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ABSTRACT: Fibroblast growth factor (FGF-2) is a multi-
functional growth factor that has pleiotropic effects in different
tissues and organs. In particular, FGF-2 has a special role in
angiogenesis, an important process in development, wound
healing, cell survival, and differentiation. Therefore, incorporat-
ing biological agents like FGF-2 within therapeutic biomaterials
is a potential strategy to create angiogenic bioactivity for the
repair of damaged tissue caused by trauma or complications
that arise from age and/or disease. However, the use of growth
factors as therapeutic agents can be costly and does not always
bring about efficient tissue repair due to rapid clearance from
the targeted site. An alternative would be a stable supra-
molecular nanostructure with the capacity to activate the FGF-
2 receptor that can also assemble into a scaffold deliverable to tissue. We report here on peptide amphiphiles that incorporate a
peptide known to activate the FGF-2 receptor and peptide domains that drive its self-assembly into supramolecular nanoribbons.
These FGF2-PA nanoribbons displayed the ability to increase the proliferation and migration of the human umbilical vein
endothelial cells (HUVECs) in vitro to the same extent as the native FGF-2 protein at certain concentrations. We confirmed that
this activity was specific to the FGFR1 signaling pathway by tracking the phosphorylation of downstream signaling effectors such
ERK1/2 and pH3. These results indicated the specificity of FGF2-PA nanoribbons in activating the FGF-2 signaling pathway and
its potential application as a supramolecular scaffold that can be used in vivo as an alternative to the encapsulation and delivery of
the native FGF-2 protein.
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■ INTRODUCTION

Growth factors (GFs) play a key role in regulating important
cellular behaviors such as survival, proliferation, migration, and
differentiation.1,2 These proteins are secreted to regulate a
diverse number of cellular processes, such as tissue develop-
ment or repair, and are usually bound and tightly regulated by
their interactions with extracellular matrix (ECM) components.
Multiple strategies to encapsulate and deliver GFs using
biomaterials have been developed to replace or repair damaged
tissues.3,1,4 GFs can be incorporated into biomaterials using
various chemical conjugation and/or physicochemical methods
to improve retention and delivery.5−8 For example, a mutant
variant of VEGF (VEGF121‑cys) was covalently attached through
Michael addition chemistry to a PEG scaffold for the induction
of in vivo vascularization.9 Another alternative is to chemically
attach heparin, a glycosaminoglycan capable of binding multiple
GFs, into the polymer scaffold, as a way to deliver growth
factors without relying on recombinant GF variants.10,11

However, both of these methods can be synthetically
challenging and require the use of significant amounts of
protein. Other major drawbacks of GF delivery in polymeric
scaffolds include short half-life and rapid tissue clearance of
proteins, which prevents an effective GF signaling response in
tissues of interest.8,12,13 In general, the delivery of therapeutic
amounts of GFs can be costly and have serious side effects such
as the emergence of angiogenic malignancies (tumors) and
nonspecific responses in other organs such as the kidney or
atheroma.14,15

An alternative would be to utilize short bioactive peptide
sequences that signal GF receptors as native GFs do but
contained within a stable supramolecular scaffold in order to
avoid their rapid degradation by enzymes. In previous work,
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these protein-mimetic sequences have been identified by
analyzing fragments of the native GF protein, using computa-
tional studies, or by using phage-display technology.16−19 The
short peptide sequences can be readily incorporated into
peptide-based matrices, which have proven to be effective
biomaterials for a diverse number of in vitro and in vivo
applications by being cost-effective, increasing the regenerative
activity on the wounded area, and being nontoxic.20−24 One of
the most important GFs for regenerative biomaterials is basic
fibroblast growth factor (bFGF, also known as FGF-2).25,26

FGF-2 is a member of the receptor tyrosine kinase (RTK)
family, which are GFs that control many essential cell activities
important for tissue development, cell survival, cell differ-
entiation, and homeostasis. Other important members of the
RTK family include VEGF (vascular endothelial growth factor),
EGF (epidermal growth factor), and PDGF (platelet-derived
growth factor), which are also commonly encapsulated within
biomaterials for in vivo applications.5,27 In particular, FGF-2 has
been shown have a pleiotropic effect in different tissues and
organs, including an important role in angiogenesis and wound
healing as well as in embryonic development and neural survival
and differentiation.28−30,26,31 Thus, signaling of the FGF-2
receptor (FGFR) by a bioactive biomaterial could have many
important applications ranging from therapies for myocardial
infarction32,29 to muscle regeneration and spinal cord injury,33

among many others. A short peptide sequence (YRSRKYSS-
WYVALKR) was identified by Baird et al.34 which activates the
FGFR and thus mimics the bioactivity of FGF-2. The approach
utilized to identify the bioactive peptide was to screen various
sequences derived from FGF-2. They found that the peptide
domain 106−120 in FGF-2 is a partial agonist of FGFR
determined in a proliferation assay with 3T3 fibroblast cells.34

Later, Zamora et al. incorporated the sequence in a branched
peptide construct termed F2A4-K-NS, which contains two
copies on the FGF-2 mimetic peptide alongside a heparin
binding sequence (NH2-YRSRKYSSWYVALKRK(NH2-
YRSRKYSSWYVALKR)-(Ahx-Ahx-Ahx)-RKRLDRIAR-
CONH2, where Ahx = aminohexanoic acid). This peptide
mimetic was able to bind FGFR1 and activate the
corresponding proliferation-signaling cascade via the phosphor-
ylation of ERK1/2 and also enhanced angiogenesis in vivo when
encapsulated within Matrigel implants.35

We report here on the incorporation of the FGF-2 mimetic
sequence in a peptide amphiphile (PA) capable of self-
assembling in aqueous media into one-dimensional nanostruc-
tures. The objective has been to create a bioactive supra-
molecular scaffold of filamentous structures that could be used
to encapsulate cells. PAs that form filamentous networks were
developed in the Stupp laboratory,36−40 and their in vitro and in
vivo bioactivity has been demonstrated in several cell cultures
and preclinical models for regenerative medicine. Some of these
applications include the differentiation of neural progenitor
cells into neurons,41 axon regeneration after spinal cord
injury,42,43 hard tissue formation such as enamel44 and
bone,45,46,24 vascularization on demand,47,48,21 and cartilage
regeneration.49 PA molecules that form the filamentous
nanostructures are composed of three main segments: a single
lipid tail for hydrophobic collapse, a β-sheet domain that drives
one-dimensional self-assembly, charged residues for solubility,
and a bioactive signal at one terminus of the peptide. In this
work, we have investigated by physical and biological
experiments a filament-forming PA molecule containing the
FGF-2 mimetic peptide.

■ MATERIALS AND METHODS
Pept ide Synthes i s . FGF2 -PA (C1 6V 3A 3K 3GYRS -

RKYSSWYVALKR), mutant FGF2-PA (C16V3A3K3GYA-
RSEKYSSVYVALSR), scrambled FGF2-PA (C16V3A3K3G-
WRSKKYSLYYVASRR), and the FGF-2 peptide mimetic (Ac-
YRSRKYSSWYVALKR) were synthesized using standard 9-fluorenyl
methoxycarbonyl (Fmoc) solid-phase peptide synthesis (SPPS) on
Rink amide 4-methylbenzhydrylamine resin (Millipore, Billerica, MA)
with the Liberty 12-Channel Automated Microwave Peptide
Synthesizer (CEM, Matthews, NC). The standard conditions for
synthesis involve loading the resin (0.50 mmol) and coupling all the
desired Fmoc-amino acids, starting with Fmoc-Arg(Pbf)-OH (1
mmol) using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU, 0.95 mmol), and N,N-diisopropylethyl-
amine (DIEA, 3 mmol) in N,N-dimethylformamide (DMF). Palmitic
acid (4 mmol) using HBTU (0.95 mmol) and DIEA (3 mmol) in
DMF was used to cap N-terminus of the PAs. In the case of the FGF-2
mimetic peptide, the N-terminus was capped using a 10:2.5:100 (v/v/
v) mixture of acetic anhydride, DIEA, and DMF for 30 min. The PA
was subsequently cleaved from the resin using a 95:5 TFA/TIPS
(trifluoroacetic acid/triisopropyl silane) cocktail for 4 h. PAs and crude
peptide were purified by reverse-phase high-performance liquid
chromatography (HPLC) with a 2−95% ACN/H20 (0.1% TFA)
gradient for 60 min using a Varian Modular HPLC system (Agilent,
Santa Clara, CA). The desired PA fractions were collected, evaporated
under vacuum, and lyophilized into a solid powder. Purified PAs were
further characterized by analytical LC/MS using a 6520 Quadrupole
Time-of-Flight (Q-TOF) LCMS (Agilent, Santa Clara, CA) (see
Figure S1).

Peptide Amphiphile Preparation. The desired amount of PA
powder was weighed out in an Eppendorf tube in order to make 500
μL of a 1 mM PA stock solution in 25 mM HEPES at pH 7.4 buffer.
The PA solution was subsequently annealed in 80 °C water bath for 30
min and slowly cooled down overnight to room temperature as
previously described.38

Transmission Electron Microscopy. Images for conventional
and cryo-TEM were obtained using a Hitachi HT-7700 Biological
TEM (Hitachi High Technologies America, Schaumburg, IL)
equipped with a LaB6 filament working at an accelerating voltage of
100 kV. For Cryo-TEM, PA samples were plunged frozen using a
Vitrobot Mark IV (FEI, Hillsboro, OR) operating at 25 °C with 100%
humidity. The PA sample (8 μL) was deposited on 300 square mesh
copper grids with a lacey carbon film (Ted Pella, Redding, CA),
blotted, and plunged into a liquid ethane reservoir cooled by liquid
nitrogen. Following vitrification, the sample was transferred to a Gatan
626 cryo-holder (Gatan, Pleasanton, CA) under liquid nitrogen with
the aid of a transfer stage. Images were acquired using an Orius SC
1000A CCD camera. All PA formulations were imaged at
concentrations of 500 μM in 25 mM HEPES at pH 7.4 buffer. For
conventional TEM, PA samples were dried on carbon film 300 square
mesh copper grids (Ted Pella, Redding, CA) and stained with 0.5%
uranyl acetate (UA) solution. Banding pattern was analyzed using
ImageJ by measuring the pixel value of the gray scaled microscopic
images, where a value of 0 represents white, and a value of 200 or
above represents black.

Atomic Force Microscopy. PA samples were diluted to 200 μM
in DI H2O and spin coated on freshly cleaved mica substrates at a spin
rate of 6000 rpm for 1 min. AFM characterization was performed using
a Bruker Dimension ICON atomic force microscope (Bruker, Billerica,
MA) at ambient conditions. Tapping mode was utilized with single-
beam silicon cantilevers with a nominal oscillation frequency of 300
kHz.

Circular Dichroism. CD measurements were performed at a
concentration of 1 mM PA after annealing in 25 mM HEPES at pH.74
buffer using a Jasco J-815 CD spectrophotometer (Jasco Analytic
Instruments, Easton, MD) at 25 °C using a 0.01 mm path length
demountable quartz cuvette over a wavelength range of 190−260 nm
with a step size of 1 nm and a data accumulation of n = 3.
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Cell Culture. HUVECs (pooled donor, LONZA, Allendale, New
Jersey) were grown to 70−80% confluence for each experiment (P2−
P4) in a T-75 cell culture flask using complete media (EndoGRO-
VEGF Complete Culture Media Kit, Millipore, Billerica, MA)
supplemented with 1% penicillin−streptomycin. Media were changed
every 3 days.
Proliferation Assay. Confluent cells were washed with PBS and

detached with 2 mL of 0.05% Trypsin for 1 min at 37 °C. Cells were
then diluted with 8 mL of complete media and counted using a
hemocytometer. Cells were pelleted by centrifuge for 5 min at 2,000
rpm and resuspended with 0.5% FBS starvation media (EBM-2 media,
LONZA, Allendale, New Jersey) supplemented with 1% penicillin−
streptomycin and to make a 1 × 105 cell/mL stock solution. 100 μL of
this stock solution was then pipetted into each well of a 96-well plate,
and cells were allowed to attach and spread for 6 h on a cell incubator
at 37 °C with 5% CO2. Afterward, media were aspirated, and all PA
samples diluted in 0.5% FBS starvation media were added to the cells.
Cell number was quantified after 16 h of sample incubation using the
Quant-iT PicoGreen dsDNA kit proliferation assay (ThermoFisher
Scientific, Waltham, MA) following the manufacturer’s protocol.
Fluorescence measurements were obtained with the Cytation 3 cell
imaging multimode reader (BioTek Instruments, Winooski, VT). Fold
increase calculations were made by normalizing the data of each
sample to the t = 0 starvation condition. Experiments were performed
in 3 sets of quadruplicates.
LIVE/DEAD Assay. After 16 h of PA sample incubation, cells were

washed and incubated with the LIVE/DEAD (ThermoFisher
Scientific, Waltham, MA) assay dyes following the manufacturer’s
protocol (1 μM of calcein AM and ethidium homodimer-1). Cells
were then washed and imaged with the Cytation 3 cell imaging
multimode reader. Quantification of cell viability was performed as a
percent ratio of calcein AM positive cells over total number of cells
from the images of two wells per sample.
Metabolic Activity Assay. 1 ×105 cells were plated in a 96-well

plate and allowed to remain overnight in complete media. Cells were
washed with PBS and 0.5% FBS starvation media before PA samples
diluted in 0.5% FBS starvation media were incubated for 8 h. A
solution of CellTiter MTS solution (Promega, Madison, WI) was
added as recommended by the manufacturer’s protocol. After 2 h of
incubation with the MTS reagent, absorbance measurements at 490
nm were taken using the Cytation 3 cell imaging multimode reader.
Metabolic activity calculations for each sample were normalized to
cells grown in starvation conditions. Experiments were performed in 2
sets of quadruplets.
Migration Assay. The 48-well NeuroProbe reusable multiwell

chemotaxis chambers (NeuroProbe, Gaithersburg, MD) were used for
this experiment following the manufacturer’s protocol. Briefly,
HUVECs growing to 70−80% confluence on a T-75 flask were
starved overnight, trypsinized, and diluted into 1 × 106 cell stock in
0.1% BSA RPMI media. Lower chambers were filled with 29 μL of the
PA sample solution diluted in 0.1% BSA RPMI media, while 50 μL of
the cell stock solution was added to the upper chambers. The chamber
was incubated overnight at 37 °C with 5% CO2. Later, cells on the
nonmigrated side of the membrane were removed with a wiper blade.
Cells on the migrated side were stained with DAPI (1:10,000,
Molecular Probes Thermo Scientific, Grand Island, NY) for 10 min,
and fluorescent images were taken (5 images for each well) at 10×
magnification using a Nikon Eclipse TE2000 inverted microscope
(Nikon, Melville, NY) and analyzed with ImageJ. Chambers were
separated using a polycarbonate membrane with 8 μm pores coated
with 0.1 mg/mL collagen IV (Sigma-Aldrich, St. Louis, MO).
Experiments were performed in 3 sets of triplicates.
Western Blot. 1 ×105 cells were plated on 6-well plates and

allowed to grow to 80−90% confluence over 3 days using complete
media. Confluent cells were then washed with PBS and starved for 24
h using 0.5% FBS starvation media. Afterward, 1 mL of PA samples
diluted in 0.5% FBS starvation media were incubated for 5 min, and
cells were subsequently washed and lysed. Protein extracts obtained
from cell cultures were separated by a SDS− polyacrylamide gel and
electro-transferred to a nitrocellulose membrane (Bio-Rad). Mem-

branes were blocked and incubated first with primary antibodies
overnight at 4 °C and then with their corresponding secondary HRP-
conjugated antibodies (1:3000; Santa Cruz Biotechnology, Dallas,
TX). Protein signal was detected using the ECL chemiluminescent
system (Amersham, GE Healthcare, Malborough, MA). Densitometry
analysis, standardized to GADPH as a control for protein loading, was
performed using ImageJ software. For quantification, two different sets
of experiments in duplicate were analyzed. Finally, the preparations
were placed in a coverslip with mounting solution for imaging. The
following primary antibodies were used: mouse anti-FGFR1 (1:1000,
Abcam, Cambridge, MA), mouse anti-phospho-FGFR1 (1:1000,
Abcam, Cambridge, MA), mouse anti-GAPDH (1:1000, Sigma-
Aldrich, St. Louis, MO), rabbit anti-ERK1/2 (1:2000, Abcam,
Cambridge, MA), mouse anti-phospho-ERK1/2 (1:10000, Abcam,
Cambridge, MA), and rabbit anti-PH3 (proliferation marker, 1:1000,
Cell Signaling, Danvers, MA), 1:1000, Abcam).

Immunocytochemistry. 1 ×105 cells were incubated in a 48-well
cell culture plate containing 12 mm round coverslips and grown
overnight with complete media. On the second day, media were
exchanged for 0.5% FBS starvation media and incubated for 24 h. After
this period, 200 μL PA samples diluted in 0.5% FBS starvation media
were incubated in starvation media for 5 min. Cells were washed and
fixed (4% PFA for 15 min at RT) and subsequently incubated with
primary antibodies and appropriate Alexa 488 or Alexa 555 secondary
antibodies (1:500, Molecular Probes Thermo Scientific, Grand Island,
NY). Phospho FGFR1 (1:1000) was used to stain the activated FGF
receptor 1, vinculin was used to stain the cytoskeleton (1:2000, Sigma-
Aldrich, St. Louis, MO), and DAPI (1:500) was used to stain nuclei.

Fluorescent Imaging Analysis. Fluorescent preparations were
viewed, and micrographs were captured with a Nikon A1R confocal
laser-scanning microscope with GaAsP detectors. Images were
assembled in Adobe Photoshop (v. 7.0), with adjustments for contrast,
brightness, and color balance to obtain optimum visual reproduction
of data.

Statistical Analysis. Statistical analysis was performed using
Graphpad Prism v.6 software. Analysis of variance (ANOVA) with the
posthoc test was used for all multiple group experiments. P values
<0.05 were deemed significant. Values in graphs are the mean ± SEM.

■ RESULTS AND DISCUSSION

Self-Assembly of FGF2-PA into Nanoribbons. We
designed the FGF-2 mimetic PA (FGF2-PA) molecule using
C16V3A3K3 as the nonbioactive backbone (K3-PA), known to
form nanofibers with bioactive sequences displayed at the C-
terminus.21,38,50 The FGF2-PA was synthesized with the
sequence C16V3A3K3GYRSRKYSSWYVALKR, containing the
FGF-2 peptide sequence separated by a single glycine from the
K3-PA backbone. The FGF-2 PA was subsequently purified and
characterized with HPLC and MALDI-TOF MS (see Materials
and Methods and Figure S1). In order to promote self-
assembly, the PA sample was prepared by annealing a 1 mM
solution of FGF2-PA in 25 mM HEPES at pH 7.4 buffer in an
80 °C water bath for 30 min and cooled overnight to room
temperature. This annealing procedure has proven to produce
thermodynamically stable PA nanostructures.38 We found by
TEM and AFM that the FGF2-PA forms after the annealing
procedure coiled nanoribbons, micrometers in length with an
average width of ∼32 nm (Figures 1A and S2). The extent of
coiling varied widely in the nanostructures with a helical pitch
that ranged from 30 to 215 nm. Also, the ribbons seemed to be
dynamic in nature with no preference for left- or right-handed
coiled structures (cryo-TEM on Figure 1A and Figure S2E).
This type of coiling has been observed before in PA molecules
possessing a high proportion of aromatic residues, and it is
believed to arise from π−π interactions.51,52 Interestingly,
however, the FGF2-PA nanoribbons contained an internal
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striation or banding pattern parallel to the length of the
nanoribbons as revealed when stained with 0.5% uranyl acetate
(UA) (conventional TEM on Figure 1A and Figure S2A and
B). If the FGF2-PA solution was not annealed, bundles of
aggregated ribbons would form otherwise but still maintaining
the banding pattern (Figure S2D). Since the K3-PA backbone
forms fibers in the absence of a bioactive sequence (Figure
S8A), it is evident that intermolecular interactions between the
FGF2 mimetic peptides influence the observed nanoribbon
morphology.
To understand the biological specificity of FGF2-PA

nanostructures, we also synthesized a PA molecule we refer
to as the “mutant FGF2-PA”, containing the sequence

C16V3A3K3GYARSEKYSSVYVALSR, where four amino acids
from the FGF-2 peptide mimetic sequence were mutated
(highlighted in orange on Figure 1B and Figure S3). The first
two mutations, Y106A and W114V, replaced the bulky aromatic
residues tyrosine and tryptophan by the smaller hydrophobic
residues alanine and valine, respectively. The other two
mutations, R109E and K119S, switched the positive charged
residues, arginine and lysine, for a negatively charged one,
glutamate, and a serine residue. The rationale behind these
mutations was partly based on a previous study that reported
decreased mitogenic activity when positively charged residues
were exchanged with negatively charged ones, and bulky
aromatic residues were exchanged with small hydrophobic ones
in the receptor binding domain of FGF-2.53 TEM and AFM
showed that the mutant FGF2-PA was able to still form
micrometer length nanoribbons with widths similar to that of
FGF2-PA (Figures 1 and S4). The mutant FGF2-PA also
formed coiled nanoribbons but to a lesser extent than FGF-2
PA nanostructures (cryo-TEM in Figure 1 and Figure S4). The
changes in coiling are likely due to a decrease of aromatic
interactions due to the removal of one tyrosine residue and
tryptophan. The banding pattern was also evident in this case
when the nanoribbons were stained with 0.5% UA (conven-
tional TEM on Figure 1B and Figure S4A). Overall, the FGF2-
PA and mutant FGF2-PA formed very similar nanostructures
and can therefore be compared in our biological experiments
based on their differences in sequence. A third PA was
synthesized to determine the effect of amino acid sequence on
the FGF-2 mimetic peptide, and we refer to it here as the
scrambled FGF2-PA; its sequence is C16V3A3K3GWRS-
KKYSLYYVASRR (Figure S10). Instead of replacing amino
acid residues, we exchanged the position of six amino acids,
Y106 was switched for W114, R109 switched for K119, and
S113 switched for L118. We found that the scrambled FGF2-
PA was able to form nanoscale ribbons but with a much thinner
width of 16 nm on average. The nanostructures formed by this

Figure 1. Nanostructure characterization of the FGF2-PAs. (A) Cryo-
TEM (left), conventional TEM (middle), and AFM (right) images of
FGF2-PA nanoribbons (in the cryo-TEM images, areas revealing
helical turns along the nanoribbon are highlighted by white arrows).
(B) Cryo-TEM (left), conventional TEM (middle), and AFM (right)
images of mutant FGF2-PA nanoribbons (in the cryo-TEM images,
areas where ribbons do not fold into helical structures are highlighted
by white arrows).

Figure 2. CD and TEM analysis of FGF2-PA and mutant FGF2-PA nanostructures. (A) CD spectra of FGF2-PA (blue line), mutant FGF2-PA
(orange line), FGF-2 mimetic peptide (green line), and K3-PA backbone at 1 mM in 25 mM HEPES at pH 7.4 buffer after annealing. Inset: close-up
of the β-sheet region for FGF2-PA, mutant FGF2-PA, and FGF-2 mimetic peptide, showing the weakness in β-sheet signal compared to that of the
K3-PA backbone PA. (B) Proposed conformations of the FGF-2 peptide, FGF2-PA, and mutant FGF2-PA (length scale on the left side). (C and D)
Banding pattern analysis of the section of a UA stained FGF2-PA nanoribbon and a mutant FGF2-PA nanoribbon (white double-headed arrows).
The graphs on the right show that the low gray values (gray bars) correspond to the darker areas (UA deposition) in the TEM images and that the
higher gray values correspond to the lighter areas.
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PA molecule did not exhibit a propensity to coil and also did
not reveal the banding pattern observed in supramolecular
assemblies of the other two molecules (Figure S11A and B).
We again see that the supramolecular structure changes when
the bioactive sequence is altered, and therefore in subsequent
experiments, we focused on FGF2-PA and the mutant FGF2-
PA given their similarities in nanoscale morphology.
Circular dichroism (CD) provided a way to investigate the

intermolecular interactions within the PA nanostructures. From
the CD data, we can determine the presence of a peptide
secondary structure forming within the nanoribbons. Both the
FGF2-PA and mutant FGF2-PA possessed CD minima around
218 nm, but only the mutant FGF2-PA had a significant CD
maximum around 203 nm (Figure 2A). These CD signals
typically correspond to β-sheet hydrogen bonding.54 However,
the K3-PA without any bioactive sequence, displayed a stronger
β-sheet signal. The FGF-2 mimetic peptide, which does not
assemble into a supramolecular structure, has a CD spectrum
characteristic of random coil peptides. This is expected since
residues 106−120 in the actual native FGF-2 protein do not
form any type of secondary structure.55,56 The data show how
the random coil conformation of the FGF-2 mimetic peptide in
FGF-2 PA nanoribbons prevents the formation of extensive H-
bonding through its K3-PA backbone. Therefore, we

hypothesize that the weak β-sheet signal of the FGF2-PA and
the mutant FGF2-PA nanoribbons are mostly associated with
the V3A3K3 PA backbone, not the bioactive or mutant peptide
sequence. The scrambled FGF2-PA also revealed an even
weaker β-sheet signal with a CD compared to that of the other
PAs (Figure S12). With this information, we propose that both
the bioactive sequence portion of FGF2-PA and mutant FGF2-
PA have random coil conformation, as it would be in the native
FGF-2 protein (Figure 2B).
By understanding the intermolecular interactions found in

the PA nanostructures using CD, we envision that once the
FGF2-PA molecules are in solution, hydrophobic collapse
immediately occurs through the aliphatic carbon tails, causing
the molecules to self-assemble into nanofiber-like structures.
Then, growth of the supramolecular structure occurs parallel
and perpendicular to the long axis of the ribbons via
interactions among highly aromatic/hydrophobic residues of
the FGF-2 mimetic peptide sequence. This would result in
“fused” nanofiber-like structures within the nanoribbons, as
indicated by the banding patterns in TEM images of FGF2-PA
and mutant FGF2-PA (Figures 1 and 2C and D). This pattern
is highly periodic in both nanoribbons, where the dark regions
correspond to the UA deposition around the edges of each
cylindrical fiber structure (see TEM images on Figure 2C and

Figure 3. Cell proliferation, migration, and viability assays. (A) HUVEC proliferation after 16 h of incubation with FGF2-PA (blue bars), mutant
FGF2-PA (orange bars), and FGF-2 mimetic peptide at 750 and 500 nM with native FGF-2 protein at 1.50 and 0.150 nM as positive controls. (B)
Fluorescent images of cells after being incubated with FGF2-PA and mutant FGF2-PA for 16 h stained with calcein AM and ethidium homodimer-1.
(C) Graph showing >90% metabolic activity for HUVECS incubated with 750 and 500 nM of FGF2-PA, mutant FGF2-PA, and FGF-2 mimetic
peptide. (D) Graph showing significant migration of HUVECs using the chemotaxis chamber setup with starved cells incubated with FGF2-PA,
mutant FGF2-PA, and FGF-2 mimetic peptide at 750 and 500 nM and with native FGF-2 protein at 3.00, 1.50, and 0.150 nM (*P ≤ 0.05, **P ≤
0.01, and ***P ≤ 0.001, with starvation media used as a negative control).
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D). Given that approximately six dark regions are observed
across the 32 nm-wide nanoribbons, we hypothesize that there
are around five cylindrical fiber-like structures within each
nanoribbon. This proposed supramolecular structure is
consistent with a length of ∼4 nm of the PA molecules as
shown in Figure 2B since the nanofibers within the nanoribbon
have a diameter of approximately 8 nm. The graphs on Figure
2C and D quantify the periodicity of the nanoribbons by
measuring the distance between the dark and lighter regions as
depicted in the UA stained TEM images, where the lighter
areas correspond to the cores of fibers, while the dark regions
(gray bars) correspond to their edges. Other amphiphilic
molecules that self-assemble into lamellar ribbons composed of
aligned nanofibers have also shown similar banding patterns by
negative staining in TEM.57 In our case, the hydrophobic and
aromatic nature of the FGF-2 mimetic peptide seems to be
favorable for intermolecular interactions that promote highly
ordered nanoribbon structures, even though these types of
residues are not always necessary to form ribbon-like
nanostructures.58 Alternatively, the sequence of the mutant
FGF2-PA has fewer aromatic residues but sufficient hydro-
phobic residues to also form banded nanoribbon structures.
Evaluating the Proliferation and Migration of HUVECs

Using FGF2-PA Nanoribbons. One of the basic functions of
the native FGF-2 protein is the ability to promote proliferation,
survival, and migration of endothelial cells.26 Therefore, we

introduced FGF2-PA nanoribbons in cell culture media of
human umbilical vein endothelial cells (HUVECs) to evaluate
their bioactivity relative to the native protein. We used these
cells given their sensitive response to growth factors, especially
those pertaining to the RTK family such as VEGF and PDGF.
To assess the ability of FGF2-PA and mutant FGF2-PA
nanostructures to promote proliferation of HUVECs, we first
plated the cells in starvation media and allowed them to attach
for 6 h (t = 0) before incubating the cells with the
supramolecular nanostructures at various concentrations
ranging from 1 μM to 250 nM for 16 h (proliferation was
quantified using the PicoGreen dsDNA assay). The native
FGF-2 protein, FGF-2 mimetic peptide, and starvation only
conditions were used as controls. After this period, the dsDNA
of each cell sample was quantified and normalized to cells
grown at t = 0. We found that the FGF2-PA was able to
enhance cell proliferation at 750, 500, and 250 nM
concentrations (Figures 3A and S5A). Moreover, the
proliferative activity of FGF2-PA was comparable to that of
1.50 nM of native FGF-2 protein. Neither the mutant FGF2-PA
nor the FGF-2 mimetic peptide revealed any significant effect in
proliferation at the concentrations screened (Figure S5B and
C). The FGF-2 mimetic peptide was even incubated at higher
concentrations (500 μM−0.0700 μM), but no proliferative
effect was observed (Figure S9). When analyzing the activity of
the scrambled FGF2-PA ribbons, only a modest activity was

Figure 4. Effect of FGF2-PA on activation of cell signaling. (A) Western blot analysis shows upregulation of the pFGFR1 receptor, pERK1/2
proliferation signaling pathway, and pH3 proliferation marker promoted by FGF2-PA at 750 and 500 nM, native FGF-2 protein at 3.00, 1.50, and
0.150 nM and starvation conditions. Mutant FGF2-PA and FGF-2 mimetic peptide at 750 and 500 nM failed to induce any significant FGF-2
signaling. (B) Bar graph presenting quantitative analysis of the Western blot data using densitometry (intensity values normalized to GADPH). (*P
≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, with starvation media used as a negative control). (C) Confocal images of vinculin staining (red), nuclei
(DAPI, blue), and phosphorylated FGFR1 (green).
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observed (Figure S11B). Given the observed dissimilarity in
supramolecular structure between the scrambled FGF2-PA and
the FGF2-PA, all subsequent experiments focus on compar-
isons between FGF2-PA and the mutant FGF2-PA. We also
tested K3-PA nanofibers and did not observe any effect on
proliferation (see Figure S8B). This confirmed that the
backbone (C16V3A3K3) did not play a significant role in that
activity and therefore that the bioactivity observed for FGF2-
PA nanostructures has its origin in the presence of the FGF-2
mimetic sequence.
After the FGF2-PAs were incubated for 16 h, cell survival was

monitored using calcein AM and ethidium homodimer-1 dyes.
As expected from the proliferation experiment results, an
increase in viable cells was observed when cells were incubated
with FGF2-PA, as indicated by green fluorescence (Figures 3B
and S6A). Conversely, fewer viable cells were observed when
cells were incubated with mutant FGF2-PA, FGF-2 mimetic
peptide, and starvation media conditions. Overall, quantifica-
tion of calcein AM positive cells incubated with all the samples
confirms that cells were alive but only proliferated in the
presence of FGF2-PA nanostructures (Figure S6B). The
various PAs were also tested for metabolic activity using the
Cell Titer MTS assay (Figures 3C and S7). Cells were shown
to be metabolically active when incubated with FGF2-PA,
mutant FGF2-PA, and the FGF-2 mimetic peptide at
concentrations ranging from 2 μM to 250 nM (Figure S7).
This indicates that at the concentrations used in our
experiments, the PAs are nontoxic but that only the FGF2-
PA seems to have a specific proliferative activity. Lastly, a
fluorescent caspase activity assay was performed to confirm cell
survival at the bioactive concentrations. In the assay, the FGF2-
PAs did not promote the activation of the caspase-3 dependent
apoptosis pathway, a key indicator of cell survival (Figure S7D).
The native FGF-2 protein is also an important growth factor

in promoting the migration of endothelial cells, a key process in
tissue development and repair. Therefore, a migration assay
using a chemotaxis chamber setup was used to evaluate the
ability of FGF2-PA nanostructures to have this type of
bioactivity expected in the protein. FGF2-PAs, FGF-2 mimetic
peptide, and native FGF-2 protein were incubated in the lower
chambers and starved cells on the top chamber, separated by a
collagen-coated porous membrane. After incubation overnight,
migration bioactivity similar to that observed with 3.00 nM
native FGF-2 protein was found using 750 and 500 nM of the
FGF2-PA, mirroring our observations with the proliferation
assay. As expected, the mutant FGF2-PA and the FGF-2
mimetic peptide were found to be inactive (Figure 3D). Thus,
the FGF2-PA nanoribbons are able to effectively promote
HUVEC survival, proliferation, and migration with the same
degree as the native FGF-2 protein, while all of these elements
of bioactivity are not observed in the mutant FGF2-PA and the
FGF-2 mimetic peptide.
FGFR1 Signaling Pathway Activation with FGF2-PA

Nanoribbons. In order verify that the observed bioactivity of
FGF2-PA nanostructures in vitro is indeed linked to the FGF-2
signaling pathway, we carried out Western blot protein analysis
and immunocytochemistry experiments. For these experiments,
HUVECs were starved for 24 h and then incubated for 5 min
with FGF2-PA, mutant FGF2-PA, FGF-2 mimetic peptide, or
native FGF-2 protein. First, we investigated the phosphor-
ylation of FGFR1 (FGF receptor 1), one of the FGF-2
receptors which upon binding ligand activates proliferation and
migration signaling pathways in endothelial cells.59 While the

total FGFR1 expression remained constant under all
conditions, phosphorylated FGFR1 (pFGFR1), indicating
active signaling, was only observed when cells were incubated
with 750 and 500 nM of FGF2-PA nanoribbons or at various
concentrations of native FGF-2 protein (upper panel, Figure
4A). Expression of pFGFR1 under these conditions was
significantly higher compared with starvation conditions,
exposure to mutant FGF2-PA nanoribbons, or exposure to
FGF-2 mimetic peptide (Figure 4B). Next, we examined the
expression of phosphorylated ERK1/2 (pERK1/2), one of the
most important downstream effectors of the FGFR1 signaling
cascade and a clear indicator of a proliferative response. In
similar fashion, pERK1/2 was significantly overexpressed when
cells where incubated with FGF2-PA and the native FGF-2
protein (middle panel in Figure 4A and B). The presence of
pERK1/2 was of course expected given the observed
phosphorylation of the upstream effector FGFR1. The last
signaling effector analyzed was the phospho-histone 3 (pH3)
mitotic marker, a definite indicator that cells undergo mitosis
and proliferate through the FGFR1 pathway.60 As expected,
there was a clear expression of pH3 when the media contained
FGF2-PA and native FGF-2 protein, whereas there was none
detected when we used the mutant FGF2-PA or the FGF-2
mimetic peptide to modify the media and also in the starvation
control (lower panel of Figure 4A and B). We conclude that the
Western blot analysis of the FGFR1 signaling pathway confirms
that proliferation observed during in vitro experiments induced
by the FGF2-PA nanoribbons or the native FGF-2 protein is
associated with the FGFR1 signaling pathway.
Additional immunocytochemistry experiments were per-

formed to corroborate the presence of pFGFR1. FGF2-PA,
mutant FGF2-PA, FGF-2 mimetic peptide, and native FGF-2
protein were incubated for 5 min in starvation media before
cells were fixed and stained with the corresponding antibody.
Vinculin staining revealed that HUVEC cells were attached and
spread after the different treatments. Cells incubated with 750
and 500 nM of FGF2-PA and native FGF-2 protein revealed
punctuated fluorescence from pFGFR1 (green) around the
nucleus, whereas the other conditions did not reveal the
expression of the activated receptor (Figure 4C). This type of
nuclear localization of p-FGFR1 has been observed before
when the receptor is activated.61 These images further confirm
the effective activation of FGFR1 by FGF2-PA nanoribbons
with complementary SEM images suggesting interactions
between the FGF2-PA nanoribbons and cell surfaces (Figure
S13).
Both the in vitro cell experiments and the protein Western

blot analysis have confirmed that the bioactivity induced by
FGF2-PA nanoribbons is specifically linked to FGFR1 signaling
and is as potent as that associated with the native FGF-2
protein. Moreover, mutant FGF2-PA nanoribbons were not
specific enough to induce significant bioactivity, ruling out any
activity induced by the nanoribbon structure. Zamora et al.
previously found that the FGF-2 mimetic peptide in its
monomeric state cannot induce bioactivity in endothelial cells.
Therefore, they synthesized a new molecule termed F2A4-K-
NS, which contains two copies on the FGF-2 mimetic peptide
in order to promote receptor binding and bioactivity.35

Similarly, we found that the FGF-2 mimetic peptide was only
bioactive when displayed in a supramolecular nanostructure,
most likely due to the multivalency of bioactive signals on the
surfaces of the nanoribbons capable of dimerizing and
activating the FGFR1 signaling cascade.
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■ CONCLUSIONS
We have developed a PA molecule that self-assembles into
coiled supramolecular nanoribbons that mimic the bioactivity of
one of the most important growth factors in biological
development and regeneration, FGF-2. The bioactivity of the
coiled supramolecular structures was observed in human
umbilical vein endothelial cells, promoting both their
proliferation and migration. Moreover, we confirmed that the
bioactivity is directly linked to signaling of the FGF receptor by
the nanostructures and is comparable in intensity to the native
protein. Bioactive supramolecular nanostructures such as the
ones reported here offer an alternative to protein therapies
which often have unacceptably short half-lives. The nanostruc-
tures could also be easily integrated into scaffolds for
regenerative medicine therapies.
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