or phosphorylated VEGF receptor 2
(VEGFR2), the two primary VEGF receptors implicated in its
angiogenic signaling. Stimulation with the VEGF PA resulted
in an amount of phosphorylated VEGFR1 (Fig. 2A) that was
1.63 times greater than an untreated control group (P < 0.001),
showing a significant enhancement in receptor phosphorylation.
Interestingly, the level of phosphorylation for the VEGF PA was
also significantly greater than for the bioactive VEGF peptide
(P < 0.001) and mutant PA (P < 0.001). The bioactive peptide
also induced significantly greater phosphorylation than untreated
controls. For VEGFR2 phosphorylation (Fig. 2B), the VEGF PA
(1.58 times increase) again demonstrated phosphorylation levels
significantly greater than an untreated control (P < 0.001). The
value for the VEGF peptide was again less than that for the
VEGF PA. The mutant PA again demonstrated no effect on
VEGFR2 phosphorylation, establishing this as an ideal material
control for the VEGF PA. Both the VEGF PA and the VEGF
peptide signal similarly to the VEGF assay control for both

Fig. 1. The chemical structure of the VEGF-mimetic peptide amphiphile (A),
designed to assemble into cylindrical nanostructures (G). The VEGF PA forms
nanofibers, visualized by cryogenic TEM (B), and entangled nanofiber gel
networks, imaged by SEM (C). Circular dichroism for the VEGF PA demonstrat-
ing α-helical secondary structure (D), and melting analysis performed about
the 220-nm α-helical signature for VEGF PA (E) and the peptide epitope
control (F).

Fig. 2. Results from an ELISA assay for the receptor phosphorylation of
VEGFR1 (A) and VEGFR2 (B) as well as a time course of phosphorylation
for both VEGFR1 and VEGFR2 (C). Significance is shown relative to VEGF
PA treatment. VEGF protein is shown as an assay control for verification
of phosphorylation and was not included in statistical analysis as a compara-
tive group.
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receptors, confirming reports on the discovery of the epitope
(30). Examining the effect of VEGF PA stimulation over time
(Fig. 2C), we observed an initial rise in the levels of both phos-
phorylated VEGFR1 and VEGFR2, followed by a decrease
beginning at 10 min of stimulation to levels below the baseline
of an untreated control. The response and time frame of signaling
by VEGF PA is consistent with the known temporal response for
VEGF receptor activation followed by subsequent cleavage of
phosphates and ubiquitination of the receptor (34).

VEGF signaling is known to enhance, among other cellular
functions, the proliferation, survival, and migration of endothelial
cells (3, 33). Therefore we also evaluated these phenotypic
outcomes in HUVECs upon exposure to VEGF PA (Fig. S2).
Prolonged stimulation with VEGF PA significantly increased
cell number 1.37 times compared to an untreated control
(P < 0.001). In addition, HUVECs that were serum-starved ex-
hibited significantly improved survival in the presence of the
VEGF PA (10.2% apoptotic) compared to an untreated group
(31.7% apoptotic, P < 0.001). Neither the VEGF peptide nor
the mutant PA group significantly enhanced cell number or sur-
vival. In addition, treatment with VEGF PA resulted in a signifi-
cant increase in migration into a denuded scratch (68.7% closure)
compared to an untreated control (25.2% closure, P < 0.05),
whereas treatment with the VEGF peptide did not significantly
enhance migration relative to the untreated control group.

The robust effect on HUVEC function in vitro, combined with
VEGF-specific receptor phosphorylation, supports the VEGF-
mimetic activity of the VEGF PA nanofibers. The VEGF peptide,
meanwhile, did not show similar effects on endothelial cell func-
tion in vitro in spite of a demonstrated increase in receptor phos-
horylation. As the phosphorylation studies were performed for
only a single phosphorylation cycle, it is possible that the peptide
does not retain potency over longer times in culture. Alterna-
tively, it could be that the incremental increase in phosphoryla-
tion by VEGF PA compared to the VEGF peptide seen in one
phosphorylation cycle results in a cumulative effect on cell activ-
ity over the time course of many phosphorylation cycles afforded
by longer functional in vitro experiments.

VEGF PA Induces Angiogenesis in Vivo.An established in vivo angio-
genesis model, the chicken chorioallantoic membrane (CAM)
assay, was used to evaluate the angiogenic activity of the VEGF
PA. When VEGF PA was coated onto a glass coverslip and ap-
plied to the CAM (Fig. 3), we saw a 229% increase in the blood
vessel density over the following 3 d. For comparison, this in-
crease was significantly greater (P < 0.001) than CAM treated
with the VEGF peptide (139%), mutant PA (149%), or saline
(132%). This result suggests a strong angiogenic response from
treatment with the VEGF PA. This effect is visualized in the den-
sity of blood vessels at the point of CAM stimulation, in addition
to indications of vascular remodeling and leakage and the spoke-
like pattern radiating from the center of the coverslip where the
material was applied. Representative images from the various
controls do not display a similar effect. This assay confirms
the angiogenic properties of our VEGF PAusing an in vivo model
and reinforces proangiogenic findings in vitro.

VEGF PA Enhances Repair of Ischemic Hind-Limb Tissue. The murine
hind-limb ischemia model was used to evaluate the potential of
the VEGF-mimetic PA nanostructures as a therapy for ischemic
disease. VEGF PA or control treatments were administered by
an intramuscular injection 3 d after the induction of critical ische-
mia by ligation and excision of the right femoral artery and all
superficial and deep branches. To assess functional recovery after
critical hind-limb ischemia, animals were assessed for limb sal-
vage and limb motor function via established semiquantitative
scoring methods. In terms of tissue necrosis and amputation of
ischemic limb, we saw significant improvement (P < 0.05) in

tissue salvage (i.e., less necrosis) in animals treated with VEGF
PA (Fig. 4A) at both day 21 and day 28 compared to animals trea-
ted with VEGF peptide, mutant PA, and saline. When scoring
animals based on active limb motor function (Fig. 4B), we again
saw a significant effect for treatment with the VEGF PA at day 21
(P < 0.05) and day 28 (P < 0.01) compared to treatment with the
VEGF peptide, mutant PA, and saline. This assessment of limb
use suggests that treatment with the VEGF PA leads to a more
functional phenotype, which was further supported in results
subjecting animals to a walking endurance test using a Rota
Rod treadmill at day 28 (Fig. 4C). Animals treated with VEGF
PA walked significantly longer prior to failure (150.5 s) than ani-
mals treated with the VEGF peptide (115.6 s, P < 0.05), mutant
PA (106.7 s, P < 0.05), and saline (90.4 s, P < 0.001).

Laser Doppler perfusion imaging (LDPI) was performed
to assess tissue perfusion in the ischemic hind limb (Fig. 4D).
Treatment with VEGF PA significantly enhanced the recovery
of tissue perfusion following treatment. At 14 d after induction
of ischemia, animals treated with VEGF PA had a perfusion ratio
(0.76) significantly greater than that for animals treated with the
VEGF peptide (0.54, P < 0.01), mutant PA (0.42, P < 0.01), or a
control injection of saline (0.53, P < 0.05). At day 28, animals
treated with VEGF PA continued to have a significantly higher
perfusion ratio (0.72) than animals treated with the VEGF
peptide (0.52, P < 0.05), mutant PA (0.48, P < 0.05), and saline
(0.52, P < 0.05).

Histological tracking of fluorescently tagged PA and peptide in
muscle tissue of the ischemic hind limb revealed that the PA is
retained significantly longer than the peptide control (Fig S3).
Harvesting ischemic limb tissue at 2, 7, and 14 d after adminis-
tration of treatment revealed large quantities of VEGF PA
remained in the ischemic hind limb. Even small quantities could
be seen at 28 d after treatment. A thorough histological search for
fluorescently tagged VEGF peptide did not indicate any material
remained in the tissue at any of these follow-up points. It is known

Fig. 3. Quantified results from the CAM assay beginning on embryonic
day 10 (t ¼ day 0) and extending for 4 d along with representative images
from day 3 for treatments of VEGF PA, VEGF peptide, mutant PA, and an
untreated control. Significance shown is for VEGF PA treatment compared
to all other treatment groups. The scale bar shown corresponds to 2 mm
in all micrographs.
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that proteins, such as VEGF, have short retention times in tissue
(6–8). The enhanced retention observed for VEGF PA could
underlie its therapeutic benefit compared to the peptide epitope
control.

In order to determine whether the beneficial effects of VEGF
PA treatment on recovery of blood flow, motor function, and tis-
sue salvage were associated with an effect on the microcirculation
of the ischemic limb muscle, we quantified the number of CD31þ
capillaries in the ischemic limb harvested at day 28 (Fig. 5). There
was a significant increase in the number of CD31þ capillaries in
animals treated with VEGF PA (1;582∕mm2) compared to treat-
ment with VEGF peptide (949∕mm2, P < 0.001), mutant PA
(954∕mm2, P < 0.001), and saline (893∕mm2, P < 0.001). This
proangiogenic effect of VEGF PA on the microcirculation is
consistent with its angiogenic activity in the CAM assay, and
reinforces its therapeutic efficacy for ischemic tissue repair. Of
note, there was no effect on the number of CD31þ∕smooth
muscle actinþ arterioles, also known as muscularized or mature
capillaries. VEGF protein treatment can result in the develop-
ment of immature vasculature, and this is one known limitation
surrounding VEGF therapy (35). We do not know at this time if a
lack of mature capillaries will be a limitation in the translation of
VEGF PA. However, the versatility of supramolecular PA systems
allows for multiplexing of bioactive signals, and future efforts
could explore the development of PA mimics of other growth fac-
tors (i.e., FGF-2) that, in combination with VEGF signaling, are
known to promote more mature vasculature.

Overall, the improvements in tissue perfusion, limb salvage,
motor function, and capillarization point to the therapeutic utility
of VEGF PA for ischemic tissue repair. Thus, VEGF PA nanos-

tructures are identified here as a promising synthetic therapeutic
strategy for ischemic cardiovascular disease.

Although the primary objective of this work was to establish
that supramolecular epitope display could enhance the potency
of a VEGF-mimetic epitope, it remained of interest to see how
this PA therapy would compare to a recombinant protein ap-
proach. Thus, following up on the promising therapeutic poten-
tial demonstrated, a second in vivo study comparing the VEGF
PA to a bioactive treatment of VEGF165 protein in the ischemic
hind limb was performed (Fig. S4). Because there exists no litera-
ture consensus on an effective dose of VEGF protein for intra-
muscular delivery in a mouse ischemic hind limb, and to be sure
that an effective protein dose was used, a relatively high dose of
20 μg per animal was selected. For comparison, intramuscular de-
livery of 3 μg was shown to be ineffective in a mouse hind-limb
model when delivered as a bolus without a biomaterial to control
its release (21), whereas a 50-μg intramuscular bolus was effective
in a similar model in much larger rats (ca. 300 g) (36). For these
studies, the control group receiving a saline injection and the
group receiving VEGF PA were repeated to account for variabil-
ity in the model or in instrumentation for functional assessment.
As shown, both the VEGF PA and VEGF165 performed similarly
on the basis of LDPI perfusion ratio, with both showing a signif-
icant increase (P < 0.05) compared to the control (Fig. S4A).
Scoring for limb necrosis indicated that only the VEGF PA group
significantly (P < 0.05) enhanced tissue salvage compared to the
control, with a trend for improvement in the VEGF protein group
that was not significant from the control (Fig. S4B). Scoring for
motor function in the hind limb indicated that both the VEGF PA
group (P < 0.01) and the VEGF protein group (P < 0.05) signif-
icantly improved limb motor function compared to the control
group (Fig. S4C). The measure that was most affected by VEGF
PA treatment was histological capillary density in the ischemic
hind-limb muscle. Treatment with VEGF PA resulted in signifi-
cantly (P < 0.001) more capillaries in the hind limb than for
treatment with either VEGF protein or the control (Fig. S4D).
VEGF protein also demonstrated a significant (P < 0.001)

Fig. 4. Results from in vivo hind-limb ischemia study examining the tissue
salvage score (A) and the motor function score (B) of the various treatment
groups over time, as well as the endpoint analysis at day 28 of failure time for
a Rota Rod motor functional performance test (C). Laser Doppler perfusion
imaging (D) for mouse hind-limb ischemia studies quantified as the perfusion
ratio of treated to untreated limb along with representative LDPI images
from the same animal at day 0 and day 28 for treatments of VEGF PA, VEGF
peptide, mutant PA, and an untreated control. Significance is shown for the
VEGF PA relative to other treatments (A, B, and D) and for other treatments
compared to the VEGF PA treatment (C).

Fig. 5. Results from quantification of immunohistological staining for
CD31þ capillary forms in the ischemic tissue at day 28 of the hind-limb ische-
mia study, as well as representative immunohistological images staining for
CD31 (green), smoothmuscle α-actin (red), and nuclei (blue) for treatments of
VEGF PA, VEGF peptide, mutant PA, and an untreated control. Significance is
shown relative to VEGF PA treatment, and the scale bar shown corresponds
to 100 μm in all micrographs.
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increase in capillary density compared to the control. This dra-
matic effect in capillarization could result from the prolonged
retention and activity of the VEGF PA in the muscle tissue com-
pared to the VEGF protein. Overall, the robust therapeutic effect
seen previously for VEGF PA was conserved in these studies and
the PA performed as well or better than the recombinant protein
in every measured outcome.

Discussion
Here we have demonstrated the use of bioactive and biodegrade-
able nanostructures as a strategy for therapeutic angiogenesis.
The display on the surface of these nanofibers of a peptide mimic
of VEGF showed enhanced signaling and bioactivity by activation
of specific VEGF receptors and consequent functional outcomes
for endothelial cells in vitro. The proangiogenic activity of this
system was further substantiated in vivo using the CAM assay.
Evaluation of the therapeutic potential of these VEGF PA
nanostructures in a murine hind-limb ischemia model revealed
improved tissue perfusion, limb motor function, limb salvage, and
capillarization of the ischemic limb. The demonstrated efficacy
suggests further consideration of these systems as an alternative
therapy to protein-based strategies currently being evaluated for
ischemic cardiovascular diseases.

The material we have evaluated here is similar to that de-
monstrated previously with a different class of self-assembling
peptides, where a VEGF-mimetic epitope and a cell adhesion
epitope (RGDS) were evaluated for their ability to promote pro-
liferation, migration, and tubulogenesis of cultured HUVECs
(37). In this previous study, the VEGF epitope was not found
to be in the required α-helical conformation by circular dichroism
and its overall in vitro bioactivity was not markedly different from
an RGDS fibronectin epitope. This result suggests to us that
perhaps the peptide is not acting in a truly VEGF-mimetic
way when presented on these β-sheet ribbon assemblies, and
could be instead acting as an extracellular matrix as opposed to
a protein mimic. The studies we have described in this work, how-
ever, establish that the epitope is in its appropriate conformation
when presented on our cylindrical nanofibers and also that this
epitope specifically acts in a mimetic fashion by activating VEGF
receptors. Presentation on highly hydrated cylindrical supramo-
lecular assemblies could afford more dynamics for efficient and
potent receptor-mediated signaling that may not be possible on
flat ribbon-like assemblies. In addition to functional in vitro eva-
luations, we have gone well beyond this previous work in our use
of two different in vivo models to establish angiogenic bioactivity
and therapeutic efficacy.

There are several potential explanations underlying the en-
hanced epitope potency that we have demonstrated by our VEGF
PA nanostructures compared to the soluble mimetic peptide
control. As our CD melting curves established, the bioactive
secondary structure of the epitope, an α-helix, is stabilized when
incorporated within supramolecular aggregates of PA molecules.
Stabilization of the bioactive conformation would likely translate
into enhanced epitope bioactivity. The enhanced retention
observed here could also explain in part the increased efficacy
seen in vivo, though presumably retention would not be an issue
for the short in vitro studies.

A feature of the PA that could enhance its bioactivity com-
pared to the peptide control is the polyvalency of epitopes on
the nanostructure surface. It is well established that polyvalency,
the presentation of multiple bioactive binding sites, significantly
enhances binding strength for biological interactions, a phenom-
enon known as avidity (38). This phenomenon has a natural basis,
vital to the function of binding proteins such as IgM with 10
binding sites (39) or the biological adhesion of many viruses (40),
and even the extracellular matrix is polyvalent (41). Polyvalency is
used frequently in the design of synthetic bioactive molecules to
enhance their binding strength and has been used in the creation

of bioactive peptides, organic molecules, carbohydrates, nucleo-
tides, antibiotics, and phage mimics, among others (42–46). Poly-
valency has even been explored for biological signaling initiated
by receptor dimerization, as is the case for VEGF receptor sig-
naling. Examples include synthetic multivalent mimics of erythro-
poietin and thrombopoietin, both of which require receptor
dimerization that is enhanced by multivalent signals (47, 48).
Native VEGF, as a homodimeric cysteine knot protein, is multi-
valent (specifically divalent) with two bioactive domains that in-
teract with receptor dimers (3), a feature that is not recreated in
the soluble VEGF peptide mimic. The polyvalent and dynamic
PA nanofiber could facilitate the necessary dimerization of recep-
tors in a highly efficient manner. For the VEGF PA nanofibers
investigated here, dynamic features of the nanostructures could
help match the lengths necessary to promote receptor dimeriza-
tion. PA nanostructures are highly hydrated, giving epitopes
flexibility in both order and spacing within the assembled nanos-
tructure. Given what is known about polyvalency in biological
signaling, it is reasonable that avidity afforded by a dynamic PA
assembly plays a role in the enhancement in bioactivity observed
for the VEGF PA nanostructures relative to the soluble single
peptide mimic. Regardless of the mechanistic details, because
two bioactive signals must be present for VEGF receptor dimer-
ization and activation, something which is the case for native
VEGF protein with two cysteine-tethered bioactive domains, it
is logical that PA molecules programmed for aggregation would
be more apt to colocalize epitopes than would a soluble peptide,
even if an enhanced avidity is not postulated.

As mentioned previously, some issues raised with the clinical
application of VEGF or other recombinant proteins are specific
target tissue retention, limited production resources, and cost.
Bioactive PAs provide a potential means to overcome these ob-
stacles, and we were especially encouraged that the VEGF PA
compared favorably to a high dose of recombinant protein.
Though PAs are biodegradable by design and thus will be even-
tually broken down into natural products, they have been shown
here to remain in the ischemic tissue for over 2 wk after injection.
This result is a substantial improvement when compared to the
retention time reported for VEGF protein on the order of a few
hours. Another possible consideration is cost, which has been
speculated to be prohibitively expensive to the clinical implemen-
tation of efficacious protein-based therapies (4). The prolonged
retention and bioavailability of the PA in the target tissue could
address both of these issues, circumventing the need for serial
protein deliveries and the additional pain and suffering, along
with cost, entailed therein. In many ways, the therapeutic me-
chanism observed here for the PA could be similar to observations
for biomaterials that facilitate the slow release of VEGF protein.
Nanofiber geometry and dynamics make it unlikely that a high
percentage of the total epitopes presented on the PA are signaling
at any given time, which makes the exact bioactive dose of
PA difficult to determine. However, increased retention and bioa-
vailability allows for more continuous and lasting signaling of the
epitopes presented on the PA and, as nanofibers break apart in
vivo, smaller aggregates could diffuse and signal in the tissue
surrounding the injection site. This effect is similar to a scaf-
fold-based controlled release approach, except here the effect
is achieved using a defined single component synthetic system
that can be delivered by a minimally invasive injection, which
is not the case for several of the polymeric growth factor delivery
scaffolds reported to date. Overall, the results we have demon-
strated for bioactivity and therapeutic efficacy of this proangio-
genic PA designed to signal through VEGF receptors point to the
translational potential of this strategy.

We have demonstrated that a polyvalent self-assembling
nanofiber displaying a known VEGF mimicking sequence is
efficacious in a hind-limb ischemia model of cardiovascular
disease. The observed functional recovery is likely linked to
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the proangiogenic, VEGF-mimetic behavior of the VEGF PA
nanostructures established both in vitro and in vivo. Presentation
of the mimetic epitope on the polyvalent nanofiber leads to more
efficient and effective VEGF signaling compared to the bioactive
peptide alone. Further, the PA compares favorably to a high-dose
injection of recombinant protein. We conclude that these bioac-
tive nanostructures are a promising synthetic therapeutic strategy
to regenerate microcirculation and restore perfusion to ischemic
tissue in cardiovascular diseases and could provide an alternative
to VEGF protein-based strategies.

Materials and Methods
Detailed experimental methods can be found in the SI Text. Briefly, PAs and
peptides for this study were synthesized by solid phase methods and
purified by reversed phase HPLC. Nanofibers were imaged by cryogenic TEM,
gels were imaged using SEM, and CD was preformed using standard meth-
ods. Primary HUVECs were purchased and used at passage 4. The receptor
phosphorylation studies were performed using commercially available kits.
Proliferation was assessed by a standard DNA-based assay, survival was as-
sessed using flow cytometry, and migration was assessed by a scratch assay.
The CAM assay was performed on fertilized chicken eggs, evaluating blood
vessel density surrounding a coated coverslip in digital images captured

through a microscope. The murine hind-limb ischemia model was performed
in wild-type mice. The right femoral artery was ligated and excised, and the
material was administered 3 d after induction of ischemia. Animals were
scored on a semiquantitative scale for limb salvage (scale 1–6), motor func-
tion (scale 1–5), and were imaged by LDPI. Tissue perfusion is the ratio of
ischemic to nonischemic limb perfusion from LDPI. Endurance testing was
performed on a Rota Rod. At the end of the study, tissue was stained with
antibodies to CD31 and smooth muscle actin and DAPI.
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