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Abstract

Interactions between cells and the extracellular matrix (ECM) are known to play critical roles in
regulating cell phenotype. The identity of ECM ligands presented to mesenchymal stem cells
(MSCs) has previously been shown to direct the cell fate commitment of these cells. In order to
enhance osteogenic differentiation of MSCs, alginate hydrogels were prepared that present the
DGEA ligand derived from collagen I. When presented from hydrogel surfaces in 2D, the DGEA
ligand did not facilitate cell adhesion, while hydrogels presenting the RGD ligand derived from
fibronectin did encourage cell adhesion and spreading. However, the osteogenic differentiation of
MSCs encapsulated within alginate hydrogels presenting the DGEA ligand was enhanced when
compared with unmodified alginate hydrogels and hydrogels presenting the RGD ligand. MSCs
cultured in DGEA-presenting gels exhibited increased levels of osteocalcin production and
mineral deposition. These data suggest that the presentation of the collagen I-derived DGEA
ligand is a feasible approach for selectively inducing an osteogenic phenotype in encapsulated
MSCs.
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Introduction

While the process of bone fracture repair is generally efficient, a subset of cases, including
traumatic injury, tumor resection, and infection, results in poor healing or nonunion !. The
present gold standard for repair of critical size defects is autologous bone grafting, in which
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host bone is harvested from another site and used to replace the bone in the defect site 2.
Complications from autograft procedures, including donor site morbidity, pain, and
increased risk of infection, have led to the widespread use of allogeneic grafting of bone
obtained from human cadavers 3. Given the risk of donor to recipient disease transmission
and immune rejection of the graft, recent research has focused on developing synthetic bone
graft substitutes, however, these substitutes have not yet demonstrated clinical efficacy 4.

An alternative strategy to heal critical sized bone defects is to deliver or recruit
osteoprogenitor cells to the defect site, and to locally direct their proliferation and
differentiation !. Mesenchymal stem cells (MSCs) are a promising source of cells for bone
regeneration, as MSCs can be obtained from the patient in need of the therapy with relative
ease 0. These bone marrow-derived stem cells are characterized by their ability to
differentiate into bone, cartilage, and adipose tissue 7. Consequently, directing the
differentiation of MSCs post-transplantation using ECM cues may provide clinical benefit.
Present strategies in bone regeneration and tissue engineering utilize delivery of soluble
growth factors, such as bone morphogenetic proteins (BMPs), to control the fate of
transplanted cells 1. Because these factors can diffuse out of the defect site, they must be
administered in high doses. Clinical use of BMPs as monotherapies to enhance spinal fusion
has revealed that supraphysiological doses of BMPs are both costly 8 and often result in
undesirable secondary effects in surrounding tissues 219,

In addition to soluble cues such as growth factors, insoluble cues provided by the
extracellular matrix (ECM) have been demonstrated to influence the differentiation of
MSC:s. For instance, mechanical properties such as substrate stiffness can modulate the
phenotype of MSCs, with relatively stiff substrates yielding enhanced osteogenic
differentiation 1:12, In addition, previous studies have reported that the identity of the ECM
material can contribute to the lineage specification of MSCs. For instance, culturing MSCs
in laminin-5 has been reported to inhibit chondrogenesis '314, and MSCs cultured on
laminin-1 were shown to adopt a neuronal-like phenotype, extending fine, neurite-like
processes 12, Hydrogels composed of collagen II, a major component of cartilage ECM,
enhanced the chondrogenic differentiation of MSCs !©, while collagen I, a major component
of bone, has been shown to enhance osteogenesis !7. Therefore, we hypothesized that
presenting an ECM ligand derived from collagen I to MSCs would result in increased
osteogenesis. RGD peptides, initially derived from the ECM protein fibronectin, are
routinely used in hydrogel systems to facilitate cell adhesion and spreading 1820, Another
peptide sequence, DGEA, found in collagen I, is known to bind the a2B1 integrin pair 21,
Previous studies utilizing biomaterials functionalized with a different collagen I-derived,
integrin-binding ligand, GFOGER, have shown enhanced bone defect healing and implant
osseointegration in vivo?2-24, Thus, presenting MSCs with the integrin-binding DGEA
ligand may also improve osteogenic differentiation. In this study, a peptide containing the
DGEA motif was covalently bound to alginate via carbodiimide chemistry. Alginate
hydrogels presenting the DGEA peptide were used to assess the ability of the DGEA peptide
to facilitate cell adhesion and induce osteogenesis in MSCs.
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Materials and Methods

Materials

Alginate polymers were purchased from FMC Biopolymer (Princeton, NJ). Dulbecco’s
Modified Eagle Medium (DMEM), Dulbecco’s phosphate buffered saline (PBS), trypsin/
EDTA, fetal bovine serum (FBS), Hoechst 33258, normal goat serum (NGS), penicillin-
streptomycin, fluorescein-phalloidin, PrestoBlue Cell Viability Reagent, and dialysis tubing
were purchased from Invitrogen (Carlsbad, CA). Sulfo-N-hydroxysuccinimide (Sulfo-NHS)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)were purchased
from Thermo Scientific (Waltham, MA). Phenol red-free DMEM was purchased from
MediaTech (Manassas, VA). RGD peptide (H)N-GGGGRGDSP-OH, MW 758.74) was
purchased from Commonwealth Biotechnologies (Alexandria, Virginia). DGEA peptide
(HoN-GGGGDGEASP-OH, MW 802.75) was purchased from Peptide 2.0 (Chantilly, VA).
Mesenchymal stem cell (MSC) growth kit (low serum), consisting of L-alanyl-L-glutamine
and MSC supplement, was purchased from ATCC Primary Cell Solutions (Manassas, VA).
Protected amino acids, pre-loaded polystyrene resins, and 1-
(bis(dimethylamino)methylene)- 1 H-benzotriazolium hexafluorophosphate 3-oxide (HBTU)
for solid-phase peptide synthesis were purchased from Peptides International (Louisville,
KY). N-methylpyrrolidinone (NMP), piperidine, diisopropylethylamine (DIEA), and
trifluoroacetic acid (TFA) were purchased from Advanced ChemTech. Unless otherwise
noted, other reagents were purchased from Sigma (St. Louis, MO).

Peptide Synthesis

Preparation

For initial studies, the DGEA peptide (H,N-GGGGDGEASP-OH) was synthesized by solid
phase Fmoc chemistry as described previously 25, Briefly, polystyrene resin pre-loaded with
Fmoc-protected proline was swelled in dichloromethane and NMP prior to beginning the
synthesis. Peptide synthesis was performed on a CSBio CS336X peptide synthesizer.
Twenty percent piperidine was used for Fmoc deprotection, and working concentrations of
0.32 M HBTU and 0.2 M DIEA were used to facilitate amino acid coupling. A double
coupling protocol was utilized, followed by capping with acetic anhydride. After the final
Fmoc deprotection step, the resin was washed sequentially with NMP, dichloromethane, and
methanol and allowed to dry. The peptide was cleaved from the resin using 95% TFA with
2.5% water and 2.5% TIS as scavengers. The cleavage solution was concentrated in vacuo,
and the peptide was recovered by precipitation in cold diethyl ether. The peptide was
purified by reverse-phase high-performance liquid chromatography (HPLC) on an Agilent
1100 Series Purification HPLC, using an acidic mobile phase (0.1% TFA) and a gradient
from 20% to 50% acetonitrile on an Agilent C18 Zorbax column. Fractions containing the
desired peptides were verified by LC-MS (Agilent 1290 LC/MS System) to have a purity of
>90% and then were combined and lyophilized to afford the peptide as a white powder.

of Alginate Polymers

High guluronic acid (GA) content alginate (average MW ~ 165 kDa, >60% GA content) was
purified by dialyzing a 1% (w/v) solution against deionized water in 3500 MWCO dialysis
tubing. The alginate was subsequently decolored with activated charcoal, sterile (0.22 um)
filtered, and lyophilized. Alginate to be modified with RGD or DGEA peptides was then
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dissolved to 1% (w/v) in a 0.1 M MES and 0.3 M sodium chloride buffer solution at pH 6.5.
High purity (>98%), commercially synthesized DGEA and RGD peptides were used for all
cell culture studies. Peptide conjugation via carbodiimide chemistry was performed
following a previously published procedure 2°. Briefly, sulfo-NHS and EDC were added in a
1:2 molar ratio, followed immediately by addition of the peptide. Sufficient peptide was
added to yield a theoretical degree of substitution of 5 peptides per polymer chain, based on
a previous study that determined reaction efficiency using 1231 labeled peptides 20. The
reaction was allowed to proceed for 20 hours before being quenched by the addition of
hydroxylamine. The reaction mixtures were dialyzed against a decreasing concentration of
sodium chloride to remove salts and any unbound peptide. The alginate was then sterile
(0.22 pm) filtered and lyophilized.

Clonally derived murine mesenchymal stem cells (D1; ATCC) were maintained in high
glucose DMEM supplemented with 10% FBS and 0.1% penicillin/streptomycin at 37° C and
5% CO;. DI cells between passages 21 and 29 were used for experiments. Primary rat
MSCs were isolated from bone marrow aspirates of Lewis rat femurs and maintained in high
glucose DMEM supplemented with 10% FBS, 0.1% penicillin/streptomycin, L-alanyl-L-
glutamine (1:100) and MSC supplement (1:50) at 37° C and 5% CO,. Rat MSCs were used
between passages 2 and 6.

For experiments assessing the osteogenic differentiation of rMSCs, the cell culture medium
was additionally supplemented with 100 nM dexamethasone, 10 mM f-glycerophosphate,
and 50 mg/ml ascorbic acid. Additionally, one experimental condition included human
BMP-2, recombinantly expressed in E. coli (courtesy of Walter Sebald, Wurzburg,
Germany), at a concentration of 500 ng/ml. This concentration was chosen because previous
studies have shown 500 ng/mL to be an effective dose of E. coli-derived BMP-2 to elicit an
osteogenic response in primary human MSCs26. Cell culture medium was replenished every

two days.

of Alginate Hydrogels

Sterile alginate, either unmodified or conjugated with RGD or DGEA peptides, was
dissolved to 2% (w/v) in phenol red-free, serum-free DMEM (SF DMEM). Prior to casting
gels, alginate was diluted to 1% (w/v) with SF DMEM. For 3D cell encapsulation studies,
the cells were introduced to the alginate solution at this step, at a final concentration of
2x106 cells/ml. Prior to encapsulation, the cells were washed twice with PBS to remove any
loosely bound serum proteins. Hydrogels were formed by mixing the alginate solution (with
or without cells) with 4% (v/v) of a 1.22 M calcium sulfate slurry and casting between two
glass plates separated by 1 mm for 45 minutes at room temperature. This crosslinking
method has been previously optimized to yield homogeneous alginate gels with elastic
moduli conducive to osteogenic differentiation of MSCs (~20 kPa)!2. No effects on MSC
phenotype due to the presence of any residual calcium from the crosslinking reaction have
been previously observed!2. Alginate disks were punched out and transferred to either SF
DMEM (for 2D adhesion studies) or DMEM plus 10% FBS (for 3D cell encapsulation and
differentiation studies).
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Time Lapse Microscopy of Cell Adhesion

D1 cells were seeded onto alginate hydrogels in 8-well cell culture slides (BD Biosciences)
at a density of 120,000 cells/cm? and were maintained at 37°C in SF DMEM for 3 hours.
Time lapse images were obtained using a DIC microscope.

Metabolic Activity Assay

D1 cells were seeded onto alginate hydrogels in cell culture slides at a density of 60,000
cells/cm? and were maintained at 37°C in SF DMEM for 3 days. The cells were incubated
for 1 hour in PrestoBlue Cell Viability Reagent, which is reduced by metabolically active
cells. The cell media was then transferred to a 96-well black plate and its fluorescence was
read using a Biotek Synergy plate reader.

Adhesion assay

Rat MSCs were seeded onto alginate hydrogels in cell culture slides at a density of 330,000
cells/cm? and were maintained at 37°C in SF DMEM for 7 hours. As a control, cells were
also seeded onto the glass surface of the cell culture slides at the same density. To visualize
cell nuclei, Hoechst 33258 was added to the media (1:10,000). After 30 minutes of
incubation at 37°C, five separate fields of view of the gels for each experimental condition
were imaged with a fluorescence microscope. The cell culture slides containing the gels
were then agitated on an orbital shaker at 37°C for 30 minutes. The gels were washed with
SF DMEM to remove any unbound cells and were imaged again. The number of cells
present on the gels before and after washing was calculated by quantifying the number of
nuclei present in each field of view using Image].

Immunostaining

To assess cells on peptide modified alginate hydrogels in 2D, D1 cells were seeded onto
alginate hydrogels in cell culture slides at a density of 120,000 cells/cm? and maintained at
37°C in SF DMEM for three hours. The gels were then fixed in a 4% PFA solution in PBS
containing divalent cations (cPBS) for 15 minutes at 4°C and permeabilized with 0.1%
Triton X-100 in cPBS for 5 minutes at room temperature. The samples were blocked with
2% bovine serum albumin (BSA) and 5% normal goat serum (NGS) in cPBS plus 0.3%
Triton X-100 for 45 minutes at room temperature. The samples were then incubated with
rabbit anti-phospho-paxillin antibody (1:100, Cell Signaling) in cPBS plus 1% BSA for two
hours and washed with cPBS. Finally, the gels were treated with AlexaFluor 546 linked goat
anti-rabbit antibody (1:1,000, Invitrogen), fluorescein-conjugated phalloidin (1:50), and
Hoechst 33258 (1:5,000) for 1 hour at room temperature and washed with cPBS prior to

imaging.

Production of collagen I and osteocalcin by tMSCs encapsulated within alginate hydrogels
was also assessed via immunostaining as a metric of osteogenic differentiation. After 30
days in culture, samples were fixed with 4% paraformaldehyde in SF DMEM, supplemented
with 0.1% sodium azide, 0.1% Triton X-100, and 0.1% Tween-20 for 30 minutes at 25°C.
After washing the gels in 100 mM HEPES (pH 7.4), the gels were incubated in 5% sucrose
for 15 minutes at room temperature, followed by an overnight incubation at 4°C in 30%
sucrose containing a trace amount of fluorescein free acid. The following day, the gels were
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incubated in a 1:1 mixture of 30% sucrose and Optimal Cutting Temperature (OCT) media
(TissueTek) for 2 hours at room temperature, followed by an incubation in 100% OCT for
30 minutes. Meanwhile, freezing molds (Cryomold, TissueTek) were filled halfway with
OCT and frozen on dry ice. The fixed and cryoprotected gels were placed on top of the
frozen OCT in the mold, and the molds were filled entirely with OCT and frozen on dry ice
for 15 minutes. The samples were sectioned to achieve a thickness of 8-10 um and mounted
on Superfrost Plus slides. For immunostaining, the slides were washed with deioinized water
and permeabilized with 0.15% Triton X-100 in cPBS at room temperature for 10 minutes.
Samples were blocked with 2% BSA and 5% NGS in cPBS at room temperature for 1 hour.
The samples were then incubated in either rabbit anti-collagen I or rabbit anti-osteocalcin
antibody (1:100, Abcam) in PBS containing 1% BSA and 0.01% Tween-20 for 3 hours at
room temperature, followed by a one hour incubation in AlexaFluor 488 linked goat anti-
rabbit antibody (1:500, Invitrogen) in PBS plus 0.01% Tween-20 and Hoechst 33258
(1:5,000). The presence of collagen I and osteocalcin was quantified by dividing the total
image area staining positive for collagen I or osteocalcin by the number of cells present in
that field of view.

Western Blotting

Rat MSCs cultured in expansion media as described above were recovered from tissue
culture flasks by treating with 5 mM EDTA, washed twice, and then resuspended into PBS
with 10 mM RGD or DGEA peptide. PBS with no peptide served as a negative control.
Samples were incubated at 37°C for 30 minutes, collected by centrifugation, and lysed into
Radio Immunoprecipitation Assay (RIPA) buffer (Sigma) with Minitab Protease Inhibitors
(Roche). The samples were then centrifuged at 14,000 rpm, and the protein content of the
supernatant was determined using the bicinchoninic acid (BCA) assay (Thermo Scientific),
using bovine serum albumin (BSA) to generate a standard curve. Twelve pg of protein per
sample were loaded onto 4-20% Tris-Glycene gradient gels, separated by SDS-PAGE, and
then transferred to nitrocellulose membranes. Membranes were blocked with 3% BSA in
Tris-buffered saline with Tween (TBST) for 1 hour. Membranes were then incubated with
rabbit anti-pERK primary antibody (1:1000, Cell Signaling) overnight at 4°C and washed
with TBST. Membranes were incubated with goat anti-rabbit secondary antibody (Cell
Signaling) conjugated to horseradish peroxidase (HRP) for 30 minutes at room temperature
and then washed with TBST. Blots were developed using Bioluminescence X-ray film
(Kodak) and the Enhanced Chemiluminescence Substrate System (Thermo Scientific). Actin
was probed with mouse anti-actin primary antibody (Chemicon) and HRP-conjugated rabbit
anti-mouse secondary antibody (Cell Signaling) to serve as a loading control.

Alkaline Phosphatase Staining

After 7 days in culture, rat MSCs encapsulated in alginate hydrogels were fixed with 4%
paraformaldehyde in serum-free DMEM, supplemented with 0.1% sodium azide, 0.1%
Triton X-100, and 0.1% Tween-20, for 30 minutes at room temperature. The gels were then
incubated in 100 mM BacCl, in 100 mM HEPES, pH 7.4 for 30 minutes to stabilize the
alginate network and washed with 100 mM HEPES, pH 7.4. The gels were equilibrated in
alkaline buffer (100 mM Tris-HCI, 100 mM NaCl, 0.1% Tween-20, pH 7.4) for 30 minutes
at 37°C. Fast Blue staining buffer (alkaline buffer with 100 mM BaCl,, 500 pg/ml Fast Blue,
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500 pug/ml NAMP, and 50 mM MgCl,) was then added to gels. After 2 hours of incubation
at 37°C, the gels were washed in SF DMEM containing 0.1% sodium azide and 0.1%
Tween-20 for 15 minutes at room temperature. Hoechst 33258 at 1 pg/ml in cPBS was
added for nuclear counterstaining. The gels were sectioned as described above, mounted on
glass microscope slides and visualized both in brightfield (for Fast Blue staining) and in
fluorescence (for nuclear counterstain).

Von Kossa Staining

Results

Rat MSCs encapsulated in alginate hydrogels and cultured for 30 days were fixed and
cryosectioned as described above. Slides were then washed in deionized water, and a 3%
(w/v) silver nitrate solution (PolySciences Inc.) was applied to the sections. Slides were
exposed to UV light for 10 minutes and then washed with DI water. The slides were
counterstained with Nuclear Fast Red (PolySciences Inc.).

The collagen I mimicking peptide DGEA has previously been reported to bind the a2§1
integrin dimer 2!, and thus could serve as a cell adhesion ligand for MSCs. DGEA peptide
was conjugated to alginate using previously developed carbodiimide chemistry (Fig. 1).
Additionally, alginate modified with RGD peptide (an integrin-binding ligand commonly
used to mediate cell adhesion to various polymers 18-20) was prepared to serve as a positive
control for MSC adhesion. Unmodified alginate, which is not naturally cell adhesive, served
as a negative control. Initial studies to assess the cell adhesive properties of DGEA-
conjugated alginate gels utilized a clonally derived murine MSC line (D1), as these cells
have been previously shown to express a more stable MSC phenotype than primary bone
marrow-derived MSCs!2, Under serum-free culture conditions, D1 cells adhered and spread
on top of alginate hydrogels modified with RGD peptide, but were generally unable to
adhere to unmodified alginate gels, as observed by time lapse microscopy over the course of
3 hours (Fig. 2A,B and Videos S1 and S2). The D1 cells exhibited limited adhesion and
spreading on alginate gels modified with DGEA peptide (Fig. 2A,B and Video S3). As cell
viability is closely linked to adhesion in MSCs, the viability of D1 cells seeded on peptide-
modified hydrogels was assessed with the Presto Blue assay, which measures cellular
metabolic activity. D1 cells seeded on RGD-modified gels exhibited significantly higher
metabolic activity than cells on either unmodified or DGEA-modified gels after three days
in culture, indicating higher cell viability for cells presented with RGD peptide (Fig. 2C).

To further investigate the mechanism of cellular interaction with the RGD and DGEA
peptides, D1 cells were seeded on alginate hydrogels and maintained in serum free media for
3 hours, as above. The cells were then fixed and stained for cytoskeletal organization (F-
actin) and focal adhesion formation (phospho-paxillin). Consistent with the previous
adhesion data, actin staining revealed a spread morphology for cells cultured on RGD-
modified gels, while those cells cultured on unmodified or DGEA-modified gels exhibited a
more rounded morphology (Fig. 2D). Furthermore, formation of focal adhesions was clearly
observed in cells cultured on RGD-modified gels, as evidenced by punctate staining for
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phosopho-paxillin (Fig. 2D). Such focal adhesions were largely absent in cells culture on
unmodified or DGEA-modified gels.

While D1 cells are useful for in vitro mechanistic studies due to their stable MSC
phenotype, as an immortalized cell line, D1 cells may not precisely replicate the interactions
between native MSCs and DGEA-modified gels. Therefore, the ability of MSCs to adhere in
2D to alginate hydrogels functionalized with DGEA was also assessed using primary rat
MSCs (tMSCs). To quantify the number of adherent rMSCs on DGEA modified alginate
gels, IMSCs were cultured on unmodified, RGD-modified, or DGEA-modified alginate gels
for 7 hours in the absence of serum, and the number of cells present on the gels before and
after washing was determined. Consistent with the studies using D1 cells, the seeded rMSCs
adhered well to RGD-modified gels, whereas the vast majority of cells were removed from
both the unmodified and DGEA-modified gels with washing (Fig. 3). Furthermore, Western
blot analysis for phosphorylated ERK (pERK), a protein implicated in integrin-mediated
signaling related to cell adhesion and proliferation 27, revealed higher levels of pERK in
cells treated with RGD peptide, but not in cells treated with DGEA peptide (Supplemental
Fig. S1).

In addition to mediating cell adhesion, integrins play crucial roles in terms of regulating
gene expression in cells through a variety of signaling pathways 28. The potential for
DGEA-presenting hydrogels to regulate MSC differentiation was investigated by
encapsulating rMSCs in alginate hydrogels presenting DGEA, RGD, or both peptides, or in
unmodified gels. Gels modified with both peptides were made by mixing DGEA- and RGD-
presenting polymers at a 1:1 ratio. Cells cultured in RGD-presenting gels supplemented with
BMP-2 were included as a positive control, as such conditions have previously been shown
to be conducive for osteogenic differentiation of MSCs 2. The composition of alginate
hydrogels used in this study produces gels with elastic moduli of approximately 20 kPa!2.
Substrate stiffness is known to modulate the interactions between integrins and both RGD'2
and DGEA?? ligands, so an elastic modulus of 20 kPa was chosen as alginate hydrogels of
this modulus presenting RGD peptides have been previously shown to favor osteogenic
differentiation of MSCs!2. After 7 days in culture, the fraction of cells positive for alkaline
phosphatase (ALP) activity, an early osteogenic marker, was determined by Fast Blue
staining. All peptide-presenting conditions exhibited a greater percentage of cells with ALP
activity than in unmodified alginate, with the samples supplemented with BMP-2 having the
greatest fraction of ALP positive cells (Fig. 4 and Supplemental Fig. S2). After 30 days in
culture, more mature markers of osteogenesis were assayed. The relative number of cells in
each condition was obtained by quantifying the number of nuclei in sectioned samples and
was subsequently used to normalize collagen I and osteocalcin production (Fig. 5D).
Production of collagen I and osteocalcin was visualized by immunofluorescence, and
mineralization was observed using von Kossa staining. Samples presenting the DGEA
peptide exhibited the highest level of staining for collagen I, and significantly higher than
samples presenting both RGD and DGEA peptides (Fig. 5A,E). The DGEA-presenting
samples had the highest levels of osteocalcin, with significantly more osteocalcin present in
these samples than in the unmodified, RGD, and RGD/DGEA samples (Fig. 5B,F). The

J Biomed Mater Res A. Author manuscript; available in PMC 2016 November 01.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mehta et al. Page 9

DGEA-presenting samples also had the greatest amount of mineralization, with a value
comparable to the mineralization in samples treated with BMP-2 (Fig. 5C,G).

Discussion

Specific integrin engagement by ECM-mimicking peptides is an attractive strategy for
directing the differentiation of mesenchymal stem cells. Collagen I, a major component of
bone, has previously been shown to enhance osteogenesis in MSCs 7. Furthermore,
previous reports have demonstrated that functionalizing biomaterial scaffolds with another
collagen-derived ligand, GFOGER, enhances bone defect healing and implant
osseointegration in vivo?2-24, The DGEA peptide, derived from the a2p1 integrin-binding
domain of collagen I, is therefore a potential target ligand to stimulate osteogenesis. The
DGEA peptide is known to specifically bind the a2f1 integrin pair, and it has been
investigated as a targeted imaging probe for cancers known to overexpress a2p1 integrins0.
Because of this peptide’s integrin binding ability, we anticipated that it could serve as an
adhesion ligand for MSCs. However, both clonally derived mouse MSCs and primary rat
MSCs were unable to adhere to the surface of alginate gels presenting the DGEA peptide,
whereas alginate gels presenting the same density of RGD peptides did facilitate adhesion.
Therefore, the DGEA peptide does not appear to serve as an adhesion ligand for MSCs at
the 2D density presented in this study. These results are consistent with previously published
studies demonstrating limited adhesion of rat calvarial osteoblasts and MC3T3-E1
osteoblasts on hydrogel surfaces presenting DGEA peptide3!-32. Previous studies reporting
cell adhesion mediated by the DGEA peptide utilized peptide adsorbed on hydroxyapatite in
the presence of FBS 33-34. Serum adsorption onto the peptide-coated surfaces could have
resulted in non-specific adhesion in this earlier work. Other studies demonstrating enhanced
osteogenesis using the DGEA ligand have presented the ligand from peptide amphiphile
nanofibrous networks3>3%. Ligand presentation from these networks occurs at a much higher
local density than from hydrogel surfaces, as the DGEA epitopes are localized to the surface
of the nanofibers as opposed to homogenously distributed throughout the gel. This increased
local ligand density may enhance ligand clustering and promote adhesion in these peptide
amphiphile materials. Previous studies have also shown that naive MSCs express
fibronectin-binding integrins at greater levels than collagen-binding integrins, but upregulate
collagen-binding integrins during differentiation 37, providing a possible mechanism for the
inability of the DGEA peptide to serve as an adhesion ligand for naive MSCs.

While naive MSCs may not present sufficient a2f31 integrins to cluster and form stable focal
adhesions at the 2D ligand density investigated in this study, integrin engagement by DGEA
may still mediate a signaling response that results in changes in gene expression and
differentiation 28. Encapsulating the MSCs within alginate hydrogels for the differentiation
assays physically entraps the cells in the material, preventing weakly adherent cells from
being removed by media changes. This confinement within the hydrogel thus allows for
increased opportunities for the a2f1 integrin pairs that are expressed on the cell surface to
engage the DGEA ligands, while also providing the cells more time to potentially upregulate
a2pB1 integrin expression. Previous work has shown that the clustering of RGD ligands in
hydrogels in 3D can alter the expression of integrins in mouse MSCs 3%, and a similar
response may lead to an upregulation of collagen-binding integrins in response to DGEA. At
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the ligand concentration investigated in this study, the total number of accessible ligands
available to a spread MSC on a hydrogel surface and to an MSC encapsulated within a
hydrogel is similar, on the order of 10 ligands per cell (see Supplemental Information for
calculations). This estimate assumes that a cell can interact with a ligand in the hydrogel
network within the length of the extracellular domain of an integrin (approximately 18
nm)3°. Presenting the MSCs with ligands from a 3D matrix is significantly different from
presenting the same ligands from a 2D surface. The results obtained from the 2D adhesion
experiments do not necessarily indicate how the MSCs will interact with the ligands in 3D,
and in the current study, the limited adhesion observed on DGEA-modified surfaces in 2D
was a poor predictor for the ability of the DGEA ligand to induce an osteogenic response in
3D.

Presenting MSCs encapsulated in hydrogels with DGEA ligands alone resulted in
significantly increased osteocalcin production and mineral deposition. Therefore, while the
DGEA peptide did not mediate cell adhesion in 2D at the density investigated in this study,
presentation of the DGEA ligand in hydrogels in 3D elicited a more osteogenic phenotype
from encapsulated MSCs. Hydrogels presenting both RGD and DGEA peptides
simultaneously were included to assess whether RGD-mediated adhesion would have a
synergistic effect on osteogenic induction in response to the DGEA peptide. Interestingly,
the presentation of both ligands in the same gel did not exhibit an additive effect for either
cell adhesion nor expression of osteogenic markers. Rather, expression of mature osteogenic
markers in these gels is comparable to that in the unmodified alginate and RGD conditions
(Fig. 5). A possible explanation for these results is that by adhering to the RGD peptides
through the higher expressed RGD-binding integrins, the initially weak association with the
DGEA ligands did not result in upregulation of the collagen-binding integrins. In this
scenario, the interaction with the RGD ligands present may dominate, and the MSCs would
behave as if they were only presented with RGD. The RGD ligand was originally derived
from the ECM protein fibronectin, and previous studies have demonstrated enhanced MSC
proliferation and maintenance of differentiation capacity when cultured on naturally derived
ECM s containing fibronectin 1340, These previous studies suggest that fibronectin plays a
role in maintaining an undifferentiated MSC phenotype, providing a possible explanation for
the lower expression of mature osteogenic markers observed in hydrogels presenting the
RGD ligand compared to the DGEA ligand. Future studies should investigate the binding
interactions between MSC integrins and the RGD and DGEA ligands in hydrogels in 3D to
test whether the cells preferentially bind one ligand over the other, and if this preference
changes over the duration of the experiment. Future work should also address the
mechanism by which the DGEA ligand enhances osteogenic phenotype in MSCs. Western
blot analysis suggests that while the RGD peptide leads to ERK activation, the DGEA
peptide may elicit an ERK-independent signaling response. One signaling pathway that
should be considered is the Jnk pathway, which has been implicated in inducing
differentiation in response to integrin binding 27

The ability to utilize specific interactions between cells and extracellular matrix ligands to
control cell fate has significant implications for the fields of tissue engineering and
regenerative medicine. Maintaining control over cell phenotype post-transplantation remains
a major challenge in the clinical translation of stem cell therapies. Present strategies that
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utilize soluble factors can result in off target effects and serious complications for patients as
a result of these factors diffusing out of the implant site !. By employing specific cues
derived from the natural extracellular matrix, the signals provided to direct stem cell
differentiation remain localized to the material in which the cells are delivered, potentially
eliminating the off target effects associated with growth factor therapies. In particular, off-
label use of BMP-2, which is FDA-approved for use in lumbar spinal fusion procedures, has
been shown to cause ectopic bone formation, leading to airway compromise and
neurological impairment 1041:42 In the present study, presenting MSCs with DGEA peptide
in hydrogels in 3D significantly enhanced the osteogenic phenotype of these cells.
Therefore, future studies should investigate if DGEA presenting hydrogels can induce
osteogenesis in transplanted MSCs in vivo, as a potential alternative to co-delivery of
soluble growth factors.

Conclusion

The use of hydrogels presenting ECM-mimicking ligands to direct the differentiation of
MSCs holds promise as a means to exert control over cell fate post-transplantation. Alginate
hydrogels were prepared that presented the RGD ligand, derived from fibronectin, or the
DGEA ligand, derived from collagen I. MSCs adhered to and spread on hydrogel surfaces
presenting the RGD ligand, but not on gels presenting the DGEA ligand. However, when
MSCs were encapsulated within alginate hydrogels, cells presented with the DGEA ligand
exhibited a more osteogenic phenotype than cells presented with the RGD ligand, as
evidenced by increased production of osteocalcin and increased mineral deposition. These
results suggest that ECM ligand presentation may allow for localized control of stem cell
differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alginate Hydrogels Presenting ECM -Mimicking Ligands
(A) DGEA and RGD peptides were conjugated to alginate via carbodiimide chemistry.
Schematics depicting presentation of DGEA and RGD peptide from (B) hydrogel surfaces
for 2D cell adhesion studies and (C) cell-encapsulating hydrogels for 3D differentiation
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Figure 2. Characterization of D1 Mouse M SC Adhesion to RGD and DGEA Peptide M odified
Alginates

(A). DIC images of D1 MSCs seeded onto unmodified alginate, RGD-modified alginate, or
DGEA-modified alginate hydrogels. Cells were maintained in serum free DMEM and
imaged over the course of three hours post-seeding. Arrows denote the appearance of spread
cells. Scale bar: 100 um. (B). Fraction of seeded D1 cells adopting a spread morphology
three hours post-seeding onto unmodified alginate, RGD-modified alginate, or DGEA-
modified alginate hydrogels. *p<0.05, **p<0.01, Student’s t-test, n = 3—4. Error bars are
+3D. (C). Metabolic activity of DI MSCs seeded onto unmodified alginate, RGD-modified
alginate, or DGEA-modified alginate hydrogels, as measured by the PrestoBlue assay, after
3 days in culture. Increased fluorescence corresponds to increased metabolic activity.
*%p<0.01, Student’s t-test, n = 3. Error bars are £3D. (D). Immunofluorescence images of
D1 MSC:s seeded onto unmodified alginate, RGD-modified alginate, or DGEA-modified
alginate hydrogels and cultured for 3 hours. Cell nuclei are labeled in blue (Hoechst 33258),
actin filaments in green (phalloidin), and phospho-paxillin in red. Scale bar: 50 pm.
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Figure 3. Characterization of Primary Rat M SC Adhesion to RGD and DGEA Peptide M odified

Alginates

Average number of primary rMSCs attached to the surface of unmodified alginate
hydrogels, RGD-modified alginate hydrogels, or DGEA-modified alginate hydrogels, before
and after washing to remove unbound cells. *p<0.001, Student’s t-test, n = 5. Error bars are

+3D.
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Figure 4. Alkaline Phospatase Activity in rM SCs Cultured in Peptide-M odified Alginate
Hydrogels

Fraction of rtMSCs positive for alkaline phosphatase activity (Fast Blue) after 7 days of
culture in alginate hydrogels that were either unmodified or modified with RGD and/or
DGEA peptides. Samples treated with recombinant BMP-2 were included as a positive
control. Conditions with the same letter are not statistically different from each other,

p<0.05, Student’s t-test, n = 4-5 independent samples. Error bars are £SEM.
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Figure 5. Osteogenic Differentiation of rM SCs Cultured in Peptide-M odified Alginate Hydrogels
Representative images of rMSCs cultured for 30 days in alginate hydrogels that were either

unmodified or modified with RGD and/or DGEA peptides. Recombinant BMP-2, the
present clinical standard for inducing bone formation, was included as an additional
condition. Cells were stained for (A) collagen I deposition (green), (B) osteocalcin
production (green), and (C) mineral deposition (von Kossa). Hoechst 33258 was included as
a nuclear counterstain in (B) and (C). Scale bars: 100 um. (D). Relative number of cells in
hydrogels after 30 days in culture as determined by counting Hoechst-stained nuclei. (E).
Area of images positive for Col I per cell count. (F). Area of images positive for OCN per
cell count. (G). Percent area of images positive for mineralization as indicated by von Kossa
staining. In (D-G), conditions with the same letter are not statistically different from each
other, p<0.05, Student’s t-test, n = 4-8 independent samples. Error bars are +SEM.
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