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Abstract
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Stem cells are often cultured on substrates that present extracellular matrix (ECM) proteins;
however, the heterogeneous and poorly defined nature of ECM proteins presents challenges both
for basic biological investigation of cell-matrix investigations and translational applications of
stem cells. Therefore, fully synthetic, defined materials conjugated with bioactive ligands, such as
adhesive peptides, are preferable for stem cell biology and engineering. However, identifying
novel ligands that engage cellular receptors can be challenging, and we have thus developed a high
throughput approach to identify new adhesive ligands. We selected an unbiased bacterial peptide
display library for the ability to bind adult neural stem cells (NSCs), and 44 bacterial clones
expressing peptides were identified and found to bind to NSCs with high avidity. Of these clones,
four contained RGD motifs commonly found in integrin binding domains, and three exhibited
homology to ECM proteins. Three peptide clones were chosen for further analysis, and their
synthetic analogs were adsorbed on tissue culture polystyrene (TCPS) or grafted onto an
interpenetrating polymer network (IPN) for cell culture. These three peptides were found to
support neural stem cell self-renewal in defined medium as well as multi-lineage differentiation.
Therefore, bacterial peptide display offers unique advantages to isolate bioactive peptides from
large, unbiased libraries for applications in biomaterials engineering.
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Many cell types, including stem cells, require interactions with extracellular matrix (ECM)
molecules to support and regulate their survival and proliferation.[1,2] In addition to serving
as important structural elements in formations such as basement membrane, the ECM
exhibits a number of bioactivities via engaging with cellular adhesion receptors such as
integrins, thereby activating a number of downstream signaling pathways including crosstalk
with growth factor dependent pathways.[3–6] As a result, ECM molecules regulate a
number of downstream cell behaviors, including adhesion, survival, proliferation, migration,
and differentiation.[7] These many active role of ECM molecules explains why many
surfaces do not support the growth of stem cells.[8,9]
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Although animal- and human-derived ECM molecules are often necessary for current stem
cell culture systems, their use is highly problematic for numerous reasons. Natural ECM
molecules are very large (e.g. ~500,000 MW fibronectin and ~850,000 MW laminin), are
extremely complex (with numerous isoforms, splice variants, and glycoforms), and have
numerous signaling motifs that are not yet fully understood.[10] In addition, there is
considerable lot-to-lot variability in animal- and human-derived ECM because of the many
isoforms present and difficulty in purifying such proteins to homogeneity,[11,12] and such
protein preparations run the risk of being contaminated with pathogens and immunogens.
[13] The development of stem cell culture systems that are robust, reproducible, and
scaleable can benefit both scientific studies and clinical therapies.
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One promising approach is to design and develop synthetic stem cell culture platforms that
mimic the physical and biochemical properties of the natural ECM. For example, materials
can be functionalized with short (9–15mer) synthetic peptide ligands designed to engage
with cell-surface receptors and thereby functionally replace ECM proteins typically used in
stem cell culture.[9,12,14–17] In particular, it is important to develop surfaces that can
engage with integrins—heterodimeric transmembrane receptors that bind ECM molecules,
anchor cells to the matrix, and act as bidirectional transducers to transmit both mechanical
and chemical stimuli into the cell. [18–20] Most ligands for integrins that have been
exploited in biomaterials research have employed the canonical Arg-Gly-Asp (RGD)
sequence that binds a subset of these adhesion receptors.[21–24] The flanking residues to
the RGD sequence can affect specificity to the RGD-binding integrins such as the αvβ3
integrin.[22,24] However, identifying new ligands that bind these and other receptors could
aid in engineering biomaterials and production of cell-based therapies for the clinic, as well
as in gaining a better understanding of signaling mechanisms that regulate cell function.
[23,25–28]
However, while various cell-binding domains—such as RGD and IKVAV motifs—[29,30]
have been identified in many ECM proteins, many peptides mimicking those domains are
not as active as the full ECM proteins, as evidenced by the fact that few of them support the
culture of cells to the extent of the native protein.[12,29–36] In addition, many of the
important signaling domains in ECM proteins may not be known, and for example only
recently has the αv binding domain in fibronectin been identified.[37] Finally, in general
there is no guarantee that the optimal peptide ligand for a given receptor exactly matches a
portion of the “linear” sequence of its natural ECM ligand, because the three-dimensional
structure of proteins that typically contain more than one chain (e.g., laminin, collagen).
Therefore, there is a need to develop a robust method to identify new candidate peptides that
can be used to modify or create biomaterials to replace ECM proteins.
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Due to of the vast number of possible peptide sequences, even for a very short polypeptide,
rationally designing such a ligand is very challenging; however, library-based screening and
selection methods have potential to address this problem. With library strategies such as
bacterial display, many peptides with random sequences can be tested simultaneously and
thus can facilitate the discovery of peptides even with little prior mechanistic knowledge of
the motifs required for receptor engagement.[38,39] While phage display libraries have been
used in a number of prior studies, these have focused primarily on finding cell adhesion
receptors antagonists, including for integrins, rather than identifying peptides agonists for
these receptors.[40–44] In addition, newer library systems using bacteria as a display
platform offer numerous advantages. For example, they are easier to generate since the
libraries involve straightforward plasmid manipulations, do not require bacteriophage
production or purification, do not involve viral infection steps for amplification during the
selection process, and can readily be analyzed after selection by simple plasmid isolation
and sequencing.[38,39,45–47] In addition, the levels of surface-displayed peptide can in
principle be varied to modulate selection stringency, and fluorescent protein expressing
bacteria can be used to aid library selection and analysis.[48–50]
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In this study, we have used a bacterial display library to identify new peptides that bind adult
hippocampal neural stem cells (NSCs). Several of these peptides were examined for their
ability to support neural stem cells in two different contexts: adsorbed on tissue culture
polystyrene (TCPS) or grafted to an interpenetrating polymer network surface. On both
surfaces, neural stem cells retained their ability to self-renew or differentiate into multiple
lineages, depending on the soluble factors given to the cells.

Materials and Methods
Cell Culture
Neural stem cells isolated from the hippocampal region of the adult rat brain were cultured
on polyornithine/laminin adsorbed to tissue culture polystyrene plates as described
elsewhere.[1,51] These cells were grown in DMEM/F12 media (Invitrogen) supplemented
with N-2 (Invitrogen) and 20 ng/mL recombinant human fibroblast growth factor 2 (FGF-2)
(Peprotech).
Bacterial Peptide Display Libraries
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The bacterial display libraries were expressed in MC1061 E. coli carrying a pBAD33
plasmid encoding alajGFP and the CPX membrane protein - a circularly permutated form of
the common bacterial protein OmpX to locate the N- and C-terminus on its extracellular
face[52] -with random peptides of the forms X15 (15mer) and X2CX7CX2 (7C) displayed
from the N-terminus.[50] Three libraries were used: one containing only 15mer clones (15),
one containing only 7C clones (7C), and a third with initially equal parts of 15mer and 7C
clones (combined). alajGFP is a bright fluorescent protein engineered for high expression in
E. coli,[48] and both genes were expressed under the control of an arabinose-inducible
promoter.
Bacterial Peptide Display Selections
The central approach of this study (Figure 1) integrates bacterial peptide display library
selection with biomaterials engineering. Peptide selections were performed in three rounds
based on the method of Dane et al.[50] In each round, a frozen stock of the bacterial library
was grown overnight in Luria Broth (LB) supplemented with 34 μg/mL chloramphenicol
(Sigma) and 0.2% D-glucose (Sigma). The library was then sub-cultured 1:50 with LB and
34 μg/mL chloramphenicol. After two hours, it was induced at 30°C with 0.02% Larabinose (Sigma) to initiate expression of alajGFP[48] and CPX. Neural stem cells were
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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removed from their plates with 2 mM Na2EDTA (Fisher) in phosphate-buffered saline
(PBS) and then co-incubated with the bacteria in a shaker for 1 hour in DMEM/F12 media.
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For the first round, 100-fold more bacterial cells than NSCs were used, and 50-fold more
were used for the latter two rounds. Washing steps were performed by centrifuging the
samples at 3500 rpm for 4 min for the first round and 1600 rpm for 30 s for the subsequent
rounds. The resulting pellet was then grown overnight in LB supplemented with 34 μg/mL
chloramphenicol and 0.2% D-glucose. For the third round selections, FACS was performed
on the samples after the washing using a Beckman Coulter Elite Sorter instrument in the
Berkeley Flow Cytometry Lab. Clonal and library analysis was performed with flow
cytometry after the bacteria population was panned against NSCs similar to third round
selections. All libraries were analyzed by expanding 108 clones of each library.
Representative flow cytometry data were analyzed with FlowJo software. The resulting
populations from these selections were then either plated or frozen for further selection or
later analysis. After all selections, some of the resulting bacterial clones with high avidity to
the mammalian cell surface of interest were sequenced.
Synthetic Peptides
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Synthetic peptides for all studies were purchased from American Peptide Company, Inc.
Linear peptides had an additional cysteine residue on the N-terminus to allow for
conjugation to the IPN surfaces.[53] Cyclic peptides from the 7C library were ordered as
either CX7G -denoted as (9) - or CX7GG - denoted as (10) - where X7 are the residues in the
middle of the cysteine-cysteine loop from the sequenced library clones; these peptides were
cyclized through an amide linkage between the N- and C-termini of the peptides (for
structures, see Supplementary Figure 1). The peptides bsp-RGD(15) and bsp-RGE(15),
which were used as positive and negative controls in this study, have the sequences
CGGNGEPRGDTYRAY and CGGNGEPRGETYRAY, respectively.[12,54]
Adsorbed Peptide Surfaces
Peptides were dissolved at 100 μM in synthesis grade water, or DMSO for peptide 15–2. For
adsorption to TCPS plates, solutions were sterile filtered and dried onto the plates for 3
hours at room temperature in a sterile biohazard hood. NSCs were detached from laminin
plates with Accutase (Innovative Cell Technologies, Inc.) and added at 30,000 cells/cm2 in
DMEM/F12 supplemented with 20 ng/mL FGF-2. Cells were incubated at 37ºC for 5 days
with media replacement every other day. After 5 days, all media were removed, and plates
were frozen at −80°C for Cyquant (Invitrogen) cell counting, as per the manufacturer’s
instructions.
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Interpenetrating Polymer Network Synthesis
Interpenetrating network surfaces were synthesized as described previously.[53,55] Briefly,
TCPS plates were first cleaned with 1.5 M sodium hydroxide (Sigma) dissolved in 70%
ethanol (Sigma) for 1 hour, followed by washing with synthesis grade water and sonication
for 30 minutes. Before synthesis, plates were functionalized in an oxygen plasma for 5 min
at 75W power and 0.5 Torr O2 partial pressure. The first network of the IPN was
synthesized by addition of 0.1485 g/mL acrylamide (Polysciences) and 0.0015 g/mL N,Nethylenebisacrylamide (Polysciences) as a cross-linker initiated with 0.01 g/mL [3-(3,4Dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-2-hydroxypropyl]trimethylammonium chloride
(QTX, Sigma Aldrich) as a photoinitiator dissolved in 97% isopropyl alcohol (Sigma) and
3% synthesis grade water. After pipeting 500 μL volume into each well of a 12-well plate,
plates were illuminated on a UV light table for 4.5 min. The second network was formed
with 0.02 g/mL poly(ethylene glycol) monomethyl ether (MW 1000) (Polysciences) and
0.01 g/mL N,N-ethylenebisacrylamide as a crosslinker with 0.005 g/mL QTX as a
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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photoinitiator. Acrylic acid (Polysciences) at 0.0162 mL per mL solution was also added to
provide a functional site for subsequent peptide conjugation. The second network was
polymerized on a UV light table for 6 min. Chains of amine-terminated PEG (MW 3400)
(Laysan) at 0.150 g/mL were then grafted to the acrylic acid in the second network with
0.0025 g/mL N-hydroxysulfosuccinimide (Sulfo-NHS, Pierce) and 0.005 g/mL 1-Ethyl-3[3-dimethylaminopropyl]carbiodiimide hydrochloride (EDC, Pierce) dissolved in 0.5 M 2(N-Morpholino)ethanesulfonic acid buffer at pH 7.0. Sulfosuccinimidyl 4-[Nmaleimidomethyl]cyclohexane-1-carboxylate (Sulfo-SMCC, Pierce) was attached at 0.0005
g/mL in Sodium Borate Buffer at pH 7.5. Peptides were then attached in 0.1 M sodium
phosphate buffer at pH 6.6 overnight at 4ºC via the free thiol on the terminal cysteine
residue to the Sulfo-SMCC.[53] Surfaces were washed with 0.1 M sodium phosphate buffer
to remove unattached peptide.
For peptide 15-2, succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (SMCC)
was first dissolved in DMSO and then diluted 1:5 in sodium borate buffer to a final
concentration of 0.0005 g/mL. The peptide 15-2, which was insoluble in water, was
similarly dissolved first in DMSO and then diluted 1:5 in sodium phosphate buffer. Surfaces
were then washed with 1% SDS in synthesis grade water to remove unattached peptide.
Peptide Density Determination
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For peptide surface density determination, peptides with a fluorescein isothiocyanate (FITC)
tag, synthesized by American Peptide Company, were attached to IPN surfaces as described
above. The fluorescent peptide sequences used were CCFDK(FITC)GYYG,
CDHKFGLVMLNK(FITC)YAYAG, and CGGNGEPRGDTYRAYK(FITC)GG for
7C-9(9), 15-2, and bsp-RGD(15), respectively, where the FITC residue is attached to the
lysine side chain and where the 7C-9 peptide was cyclized through the N- and C-termini.
After washing to remove unattached peptide, surfaces were incubated for 2 hours with 1,546
U/mL chymotrypsin (Calbiochem) in 10 mM Tris-HCl buffer (Invitrogen) supplemented
with 1.47 mg/mL CaCl2•2H2O (Fisher) adjusted to pH 8.0. Fluorescence measurements
were then taken on a Spectra MAX Gemini XS to calculate a final peptide concentration for
each surface using an appropriate calibration curve.
Cell Proliferation
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For cell studies, surfaces were sterilized with 1% penicillin/streptomycin (Invitrogen) in
PBS. Immediately before use, IPN surfaces were further sterilized in 70% ethanol and
washed with PBS four times to remove any traces of ethanol. For proliferation studies,
NSCs were detached from laminin plates and added at 30,000 cells/cm2 in DMEM/F12
supplemented with 20 ng/mL FGF-2. Cells were incubated at 37ºC for 5 days with media
changes every other day. After 5 days, plates were frozen at −80ºC and then assayed with
CyQuant (Invitrogen).
Stem Cell Differentiation and Immunocytochemistry
NSCs were seeded at 10,000 cells/cm2 in media supplemented with 20 ng/mL FGF-2 to
analyze immature neural markers, or at 18,000 cells/cm2 in media supplemented with 1 μM
retinoic acid (Calbiochem) and 1% fetal bovine serum (Invitrogen) for differentiating
conditions. Cells were incubated at 37ºC for 5 days with media changes every other day.
Cells were then stained as previously described.[56,57] Primary antibodies were incubated
with cells for 48 hours at 4ºC at with the following dilutions: nestin antibody (BD
Pharmingen) at 1:500 for proliferating conditions, and GFAP (Advanced Immunochemical,
Inc.) and β-tubulin III (Sigma) at 1:1000 and 1:250 for differentiating conditions,
respectively. Goat anti-mouse Alexa 488 and goat anti-rabbit Alexa 546 secondary
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antibodies were used at a 1:250 dilution. All images were taken on a Nikon Eclipse TE2000E microscope.
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Quantification of Differentiation Pictures
All cells in an image were identified and counted via DAPI staining. Cells were then
manually scored as either β-tubulin III positive, GFAP positive, or indeterminate in
comparison to control cells.
Statistics
All statistical analysis was carried out using ANOVA with a Tukey HSD post-hoc test. The
results were considered significant at p < 0.05.

Results
Peptides that Bind to Neural Stem Cells
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Bacterial peptide display selections were performed on adult rat hippocampal neural stem
cells (NSCs) by incubation of bacteria with NSCs and subsequent separation of the
mammalian cells from unbound bacteria by centrifugation or fluorescence activated cell
sorting.[1,51] Two types of peptides were used: linear X15 (i.e. random 15mer peptides) and
looped X2CX7CX2 (i.e. 7C peptides), consisting of a random 7mer constrained by two
cysteine residues that form a disulfide bond to yield a looped peptide. Both types of peptides
were displayed on an engineered outer membrane protein, CPX.[52] In total, three libraries
were pursued: one composed of only linear X15 clones, one with only 7C cyclic clones, and
a combined library containing initially equal proportions of each peptide type. To examine
the binding of various library bacterial populations to the neural stem cells after each
selection step, these populations were incubated with NSCs, and the levels of bound bacteria
were assessed by flow cytometry analysis of GFP, which is expressed by the E. coli.
Representative histograms of GFP fluorescence are given for a control (empty CPX lacking
a peptide insert), the unselected 7C library, and the 7C library populations after each of the
three selection rounds (Figure 2a). For instance, after three rounds of selection, the 7C
library showed two clear populations, NSCs without bacteria bound at low GFP levels and
NSCs with bound bacteria at high GFP levels, indicating that multiple bacteria were binding
many of the NSCs. When the percentages of NSCs with bound bacteria were quantified for
the various library populations with flow cytometry (Figure 2b), we observed low binding
levels for empty CPX with no peptide, unselected libraries, post round 1 libraries, and the
post round 2 15mer library. However, for all other library populations, a statistical increase
in binding was observed relative to bacteria expressing empty CPX. For instance, for the
post round 3 libraries, there was a significant difference between the three libraries, and the
7C library had the most NSCs with bacteria bound followed by the combined library and the
15mer library.
To determine whether individual peptides from these selected pools similarly exhibited high
binding levels, the binding capacities of individual bacterial clonal populations were next
analyzed. After examining 60 clones, 44 were determined to have high binding, i.e. ones that
have at least 30% of the NSCs with bacteria bound after co-incubation. Next, the plasmids
encoding the CPX protein displaying the peptides were isolated and subjected to DNA
sequencing (see Supplementary Table 1 for a complete list). Eighteen clones with a range of
binding capacities were predicted to be water soluble, and thus attractive for biomaterial
synthesis and modification, (Table 1). In addition, several clones expressed peptides with
homology to known ECM proteins based on small sequence protein basic local alignment
search tool (BLAST) searches. These clones had various binding capacities ranging from
36.6% to 86.3%. Interestingly, clones 7C-15, 15–52, and 7C-24 had homology to collagen,
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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fibrinogen, and fibronectin, respectively. In addition, four clones contained an RGD motif,
well known as an important ligand motif for a subset of integrins.[18, 20] These clonal data
suggest that the library-based ligand selections, which were unbiased towards any ECM or
integrin binding domains, yield peptides that bind to cell receptors, including integrins.
Future analysis may investigate their potential receptors.
Synthetic Peptides Adsorbed on TCPS
Synthetic versions of three of the peptides (indicated in grey in Table 1), chosen for their
high binding to NSCs and predicted water-solubility based on the ratio of charged to
hydrophobic residues in the sequence, were commercially synthesized to assess their ability
to support attachment and growth of NSCs. All three were tested both as adsorbed peptides
on TCPS and chemically conjugated to an interpenetrating polymer network.[53,58] Two
looped peptides, 7C-9 and 7C-24, were synthesized as a cyclic peptide — formed through a
bond attaching the N- and C-termini — of the form CX7G where X7 are the amino acids
from the middle of the sequenced clone (Supplementary Figure 1). The cysteine residue was
left to allow for the conjugation to the IPN, and the glycine residue was added to mimic the
size of the loop in the 7C peptide clones. The residues flanking the loop from the 7C peptide
clones were not incorporated synthetically, as the sterically constrained loop likely
constituted the most important region of the peptide for binding. These synthetic peptides
were defined as 7C-9(9) and 7C-24(9).
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A linear peptide, 15-2, was synthesized with a cysteine residue on the N-terminus to allow
for conjugation to various materials. bsp-RGD(15) — a peptide previously shown to mimic
NSC behavior on laminin[12]—and bsp-RGE(15)—a peptide that does not bind NSCs due
to the insertion of an additional methylene in the D to E substitution that renders the peptide
unable to bind integrins[12]—were used as positive and negative controls, respectively.
Each of these synthetic peptides was adsorbed onto tissue culture polystyrene (TCPS), and
NSCs were cultured on the resulting surfaces for 5 days (Figure 3a). Surfaces with the three
selected peptides and bsp-RGD(15) encouraged NSC attachment as clumps, while bspRGE(15) and TCPS with no adsorbed peptide had little cell attachment. When proliferation
after 5 days was quantified (Figure 3b), there was little cell expansion on bsp-RGE(15) and
TCPS, whereas the other peptide-coated surfaces had similar levels of proliferation.
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In addition to expansion, neural stem cells can undergo multipotent differentiation, a
capacity tested on the peptides. Neural stem cells were cultured on the adsorbed peptides
under “mixed” differentiation media conditions that encouraged differentiation into a
mixture of neurons and astrocytes. After 5 days, both neurons and asytrocytes were found on
all surfaces as determined by β-tubulin III and glial fibrillary acid protein (GFAP) staining,
respectively (Figure 3c). When the percentages of neurons and astrocytes were quantified,
all library-selected peptides were found to yield similar percentages of neurons and
astrocytes to that seen on bsp-RGD(15) and laminin surfaces. In contrast, the TCPS and bspRGE(15) surfaces had fewer neurons and more astrocytes than laminin and the libraryselected peptides (Figure 3d). In addition, under the differentiating conditions, bsp-RGE(15)
had the lowest number of cells, even in comparison to plastic surfaces with no peptide
(Supplementary Figure 2), indicating that the results observed on the peptides were entirely
distinguishable from those on a peptide that does not support NSC culture. This initial study
indicated that all three peptides obtained using biomimetic selections were able to encourage
NSC proliferation while maintaining the NSCs in a multipotent state similar to laminin, as
well as support their differentiation, making them good candidate peptides for biomaterial
conjugation.
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Synthetic Peptides on a Model Biomaterial
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To investigate their ability to biofunctionalize a polymer hydrogel, the activity of the
peptides grafted to an interpenetrating polymer network (IPN) composed of acrylamide and
poly ethylene glycol (PEG) networks was also determined.[53,55] To ensure that the peptide
surface concentration on the IPN was consistent for all peptides, fluorescently tagged
peptides were used to determine the peptide concentration at which the peptide surface
concentration becomes saturated (Figure 4a).[59] The linear peptides 15-2 and bsp-RGD(15)
had a saturation level of approximately 20–25 pmol/cm2. In contrast, the looped peptide
7C-9(9) had a maximum surface peptide density of 8 pmol/cm2, as anticipated since looped
peptides cannot pack as tightly as linear peptides. For all subsequent surface experiments, all
peptides were used at 8 pmol/cm2 or below, thereby presenting the same concentration of
ligands to the cells for all samples.
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The three peptides chosen from the libraries — 7C-9(9), 15-2, and 7C-24(9) — along with
bsp-RGD(15) and bsp-RGE(15) were grafted onto IPN surfaces at concentrations ranging
from 2 to 8 pmol/cm2 (Figure 4b and Supplementary Figure 3). NSCs grown on IPNs with
peptides 7C-9(9) or 15-2 formed neurospheres, aggregates of cells in suspension, with a few
clumps of cells attached to the surface. However, the RGD-containing peptide 7C-24(9) had
NSCs attached as a monolayer similar to laminin and bsp-RGD(15). IPNs conjugated with
bsp-RGE(15) had very few cells attached. When proliferation after 5 days was quantified,
two peptides showed very little proliferation, while the bsp-RGE(15) surfaces were below
the detection limit of the assay (Figure 4c). 7C-24(9) had proliferation at or above the level
of proliferation on laminin, and bsp-RGD(15) surfaces exhibited similar extents of cell
proliferation to 7C-24(9). Thus, while two of the library-selected peptides did not support
proliferation to the same extent as laminin, 7C-24(9) was able to support proliferation at or
above the level of laminin, indicating the selection process successfully identified peptide
sequences allowing cell adhesion and expansion.
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For the looped peptides, we also investigated how the size of the loop would affect cell
attachment and proliferation. Although the looped peptides expressed on the bacteria in the
peptide display libraries utilized a disulfide bond to generate the loop, the synthetic peptides
used in these studies were cyclized via an amide bond connecting the N- and C-termini, as
the conjugation chemistry utilized a free thiol on a cysteine residue (Supplementary Figure
1). Looped peptides of the form CX7GG, denoted as (10) at the end of the peptide name,
were also tested. Both 7C-9(10) and 7C-24(10) had similar cell attachment behavior as their
smaller looped counterparts. That is, NSCs attached on 7C-9(10) surfaces formed
neurospheres with some cell clumps attached, whereas cells on 7C-24(10) surfaces attached
as a monolayer (Supplementary Figure 4a). The cell proliferation after 5 days on these
peptide-conjugated IPNs was compared with the smaller looped peptides (Supplementary
Figure 4b). The smaller loops supported proliferation at or above the levels of the larger
loops, indicating that the smaller loops provided a better biomimetic surface.
The expression of lineage markers under proliferating and differentiating conditions was
measured for NCSs cultured on the peptide-modified IPNs, with the exception of the RGE
peptide that was unable to sustain cell attachment during this longer study (Figure 5a).
Under proliferating conditions with 20 ng/mL FGF-2, most NSCs on all peptide-conjugated
IPNs expressed nestin, a cytoskeletal maker characteristic of an immature neural cell.[60] In
addition, all peptide-conjugated IPNs supported both neuronal and glial differentiation of
NSCs as indicated by expression of β-tubulin III and GFAP (glial fibrillary acidic protein),
respectively, when NSCs were exposed to 1 μM retinoic acid and 1% fetal bovine serum.
When the lineage distributions were quantified under differentiating conditions (Figure 6b),
there was no appreciable difference in the numbers of astroctyes on different ligands.
However, laminin surfaces had more neurons than all IPNs, and all IPNs had similar
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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amounts of neurons. These data indicate that NSCs seeded on IPN surfaces conjugated with
peptides obtained from the biomimetic ligand selections were able to self-renew under
proliferative conditions and differentiate into multiple lineages under differentiating
conditions. In comparison to the peptides adsorbed on TCPS, only the 7C-24(9) peptide
supported the proliferation of NSCs when conjugated to the IPN, though 15-2, 7C-24(9),
and 7C-9(9) each supported differentiation similar to laminin surfaces.

Discussion
Stem cells in general, and neural stem cells in particular, often require ECM proteins for
expansion and differentiation in cell culture.[4–6,61] As the cellular signals that ECM
molecules elicit are not fully or in many cases even well understood, developing a
biomaterials that present isolated ligands in a controlled conformation could elucidate more
about their roles in cellular signaling processes and may help identify unknown signaling
domains on ECM proteins. Furthermore, the resulting fully defined systems may have utility
for regenerative medicine applications. However, in part because such ECM signaling is not
completely understood, designing peptides to mimic ECM proteins is difficult and often
time consuming.
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Fibronectin is an illustrative example of the inherent difficulty in identifying peptide ligands
that recapitulate the function of the entire protein. While fibronectin has been known for
many years to contain binding domains for integrins, only recently was the domain for αv
integrin binding found in this large ECM protein.[4,37] Additionally, even when a receptorbinding region within an ECM protein is known, very few peptides that match the sequence
of the ECM motif are capable of serving as agonists for that receptor.[29,30,34] By using an
unbiased library approach to find peptides with binding properties similar to ECM proteins,
we have sampled a large peptide sequence space in a manner that does not require prior
knowledge of the binding motifs required for cell growth and maintenance.
To find peptide candidates to replace ECM proteins, we used bacterial peptide display,
which is a versatile method for peptide ligand selection for several reasons. Unlike
bacteriophage libraries that require viral infections for amplification, a selected population
of bacteria can be amplified by simple culturing, and the peptide valency on bacteria can be
adjusted to change the selection stringency.[39,49,50] Bacterial plasmids are also easy to
manipulate, allowing for easy library creation with each library containing bacteria with
random peptide sequences on the bacterial surfaces. In addition, with the expression of
fluorescent proteins in the library bacteria, mammalian cells with bound bacteria can be
analyzed or sorted with flow cytometry for library analysis and rapid selection.[48–50]
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Although phage peptide display libraries have been used to find many peptides that bind to
various purified integrins, most of these peptides were shown to bind to, but not to activate,
these target receptors.[24,40–44,62] Cell experiments with phage display-derived peptides
that bind to integrins have either focused on supporting short term cell spreading or
inhibiting cell binding to ECM proteins, but longer-term assessment of the capacity of these
peptides to support the culture of differentiated or stem cells have not been performed.
[41,44], [62] A recent study with phage display libraries found several peptide sequences
that bound to human embryonic stem cells,[62] but these peptides neither supported
proliferation similar to Matrigel nor engaged with integrins as observed with other studies
employing hES cells.[14] In addition the peptides were displayed on self-assembled
monolayer surfaces that lose stability over time and contain surface defects where cells can
attach non-specifically.[62–66] Yeast peptide display libraries have been used to target the
αvβ3 integrin with RGD peptides,[24] but a method that is unbiased towards any particular
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motif is desirable, since it can allow the investigation of peptides for non-RGD binding
cellular receptors.
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With adult neural stem cells, our bacterial peptide display and selection approach yielded
peptides with homology to small segments of ECM proteins such as collagen, fibronectin,
and fibrinogen (Table 1). Furthermore, four of the selected peptides had an RGD motif, well
known to bind to a subset of integrins with high affinity.[20,29] Since our biomimetic ligand
selections yielded peptides with homology to ECM proteins, we hypothesize that some of
the peptides that were selected may also target integrins or other important cell adhesion
receptors, which future work may investigate.
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In addition to finding a list of peptides that bind to NSCs, we have also explored the ability
of these peptides on two different biomaterial platforms to emulate the effects of laminin,
the ECM protein typically used in NSC culture. Synthetic peptides based on the sequences
obtained using the selection process encouraged attachment and proliferation of NSCs to
different extents in two different contexts: adsorbed on TCPS and conjugated to IPN
surfaces. We used a IPN due to its modularity in controlling material properties, such as
ligand density, ligand orientation, and mechanical modulus, as well as because previous
studies have shown that IPNs conjugated with bsp-RGD(15) were able to mimic the effects
of laminin in NSC culture.[12] In addition, the IPN has been used to support the growth of
many other cell types including osteoblasts and mesenchymal stem cells, and it has also
been used as a coating on model orthopedic implants, angioplasty balloons, and stents.
[12,26,58,67–69]
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The three synthetic peptides studied in detail were also able to support short term selfrenewal and differentiation of the NSCs as indicated by studies under proliferating and
differentiating conditions, respectively. All three library-selected peptides supported both
self-renewal and differentiation of NSCs when adsorbed on TCPS, but only one supported
both processes when conjugated on the IPN. This differential behavior observed between the
same peptides when adsorbed on TCPS and conjugated on IPNs seems to indicate that the
orientation of the peptide is important, as all peptides have the same orientation on the IPN,
as constrained by the linkage chemistry, while the adsorbed peptide surfaces theoretically
allow all possible orientations. However, in comparison to surfaces with an RGE peptide
that did not support proliferation of NSCs, all of the library-selected peptides supported
proliferation of NSCs and thus likely engage with cell adhesion receptors. The peptide that
performed the best on the IPN contained RGD residues. This agrees with other studies that
found RGD containing peptides support NSC growth similar to laminin, indicating that the
RGD-binding integrins are important for NSC engagement with matrix.[12] For example, β1
integrins are thought to control neural stem cell self-renewal and differentiation since they
act as sensors for NSCs in the changing extracellular environment during development.[3]
However, different RGD peptides likely have different specificities for the different RGDbinding integrins, such that there is value for identifying ligands. Thus, we have shown that
the bacterial peptide display selection is a very powerful tool for identifying promising
candidate peptides that can be conjugated to biomaterials surfaces for the growth of a
desired cell type, including stem cells, indicating that these peptides may serve as receptor
agonists.

Conclusions
Bacterial peptide display libraries are versatile and efficient tools for finding peptides for
various biomaterials. The general method presented here can be applied to any desired cell
type for the development of a biomaterials grafted with peptides. Many peptides that bound
adult neural stem cells at high levels were identified, and three of these peptides supported
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self-renewal and differentiation to different extents when presented either as adsorbed
peptides on TCPS or conjugated to an IPN. This general platform should be helpful in
discovering candidate peptides that mimic ECM signals for more complex systems such as
human pluripotent stem cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Schematic of biomimetic ligand selection and incorporation into biomaterials. (1) Bacterial
libraries were expanded. (2) Co-expression of green fluorescent protein and bacterial outer
membrane protein CPX with the displayed peptide are induced with arabinose. (3) Stem
cells are added to bacterial libraries in a co-incubation step in which the bacteria can bind to
the stem cell surface. (4) Non-adherent bacteria are washed away with low speed cocentrifugation. (5) For third round selections or analysis of bacterial populations, samples of
the stem cells are sorted or analyzed on a fluorescence activated cell sorter or flow
cytometer. (6) Bacteria populations are frozen or plated for further selection or analysis. (7)
Peptides from clones are sequenced. Synthetic versions of these peptides are then conjugated
on biomaterials.
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Figure 2.
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Binding capacity of peptide display library populations with neural stem cells. (a) Example
histograms of library and clonal populations of the bacterial peptide display libraries binding
to neural stem cells: (1) CPX (no peptide), (2) unselected 7C library, (3) 7C library after
Round 1, (4) 7C library after Round 2, (5) 7C library after Round 3, and (6) high affinity
clone 15-2. (b) Quantification of library populations. Three libraries were tested: (■) 15mer
library composed of peptides with the sequence X15, (▨) 7C library composed of peptides
with the sequence X2CX7CX2, and (□) a combined library containing both types of peptide
clones. All unselected and post round 1 library populations showed similar binding as
bacteria expressing CPX, the outer membrane display protein, but no peptide. After rounds 2
and 3, there were significantly more bacteria binding to the neural stems, with the 7C library
having the highest amount of binding. The 15mer and in particular the combined libraries
exhibited the highest binding. Data represent mean ± standard deviation. Library populations
not in the same group (#, $, or ‡) were statistically different from one another (p < 0.05
using ANOVA between groups with Tukey-Kramer significant difference post hoc test).
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Figure 3.

Neural stem cells on peptide-adsorbed TCPS surfaces. Peptides, including (■) 7C-9(9), (▨)
7C-24(9), (▩) 15-2, (□) bsp-RGD(15), (▤) Laminin, (▥) bsp-RGE(15), and ( ) TCPS
alone, were dissolved at 100 μM in synthesis-grade water or DMSO for 15-2, and then
peptides were dried on TCPS. (a). Brightfield micrographs of the neural stem cells after 4
days of culture on the adsorbed surfaces exhibited similar attachment and clumping of cells
on the surface on the 7C-9(9), 7C-24(9), 15-2, and bsp-RGD(15) surfaces, while the bspRGE(15) and TCPS surfaces had significantly fewer cells. The scale bar represents 250 μm.
(b) Quantification of the number of cells on the surface with the Cyquant cell counting assay
showed similar numbers of cells on all surfaces except the bsp-RGE(15) and TCPS surfaces,
which had significantly fewer cells. (c) NSCs grown under differentiating conditions were
assessed for expression of GFAP (red), a cytoskeletal marker for astrocytes, and β-Tubulin
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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III (green), a cytoskeletal marker for neurons. Nuclei were stained with DAPI (blue). All
peptide surfaces had both astrocytes and neurons under differentiating conditions. All scale
bars represent 100 μm. (d) Quantification of differentiation markers, β-Tubulin III and
GFAP, on peptide-adsorbed surfaces. All library-selected and bsp-RGD(15) peptide surfaces
had similar percentages of neurons and astrocytes compared to laminin, while bsp-RGE(15)
and TCPS surfaces had fewer neurons and more astrocytes. (Data represent mean ± standard
deviation. Library populations not in the same group (*) were statistically different from one
another (p < 0.05 using ANOVA between groups with Tukey-Kramer significant difference
post hoc test).

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Biomaterials. Author manuscript; available in PMC 2012 February 1.

Little et al.

Page 19

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 4.

Peptide grafting and cell proliferation on IPN surfaces. (a) Peptide density on
interpenetrating polymer network (IPN) surfaces. Peptide densities on IPN surfaces were
determined by grafting on a FITC-tagged peptide and digesting the FITC from the peptide
with chymotrypsin. Fluorescent measurements then allowed for the calculation of the
surface peptide concentration. Three peptides – (●) bsp-RGD(15), (□) 15-2 and (◆) 7C-9(9)
– were examined. bsp-RGD(15) and 15-2 exhibited saturation at approximately 25 and 20
pmol/cm2, respectively, while the looped 7C-9(9) peptide showed saturation around 8 pmol/
cm2. (b) Neural stem cells were cultured on interpenetrating polymer networks (IPNs)
conjugated with peptides including (■) 7C-9(9), (▨) 7C-24(9), (▩) 15-2, (□) bsp-RGD(15).
For comparison, neural stems were also cultured on (▤) laminin. Brightfield images after 4
days illustrated that cells on the 7C-9(9) and 15-2 surfaces either attached in clumps or
Biomaterials. Author manuscript; available in PMC 2012 February 1.
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remained as non-adherent neurospheres. 7C-24(9) and bsp-RGD(15) surfaces showed
similar cell morphology and growth to the laminin control surface. The bsp-RGE(15)conjugated surface showed little cell attachment. All surfaces had peptides at 8 pmol/cm2,
and the scale bar represents 250 μm. (c) The amount of cells on each surface after 5 days
was quantified with Cyquant. 7C-24(9) and bsp-RGD(15) surfaces supported cell
proliferation at or above the amount of laminin at all peptide surface concentrations. The
7C-9(9) and 15-2 surfaces had substantially fewer cells than all other surfaces, as anticipated
since the cells primarily formed neurospheres rather than attaching to the surface. Results
from the bsp-RGE(15) and unconjugated IPN surfaces were below the detection limit of the
assay. Data represent mean ± standard deviation. Library populations not in the same group
(* or **) were statistically different from one another (p < 0.05 using ANOVA between
groups with Tukey-Kramer significant difference post hoc test).
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Figure 5.

Expression of lineage markers under proliferative and differentiating conditions on peptideconjugated interpenetrating polymer networks (IPNs). Neural stem cells were cultured on
the surfaces for 5 days either under proliferative conditions with 20 ng/mL basic Fibroblast
Growth Factor (FGF-2) or with 1% fetal bovine serum and 1 μM retinoic acid. (a). NSCs
grown under proliferative conditions were assessed for the expression of nestin (green), a
cytoskeletal marker for a neural stem cell, while NSCs grown under differentiating
conditions were assessed for expression of GFAP (red), a cytoskeletal marker for astrocytes,
and β-tubulin III (green), a cytoskeletal marker for neurons. All cells were stained with
DAPI (blue) for the nucleus. All surfaces had most of the cells staining for nestin under
proliferative conditions, and all surfaces had astrocytes and neurons under differentiating
conditions. All scale bars represent 100 μm. (b) Quantification of differentiation markers, βBiomaterials. Author manuscript; available in PMC 2012 February 1.

Little et al.

Page 22

NIH-PA Author Manuscript

tubulin III and GFAP, on (■) 7C-9(9), (▩) 15-2, (▨) 7C-24(9), (□) bsp-RGD(15), or (▤)
laminin. Laminin had significantly more cells expressing β-tubulin III than any other
surface, but all other surfaces had similar β-tubulin III expression. With GFAP expression
there was no significant difference in expression on any surface. Data represent mean ±
standard deviation. Library populations not in the same group (*) were statistically different
from one another (p < 0.05 using ANOVA between groups with Tukey-Kramer significant
difference post hoc test).
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List of clones found with high binding for neural stem cells. Clones were analyzed with flow cytometry to
quantify the percentage of neural stem cells that had bacteria bound after coincubation with the clonal bacteria
population. Peptide sequences were determined via sequencing of the plasmid DNA from the bacteria. Several
of the peptides exhibited homology to ECM proteins, including 7C-15, 15–52, and 7C-24 with homology to
collagen, fibrinogen, and fibronectin, respectively. Also, the integrin-binding motif arginine-glycine-aspartic
acid (RGD) was found in several peptides and is denoted in bold. The peptides used in further studies are
highlighted in gray. The clone name indicates the library containing the clone and the data represent mean ±
standard deviation.
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Clone

% NSCs with Bacteria (average ± S.D.)

Peptide Sequence

15–50

86.3 ± 0.8

GFVLVWSYTCRCWGK

7C-15

83.4 ± 0.8

QCCQLRGDAVCNC

15–52

82.3 ± 5.0

ESGLKVMCMKYYCMA

15–32

80.5 ± 2.0

RRELVRMTDWVWVSG

7C-1

79.4 ± 1.0

WYCFREN KYVCVM

7C-24

78.9 ± 1.7

WWCDMRGDSRCSG

Co-21

77.3 ± 5.6

MYCERDSKYWCIH

Co-17

76.3 ± 3.0

WECAEESKFWCVF

Co-22

75.7 ± 0.8

VWCGMFGKRRCVT

15-2

73.7 ± 5.8

DHKFGLVMLNKYAYAG

7C-9

73.4 ± 1.2

KLCCFDKGYYCMR

Co-18

65.6 ± 5.9

WWCKKPEYWYCIW

7C-7

65.5 ± 2.3

LECTERGDFNCFV

Co-8

64.6 ± 5.2

WTWESAFAGRWEVGD

Co-12

54.7 ± 2.1

WVCLWRHRGDCSI

7C-20

52.4 ± 3.3

WVCIWERFKSCNE

Co-15

45.2 ± 7.2

WVCNDLIHHFCVW

7C-19

36.6 ± 3.7

WVCNKLGVYACEY
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