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Abstract
This study investigated the ability of nanoscale, biomimetic peptide amphiphile (PA) scaffolds
inscribed with specific cellular adhesive ligands to direct the osteogenic differentiation of human
mesenchymal stem cells (hMSCs) without osteogenic supplements. PA sequences were synthesized
to mimic the native bone extracellular matrix (ECM), expressing different isolated ligands (i.e.
RGDS, DGEA, KRSR). All PAs were presented as self-assembled two-dimensional coatings for the
seeded hMSCs. Initial attachment results demonstrated that the different PAs could be individually
recognized based on the incorporated adhesive ligands. Long-term studies assessed osteogenic
differentiation up to 35 days. The RGDS-containing PA nanomatrix expressed significantly greater
alkaline phosphatase (ALP) activity, indicating the early promotion of osteogenic differentiation. A
progressive shift towards osteogenic morphology and positive staining for mineral deposition
provided further confirmation of the RGDS-containing PA nanomatrix. Overall, the PA nanomatrix
clearly has great promise for directing the osteogenic differentiation of hMSCs without the aid of
supplements by mimicking the native ECM, providing an adaptable environment that allows for
different adhesive ligands to control cellular behaviors. This research model establishes the
beginnings of a new versatile approach to regenerate bone tissues by closely following the principles
of natural tissue formation.
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Introduction
The shifting paradigm for regenerative medicine is to engineer a nanostructured environment
that mimics the complex hierarchical order and self-assembled formation of native tissue. This
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approach is emphasized by the ongoing research of biomimetic scaffolds that employ a bottom-
up tissue engineering approach. To capture the self-assembling complexity required, bioactive
scaffolds need to emulate the intrinsic properties of the extracellular matrix (ECM), which is
an intricate meshwork of proteins and polysaccharides with great cellular influence.1 Cell-
ECM interactions directly regulate cell behaviors, such as cell proliferation, growth, survival,
polarity, morphology, migration, and differentiation. 1, 2 Furthermore, different ECM
molecules can selectively affect many types of signaling transduction pathways based on the
ligand sequences present, including differentiation pathways.3 Thus, biomimetic scaffolds can
be tailored to precise tissue regenerative needs by incorporating specific cellular adhesive
ligands. In particular, a biomimetic, self-assembling nanomatrix for bone regeneration is
proposed to direct osteogenic differentiation without the additional aid of osteogenic
supplements by taking advantage of these naturally occurring signaling processes.

To this effect, we have investigated a biomimetic nanomatrix scaffold composed of ECM-
mimicking peptide amphiphiles (PAs), which self-assemble into higher order structures to
support human mesenchymal stem cells (hMSCs). For this study, the hMSCs were isolated
from bone marrow and provide unique, multipotent cells that have the capacity to propagate
various types of mesenchymal tissues, such as muscle, connective tissue, and bone.4 PAs are
amphiphilic molecules consisting of a hydrophilic peptide segment coupled via an amide bond
to a hydrophobic alkyl chain.5, 6 The interchangeability within the amino acid sequences of
PAs offers an inherent versatility for many potential regenerative applications. Numerous
examples are present in the literature and range from directed biological response6–10 to hybrid
scaffolding for dual functionality11, 12 to delivery of therapeutic factors.13–17 Furthermore,
the amphiphilic nature of the molecule allows for the formation of self-assembled structures,
as the polar and apolar elements of the molecules tend to minimize entropically unfavorable
interactions by aggregating together with the hydrophilic domains exposed to the outside and
the hydrophobic sections remaining shielded within.18, 19 The PAs for this study are designed
to self-assemble into cylindrical nanofibers due to their conical shape, intertwining together to
create an elaborate nanofiber meshwork that provides concurrent control of structure and
biological functionality.20, 21

Past literature has presented conflicting evidence on osteogenic differentiation initiated by cell-
ligand interactions without the presence of osteogenic supplements, such as dexamethasone,
β-glycerol phosphate, ascorbic acid, and/or bone morphogenetic protein. No conclusive results
have emerged, even though differentiation has been studied on many different types of
biomaterials in either the presence or absence of stimulatory factors. For example, the
osteogenic differentiation of mesenchymal stem cells with soluble osteogenic factors added to
the media has been carried out on hydrogels, denatured type I collagen, and self-assembling
PAs.22–26 Conversely, Shin et al. has been able to induce the osteogenic differentiation of rat
MSCs seeded on hydrogels based only on the cellular adhesive ligand sequence and without
dexamethasone and β-glycerol phosphate supplements.27 Therefore, this study aims to fully
investigate the hypothesis that biomimetic self-assembling PAs functionalized with cellular
adhesive ligands can direct the osteogenic differentiation and other cellular behaviors of
hMSCs based exclusively on cell-ligand interactions (Fig. 1).

Three different bioactive PAs were synthesized, each functionalized with a specific ligand
signal, and the proper control PAs were also prepared to include either a scrambled or no
cellular adhesive ligand sequence. The general structure consisted of a cell adhesive ligand
isolated from ECM proteins, enzyme degradable site specific for matrix metalloproteinase-2
(MMP-2), and hydrophobic alkyl tail attached to the N-terminus of the peptide segment. Of
the isolated ligands, RGDS (Arg-Gly-Asp-Ser) functions as a general cell adhesive sequence
first developed by Pierschbacher and Rouslahti.28 It facilitates integrin-mediated binding and
can be found in many ECM molecules, such as fibronectin, laminin, and osteopontin. 29, 30
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DGEA (Asp-Gly-Glu-Ala) is a collagen type I adhesive peptide sequence and has exhibited
specific binding for osteoblasts via the alpha2-beta1 integrin.31 The KRSR (Lys-Arg-Ser-Arg)
sequence binds to transmembrane proteoglycans and has been found to selectively increase
osteoblast adhesion when functionalized with other bioadhesive moieties.32, 33 The other half
of the peptide structure consisted of the amino acid sequence GTAGLIGQ (Gly-Thr-Ala-Gly-
Leu-Ile-Gly-Gln), which is sensitive to MMP-2. This motif allows for cell-mediated proteolytic
degradation of the nanofiber network, enabling cell migration through the matrix and eventual
remodeling with natural ECM.8

The novel PAs were first synthesized and their ability to self-assemble into nanomatrix coatings
was assessed. To evaluate the cell-ligand interactions within the nanomatrices, initial
attachment, proliferation, and long-term osteogenic differentiation potential of the hMSCs on
the different PA coating conditions were studied. The culture of hMSCs in osteogenic
supplemented media was also included as a positive control for the long-term differentiation
studies. The osteogenic differentiation was examined by cell morphology, osteogenic markers,
and mineral deposition, and in all cases, the cellular responses to the PAs coatings were
evaluated with no stimulatory factors present.

Materials and methods
Peptide amphiphile synthesis

All PAs were synthesized using standard Fmoc-chemistry on an Advanced Chemtech Apex
396 peptide synthesizer at a 0.30 mmol scale, similar to previously described syntheses.16,
21, 34, 35 Alkylation was obtained by reacting N-termini of the peptides with 2 equivalents of
palmitic acid, 2 equivalents of o-benzotriazole-N,N,N′,N′-
tetramethyluroniumhexafluorophosphate (HBTU), and 4 equivalents of diisopropylethylamine
(DiEA) in dimethylformamide (DMF) for 12 hours at room temperature. After repeating the
alkylation reaction once, cleavage and deprotection of the PAs were performed using a mixture
of trifluoroacetic acid (TFA), deionized (DI) water, triisopropylsilane, and anisole in the ratio
of 40:1:1:1 for 3 hours at room temperature. The resulting solution for each was filtered, and
the resin was rinsed with 20 mL of TFA. The collected samples were rotoevaporated and then
precipitated in cold ether. The precipitates were collected and dried under vacuum. PAs were
analyzed for impurities by matrix-assisted laser desorption ionization time of flight (MALDI-
TOF) mass spectrometry.

Formation of self-assembled peptide amphiphile nanofiber coatings
A 0.1% wt. stock solution for each PA was prepared in DI water and adjusted to pH 7.4 by the
addition of NaOH. From this PA stock solution, 200 μL per well were placed in 8-well silicone
flexiPERM cell-culture chambers attached to glass cover slides. The chambers were placed in
a chemical fume hood for 24 hours to evaporate the solvents and induce self-assembly. PA
coatings were dried for two days in a 37°C incubator.

Transmission electron microscope (TEM) imaging
A 5 μL sample of each 0.1% wt. PA solution was applied to a carbon coated formvar cooper
grid (400 mesh) and dried for 24 hours beforehand in a chemical fume hood to induce solvent
evaporation self-assembly. The grids were negative stained with 10 μL of 20% phosphotungstic
acid (PTA) buffered to pH 7 for 30 seconds before wicking off the excess. The samples were
examined on a Tecnai T12 microscope by FEI operated at a 60 kV accelerating voltage.
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Cell culture
hMSCs isolated from bone marrow were purchased from Lonza, Inc. (Walkersville, MD).
hMSCs within passage number 3 – 6 were used for all experiments and grown with either
normal or osteogenic culture media. Normal culture media included: Dulbecco’s Modified
Eagle’s Medium (DMEM; Mediatech, VA) prepared with 10% fetal bovine serum (FBS;
HyClone, UT), 1% Amphotericin B, 1% penicillin, and 1% streptomycin (Mediatech, VA).
The osteogenic media consisted of normal culture media supplemented with 100 nM
dexamethasone, 10 mM β-glycerol phosphate, and 0.05 mM ascorbic acid (Sigma Aldrich,
MO). The PA coated 8-well flexiPERM cell-culture chambers were UV sterilized (254 nm,
172.8 kJ/cm2) for 4 hours so as not to affect the peptide-based samples. The hMSCs were lifted
using 0.05% trypsin/EDTA solution and re-suspended with normal culture media at a
concentration of 300,000 cells/mL. A cell suspension of 100 μL (37,500 cells/cm2) was seeded
onto each PA coated culture chamber well. Cell cultures were maintained under standard
culture conditions (37°C, 95% relative humidity, and 5% CO2) with the media changes every
3–4 days. At given time points, the samples were removed and stored at −80°C. All collected
samples were analyzed together for each biochemical assay.

Sample preparation for assays
Samples were prepared for measuring cellularity and ALP activity in the following manner.
After 1 and 4 hours and on days 7, 14, and 21, the cultured layers of hMSCs were washed with
PBS and incubated for 30 minutes at 37°C with 0.25% trypsin. The phenol red was removed
from the trypsin to prevent any colorimetric interference. The efficiency of removing the
trypsinized cells was visually verified for each surface coating, as virtually all had been
collected from each well. The collected cell samples were diluted with PBS at a 1:1 ratio and
immediately stored at −80°C. On the day of each assay, the collected cell samples were lysed
by a thaw/freeze cycle (30 minutes thawing at room temperature, 15 minutes of sonication,
freezing at −80°C for 1 hour).

Analysis of cellularity
The cell attachment for each time point was measured using a fluorometric PicoGreen DNA
kit (Molecular Probes, OR) that quantifies the amount of double stranded DNA in cells. The
fluorescent absorbance from the samples was measured using a microplate fluorescent reader
(Synergy HT, BIO-TEK Instrument, VT) equipped with a 485/528 (EX/EM) filter set. A
standard curve based on known concentrations of calf thymus DNA was used to determine the
total amount of DNA. The cell number was calculated using 7.88×10−6 μg of DNA/cell.

Proliferating cell nuclear antigen (PCNA) staining
Self-assembled PA coatings were prepared on glass cover slides attached to 8-well silicone
flexiPERM cell-culture chambers as described previously. hMSCs were seeded at 18,750 cells/
cm2 and incubated for 24 and 48 hours. At these two time points, the cells were fixed with 200
μL of formalin for 10 minutes and then rinsed with PBS. 200 μL of methanol were added for
two minutes at room temperature to permeabilize the cells. After rinsing with PBS, the cells
were incubated with 200 μL of 3% hydrogen peroxide for 5 minutes at room temperature, again
rinsed with PBS, and soaked with Tris buffered saline for 5 minutes to remove any excess. The
primary anti-PCNA antibody (Dako Corp., CA) and secondary anti- mouse IgG HRP antibody
(Dako Corp., CA) solutions were both prepared at 1:100 dilutions. The fixed cells were labeled
with 200 μL of the primary anti-PCNA antibody solution and incubated for 60 minutes at room
temperature in a humidified chamber. After aspirating the antibody solution and rinsing with
PBS, 200 μL of the secondary anti-mouse IgG HRP antibody were added, followed by another
60 minute incubation period at room temperature in a humidified chamber. Chromogenic
substrate solution prepared from an AEC kit (Invitrogen, CA) was added to each well in 200

Anderson et al. Page 4

Biomacromolecules. Author manuscript; available in PMC 2010 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



μL aliquots and incubated for 10 minutes. The samples were rinsed with PBS and counter
stained with Mayer’s hematoxylin (Dako Corp., CA) for 5 minutes. Repeated rinsing with 200
μL of 37mM NH4OH was performed until the solution turned blue, indicating removal of
Mayer’s hematoxylin excess. The stained samples were then mounted and viewed under a
phase contrast microscope. To quantify the percentage of PCNA positive cells, 5 random fields
from each PCNA stained culture chamber well were imaged, and the averaged ratio of
proliferating cells compared to total cell number was calculated for each sample.

Alkaline phosphatase (ALP) activity assay
Aliquots of 60 μL cell lysates, 60 μL alkaline buffer, and 100 μL phosphatase substrate
solutions were all added to a 96-well plate and incubated for 1 hour at 37°C. Standards in
known concentrations ranging from 0 to 1000 μM were prepared using p-nitrophenol and added
to designated wells in the same plate. After incubating for 1 hour, the kinase reaction was
stopped by adding 100 μL of 0.3 M NaOH to each well. The absorbance of each well was
measured using a microplate reader (EL × 800, BIO-TEK Instrument, VT) at 405 nm. The
results were normalized to the total cell number at each time point measured by the PicoGreen
DNA assay as previously described and displayed as the amount of p-nitrophenol produced
per cell after 1 hour incubation.

Mineral deposition
Before fixing the cells of each sample, the morphology was recorded with phase contrast
microscope imaging at each time point, looking for characteristic signs of osteogenic
differentiation. For von Kossa staining, the fixed cells were rinsed with 200 μL of PBS, stained
with 400 μL of 5% silver nitrate, and exposed to UV light for 30 minutes. The reaction was
stopped by adding 200 μL of 5% sodium thiosulfate to each sample for 5 minutes at room
temperature. The samples were rinsed to remove any excess stain and imaged under phase
contrast microscopy. The area measurements of the positively stained mineral deposits were
quantified with Adobe Photoshop CS4 (Adobe Systems, CA). Five or more images per coating
condition at each time period were analyzed.

Statistical analysis
All experiments were performed at least three times or more. The graphical results are
representative data sets performed in quadruplicate. All values are expressed as means ±
standard deviation. SPSS 15.0 software (SPSS Inc., IL) was used to perform all statistical
analysis. One-way analysis of variance (ANOVA) was used to assess significant differences.
Tukey multiple comparisons test was also conducted to determine significant differences
between pairs. For all statistical tests, p<0.05 was considered significant.

Results
Two-dimensional nanofiber self-assembly

All five PAs, including the controls, were successfully synthesized, as the molecular weight
of each was verified by MALDI-TOF mass spectrometry (Table 1). TEM imaging was then
used to characterize the self-assembled PA formations. Self-assembly was induced by
evaporating the solvent from an aqueous PA solution (0.1% wt.) directly onto the chamber
surface. This is in contrast with the more established self-assembly induction methods of adding
divalent ions or lowering the pH.6,8,9 As expected, TEM imaging in Fig. 2 demonstrated
successful cylindrical micelle nanofiber self-assembly for all novel PA sequences with this
two-dimensional coating method. The nanofibers imaged were similar in size to past literature,
exhibiting a uniform diameter of approximately 6–10 nm and a length dimension at least 50-
fold greater.21, 36 At the microscale level, consistent multilayered nanofiber coatings were
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found for each PA, demonstrating the uniformity of the self-assembled PA surface conditions.
As depicted, each PA was able to self-assemble into numerous nanofiber meshworks stacked
on top of each, thereby covering the entire surface area for all 2-D PA coatings. These self-
assembled formations provided multilayered accessibility to the cell adhesive ligands or control
sequences functionalized within the outer hydrophilic domains. Interestingly, other studies
have used solvent evaporation induction methods, but none verified nanofiber self-assembly
with TEM imaging or used the same PA sequences.37, 38 This finding demonstrates that self-
assembly of PAs can be achieved very simply by solvent evaporation, as the concentration of
PAs reach the critical point needed for self-assembly.

First, the ability of the hMSCs to recognize the cell adhesive ligands within the PAs needed to
be evaluated. This was accomplished with short-term studies characterizing the influence of
the different cell-ligand interactions presented by the designed PAs. The initial cell attachment
for 1 and 4 hours in Fig. 3 was significantly higher on the PA-RGDS coating compared to all
the other PA coatings, as the values increased ~50% between hour 1 (20421.5 ± 3967) and
hour 4 (36088.8 ± 3485). The PA-DGEA coating followed next, exhibiting significantly greater
attachment than PA-KRSR, PA-RGES, and PA-S after 1 and 4 hours. Initial attachment to PA-
KRSR essentially remained constant for 1 and 4 hours with values approximately half of PA-
DGEA. The two control conditions of PA-RGES and PA-S also exhibited low attachment in
the same range as PA-KRSR for both time points. Thus, the initial cell density is dependent
on the inscribed signals present in the self-assembled PA coatings. This is similar to other
studies where surfaces modified with RGDS-containing peptide sequences were found to
exhibit greater cell attachment compared to DGEA, KRSR, or other control peptide sequences
over short incubation periods. 31, 39

Quantification of PCNA staining
Proliferating cell nuclear antigen (PCNA) is a 36 kd protein prevalent during the S-phase of
the cell cycle and has a well established correlation to cell proliferation.40, 41

Immunohistochemical labeling was used to evaluate hMSC proliferation on the different PA
nanomatrices after 24 and 48 hours, as the percentage of positive PCNA stained cells compared
to the total cell number was calculated for each sample (Fig. 4). For all PA nanomatrices, no
significant differences in hMSC proliferation were observed at both time points. Each surface
condition maintained a proliferation percentage between 30% – 60%, which is an expected
amount of cells in the S-phase based on previous studies.42, 43 This finding differs with the
initial cell attachment results, which found cell density to be dependent on ligand signals. Thus,
any differences observed during the long-term osteogenic differentiation studies cannot be
attributed to proliferation and would most likely be due to the different cell-ligand interactions
within the designed PA nanomatrices.

Alkaline phosphatase (ALP) is an enzyme that removes phosphate groups produced by
osteoblasts. It is a widely used marker for osteoblast detection, and an increase in activity is
associated with early osteogenic differentiation.44 In Fig. 5, PA-RGDS showed significantly
greater ALP activity than PA-DGEA, PA-KRSR, PA-RGES, and PA-S on days 14 (0.292 ±
0.028) and 21 (0.460 ± 0.160), respectively. Also, the ALP activity produced by PA-RGDS
for days 14 and 21 increased significantly relative to day 7. The ALP activity of hMSCs on
PA-DGEA continually increased up to day 14 (0.150 ± 0.078) before plateauing. The PA-
KRSR coating maintained a similar ALP activity range as PA-DGEA, slowly increasing in
value up to day 21. The ALP activity for PA-KRSR was found to be significantly more on day
21 compared to the days 7 and 14; however, the values still remained much lower compared
to PA-RGDS. The same held true for both PA-RGES and PA-S, as no values of significance
were observed on these control surfaces after 21 days. Based on these results, the ALP activity
promoted by PA-RGDS was compared to hMSCs cultured on glass with or without osteogenic
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supplemented media (OSM), as shown in the inset of Fig. 5. The addition of OSM produced
approximately a five-fold increase in ALP activity over PA-RGDS, indicating that the ligand-
driven osteogenic differentiation is in an earlier stage of maturation. While the RGDS ligand
produced a less developed state compared to the level induced by supplemental factors, the
overall data clearly demonstrates that the RGDS signaling peptide promotes greater osteogenic
differentiation of hMSCs compared to all other PA coated surfaces.

hMSC morphology during osteogenic differentiation
The cell morphology of the hMSCs was separately observed with phase contrast microscopy
for to 35 days. In general, there are three distinct phenotypes observed over the course of
osteogenic development: (1) proliferating, (2) matrix maturation, and (3) mineralization.45 For
hMSCs cultured on the five different PAs coatings plus glass as a reference, the most
pronounced morphological changes were seen on the PA-RGDS coating, shown in Fig. 6(a–
d). After the initial proliferating phase, the hMSCs cultured on PA-RGDS started to
morphologically change from spindle-shaped to cuboidal or polygonal by day 14, becoming
increasingly more apparent by day 21. By days 28 and 35, the cuboidal cells began to form
large nodular colonies on PA-RGDS in an intermittent, island-like fashion. While the nodular
colonies were not as uniformly distributed as the smaller clustered formations observed under
OSM culturing (Fig. 6j), the shifted osteogenic appearances on PA-RGDS were very evident
and much larger. Conversely, the PA-DGEA coating (Fig. 6e) was the only other surface
condition to show signs of cell morphology change and colony clusters after 35 days. There
were no such osteogenic appearances seen on the PA-KRSR culture samples (Fig. 6f).
Likewise, the hMSCs cultured on the control surfaces of PA-RGES, PA-S, and glass (Fig. 6g–
i) maintained an undifferentiated, spindle-shape morphology. Thus, the inscribed RGDS ligand
signals appear to have the most impact on hMSC morphology when culturing without
osteogenic supplements. This observed morphological shift and colony formation on the PA-
RGDS nanomatrix compares favorably to the OSM cultured samples and indicates increased
ECM production and subsequent mineral deposition, characteristic signs of osteogenic
differentiation.45–48

Mineral deposition
Mineral deposition in the cellular environment serves as a late stage marker, signifying
complete osteogenic differentiation. 49 To investigate mineralization, von Kossa staining was
used to qualitatively assess each of the PA nanomatrix coatings and glass controls, shown in
Fig. 7. Significantly more mineral deposition (brownish-black precipitates) was detected on
PA-RGDS than the other PA surface conditions, and the detected mineralized areas were
comparable to the positively stained OSM cultured samples. Small mineralized deposits were
detected on PA-DGEA after 35 days as well, but the stained nodules were not as pronounced
and prevalent compared to PA-RGDS. No mineralized depositions were found on the PA-
KRSR, PA-RGES, PA-S, and glass culture conditions.

Additionally, the numerous areas of positively stained mineral deposits on all culture
conditions have been quantified (Fig. 8 and Supporting Information, Fig. S1). Significantly
larger mineralized areas were observed on PA-RGDS and glass plus OSM, as both displayed
the same general size range and percentage area of stained deposits. Furthermore, the positive
mineralized areas found on PA-RGDS generally increased in size and area percentage between
days 28 and 35, indicating a higher degree of mineralization. The PA-DGEA nanomatrix
presented the only other quantifiable mineralization; however, the detected areas for this
coating were considerably smaller in size. In addition to strongly correlating with the glass
plus OSM condition, the positive mineral stains observed on PA-RGDS are similar to past
findings that used osteogenic supplements to enhance mineralization on scaffolds
functionalized with the RGDS epitope.50, 51 Interestingly, evidence of mineral deposits was
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only found on PA surface conditions displaying bioactive integrin-mediated ligands, as
opposed to proteoglycan-mediated ligands. Overall, this demonstrates the importance of
signaling peptides to mineral deposition and implies that the integrin-mediated RGDS ligand
has the best capacity to direct later stage osteogenic development without the present of soluble
factors.

Discussion
Tissue engineering has many potential regenerative medicine applications and is constantly
undergoing rapid change and development. Focusing on bone regeneration, the ideal strategy
is to emulate the essential properties of the natural bone hierarchical structure using a bottom-
up approach. Thus, a bone ECM-mimicking nanomatrix has been developed, consisting of self-
assembling peptide amphiphiles synthesized with specific cell adhesive ligands that serve as
a nanoscale interface for hMSCs to provide biological activity. The combination of promising
cellular adhesive ligands with self-assembling nanomatrices creates a novel biomimetic
material. This study investigated the ability of different cell adhesive ligands inscribed into the
biomimetic PA nanomatrices to influence cellular behaviors due to the resulting cell-ligand
interactions, which promote either integrin or non-integrin binding. The goal was to provide
insight into directly controlling osteogenic differentiation based only on receptor mediated
activation of the hMSCs by the cell adhesive ligand signals. Additionally, no aid from outside
factors, such as media supplements or growth factors, was provided, divergent from almost all
past osteogenic differentiation studies.

For all experiments, cell studies were conducted on two-dimensional PA nanomatrix coatings,
created by solvent evaporation from an aqueous PA solution (0.1% wt.). After all the designed
PAs were synthesized, self-assembly for each was successfully achieved by increased
concentration and aggregation, as verified by TEM imaging. Consistent PA coating surfaces
made up of multiple layers of nanofiber meshworks stacked on top of each other were found
for all PA conditions, justifying that any experimental differences observed in cellular behavior
were based on the cell adhesive ligands functionalized within the PA nanomatrix coatings. The
influences of various cell adhesive ligands presented by the PA nanofibers were first tested
with short-term cellular studies, focusing on initial attachment and proliferation. The PA-
RGDS nanomatrix was found to be the best surface condition for initial hMSC attachment,
demonstrating significantly more cell attachment after 1 and 4 hours than all the other coating
conditions. PA-DGEA also showed greater cell attachment than PA-KRSR, PA-RGES, and
PA-S at both time points. Conversely, cell proliferation analyzed by PCNA staining revealed
no significant differences between the five PA nanomatrix coatings after 24 and 48 hours.
Altogether, these results clearly prove that hMSCs can recognize and discern between the
specific cell adhesive ligands incorporated into the PA nanomatrices during initial cell
attachment, showing that these ligand signals are capable of eliciting different cellular
responses. However, once the hMSCs are attached to the PA coatings, the seeded cells are able
to proliferate at relatively the same rate, thereby setting an equal starting point for extended
observations. Thus, these short-term experiments served as a gateway to evaluating osteogenic
differentiation over longer incubation periods.

In the extended evaluations, the goal was to achieve osteogenic differentiation promoted only
by the ligand-mediated bindings within the PA nanomatrix coatings. The ALP activity
expressed by hMSCs after 21 days was used to initially assess differentiation, followed by an
evaluation of cellular morphology and mineralization via von Kossa staining up to 35 days.
For all of the long-term studies, the stability of the self-assembled PA nanofibers was not a
concern because the integrity of the nanomatrix can be maintained up to a month, even with
the incorporated enzyme-degradable sequence.21 Furthermore, it has been shown that
differentiated cells produce surrounding ECM that will propagate the continued differentiation
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of newly synthesized cells over time.52 Thus, the ligands inscribed in the PA nanomatrix serve
as potential signaling mechanisms for the osteogenic differentiation of hMSCs that can be
maintained long-term if the cells are successfully differentiated to produce an ECM
microenvironment predisposed to osteogenesis.

Other potential concerns for the long-term osteogenic studies included variations in cell density
and protein adsorption on the different PA nanomatrices. It has been reported that a minimum
cell attachment threshold is needed to support osteogenic differentiation and mineralization.
31 However, this limitation does not apply because all long-term studies were conducted for
at least 7 days, allowing a minimum level of cellularity to be reached. Additionally, the cell
densities on all surface conditions were very comparable throughout, thereby negating potential
bias caused by differing cell confluencies (Supporting Information, Fig. S2). In regards to
protein adsorption concerns, previous literature has shown that self- assembled monolayers are
saturated after only 24 hours of incubation over a wide range of serum concentrations.53, 54

This has been reported on self-assembled monolayers modified with many different surface
chemistries, such as –NH2, -COOH, -CH3, and –OH.53–55 Of particular importance is the
observed result on –OH modified surfaces because this correlates directly to PAs, as both
display the same terminal chemistry to seeded cells. Therefore, the PA nanomatrix coatings
were saturated by the serum within the media before the first time point in all long-term studies.
Furthermore, any observed differences in osteogenic differentiation development are most
likely attributed to the different ligand interactions presented by the PA nanomatrices and not
confounded by disparities in cellularity or protein adsorption.

From this study, the PA-RGDS nanomatrix emerged as the best PA candidate for directing
osteogenic differentiation, albeit at an initially slower rate, based solely on ECM-mimicking
cell adhesive ligands and without supplemental aid. ALP activity increased significantly over
time on PA-RGDS and was found to be much greater on this surface compared to the other PA
coatings. In comparison to the hMSCs cultured with OSM, the ALP activity for PA-RGDS did
not reach the same levels, indicating an initially slower osteogenic differentiation. The hMSC
morphology and mineralization via von Kossa staining were both assessed to further
characterize osteogenic differentiation. These evaluations were expanded up to 35 days
because the ALP activity results did not indicate later stage mineralization as expected based
on past literature, possibly due to the lack of supplemental factors.27, 56, 57 Characteristic
osteogenic morphology progression of spindle-shaped to cuboidal was observed from the
hMSCs seeded on the integrin-mediated PA-RGDS nanomatrix in numerous regions
throughout the sample coating surfaces, indicating osteogenesis. The von Kossa staining served
as validation for these morphological signs of osteogenic differentiation, providing evidence
of mineralization. The PA-RGDS nanomatrix displayed significant osteogenic development,
as mineralized deposits were detected on days 28 and 35. Furthermore, despite the slower initial
osteogenic differentiation based on ALP activity, the observed mineralization on PA-RGDS
and with OSM were very comparable after 35 days, indicating a rapid osteogenic maturation
on the nanomatrix after the early delay. These findings were enhanced by the quantification of
the mineralized areas, as the average size and area percentage of mineral deposition on PA-
RGDS was the same as culturing on glass with OSM. PA-DGEA, another integrin-mediated
nanomatrix, was the only other PA coating to display instances of osteogenic differentiation,
as a few select cuboidal morphologies and positively stained mineralized nodules were
observed. No evidence of osteogenic differentiation was detected on the non-integrin binding
nanomatrix presented by PA-KRSR, along with the control surfaces of PA-RGES, PA-S, and
glass.

Interestingly, integrin-mediated cell binding exerted the greatest influence on controlling
cellular behaviors, specifically the RGDS ligand, though the integrin-specific DGEA epitope
also proved more effective than the proteoglycan-mediated KRSR ligand. The increased hMSC
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attachment on PA-RGDS was expected, as this behavior has been reviewed extensively.29

Additionally, the observed osteogenic differentiation results were greatly affected by the
RGDS ligand-cell interactions. This finding expands upon previous studies that found the
RGDS ligand to promote osteogenic development when synergistically combined with
supplements 58–60 or without.27 The negligible results on the control PA-RGES and PA-S
conditions validated the RGDS ligand-driven observations, eliminating the potential
confounding variables of PA charge and confirmation. Regarding the other PA coatings, the
PA-DGEA nanomatrix did display some signs of differentiation. However, it may have a
greater impact on mature osteoblast cells, as this ligand signal has been shown to promote
integrin-mediated mineralization with fully differentiated osteogenic cells.61 The
proteoglycan-mediated binding presented by the PA-KRSR nanomatrix yielded no evidence
of controlling osteogenic differentiation. It appears that the KRSR ligand is only beneficial
when utilized in conjunction with other bioadhesive sequences.62 Taken together, this
demonstrates that the RGDS ligand, in the absence of stimulatory factors, leads to the activation
of the hMSC signaling responsible for directing osteogenic differentiation by integrin-
mediated binding, most likely through the FAK/ERK-mediated pathways.49, 63

This research model has potential for broad applications outside of bone regeneration, as it
provides fundamental insight into not only understanding essential natural bone tissue
formation, but also a new versatile strategy to regenerate a variety of tissues by closely
mimicking the principles of natural tissue formation. Furthermore, as a self-assembling
biomimetic nanomatrix, the PAs have the capacity to be coated onto other biomedical devices,
such as bone fixation implants or cardiovascular stents, functionalizing them with selective
bioactivity. Presently, the future plans include designing quantitative real time-PCR gene
analysis experiments to detect osteogenic differentiation markers, performing additional
positive and negative control experiments with and without osteogenic media supplements to
further evaluate possible synergistic effects, investigating composite PA nanomatrices that
combine two or more adhesive ligands, and cell encapsulation studies with 3-D self-assembling
PA gels. The results from all conducted 2-D studies clearly show that this biomimetic approach
allows for osteoprogenitor cells, such as hMSCs, to undergo osteogenic differentiation as
directed by nanomatrix scaffolds inscribed with isolated ECM signals.

Conclusions
Natural tissue formation is a well-organized process that starts at the nanoscale level. Therefore,
to best facilitate tissue regenerative needs, a biomimetic approach is needed to capture the
complex hierarchical order of native tissue. Focusing on bone tissue regeneration, we have
investigated self-assembling PA nanofibers that present ECM-mimicking cell adhesive ligands
to specifically tailor the bioactivity and contain functionalized enzyme degradable sites to allow
for natural tissue remodeling. This biomimetic construct served as an interface for hMSCs,
introduced to provide biological activity. The abilities of the different cell-ligand interactions
presented by the PA nanomatrices to influence osteogenic differentiation and other cellular
behaviors without the presence of soluble factors were explored. From our studies, the integrin-
mediated PA-RGDS nanomatrix was found to have the most promise, demonstrating the
importance of integrin-specific binding for osteogenic differentiation. Overall, the
incorporation of ECM-mimicking signals, particularly the RGDS ligand, into self-assembling
PA nanomatrices is an ideal biomimetic strategy and has great potential for bone tissue
regeneration.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of overall strategy for directing osteogenic differentiation based only on
integrin- or non-integrin-mediated binding of specific cellular adhesive ligands incorporated
into the PA nanomatrix. No soluble factors were introduced to influence the hMSCs seeded
on the PA nanomatrix coatings.
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Figure 2.
TEM images of solvent evaporation induced self-assembled nanofibers that form multilayered
PA coatings of (a) PA-RGDS, (b) PA-DGEA, (c) PA-KRSR, (d) PA-RGES, and (e) PA-S.
Scale bar represents 40 nm.
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Figure 3.
Initial attachment of hMSCs on PA coatings. *, **PA-RGDS promoted significantly greater
cell attachment than all other coating conditions after 1 hour and 4 hours (p<0.05). #, ##PA-
DGEA promoted significantly greater cell attachment than PA-KRSR, PA-RGES, and PA-S
after 1 and 4 hours (p<0.05). Error bar represents mean ± standard deviation.
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Figure 4.
Proliferation of hMSCs seeded on the different PA nanomatrix coatings after 24 and 48 hours,
quantitatively assessed by PCNA staining. Results are expressed as the percentage of PCNA
positive cells. Error bar represents mean ± standard deviation.
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Figure 5.
ALP activity of hMSCs on PA nanomatrices. ALP was measured using an end point enzyme
assay and results are expressed as p-nitrophenol/cell/hour. *, **PA-RGDS exhibited
significantly more ALP activity than PA-DGEA, PA-KRSR, PA-RGES, and PA-S on days 14
and 21 (p<0.05). #, ##PA-RGDS expressed significantly more ALP activity on days 14 and
21 relative to day 7 (p<0.05). §PA-KRSR showed significantly greater ALP activity on day
21 compared to days 7 and 14 (p<0.05). PA-RGDS in comparison to hMSCs cultured on glass
and glass plus osteogenic supplemented media (OSM) is depicted in the top left inset. Error
bar represents mean ± standard deviation.

Anderson et al. Page 18

Biomacromolecules. Author manuscript; available in PMC 2010 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Phase contrast images of hMSCs over a long-term incubation period to evaluate osteogenic
morphology on PA-RGDS after days (a) 14, (b) 21, (c) 28, and (d) 35. Additional hMSC
morphological images provided after 35 days for (e) PA-DGEA, (f) PA-KRSR, (g) PA-RGES,
(h) PA-S, (i) glass, and (j) glass plus OSM. Scale bar represents 50 μm.
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Figure 7.
Mineral deposition via von Kossa staining of hMSCs on the PA-RGDS nanomatrix after days
(a) 28 and (b) 35. Additional von Kossa images after 35 days for (c) PA-DGEA, (d) PA-KRSR,
(e) PA-RGES, (f) PA-S, (g) glass, and (h) glass plus OSM. Scale bar represents 50 μm.
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Figure 8.
Area quantification of the mineralized deposits detected by positive von Kossa staining.
*,**PA-RGDS and #,##glass plus OSM displayed significantly greater mineralized areas than
all other coating conditions on days 28 and 35 (p<0.05). Error bar represents mean ± standard
deviation.
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Table 1
Peptide amphiphile sequences synthesized

Name Chemical Sequence MWobs
b MWcalc

c

PA-RGDS CH3(CH2)14CONH – GTAGLIGQ – RGDS 1369.0 1370.0

PA-DGEA CH3(CH2)14CONH – GTAGLIGQ – DGEA 1326.8 1326.9

PA-KRSR CH3(CH2)14CONH – GTAGLIGQ – KRSR 1481.0 1482.1

PA-RGESa CH3(CH2)14CONH – GTAGLIGQ – RGES 1383.7 1384.0

PA-Sa CH3(CH2)14CONH – GTAGLIGQ – S 1041.7 1041.8

a
PA synthesized as a negative control

b
Observed single ion peak for molecular weight

c
Calculated single ion peak for molecular weight
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