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Abstract
Peptide-functionalized materials show promise in controlling stem cell behavior by mimicking cell-
matrix interactions. Supported lipid bilayers are an excellent platform for displaying peptides due to
their ease of fabrication and low non-specific interactions with cells. In this paper, we report on the
behavior of adult hippocampal neural stem cells (NSCs) on phospholipid bilayers functionalized with
different RGD-containing peptides: either GGGNGEPRGDTYRAY (‘bsp-RGD(15)’) or GRGDSP.
Fluid supported bilayers were prepared on glass surfaces by adsorption and fusion of small lipid
vesicles incorporating synthetic peptide amphiphiles. NSCs adhered to bilayers with either GRGDSP
or bsp-RGD(15) peptide. After 5 days in culture, NSCs formed neurosphere-like aggregates on
GRGDSP bilayers, whereas on bsp-RGD(15) bilayers a large fraction of single adhered cells were
observed, comparable to monolayer growth seen on laminin controls. NSCs retained their ability to
differentiate into neurons and astrocytes on both peptide surfaces. This work illustrates the utility of
supported bilayers in displaying peptide ligands and demonstrates that RGD peptides may be useful
in synthetic culture systems for stem cells.

Introduction
The stem cell ‘niche’ refers to the specific microenvironment that regulates the fate of stem
cells in vivo [1]. The niche controls stem cell fate via soluble signaling molecules, cell-cell
interactions with the stromal support tissue, and integrin-mediated cell-matrix interactions with
the surrounding extracellular matrix (ECM). A key focus in stem cell engineering is the
development of model systems that can control stem cell fate by recapitulating the native
microenvironment in vitro [2,3]. These model systems are useful for testing hypotheses in stem
cell biology as well as for biomedical applications of stem cells. Recreating the stem cell niche
requires materials that offer precise control over material architecture and presentation of
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biological ligands. Several natural, semi-synthetic, and synthetic materials have been
investigated for their ability to control cell behavior [4–7], and a common feature in many such
synthetic biomaterials is the use of short peptides that mimic the bioactivity of full-length ECM
proteins due to their specific recognition by cellular receptors [8].

We have previously reported on the use of supported phospholipid bilayers [9] functionalized
with peptide ligands as substrates for integrin-mediated cell adhesion [10,11]. Supported
bilayers provide an excellent model surface for these studies for several reasons. In particular,
the phospholipid bilayer is a non-fouling surface that resists protein adsorption as well as cell
adhesion [12], and can be formed in a facile way by the fusion of small, unilamellar vesicles
on glass substrates [13–15]. In addition, we have created bilayer surfaces patterned with
peptides via the incorporation of peptide amphiphiles (PAs) – peptides conjugated to
hydrophobic ‘tail’ segments – which self-assemble spontaneously with lipids into vesicles
[16]. These self-assembled peptide surfaces can be used to dissect the role of specific ligand-
receptor interactions in the adhesion and subsequent behavior of cells. Further, as we have
previously demonstrated [11], the lipid bilayer platform is amenable to inclusion of multiple
peptides at fixed densities, enabling the rapid creation and screening of surfaces displaying
combinations of peptides that may have synergistic effects on cell behavior. Finally, PAs can
self-assemble into three-dimensional nanofiber gels that may be useful as scaffolds for stem-
cell based tissue engineering applications, since they have been shown to direct neuronal
differentiation [7] and promote axon repair in a mouse model of spinal cord injury [17].

Neural stem cells (NSCs) that can proliferate as well as differentiate into all three neural
lineages – neurons, astrocytes, and oligodendrocytes – can play an important role in
regenerative therapies for diseases such as Alzheimer’s disease and Parkinson’s disease [18–
20]. NSCs are typically propagated in culture on surfaces coated with large ECM proteins such
as laminin that can engage several integrin receptors on the cell surface [21]. However, laminin
used in cell culture is commonly purified from animal sources, which can introduce batch-to-
batch variability as well as the risk of pathogen or immunogen contamination. In an attempt
to guide the development of synthetic peptide-based biomaterials that can control stem cell
behavior, we investigated whether model bilayer surfaces presenting single peptides at various
densities could support the adhesion and proliferation of NSCs. We have previously found that
peptides containing the Arg-Gly-Asp (RGD) tri-peptide motif found in several ECM proteins
including laminin [22], and known to engage several receptors including β1 integrins that have
been implicated in regulating NSC function in vivo [23,24], can support NSC adhesion [25].
Several additional reports have indicated that RGD-containing peptides promote adhesion of
NSCs when coupled to polymer surfaces [6,26].

In this study, we used two RGD-containing peptides incorporated in lipid bilayers to probe the
effects of differing peptide sequence and surface density on NSC adhesion and proliferation.
Further, the ability of the NSCs to proliferate or differentiate on the peptide surfaces in response
to soluble factors was assessed by immunofluorescence staining for lineage-specific markers.

Materials and Methods
Materials

The RGD peptides used in this study were: Fmoc-GGGNGEPRGDTYRAY-NH2 (‘bsp-RGD
(15)’, a 15-residue peptide containing the RGD sequence derived from Bone Sialoprotein
[27]), and Fmoc-GRGDSP-OH (‘GRGDSP’, the RGD sequence in Fibronectin [28]). Peptides
were obtained on the resin, with all side-groups fully protected, from Anaspec (San Jose, CA).
Reagents required for peptide synthesis, including Fmoc-terminated PEG spacers, were
obtained from EMD Biosciences (Gibbstown, NJ). Egg yolk phosphatidylcholine (‘EggPC’)
was purchased from Avanti Lipids (Alabaster, AL), and glass-bottom, multi-well plates were
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obtained from Mattek (Ashland, MA). Texas Red-conjugated fluorescent lipid TR-DHPE, all
fluorophore-conjugated secondary antibodies, the CyQUANT cell proliferation assay kit, N-2
neuronal growth supplement, all cell culture reagents and supplements, polyornithine, and
mouse laminin were obtained from Invitrogen (Carlsbad, CA). Recombinant Fibroblast
Growth Factor-2 (FGF2) was purchased from Peprotech (Rocky Hill, NJ), Accutase was
purchased from Innovative Cell Technologies (San Diego, CA), and retinoic acid was obtained
from EMD Biosciences (Gibbstown, NJ). Mouse anti-nestin was purchased from Becton
Dickinson (Franklin Lakes, New Jersey), guinea pig anti-glial fibrillary acidic protein (GFAP)
from Advanced Immunochemical (Long Beach, CA), and mouse anti-β-tubulin III from
Sigma-Aldrich (St. Louis, MO). All other reagents were purchased from Sigma-Aldrich (St.
Louis, MO).

Peptide amphiphile synthesis
Peptide amphiphiles were synthesized using an extension of standard Fmoc solid-phase peptide
chemistry, as described previously [29]. Briefly, a hydrophobic ‘tail’ moiety with two 16-
carbon alkyl chains was synthesized and conjugated to the N-terminus of the peptide via an
intermediate PEG spacer. The crude product obtained after synthesis was purified by reverse-
phase high-performance liquid chromatography (RP-HPLC). The peptide mass was verified
by Electro-Spray Ionization Mass Spectrometry with Time-of-Flight detection (ESI-MS). The
chemical structure of the peptide amphiphiles used in this study is shown in Figure 1(A). The
N-terminus of the bsp-RGD(15) peptide was conjugated to a C16 di-alkyl tail via a short PEG
spacer consisting of two ethylene-oxide units. A longer PEG spacer consisting of five ethylene-
oxide units was used to conjugate the GRGDSP peptide to the C16 di-alkyl tail. These spacers
were chosen based on the peptide sequence and the location of the RGD motif within it to
ensure that the RGD group protrudes sufficiently from the self-assembled bilayer surface to
be accessible for integrin binding.

Preparation of self-assembled bilayers
Supported phospholipid bilayers incorporating peptide amphiphiles were prepared by vesicle
fusion, as described previously [16]. The method is depicted schematically in Figure 1(B).
EggPC vesicles incorporating either bsp-RGD(15) or GRGDSP peptide amphiphiles at various
mole fractions, as well as 1% TR-DHPE, were first prepared as below. The materials were
mixed in the appropriate ratios in a glass vial and dissolved in a common solvent, a chloroform-
methanol mixture with a range of 33% v/v. to 75% v/v methanol depending on the PA used
and the ratio of PA to EggPC. The solvent was then evaporated under a nitrogen stream to form
a thin film, which was further dried under vacuum. The film was re-hydrated at 1 mg/ml in
MilliQ water (18.2 MΩ.cm resistivity) at 80 °C with frequent vortexing, to form multi-lamellar
vesicles. These were then extruded through a 50 nm pore-size membrane to form small,
unilamellar vesicles. The solution of vesicles was further filtered through a disposable 0.22
µm syringe filter to ensure sterility. PA-containing vesicles were stored at 5 °C and used within
three weeks of preparation.

For bilayer preparation, sterile glass-bottom multi-well plates (Mattek) or chambered
coverslips (Lab-tek II, Fisher Scientific) were used as substrates without any pre-treatment. 8
µl of the vesicle solution was pipetted onto the glass surface in the multi-well plate, and covered
with 180 µl of phosphate buffer (10 mM PO4

2−, pH 7.4, 300 mM NaCl). The surface was left
undisturbed for 45 min to allow for complete formation of planar bilayers by vesicle fusion.
Care was taken to ensure that the bilayer remained fully hydrated during all subsequent
handling. The surface was washed twice with sterile PBS to remove all non-adhered vesicles,
and then twice with cell culture media (DMEM/F12 with N-2 neuronal growth supplement) in
preparation for cell adhesion experiments.
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Fluorescence microscopy and FRAP
Supported bilayers incorporating PAs and 1 % mol. TR-DHPE were imaged by fluorescence
microscopy. A Nikon Eclipse TE-200 epi-fluorescence microscope equipped with a 100 W
mercury arc lamp was used. Images were captured using a Coolsnap ES2 cooled-CCD camera
(Photometrics, Tucson, AZ) with QCapture Pro control software (QImaging, Surrey, BC,
Canada). Fluorescence images of the bilayer were captured after several PBS wash steps to
remove adsorbed vesicles. For Fluorescence Recovery After Photobleaching (FRAP)
experiments, the light output from the mercury lamp was sent through a fully stopped-down
iris to reduce the field of illumination. The appropriate filter was used for exciting the Texas
Red fluorophore and the light was focused through a 100× objective on the bilayer. A spot of
roughly 75 µm diameter was bleached for approximately 10 s, following which the
fluorescence in the entire field of view was monitored using a 4× objective. Images were taken
at 1 min intervals to minimize photobleaching of the bilayer during the recovery process. Image
processing and analysis were done using ImageJ software (NIH).

Cell culture and adhesion assays
Neural stem cells (NSCs), previously isolated from the hippocampus of the adult rat brain,
were propagated as described [25] on tissue culture plates coated with polyornithine and mouse
laminin in serum-free growth media, which consisted of DMEM/F12 supplemented with N-2
and 20 ng/ml FGF2. For cell adhesion assays, cells were removed from the plate using
Accutase, aspirated in growth media, and seeded on peptide surfaces at a density of 10,000
cells/cm2. Laminin-coated tissue-culture plastic surfaces were used as a positive control. Initial
cell adhesion was assessed at 2 hours after incubation by inverting the culture plate to remove
non-adhered cells. The adhered cells were then fixed using 4% paraformaldehyde in PBS
following which the nuclei were stained using DAPI. Fluorescence images were taken at
several spots on each surface, and the adhered cells were counted using particle analysis in
ImageJ. Longer-term proliferation was assessed by allowing cells to grow on the surfaces for
5 days, with media replacement every 2 days. After 5 days the plates were inverted and washed
with PBS. Cell number was determined using the CyQUANT fluorescent dye according to the
manufacturer’s instructions, using a concurrently measured standard curve to convert
fluorescence to cell number.

Immunofluorescence staining
The ability of the NSCs to proliferate or differentiate into mature neural cells was assayed by
immunofluorescence staining. NSCs were seeded on test surfaces in DMEM/F12 media with
N-2 supplement and either 20 ng/ml FGF2 (growth media) or 0.75% fetal bovine serum (FBS)
with 1 µM retinoic acid (mixed differentiation media). After 5 days, the cells were fixed as
described above, permeabilized using 0.3% Triton X-100 in PBS, and blocked using 5% goat
serum in PBS. Cells grown in proliferative conditions were stained using mouse anti-nestin
(1:250), while those grown in mixed differentiating conditions were stained using mouse anti-
β-tubulin III at a 1:250 dilution and guinea pig anti-GFAP at a 1:1000 dilution. Detection of
primary antibodies was performed with goat secondary antibodies conjugated to Alexa Fluor
488 (anti-nestin and anti-β-tubulin III) or Cy5 (anti-GFAP), used at a 1:250 dilution. Cell nuclei
were stained with DAPI.

Data analysis and statistics
Cell adhesion data were obtained from two or more independent experiments, each done in
triplicate. Data are shown as mean ± standard error (SEM). Data that are not in the same group
(where discrete groups are indicated on graphs by the lowercase letters a, b, etc.) were found
to be statistically different (p < 0.05) using one-way ANOVA with the Tukey-Kramer MSD
post-hoc test.
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Results
Vesicle fusion and bilayer characterization

Our strategy for creating ligand-functionalized surfaces is shown schematically in Figure 1(B).
RGD-containing peptide amphiphiles (chemical structures shown in Figure 1(A)) were
incorporated in EggPC vesicles, following which vesicle adsorption and rupture onto glass
surfaces resulted in the formation of peptide-functionalized surfaces [15, 16]. The highest mole
fraction of bsp-RGD(15) peptide amphiphile that could be incorporated into lipid vesicles, and
therefore on the surface, was found to be 20%. At higher fractions of bsp-RGD(15), the lipid
solution formed small, presumably micellar aggregates upon hydration (data not shown).
Vesicles containing up to 40% GRGDSP peptide could be formed before micellar aggregates
formed instead of lamellar vesicles.

Supported bilayers formed on glass-bottom multi-well plates, with 1% TR-DHPE fluorescent
lipid included in the lipid mixture, were imaged by fluorescence microscopy, as shown in
Figure 2(A). Pure EggPC bilayers as well as bilayers containing 20% GRGDSP in EggPC
showed smooth and uniform fluorescence. Since there are very few fluorescent vesicles in
solution due to extensive wash steps performed after bilayer formation, the smooth
fluorescence is indicative of the presence of a uniform layer on the surface. Several bright
specks of fluorescence are seen, which correspond to vesicles adsorbed to the bilayer surface
despite the wash steps. Similar results were obtained with surfaces containing 5% – 40%
GRGDSP peptide or 5% – 20% bsp-RGD(15) peptide (data not shown).

To further verify that the surface-associated fluorescence was due to a planar bilayer and not
a layer of adsorbed vesicles, Fluorescence Recovery After Photobleaching (FRAP)
experiments were performed. In this experiment, the recovery of fluorescence as unbleached
fluorophores diffuse into the bleached spot indicates the presence of a fluid bilayer [30,31]. A
FRAP image sequence on a 20% GRGDSP bilayer is shown in Figure 2(B), where the
fluorescence intensity of a spot (approx. 75 µm diameter) is shown over time. The intensity
increased significantly after 15 min, with complete recovery at longer times (data not shown).
Similar results were obtained with other surface compositions. Taken together, the fluorescence
and FRAP data evidence the formation of fairly uniform fluid supported bilayers displaying
peptide amphiphile ligands on the glass surface.

Initial cell adhesion on peptide surfaces
NSCs were incubated on RGD-functionalized bilayers in growth media for a period of 2 hours
to determine the extent of initial cell adhesion. This time point was chosen to allow NSCs to
adhere while minimizing adsorption of endogenous matrix proteins secreted by the cells, which
might mediate cell-surface interactions at longer times and complicate the interpretation of
adhesion data. We also note that while the media did contain FGF2 to maintain the cells in the
undifferentiated state, it did not contain serum or any other adhesion proteins. EggPC bilayers
and tissue-culture treated polystyrene surfaces coated with laminin were used as negative and
positive controls, respectively.

The number of cells adhered per unit area on the bilayers with the highest attainable densities
of the two RGD peptides, as compared to controls, is shown in Figure 3(A), with phase contrast
images of the adhered cells shown in Figure 3(B). NSCs adhered to a very small extent on
EggPC bilayer surfaces. Significantly higher cell adhesion was observed on 20% bsp-RGD
(15), 40% GRGDSP, and laminin-coated surfaces. Cell adhesion on 20% bsp-RGD(15)
surfaces and that on laminin-coated surfaces were not statistically different (p > 0.05).

Next, the dependence of NSC adhesion on the surface peptide density was investigated. Bilayer
surfaces with varying peptide density were prepared by vesicle fusion. As shown in Figure 4,
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NSC adhesion increased with increasing surface density of the bsp-RGD(15) peptide, whereas
for the GRGDSP peptide, the extent of adhesion was high at 10% and 40% but lower at an
intermediate surface density.

Proliferation on peptide surfaces
In order to determine whether RGD peptide-functionalized surfaces can support longer-term
NSC culture, proliferation of NSCs over a period of 5 days was studied. NSCs were cultured
in complete growth medium, which contains 20 ng/ml FGF2, a factor known to maintain NSCs
in the undifferentiated state [18]. After 5 days, the number of cells on the surfaces was estimated
using the CyQUANT assay, and cells were also stained by immunofluorescence for Nestin, an
intermediate filament protein selectively expressed in the neural progenitor state [32].

Cells proliferated on all surfaces tested, with significantly higher cell numbers on laminin
surfaces compared to peptide surfaces (Figure 5). Cell numbers increased significantly relative
to the number of cells that initially adhered (Figure 3), but were statistically indistinguishable
on control EggPC surfaces, 20% bsp-RGD(15), and 40% GRGDSP surfaces, which is due to
the contribution from cell-cell adhesions and aggregate formation, as detailed below. In
addition, Nestin expression was observed on all surfaces tested, as shown in the
immunofluorescence images in Figure 6. This verifies that the NSCs were undergoing
proliferation in an immature state, as expected in FGF2-containing media. Despite similarities
in the total cell numbers and Nestin expression, there were marked differences in the
morphology of the adhered cells on bilayer surfaces. NSCs on laminin were found to attach
and proliferate essentially as single cells, forming a fairly uniform monolayer (Figure 6).
However, on EggPC and 40% GRGDSP surfaces, large aggregates of cells attached to the
surface were found, similar to behavior observed on uncoated glass surfaces (data not shown)
and to NSC growth in suspension as neurospheres, which are free-floating aggregates that a
variety of neural progenitor cells form upon detachment from the substrate. Interestingly, NSCs
on 20% bsp-RGD(15) surfaces were found to exhibit behavior intermediate between that on
laminin and EggPC surfaces – a significant fraction of singly adhered cells were found, as well
as a small number of loose aggregates that were not as large or cohesive as on EggPC or 40%
GRGDSP.

Differentiation on peptide surfaces
Previous work has established that in the presence of 0.75% FBS and 1 µM retinoic acid
(‘mixed differentiating conditions’), the NSCs used in this work differentiate into an admixture
of neurons and astrocytes [25]. In order to determine whether NSCs cultured on RGD-
functionalized surfaces retained their hallmark ability to generate mature differentiated cells,
NSCs were grown in mixed differentiating conditions for 5 days and stained for lineage-
specific markers by immunofluorescence. In addition to cellular morphology, neurons can be
identified by expression of β-tubulin III [33] and astrocytes by expression of GFAP [34].

Phase contrast and immunofluorescence images of differentiated cells are shown in Figure 7.
The low cell density is due to the absence of the mitogen FGF2 and the presence of factors that
halt the cell cycle and induce differentiation. Cells did not adhere strongly to EggPC bilayers
under these conditions, resulting in aggregates that could not be assayed for differentiation
markers, and very few differentiated cells were thus observed on EggPC surfaces. In contrast,
on the peptide surfaces as well as on laminin, cells displaying neuronal morphology and high
β-tubulin III expression (shown in green) and cells displaying astrocytic morphology and high
GFAP expression (shown in red) were seen. Although image analysis revealed differences in
the levels of expression of these markers (data not shown), there were no systematic differences
in the number of neuronal and astrocytic cells found on the different surfaces. The fate of the
NSCs on the peptide surfaces, as on laminin, was controlled primarily by the media conditions.
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Discussion
Phospholipid bilayers displaying RGD peptides at various densities were prepared by vesicle
fusion and assayed for NSC adhesion. The fusion process takes less than an hour for
completion, and the vesicles, once prepared, can be used without degradation for 2–3 weeks.
This process is therefore an extremely facile means to create peptide-functionalized surfaces.
The maximum density of peptide on the surface was limited by a vesicle-to-micelle transition
at higher ratios of PA to lipid, with the difference between the two peptide amphiphiles due to
the larger size of the hydrophilic moiety in the bsp-RGD(15) PA [35]. Nevertheless, the
achievable surface densities were high enough to promote NSC adhesion, as shown in Figure
3. The actual surface density of peptide on the bilayer at a given mole fraction can be estimated
by making the following assumptions: one, that the molecular area occupied by each peptide
head-group is approximately equal to the average phospholipid area in EggPC bilayers, which
has been reported to be 70 Å2 [36]; and two, that the PA molecules are equally distributed on
both bilayer leaflets. The latter statement holds well for the bilayer of the vesicle, since there
is no preferred leaflet in a vesicle membrane with low curvature. Once the supported bilayer
is formed from the vesicle, we expect that the original distribution would be retained over the
time taken to promote initial cell adhesion, due to the slow rates of lipid flip-flop in a bilayer
membrane [37]. Under these assumptions, we estimate the peptide surface density on a 20%
bsp-RGD(15) bilayer to be approximately 47 pmol/cm2. NSC adhesion and proliferation on
bsp-RGD(15) modified hydrogel surfaces was previously found to require a surface density
between 5 and 11 pmol/cm2, and reach a value comparable to laminin at 21 pmol/cm2 [25].
The discrepancy between these results is possibly due to the fact that the EggPC bilayers used
in this study are fluid, as evidenced by the FRAP images shown in Figure 2(B), unlike peptides
covalently immobilized to a polymeric surface. Freely diffusing PAs in the bilayer may be
incapable of resisting integrin-mediated cytoskeletal tension and therefore prevent the
formation of strong integrin-ligand bonds. A higher ligand density would then be required to
achieve stable cell adhesion. It has previously been observed that cell attachment is much lower
on RGD-containing fluid lipid monolayers compared to gel-phase lipid monolayers [38], a
difference found to be greater for lower affinity ligand (i.e. linear rather than cyclic RGD
peptide) for the same cell type. This is consistent with the argument that the cause of decreased
cell adhesion on fluid surfaces is the difficulty of forming stable ligand-receptor bonds, which
is exacerbated by low ligand affinity.

The dependence of NSC adhesion on GRGDSP density (Figure 4) is not clear. Adhesion was
high on 10% and 40% surfaces, and lower at the intermediate density; but these differences
were not statistically significant. We believe the linear GRGDSP ligand has lower affinity for
NSCs than bsp-RGD(15), which introduces significant variability in the data and obscures the
true density-dependence for this peptide. The difference between the two peptides used was
even more marked in longer-term NSC proliferation (Figure 6), where cells grown on bsp-
RGD(15) exhibited a phenotype that was comparable to laminin controls, consistent with our
previous studies [25], whereas GRGDSP promoted a neurosphere-like morphology. We
interpret the above result to mean that the 20% bsp-RGD(15) surface promotes a greater degree
of cell-surface adhesion than the EggPC or 40% GRGDSP surfaces, on which cell-cell adhesion
is favored. NSCs grown as neurospheres exhibit high heterogeneity in their potency [39], due
to the inherent variation in concentrations of nutrients and signaling molecules within the multi-
cellular aggregate. Further, for scaffold-based tissue engineering applications involving NSCs,
surface coatings that promote stable cell-surface attachment and proliferation are essential.
Therefore, the bsp-RGD(15) peptide is more promising than GRGDSP for inclusion in self-
assembled PA gels and subsequent mechanistic studies on the effect of RGD peptides on NSC
behavior in 3D.
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The differential NSC response to the two RGD peptides employed is likely due to differences
in the number and strength of adhesion events, as well as potentially the integrin receptors that
are engaged. These effects could, in turn, be due to sequence-dependent differences in peptide
conformation. The bsp-RGD(15) peptide is possibly presented in a looped conformation, which
is facilitated by the increased flexibility of the longer peptide backbone compared to GRGDSP,
and stabilized by opposite-charge interactions between the Glu (E) and Arg (R) residues
flanking the RGD motif in the sequence, i.e. GGGNGEPRGDTYRAY. This hypothesis is
supported by the fact that deletion of the flanking Glu and Arg residues from the bsp-RGD(15)
sequence resulted in decreased osteoblast adhesion to a polymer-coupled peptide surface,
which was rescued upon cyclizing the peptide [40]. Further, we have previously performed
molecular dynamics simulations of the bsp-RGD(15) peptide tethered to a solid surface which
revealed that the peptide transiently adopts conformations similar to a type II β-turn [41], which
are also exhibited by cyclic RGD peptides containing D-amino acids that show high-affinity
binding to integrins [42]. Covalently cyclized RGD peptides are known to have greater affinity
than linear versions for many integrins, and thereby, are often more effective at promoting cell
adhesion [10,11,43]. For instance, a cyclic RGD peptide has previously been observed to
support adhesion and proliferation of mouse fetal NSCs [44]. In contrast, we observed that
although the linear GRGDSP peptide did promote NSC adhesion, it did not elicit a stably
adhered phenotype. This is consistent with previous reports in which only moderate NSC
adhesion was observed on surfaces displaying short, linear RGDS peptides that are not likely
to adopt looped conformations in solution [6].

In addition to potential differences in adhesion strength or bond number, it is possible that the
two peptides recruit different integrins to the cell-surface contacts, which activate different
downstream signaling pathways [45]. The attachment of osteoblasts to bsp-RGD(15) peptide
surfaces has been shown to be mediated primarily by αvβ3 integrin and, to a lesser extent,
α2β1 integrin [46]. αvβ3 is one of the two integrins that bind bone sialoprotein in nature [47],
and is known to bind selectively to cyclic RGD sequences [42], supporting the argument that
the activity of bsp-RGD(15) may be due to a looped conformation adopted in solution. By
comparison, the linear GRGDSP peptide has a moderate affinity for α5β1 and αvβ3 integrins
[42]. The specific integrins each peptide engages on NSCs would have to be further analyzed
before any definite conclusions about integrin involvement can be made. At any rate, our results
suggest that longer and possibly looped RGD peptides may be more promising candidates than
linear ones as ligands for NSC culture.

Several non-RGD peptides have been reported to promote NSC proliferation or differentiation,
such as the laminin-derived PPFLMLLKGSTR [48] and IKVAV [7,49] peptides. However,
in previous work from our group, the IKVAV peptide failed to induce adhesion or proliferation
of rat hippocampal NSCs when grafted to a polymer surface [25]. Nanofiber gels derived from
the self-assembly of a peptide with the sequence (RADA)n have been reported to support
proliferation and differentiation of mouse neural stem cells, especially when functionalized
with bone-marrow homing peptides [6]. Nevertheless, it seems unlikely that the complex
extracellular milieu that regulates the fate of NSCs in vivo will be reproduced effectively by a
single peptide: for instance, it is known for some NSCs that proliferation and migration are
regulated by distinct β1 integrin-mediated pathways [23]. Therefore, a combinatorial approach
wherein the surface presents a cohort of signaling peptides may be required. This approach is
analogous to the use of combinations of ECM proteins for controlling stem cell behavior [50,
51]. There has been some work in developing surfaces that can efficiently present multiple
peptides to stem cells [25,52]. The lipid bilayer platform used in this work is suitable and in
many ways advantageous for inclusion of multiple peptide ligands at controlled densities
[11]. Since bilayers are formed by self-assembly, multi-component surfaces can be prepared
by mixing the PAs in the appropriate ratios prior to bilayer formation, without the need for
orthogonal chemistries or multiple wash steps. Further, the fluidity of the peptide ligands in
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the bilayer may allow for cell-mediated clustering and rearrangement of adhesive contacts
[53], thereby mimicking native cell-ECM [54] and cell-cell interactions [55,56] to a greater
degree. Finally, peptide combinations discovered through the 2D bilayer platform can be easily
translated to 3D self-assembled PA gels, which show great promise as biomimetic scaffold
materials in wound repair and regenerative medicine [17,57].

Conclusion
The data presented above provide evidence that RGD peptide-functionalized bilayers support
NSC adhesion, proliferation, and differentiation into mature neural cells. A stably adhered NSC
phenotype comparable to laminin was only observed on bilayers containing the bsp-RGD(15)
peptide, which is likely attributed to its integrin engagement profile and affinities. In addition,
our data show that supported bilayers that incorporate peptide amphiphiles represent a useful
model system for studying ligand-receptor interactions. Importantly, this system is suitable for
screening combinations of peptides that may act synergistically in controlling stem cell
function and fate, and can easily be translated to 3D gels that may be useful for regenerative
therapies in vivo.
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Figure 1.
(A) Chemical structures of the peptide amphiphiles used in this study. (B) Schematic
representation of the method used to create peptide-functionalized surfaces for studying
adhesion of neural stem cells (not drawn to scale).
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Figure 2.
(A) Fluorescence microscopy images of bilayers formed by vesicle fusion, where 1% TR-
DHPE lipid was included in the lipid mixture. Smooth and uniform fluorescence was observed
for pure EggPC as well as RGD peptide-containing bilayers. Scale bar: 250 µm. (B)
Fluorescence recovery after photobleaching (FRAP) image sequence of a photobleached spot
(indicated by the white circle) on a 20% GRGDSP bilayer. Fluorescence intensity in the spot
increased significantly 15 min after bleaching, verifying the formation of a fluid supported
bilayer. Scale bar: 100 µm.
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Figure 3.
Neural stem cell adhesion on surfaces after 2 h incubation. (A) Number of cells adhered per
unit area, as determined by counting DAPI-stained nuclei. Bars show mean ± SEM (n ≥ 6).
Adhesion on 20% bsp-RGD(15) and 40% GRGDSP surfaces was significantly greater than
EggPC control; with adhesion on 20% bsp-RGD(15) being comparable to that on laminin.
(B) Phase contrast images of adhered cells. Scale bar: 100 µm.
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Figure 4.
Neural stem cell adhesion as a function of the molar ratio of peptides incorporated in the EggPC
bilayer. Data points show mean ± SEM (n ≥ 6). Adhesion increased with increasing density of
bsp-RGD(15) peptide. For the GRGDSP peptide, adhesion was high at 10% and 40% but lower
at 20%.
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Figure 5.
NSC proliferation after incubation in growth media for 5 days, as determined by cell counts
using the CyQUANT assay. Bars show mean ± SEM (n ≥ 3).NSCs proliferated on all surfaces,
but cell numbers on laminin were significantly greater than on other surfaces.

Ananthanarayanan et al. Page 17

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Phase contrast and immunofluorescence images of NSCs after incubation in FGF2-containing
media for 5 days. NSCs grown on all surfaces proliferated and expressed Nestin (shown in
green). Cells on EggPC and 40% GRGDSP surfaces formed loosely attached aggregates,
whereas cells on laminin, and to a lesser extent, 20% bsp-RGD(15), grew as a monolayer of
single cells attached to the surface. Scale bar: 100 µm.
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Figure 7.
Phase contrast and immunofluorescence images of NSCs after incubation in mixed
differentiating conditions (0.75% FBS and 1 µM forskolin) for 5 days. β-tubulin III expression
is shown in green, GFAP in red, and nuclear DAPI staining in blue. NSCs differentiated into
an admixture of neuronal cells with high β-tubulin III expression (filled arrowheads) and
astrocytes with high GFAP expression (empty arrowheads). Scale bar: 100 µm.
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