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Abstract

A class of designed self-assembling peptide nanofiber scaffolds with more than 99% water content has been shown to be a good

biological material for cell culture. Here, we report the functionalization of one of these peptide scaffolds, RAD16-I

(AcN–RADARADARADARADA–CONH2), by direct solid phase synthesis extension at the amino terminal with three short-

sequence motifs. These motifs are present in two major protein components of the basement membrane, laminin 1 (YIGSR,

RYVVLPR) and collagen IV (TAGSCLRKFSTM). These motifs have been previously shown to promote specific biological

activities including endothelial cell adhesion, spreading, and tubular formation. Therefore, the generic functionalized peptide

developed was AcN–X–GG-RADARADARADARADA–CONH2 with each motif represented by ‘‘X’’. We show in this work that

these tailor-made peptide scaffolds enhance the formation of confluent cell monolayers of human aortic endothelial cells (HAEC) in

culture. Moreover, additional assays designed to evaluate endothelial cell function showed that HAEC monolayers obtained on

these scaffolds not only maintained LDL uptake activity but also enhanced nitric oxide release and elevated laminin 1 and collagen

IV deposition. These results suggest that this new scaffold provide a better physiological substrate for endothelial cell culture and

suggest its further application for biomedical research, cancer biology and regenerative biology.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

We previously reported a self-assembling peptide
nanofiber scaffold [1] that provides a good support
material for cell culture [2]. However, self-assembling
peptides can be modified with known functional peptide
motifs from proteins of the basement membrane to
promote specific cellular responses in similar way as
other investigators have previously modified polymers
e front matter r 2004 Elsevier Ltd. All rights reserved.
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and biopolymers [3–8]. The basement membrane is a
three-dimensional network composed mainly of lami-
nins and collagens [9–12]. The basement membrane is
not only important as a structural component, support-
ing cell attachment and providing boundaries between
tissues and organs, but it also gives to the cells an
instructive microenvironment that modulates their
function. For instance, it is well established that the
maintenance and function of endothelial cells are
critically influenced by their interaction with the base-
ment membrane [4,13–20]. Short sequences present in
basement membrane proteins have been identified to
participate in series of important biological functions,
including cell migration and morphogenesis [4,13–20].
Laminin 1 is a heteroprotein that is formed by three

www.elsevier.com/locate/biomaterials
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different polypeptide subunits, a1; b1; and g1; which
assemble into a cross-like structure and that interacts as
a connector or bridge between the cells and the
extracellular matrix through several integrin and non-
integrin receptors [11]. Two sequences present in the
laminin-1 b1 chain, YIGSR and RYVVLPR, have been
shown to promote cell adhesion, cell migration, and
endothelial cell tubular formation [3–6].
Type IV collagen, the other major component of the

basement membrane, forms a network structure that
involves its interaction with other components of the
basement membrane, including laminin, nidogen, and
heparan sulphate proteoglycan [21–23]. Collagen IV
molecules are composed of two a1(IV) chains and one
a2(IV) chains and can interact with cells indirectly
through laminins by low affinity interactions [12,21] or
by strong interactions mediated by nidogen, a glyco-
protein of about 150KDa, which bind tightly to laminin
[22,23]. The peptide TAGSCLRKFSTM from the
a1(IV) chain of collagen IV was found to bind
specifically to heparin in a dose-dependent manner
[7,8] and to promote adhesion and spreading of bovine
aortic endothelial cells [8]. Finally, in presence of
heparin or chondroitin/dermatan sulphate glycosami-
noglycan side chains, the binding of endothelial cells
to the peptide TAGSCLRKFSTM was inhibited,
suggesting that the peptide is a crucial domain involved
in the determination of basement membrane ultra-
structure, by connecting collagen IV with proteoglycans
[11].
We selected self-assembling peptide nanofiber scaf-

folds to recreate a basement membrane analog. These
peptides have a b-sheet structure and can self-assemble
into a network of interweaving nanofibers of �10 nm
diameter, forming hydrogel scaffolds with pores
5–200 nm in diameter and over 99% water content
[1,2]. These peptide scaffolds have been shown to
support attachment, growth, maintenance, and differ-
entiation of a variety of mammalian cells [2,24–27].
For example, it supported differentiation of rat PC12
cells and functional synapse formation of rat primary
hippocampal neurons [24], promoted bovine chondro-
cytes to develop cartilage constructs in vitro [25],
and sustained differentiation of rat liver progenitor
cells into functional hepatocyte-like cells [26]. In
addition, the scaffold provides a new way of isolation
of migrating hippocampal neural stem cells from
organotypic cultures through a cell entrapment techni-
que [27].
Previous investigators have studied the biological

activity of the short peptide sequences Arg–Gly–Asp
(RGD), which is present in fibronectin and other
extracellular matrix proteins and is critical for cell
adhesion, and Thy–Ile–Gly–Ser–Arg (YIGSR), which is
present in laminin 1 and is important for cell function,
after immobilizing them to glass surfaces and in two
synthetic polymers, polyethylene terephthalate (PET)
and poly-(tetrafluoroethylene) (PTFE) [28]. The addi-
tion of these sequences has enhanced cell adhesion, cell
spreading rate, and focal contact formation of human
umbilical vein endothelial cells (HUVEC) cultured in
these polymers that naturally possess very low-adhesive
properties [28]. Similar results have been reported with
endothelial cells after immobilizing the RGD peptide in
synthetic polymers such as polyurethane (PEU) [29],
polyvinyl alcohol (PVA) [30], and polyvinyl amine
(PVAm) [31]. Recently, a class of self-assembling
peptide exposing the bioactive peptide IKVAV from
laminin has been described to form nanofiber scaffolds
that can be used to select rapid differentiation of neural
progenitor cells into neurons [32,33].
In this work, we report the functionalization of the

peptide scaffold RAD16-I (AcN–RADARADARA-
DARADA–CONH2) through direct solid phase
synthesis extension at the amino terminal with three
short-sequence motifs from two major proteins of the
basement membrane, laminin 1 (YIGSR, RYVVLPR)
and collagen IV (TAGSCLRKFSTM). We showed that
these tailor-made scaffolds increased the formation of
confluent cell monolayers with cobblestone phenotype
of human aortic endothelial cells (HAEC) in culture
with respect to non-modified peptide scaffolds. In
parallel experiments consisting of culture HAEC on
other substrate as controls including collagen I gels or
Matrigel (natural basement membrane), similar mono-
layer formation was observed, suggesting that the
functionalized peptide scaffolds may be considered like
synthetic basement membrane analogs. Moreover,
additional assays designed to evaluate endothelial cell
function indicated that HAEC monolayers obtained on
these scaffolds not only maintain LDL uptake activity
but also enhanced nitric oxide release and elevated
laminin 1 and collagen IV deposition. These results
suggest that HAEC cultured on these new functionalized
scaffolds enhanced the endothelial cell phenotype and
promoted basement membrane deposition, which is a
physiological prerequisite for successful culture and
expansion of endothelial cells.
2. Materials and methods

2.1. Materials

All peptide sequences used in this work were obtained
from SynPep Corporation (www.synpep.com, Dublin,
CA) and dissolved in deionized water at final concen-
tration of 0.5% (5mg/ml) and sonicated for 20min
(aquasonic, model 50 T, VWR, PA). Peptide hydrogel
formation was developed on top of a cell chamber insert
(10mm diameter, 0.5 cm2 area, pore size=0.2 mm, cat#
136935, Nalge Nunc International, IL), see below.

http://www.synpep.com
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2.2. Circular dichroism (DC)

Circular dichroism (CD) spectra were gathered on an
Aviv model 202 spectropolarimeter. Samples were
prepared by diluting stock peptide solutions in water
(0.5%) to a working concentration of 25 mM. Samples
were analysed at room temperature in a quartz cuvette
with a path length of 0.3 cm and in the wavelength range
195–250 nm.

2.3. Atomic force microscopy (AFM)

Peptide from stock solutions (0.5%) were diluted to a
working concentration of 0.01% (w/v). Atomic force
microscopy (AFM) images were obtained with a Multi
75 silicon scanning probe (MPP-21100, Nanodevices
Inc., CA) with a resonance frequency of 75KHz, spring
constant 3N/m, tip curvature radius o10 nm and
225 mm length. Images were obtained with a Multimode
AFM microscope (Nanoscope IIIa, Digital Instruments,
CA) operating in TappingMode. Typical scanning
parameters were as follows: tapping frequency 75KHz,
RMS amplitude before engage 1–1.2V, setpoint
0.7–0.9V, integral and proportional gains of 0.2–0.6
and 0.4–1.0 respectively, and scan rate 1.51Hz.

2.4. Rheometry

Rheological assays were performed on a 50mm
parallel plate ARES strain controlled rheometer (Rheo-
metric Scientific, NJ). Samples were dissolved in
deionized water at a final concentration of 2.9mM and
sonicated for 1 h the day prior to the analysis. A volume
of 1ml was loaded on the lower plate, and the upper
plate was set to a gap size between 0.4 and 0.45mm.
Dynamic frequency sweep tests were performed in a
range of frequencies from 100 to 0.1 rad/s. After the test,
PBS was added around the lower plate in order to
promote gelation. The peptide was allowed to gel for
10min at room temperature before the test was
performed once again. After a dynamic frequency sweep
test, the behavior of samples over time was tested. A
dynamic time sweep test was performed at 10 rad/s for
5min.

2.5. Endothelial cell culture system

The scaffolds (0.5%w/v) were prepared at 100%
peptide sequence for RAD16-I or blended with RAD16-
I at a radio of 9:1 (RAD16-I: peptide sequence; v/v) for
the three other cases (YIG, RYV, and TAG, see Table
1). Each solution was sonicated for 30min and filtered
(0.2 mm, Acrodysc filters, 4192, PALL, MI), loaded
(100 ml) on top of a cell culture chamber insert (10mm
diameter, 136935, Nalge Nunc International, IL), and
allowed to form a layer. Phosphate Buffer Saline (PBS)
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was added at the bottom of the well to induce hydrogel
formation. The system was incubated at room tempera-
ture for 30min and PBS was exchanged by culture
media twice and incubated for 1 h with endothelial cell
growth media (EGM-2, Cambrex, MD) in a cell culture
incubator at 37 1C with 5% CO2. Collagen I gel from rat
tail (DB Biosciences, Bedford, MA) and Matrigel
Matrix from EHS mouse tumor (DB Biosciences,
Bedford, MA) were prepared following manufacture
recommendations. Briefly, the solutions were loaded
(100 ml) on top of same cell culture chamber insert and
incubated in incubator at 37 1C with 5% CO2 to allow
gel formation. Meanwhile, HAEC (CC-2535, Cambrex,
MD) from routine culture conditions (passage 5–6) were
harvested and loaded on top of the preformed peptide
scaffolds at a cell density of 8� 104 cells/cm2 (�6� 104/
well) and cultured in the cell culture incubator at 37 1C
with 5% CO2. Cell attachment assays were performed
one hour after the initial cell loading. In this case, the
covering media was removed, cells washed with PBS
(without Ca2+ and Mg2+) and incubated with Trypsin/
EDTA (0.25%/0.1%, Gibco) for 30min until most of
the monolayer detached. Cells counting was performed
on a hematocytometer after Trypan blue (T 9906,
Sigma, MO) exclusion assay staining.

2.6. NO release determination

Nitric oxide (NO) release was estimated by measuring
nitrites (NOx) by the Griess method. Briefly, the media
was replaced after the third day of culture by new media
without fetal bovine serum (FBS) or ascorbic acid. The
next day, the media was used to analyze NO release
using a commercially available kit (482702, Calbiochem,
CA) following the manufacturer instructions. Each
condition was tested in triplicate.

2.7. Competition assays with free soluble peptide

sequences

HAEC were cultured as described above. For each
scaffold, the respective soluble motif sequence and the
non-respective sequence motifs were added indepen-
dently to the media of HAEC cultures at a final
concentration of 400 mg/ml. Half of the media was
changed every other day. After the third day of culture,
the media was removed, and fresh media without FBS
or ascorbic acid containing 400 mg/ml of each soluble
peptide motif was added. The next day, cell numbers
were evaluated as described above. Each condition was
tested in triplicate.

2.7. PAGE-SDS and western blots

Harvested HAEC for each culture condition were
counted and lysed with sample buffer (NP0007,
Invitrogen, CA) containing 2% (v/v) b-mercaptoethanol
and a cocktail of protease inhibitors (1836153, Complete
Mini, Roche, Penzberg, Germany) to avoid proteolysis.
Cell lysates were developed on a 10% PAGE system in
MOPS buffer (NP0301, NP0001 Invitrogen, CA), and
proteins were transferred to PVDF membranes
(LC2002, Invitrogen, CA) to perform western blots.
Briefly, membranes were blocked with 2% BSA and
0.1% Triton-X 100 in PBS. Two primary antibodies
were used: mouse monoclonal IgG1 anti human laminin
g1 [laminin B2 chain] (1 mg/ml, B1920, Chemicon, CA)
and mouse monoclonal IgG1 anti human collagen IV [7S
domain] (2 mg/ml, MAB3326, Chemicon, CA). A sec-
ondary antibody, goat polyclonal anti mouse IgG-HRP
conjugated (1:5000 dilution, sc-2302, Santa Cruz Bio-
technology, CA) was used for detection by chemilumi-
niscent system (sc-2048, Santa Cruz Biotechnology,
CA). Protein bands were visualized by exposure to an
X-ray film (Biomax Film, Kodak, NY).
3. Results

3.1. Design and synthesis of new tailor-made self-

assembling RAD16-I peptides

The peptide scaffold RAD16-I was functionalized
with laminin and collagen motifs in order to develop a
basement membrane analog that enhances endothelial
cell maintenance and function in vitro. We tailor-
made the new peptide scaffolds by extending RAD16-I
at the amino terminus through direct solid phase
synthesis with three short peptide sequence motifs
from two main components of the basement mem-
brane, laminin 1 (YIGSR, RYVVLPR) and collagen
IV (TAGSCLRKFSTM). These modified peptides
sequences obtained are listed in Table 1.
These peptides were soluble in water at concentration

of 10mg/ml (1% w/v) and formed hydrogels, suggesting
their uses as scaffolds for cell culture. A molecular
model representing the self-assembling peptide RAD16-
I and the derived YIG is depicted in Fig. 1. The
functionalized biological scaffolds offer several advan-
tages including easy design and synthesis as well as the
selection of an extensive repertoire of biological active
motifs present in the extracellular matrix components.
3.2. Physicochemical properties of the new functionalized

peptides

In order to characterize the structural properties of
the functionalized peptides, we studied several aspects,
including secondary structure by CD, nanofiber forma-
tion by AFM, and scaffold viscosity properties by
rheometry.
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Fig. 2. Physicochemical characterization of peptides RAD16-I, YIG,

RYV and TAG by CD (see materials and methods).

Fig. 3. Physicochemical characterization of peptides RAD16-I, YIG,

RYV and TAG by AFM (see materials and methods).

Fig. 4. Physicochemical characterization of peptides RAD16-I, YIG,

RYV and TAG by Rheology: dynamic frequency sweep test for

peptides scaffolds at fixed strain of 0.01. G0 (Storage modulus)

represents the elastic character of the material, and G00 (Loss modulus)

represents it viscous character (see materials and methods).

Fig. 1. Molecular models were built with CHARMM [34] and

visualized using VMD [35]. (A) Model represents peptide RAD16-I

(top) and peptide YIG (bottom) from Table 1. (B) Model representing

a double b-sheet tape of a self-assembled peptide nanofiber of a mix

composed of peptide RAD16-I: YIG (9:1). Note the sequences YIGSR

extending out from the nanofiber tape.
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CD spectra were obtained for each peptide sequence
to assess presence of a-helices or b-sheets. A typical
spectrum for b-sheet structures with a minimum mole
residue ellipticity (deg cm2/decimole) at 216 nm and a
maximum at 195 nm was observed for all peptides
studied (Fig. 2). These functionalized peptides exhibited
similar structural properties to the RAD16-I sequence
(Fig. 2). The addition of the short peptide sequences
reduced the b-sheet content, as shown by a decrease
in the intensity of mole residue ellipticity at 216 nm
(Fig. 2).
It has been previously reported that b-sheet structures

of self-complementary peptides may be a requisite for
self-assembly process into nanofibers [1,2]. We used
TappingMode AFM to analyze the formation of
nanofibers because this system allowed us to measure
soft, fragile, and adhesive surfaces without damaging
the samples. The presence of nanofibers in aqueous
solutions was observed in all the four peptides present in
Table 1 (Fig. 3). The AFM results not only confirmed
the previous observation of hydrogel formation by
visual inspection, but also their potential use as scaffolds
for tissue culture.
Rheological assays were performed to test the

viscoelastic properties of each peptide in PBS buffer
solution. In the case of RAD16-I, G0 (storage modulus)
is greater than G00 (loss modulus), and both remain
relatively constant with oscillatory frequency, indicative
of a gel profile (Fig. 4). The storage modulus G0 reaches
2.5� 103 Pa for this peptide (Fig. 4). The magnitude of
G0 is 100 times lower for the peptides YIG and RYV and
1000 times lower for the peptide TAG (Fig. 4). These
results indicated that the addition of the additional
motif interferes with the self-assembling process due to
the possible distortion of the b-sheet configuration. This
is consistent with the decrease in the intensity of mole
residue ellipticity at 216 nm observed previous CD
studies (Fig. 2). In addition, at a selected frequency of
10 rad/s applied 10min after the initial measured (100 s,
see Fig. 4) both moduli G0 and G00 remain constant with
time (300 s), indicating that each gel has reached
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Fig. 5. Endothelial cell phenotype is maintained in HAEC cultured on peptide scaffolds RAD16-I, YIG, RYV and TAG (see Table 1). Phase

contrast microscopy images of HAEC seeded on peptide scaffolds (A) RAD16-I; (B) YIG; (C) RYV; (D) TAG, and fluorescent staining with

Di–Ac–LDL (red, LDL uptake) and DAPI nuclear staining (blue) for (E) RAD16-I; (F) YIG; (G) RYV; (H) TAG.

E. Genové et al. / Biomaterials 26 (2005) 3341–33513346
equilibrium with the buffer solution, maintaining stable
rheological properties (not shown).

3.3. HAEC adhesion and monolayer formation on the

functionalized peptide scaffolds

The main aim of the study was to obtain functiona-
lized biomimetic scaffolds that can be used as synthetic
basement membrane analogs to culture endothelial cells.
We set up experiments in order to use these new
scaffolds as instructive matrices to support growth and
maintenance of HAEC by growing cells on the scaffold
surface. Since aortic endothelial cells normally form
monolayers that cover the internal surface of arteries,
we tested whether the three modified peptide scaffolds
would provide a better surface matrix than the RAD16-I
by mimicking a basement membrane. In this experi-
ment, we prepared four different scaffold surfaces, one
composed of 100% RAD16-I and three composites
consisting of 90% RAD16-I and 10% each of the
modified peptides present in Table 1. Thus, the three
final mixes in each case were named by their peptide
names: YIG, RYV and TAG, respectively, with their
surfaces tested having very similar mechanical proper-
ties (not shown). We seeded HAEC at subconfluent
number (�50%) to allow good cell-material interaction.
One hour after seeding, we counted unattached cells
remaining in the supernatant media. We did not
detect cells suspended in the media, indicating that
the HAEC attachment to the surface was �100% for
all the scaffolds tested (not shown). This result
suggests that the initial interaction of the cells with the
material was not affected by the functionalization. In
addition, cells growing on these four surfaces main-
tained basic endothelial cell phenotype, as evidenced by
LDL uptake (Fig. 5). Moreover, the capacity of
endothelial monolayer formation was tested after
culturing the cells for 3 days on the four peptide
scaffold systems described above and two gel systems
controls, collagen I gel and Matrigel (see materials and
methods). Monolayer formation with typical confluent
cobblestone phenotype was evidenced in all the gel
systems tested with the exception of 100% RAD16-I gel
where cells looked clustered with extended uncover
areas (Fig. 6). These results suggest that the modified
peptide scaffold surfaces present similar properties
as the natural materials used (collagen I gel and
Matrigel) in terms of mimicking biological basement
membranes.

3.4. HAEC growth on functionalized peptide scaffolds

In order to analyze the growth of HAEC on each
scaffold surface, cells were seeded under subconfluent
conditions (�50%) and after 3 days in culture cell
number and viability were calculated for each condition.
Interestingly, cell numbers increased about two-folds on
the modified peptide scaffolds with respect to the
RAD16-I control (Fig. 7B). Parallel cultures performed
on collagen I gel and Matrigel promoted similar cell
growth as observed for the modified peptide scaffolds
(data not shown). This change in the growth accelerated
the formation of a confluent monolayer with cobble-
stone phenotype on the modified surfaces (for reference
see Fig. 6), suggesting that cells may sense and respond
to the motif-modified material. To confirm this idea,
competition assays with each free peptide motif were
performed in order to specifically block the interaction
between the cell surface and the modified material
scaffold. In all cases, soluble peptides YIGSR (S.P.
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Fig. 6. Monolayer formation of HAEC cultured on different gel systems. Phase contrast microscopy images of HAEC cultured for 3 days on

Collagen I gel (A), Matrigel (C), 100% peptide scaffold RAD16-I (E), blending 90% RAD16-I/10% (v/v) YIG (G), blending 90% RAD16-I/10% (v/

v) TAG (I), blending 90% RAD16-I/10% (v/v) RYV (K). Fluorescent staining of the same optical layers with TRITC-Phalloidin and DAPI in order

to detect actin fibers (yellow) and nucleus (blue), respectively, for A (B), C (D), E (F), G (H), I (J), K (L). Phase contrast and fluorescent images depict

a typical cobblestone monolayer phenotype. White arrows in E indicate the borders of the non-confluent monolayer.
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YIP), RYVVLPR (S.P. RYV), and TAGSCLRKFSTM
(S.P. TAG) added to the culture media of their specific
modified peptide scaffold reduced cell growth after 3
days in culture to similar levels as the RAD16-I (Fig. 7A
and B). These results suggest that cells specifically
recognize the functional sequence present in each of the
three modified scaffolds. Moreover, we also tested the
competition between the soluble peptides and the non-
corresponding modified peptide scaffolds (i.e. soluble
peptide YIGSR in the culture media of composite of
90% RAD16-I plus 10% TAG, etc.) as an additional
control to demonstrate the specificity of each corre-
spondent competition. As expected, the non-corre-
sponding competitions did not change significantly the
increase in cell growth observed with the corresponding
soluble peptide/modified scaffold pair (Fig. 7A and B).
Moreover, we tested cell viability (by Trypan blue
exclusion assay) for all these experiments. We observed
that the viability was very similar for all the cases
(485%) including cultures treated with soluble peptide
motifs and controls (data not shown). As an example,
the monolayers obtained after the competition assay
with the peptide scaffold YIG shows cells covering the
surface of the peptide scaffold for all cases except for
the corresponding incubation with the soluble peptide
YIGSR (Fig. 7C). This result suggests that the
differences in cell number observed for each case
were mainly due to differential cell growth rather than
cell death.
3.5. Production of basement membrane components and

NO release

To study the endothelial cell phenotype on different
peptide scaffold conditions we analyzed the production
of laminin 1 and collagen IV by the HAEC as a way to
measure the capacity of the cells to deposit their own
basement membrane components over time. In general,
for all conditions tested (Fig. 8), including the RAD16-I
peptide, laminin 1 and collagen IV deposition was
observed when compared to conventional 2D tissue
culture plates (Fig. 8A). Interestingly, only one band for
laminin (B2 chain) was observed while two bands of
smaller molecular weight for collagen IV were observed,
suggesting that the collagen molecule may be partially
degraded under the culture conditions tested, whereas
the laminin molecule appears to be intact (Fig. 8A).
These results may suggest that the basement membrane
components deposited may be selectively undergoing
remodeling, as shown by the partial degradation of the
collagen IV molecule component only (Fig. 8A).
Moreover, NO release by HAEC was also estimated

by assessing nitrite (NOx) concentrations in the cell
culture supernatants. This parameter estimates the
endothelial cell phenotype of the HAEC cultured on
the four different peptide nanofiber scaffolds. These
scaffold cultures, except for the functionalized peptide
RYV, promote NO release (Fig. 8B). This result
suggests that the peptide hydrogel in general is a good
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Fig. 7. Competition assay of HAEC growth with soluble peptide motifs. Cells were seeded on top of different peptide scaffold compositions

(8� 104 cell/cm2) and cultured for 3 days on in presence or absence of soluble peptide motifs. Cell numbers were calculated for each case and

expressed in number of cells per cm2. (A) RAD16-I, 100% of control peptide scaffold; RAD16-I+S.P.YIG, control peptide scaffolds with soluble

peptide motif YIGSR (400mM); RAD16-I+S.P.RYV, control peptide scaffold with soluble peptide motif RYVVLPR (400mM); RAD16-

I+S.P.TAG, control peptide scaffold with soluble peptide motif TAGSCLRKFSTM (400mM); YIG, blending 90% RAD16-I/10% YIG peptide

scaffold (v/v); YIG+S.P.YIG, YIG peptide scaffolds with soluble peptide motif YIGSR (400mM); YIG+S.P.RYV, YIG peptide scaffold with

soluble peptide motif RYVVLPR (400mM); YIG+S.P.TAG, YIG peptide scaffold with soluble peptide motif TAGSCLRKFSTM (400mM); RYV,
blending 90% RAD16-I/10% RYV peptide scaffold (v/v); RYV+S.P.YIG, RYV peptide scaffolds with soluble peptide motif YIGSR (400mM);
RYV+S.P.RYV, RYV peptide scaffold with soluble peptide motif RYVVLPR (400 mM); RYV+S.P.TAG, RYV peptide scaffold with soluble

peptide motif TAGSCLRKFSTM (400 mM); TAG, blending 90% RAD16-I/10% TAG peptide scaffold (v/v); TAG+S.P.YIG, TAG peptide

scaffolds with soluble peptide motif YIGSR (400mM); TAG+S.P.RYV, TAG peptide scaffold with soluble peptide motif RYVVLPR (400mM);
TAG+S.P.TAG, TAG peptide scaffold with soluble peptide motif TAGSCLRKFSTM (400mM). (B) Initial seeding number (8� 104 cell/cm2) was

used to calculate fold changes in cell numbers after three days in culture for each of the conditions described above. (C) The competitive assay series

with the scaffold YIG (blending 90% RAD16-I/10% YIG peptide scaffold, v/v) described in (A) is visualize after staining with TRITC-Phalloidin

(actin fibers, yellow) and DAPI (nucleus, blue).
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substrate for promoting NO release of endothelial cells.
Nevertheless, there was little difference in NO release
between the RAD16-I, YIG, and TAG scaffolds, it is
possible that for the case of the scaffold RYV the
functionalization might inhibit such activity (Fig. 8B).
4. Discussion

In this work we described the development of a new
biomimetic material, a functionalized self-assembling
peptide scaffold, with similar properties to cellular
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Fig. 8. (A) Western blot analysis of Laminin 1 and Collagen IV

production by HAEC cultured on different peptide scaffolds and

control plate (see materials and methods). (B) NO production of

HAEC cultured on different peptide scaffolds and control plate (see

materials and methods).
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basement membrane. We selected two sequence motifs
from laminin 1 (YIGSR, RYVVLPR) and one
from collagen IV (TAGSCLRKFSTM) with known
biological activities [3–8] to tag at the amino termini
of the self-assembly sequence AcN–RADARADARA-
DARADA–CONH2 and obtain a functionalized self-
assembling scaffold. We first studied the structural
properties of the functionalized peptides to determine
their solubility and capacity to form hydrogels. In view
of the extensions added to the self-assembling peptide
(between 5 and 12 extra residues) we expected to see
changes in the b-sheet structure (CD), fiber formation
(AFM) as well as their viscoelastic properties (rheome-
try). In fact, those parameters were affected in the
functionalized peptides resulting in hydrogels with
weaker b-sheet structure, as shown by a decrease in
the intensity of mole residue ellipticity at 216 nm (Fig. 2)
and, as a consequence, a change in the viscoelastic
properties. For instance, the storage modulus G0 in the
hydrogel RAD16-I reaches 2.5� 103 Pa, is greater than
the loss modulus G00 and, both remain relatively
constant with oscillatory frequency (Fig. 4). The
magnitude of G0 is 100 times lower for the functionalized
peptides YIG and RYV and 1000 times lower for the
peptide TAG. They are still greater than their respective
loss modulus G00 and again, both remain relatively
constant with oscillatory frequency, indicating they have
gel-like property (Fig. 4). These results indicate that the
addition of the additional motif interferes with the self-
assembling process due to the possible distortion of the
b-sheet configuration, producing softer hydrogels.
In order to obtain hydrogels with comparables

viscoelastic properties we decided to blend the functio-
nalized peptides with the self-assembling peptide
RAD16-I in a 1:9 ratio. In this way we generated three
hydrogel mixes, named YIG, RYV and TAG, with
similar mechanical properties to the unmodified
RAD16-I scaffold. The four surfaces were tested for
HAEC attachment, growth, and endothelial cell pheno-
type.
We observed that cell attachment for all the surfaces

tested was close to 100% suggesting that the modifica-
tions are not playing an important role under the culture
conditions tested (not shown). Interestingly, the func-
tionalized peptide scaffolds promoted maintenance and
growth of HAEC over time in culture. In particular,
sub-confluent seeded cultures of HAEC developed into
confluent monolayers with elevated number of cells
when compared with the non-functionalized scaffold,
suggesting their role in increasing growth rates (Figs. 6
and 7). In addition, growth rates in the non-functiona-
lized RAD16-I scaffold did not change over time,
suggesting that cells under these conditions remain
mainly inactive, probably they do not spread or migrate
well and, as a consequence, they do not proliferate
(Figs. 6 and 7). Most importantly, competition assays
with each corresponding soluble motif designed to block
specific interactions between cells and the functionalized
scaffolds demonstrated that growth rates were reduced
to levels similar to control RAD16-I scaffold, suggesting
that the cells indeed recognized the exposed adhesion
motifs attached to each scaffold (Fig. 7). Therefore, it
appear that endothelial cell growth was modulated
through the biomimetic surface matrix only when
the sequence was physically attached to the nanofiber
(Fig. 1B), and that specific interaction in each case can
be disrupted by adding the same soluble non-attached
peptide motif. It is plausible that in this case a mechano-
signaling transduction event that regulates the cell
growth and monolayer formation of HAEC was
involved. This is of critical importance for endothelial
cells during neovascularization of multiple physiological
and pathological processes, including wound healing,
menstrual regeneration of endometrium, tumor angio-
genesis, etc [36–38]. These results are consistent
with a previous report describing that immobilized
YIGSR peptide on the synthetic polymers, PET or
PTFE, promoted endothelial cell adhesion and cell
spreading [28].
Moreover, the peptide scaffolds in general enhanced

the endothelial cell phenotype, such as NO synthesis and
deposition of basement membrane components (laminin
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1 and collagen IV). This suggests that HAEC cultured
under these peptide scaffold conditions perform
better in terms of recreating the endothelial microenvir-
onment.
5. Conclusions

We have developed a new class of biomimetic
material, tailor-made peptide scaffolds, with potential
signaling capacity to enhance endothelial cell pheno-
type. The use of these functionalized scaffolds can be
expanded to the study of cell receptor–matrix interac-
tions in a more detailed way. For instance, the use of the
functionalized peptide scaffold carrying the motif
YIGSR—a minimum recognition sequence for the
67 kDa laminin receptor (67LR) [17]—will be crucial
for the study the cell receptor–matrix process in a more
controlled system. These studies can be use in specific
areas such as the involvement of the 67LR in shear
stress-dependent responses in endothelial cells [39], early
stages in the development of tumor formation and
metastatic phenotype [40], as well as YIGSR-mediated
cell spreading in a variety of cell types [41]. These
examples illustrate the diverse possibilities of studies
that can be conducted with the functionalized scaffolds
and suggest that the biomimetic material can be used to
recognize new potential extracellular matrix recognition
domains in components not only present in the base-
ment membrane but also in the matrix of cellular events
such as wound healing and tissue regeneration. We
conclude that tailor-made peptide scaffolds represent a
new generation of cell-responsive materials, easy to
synthesize and scale-up, and likely to have an impact on
diverse areas of biomedical research, biotechnology, and
regenerative biology.
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