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Abstract
Many strategies for controlling the fate of transplanted stem cells rely on the concurrent delivery
of soluble growth factors that have the potential to produce undesirable secondary effects in
surrounding tissue. Such off target effects could be eliminated by locally presenting growth factor
peptide mimics from biomaterial scaffolds to control stem cell fate. Peptide mimics of bone
morphogenetic protein 2 (BMP-2) were synthesized by solid phase Fmoc-peptide synthesis and
covalently bound to alginate hydrogels via either carbodiimide or sulfhydryl-based coupling
strategies. Successful peptide conjugation was confirmed by 1H-NMR spectroscopy and quantified
by fluorescently labeling the peptides. Peptides derived from the knuckle epitope of BMP-2,
presented from both 2D surfaces and 3D alginate hydrogels, were shown to increase alkaline
phosphatase activity in clonally derived murine osteoblasts. Furthermore, when presented in 3D
hydrogels, these peptides were shown to initiate Smad signaling, upregulate osteopontin
production, and increase mineral deposition with clonally derived murine mesenchymal stem cells.
These data suggest that these peptide-conjugated hydrogels may be effective alternatives to local
BMP-2 release in directly and spatially eliciting osteogenesis from transplanted or host
osteoprogenitors in the future.
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INTRODUCTION
Much recent work has focused on developing regenerative therapies that rely on somatic
stem cells, as these cells can be obtained with relative ease, in many instances from the same
patient in need of the therapy. In particular, mesenchymal stem cells (MSCs) are a
promising therapeutic source for musculoskeletal regeneration 1, 2. Initial attempts to
develop MSC-based therapies were met with limited success, due to the poor survival of the
cells after injection and their poor engraftment into host tissues 3. Thus, several engineering
challenges facing the widespread application of stem cell therapies remain. These include
the need to efficiently deliver cells to damaged tissues in the host organism and to control
the fate of transplanted cells in vivo. Recently, materials-based deployment systems have
been developed to protect cells during implantation 4, and these materials can be modified to
express chemical and mechanical cues that direct cell fate 5.

Currently, many strategies in tissue engineering and regeneration utilize soluble growth
factors 6. However, because these growth factors eventually diffuse out of the scaffold, they
may have to be administered in high dosage, resulting in secondary effects on surrounding
host tissues and a reduced ability to locally influence the fate of cells inside a scaffold.
Consequently, clinical studies have so far employed only one material basis (collagen
scaffolds) with very high dosages, and new material platforms with controlled release
systems have had limited transitional success into clinical studies. For instance, bone
morphogenetic protein 2 (BMP-2) is a potent inducer of osteogenesis and could be used to
direct the differentiation of MSCs into bone. The clinical use of BMP-2 to promote spinal
fusion has led to serious complications, including ectopic bone formation 7, 8, post-operative
neurological complaints 9, increased swelling at the surgery site, and incidences of airway
compromise 10, 11, emphasizing the importance of appropriate delivery of growth factors. In
addition to such safety concerns, growth factor therapies are very expensive, and studies
have questioned the cost-effectiveness of current BMP-2 treatments 12.

In contrast to soluble growth factors, integrin-binding RGD peptides are routinely bound to
hydrogel scaffolds to facilitate cell migration and adhesion 13. Binding RGD peptides to
alginate has previously allowed exploration of how the valency with which RGD is
presented, as well as how the mechanical properties of the hydrogel presenting the peptides,
affects cell fate 14. Interestingly, it has been shown that similarly tethering epidermal growth
factor to substrates to which MSCs are adherent results in improved function compared to
the soluble form of the growth factor 15. Providing growth factors in a tethered form may
thus affect their ability to influence cell fate, improving the utility of materials used for cell
delivery, while simultaneously eliminating the complications of the growth factors diffusing
into the surrounding tissue.

Two challenges in covalently attaching growth factors to substrates are that the conjugation
efficiency may be very low and the factors themselves costly. However, recent efforts have
produced short chain peptides that mimic the activity of growth factors by binding to their
cell receptors 16–21. Covalently attaching peptide mimics of BMP-2 to alginate hydrogels is
an attractive option for locally controlling the fate of transplanted MSCs, as this method will
eliminate diffusion of the osteopromotive factors out of the scaffold material, while also
replacing costly recombinant growth factors with chemically synthesized peptides. Alginate
is an ideal substrate for these types of experiments, as it is an inert polymer that does not
influence cells unless it presents specific adhesive and signaling cues. Furthermore, the
mechanical properties of alginate can be varied to affect the fate of encapsulated stem
cells 22.
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This paper describes the synthesis of alginate hydrogels presenting peptide mimics of
BMP-2 and the effect of these peptide-modified hydrogels on encapsulated osteoblasts and
mesenchymal stem cells. Two distinct peptide sequences have been previously reported to
mimic the bioactivity of BMP-2 16, 17, and both were investigated for their potential to
induce osteogensis. The first of these peptides (DWIVA) was covalently bound to alginate
using previously established carbodiimide chemistry (Fig. 1A) 23. However, the second
peptide, the so-called “knuckle epitope” of BMP-2 (KIPKASSVPTELSAISTLYL), contains
two lysine residues within the active sequence, and the primary amines of these residues
have the potential to cross-react with the activated carboxyl groups generated using
carbodiimide chemistry. This would likely result in a large fraction of peptide bound in an
inactive form. Therefore, an orthogonal coupling strategy was pursued to maintain coupling
specificity at the N-termini of the peptides. The alginate was functionalized with maleimide
groups and the peptide sequence was modified to include an N-terminal cysteine residue. To
optimize the efficiency of reaction with the carboxylate groups on the alginate, two different
maleimide crosslinkers were investigated: one with an amine moiety and the other with a
hydrazide moiety (Fig. 1B–C). After successful conjugation to alginate, both peptides were
presented from three-dimensional hydrogels to locally influence the fate of encapsulated
osteoprogenitor cells.

MATERIALS AND METHODS
Materials

Protected amino acids, pre-loaded polystyrene resins, 1-(bis(dimethylamino)methylene)-1H-
benzotriazolium hexafluorophosphate 3-oxide (HBTU) for solid-phase peptide synthesis,
and G4RGDSP-OH peptides, were purchased from Peptides International (Louisville, KY).
N-methylpyrrolidinone (NMP), piperidine, diisopropylethylamine (DIEA), and
trifluoroacetic acid (TFA) were purchased from Advanced ChemTech. Acetic anhydride,
triisopropyl silane (TIS), 1,2-ethanedithiol (EDT), dichloromethane, methanol, diethyl ether,
acetonitrile, isobutanol, calcium chloride, calcium sulfate, barium chloride dihydrate,
sodium chloride, N-(2-aminoethyl)maleimide trifluoroacetate, (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), 2-(N-morpholino)ethanesulfonic acid (MES),
hydroxylamine hydrochloride, rhodamine B isothiocyanate, ethylenediaminetetraacetic acid
(EDTA), and 4-methylumbelliferyl phosphate (4-MUP) were purchased from Sigma (St.
Louis, MO). Alginate polymers were purchased from FMC Biopolymer (Princeton, NJ).
Sulfo-N-hydroxysuccinimide (Sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), N-β-maleimidopropionic acid hydrazide trifluoroacetate (BMPH), and
sodium borate buffer were purchased from Thermo Scientific (Waltham, MA). Deuterium
oxide (99.9% D), deuterated dimethyl sulfoxide (d6-DMSO) (99.9% D), and sodium
2,2,3,3-D4-3-trimethylsilylpropionate (TMSP) (98% D) were purchased from Cambridge
Isotope Laboratories (Andover, MA). Dulbecco’s Phosphate Buffered Saline (dPBS),
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), EDTA/trypsin,
and L-glutamine were purchased from Invitrogen (Carlsbad, CA). Phenol Red Free
Dulbecco’s Modified Eagle Medium (SF DMEM) was purchased from MediaTech
(Manassas, VA). Passive lysis buffer was purchased from Promega (Madison, WI).
Collagenase P was purchased from Roche Applied Science (Indianapolis, IN). Recombinant
human BMP-2 was purchased from R&D Systems (Minneapolis, MN).

Peptide Synthesis
Polystyrene resins pre-loaded with the C-terminal amino acid were swelled in
dichloromethane for 30 minutes before being washed with NMP and loaded into the reaction
vessel of the peptide synthesizer. Peptide synthesis was performed on a CSBio CS336X
peptide synthesizer, using 20% piperidine for Fmoc deprotection and working
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concentrations of 0.32 M HBTU and 0.2 M DIEA to facilitate amino acid coupling. Amino
acids were provided in a fourfold molar excess over the amount of starting amino acids pre-
loaded on the resin. A double-coupling protocol was followed to maximize coupling
efficiency, and any remaining amine groups were capped by the addition of a 50-fold molar
excess of acetic anhydride, activated with DIEA to a final concentration of 0.2 M, after the
second coupling step.

Resins were prepared for acid-mediated peptide cleavage by washing with NMP,
dichloromethane, and methanol and were allowed to dry. Peptides not containing cysteine
residues were cleaved from the resin using 95% TFA with 2.5% water and 2.5% TIS as
scavengers. Peptides containing cysteine residues were cleaved using 94% TFA with 2.5%
water and 1% TIS as scavengers and 2.5% EDT to prevent disulfide bond formation and
peptide dimerization. Cleavage solutions were concentrated in vacuo. The free peptides were
collected by precipitation with cold diethyl ether and centrifugation at 10,000 rpm for 15
minutes. The supernatant was decanted, and the remaining powder was redissolved in a 1:1
mixture of water and acetonitrile and lyophilized.

Peptides were purified with 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. For NMR analysis, peptides were dissolved in
deuterated dimethyl sulfoxide. 1H-NMR spectra were obtained using a Varian Mercury 400
MHz NMR Spectrometer and analyzed using ACD Labs NMR Processor software.

Preparation of Peptide-Conjugated Alginate Polymers
All alginate polymers were purified by dialyzing a 1% (w/v) solution of alginate against
deionized water. The alginate was decolored with activated charcoal and filtered through a
0.22 μm membrane. If the unmodified alginate was to be used in cell culture, the polymer
solution was maintained under aseptic conditions following filtration. The polymer solution
was lyophilized to afford the alginate as a dry powder.

Alginate to be modified with G4RGDSP-OH (RGD) or G4DWIVA-OH (DWIVA) peptides
was dissolved to 1% (w/v) in a 0.1 M MES and 0.3 M sodium chloride buffer solution at pH
6.5. After the alginate was completely dissolved, sulfo-NHS and EDC were added in a 1:2
molar ratio, followed immediately by addition of the peptide, according to a previously
published procedure 23. The amount of peptide was varied to yield a theoretical degree of
substitution between 2 and 10 peptides per polymer chain, based on a previous study that
determined reaction efficiency using 125I labeled peptides 23. 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 μm) filtered and
lyophilized.

Because of the lysine residues present in the knuckle epitope of BMP-2, peptides derived
from this sequence were not coupled to the alginate via carbodiimide reactions due to the
possible cross-reactions with the lysine amine groups. An orthogonal coupling strategy
based on maleimide-thiol chemistry was developed to remediate this problem. BMP-2
knuckle epitope peptides were synthesized to include an N-terminal cysteine for access to
the sulfhydryl moiety: CGKIPKASSVPTELSAISTLYL-OH. Two separate strategies were
investigated for functionalizing alginate with maleimide groups. Using an amine-carboxyl
reaction strategy similar to the coupling scheme used for the RGD and DWIVA peptides, N-
(2-aminoethyl)maleimide trifluoroacetate was coupled to alginate in a two-fold molar excess
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of the desired peptide concentration via the previously described carbodiimide reaction. The
second coupling strategy employed a hydrazide-carboxyl reaction. Alginate was dissolved to
a concentration of 1% (w/v) in a 0.5 M MES buffer, with the pH adjusted to 5.0–6.0. A two-
fold molar excess of BMPH was added to the stirring alginate solution, followed by an 8-
fold excess of EDC to initiate the coupling reaction. After 2 hours, the maleimide-modified
alginate was precipitated by the addition of excess ethanol and collected by vacuum
filtration. To remove excess MES, the alginate was redissolved in deionized water and
precipitated for a second time by addition of excess ethanol. The maleimide-modified
alginate was collected by vacuum filtration and dried overnight in a vacuum dessicator. To
react with the cysteine-terminated BMP-2 knuckle epitope peptide, the maleimide-modified
alginate was dissolved in phosphate buffered saline at pH 7.2 to a final concentration of 1%
(w/v). The sulfhydryl-containing peptide was added, and the reaction was allowed to
proceed for 24 hours. Salts and unbound peptide were removed by dialyzing against a
decreasing concentration of sodium chloride. The resulting solution was sterile filtered and
lyophilized.

Peptide coupling was confirmed qualitatively by 1H-NMR using a Varian Inova 500 MHz
NMR Spectrometer and analyzed using ACD Labs NMR Processor software. Alginate was
dissolved at 1% (w/v) in deuterium oxide with 0.04% (w/v) sodium 2,2,3,3-D4-3-
trimethylsilylpropionate added as an internal standard.

Quantification of Coupling Efficiency
The efficiency of maleimide coupling to alginate was quantified using a fluorometric
Maleimide Quantification Assay Kit (Abcam). Maleimide conjugated alginate with varying
theoretical degrees of substitution was prepared as described above. The maleimide-
modified alginate samples to be assayed were dissolved in Sample Buffer to a final
concentration of 1% (w/v). Standards were prepared by making serial dilutions of BMPH
plus 1% (w/v) unmodified alginate dissolved in Sample Buffer. The fluorometric assay was
performed following the manufacturer’s instructions. As the presence of maleimide is
observed by a secondary reaction that itself may have limited efficiency in reacting with
maleimide moieties conjugated to alginate, the efficiency of maleimide conjugation is
reported as relative to the alginate samples treated with sufficient BMPH to result in a
theoretical degree of substitution of one maleimide per alginate polymer.

Peptide coupling efficiency was determined by labeling BMP-2 knuckle epitope peptides
with the fluorescent dye rhodamine B. BMP-2 knuckle epitope peptides with the N-terminal
amines protected by Fmoc groups were dissolved in a 1:1 mixture of acetonitrile and 50 mM
sodium borate buffer at pH 9.0. The temperature of the peptide solution was maintained at 4
°C. A 1.4 molar excess of rhodamine B isothiocyanate was dissolved in the buffer mixture
to a final concentration of 10 mg/mL and then added dropwise to the stirring peptide
solution. The reaction was allowed to proceed overnight at 4 °C. The labeled peptide was
precipitated by the addition of excess acetone and collected by centrifugation. To remove
the N-terminal Fmoc group, the peptide was dissolved in 20% piperidine in NMP and
allowed to react for 30 minutes at room temperature. The deprotected peptide was
precipitated by addition of cold diethyl ether and collected by centrifugation. The peptide
was redissolved in deionized water and lyophilized to afford the labeled peptide as a pink
powder. The labeled peptide was coupled to maleimide-modified alginate as described
above to yield theoretical degrees of substitution of 2, 5, and 10 peptides per alginate
polymer chain. Reaction efficiency was determined by dissolving labeled peptide-modified
alginate in PBS at a concentration of 1% (w/v) and measuring the fluorescence emission
using a FluoroMax-3 spectrofluorimeter and exciting at 560 nm. Standards were prepared by
making serial dilutions of labeled peptide. Relative fluorescence quantum yield was
determined by dividing the integrated fluorescence intensity from 525 to 675 nm by the
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absorbance at 560 nm, as measured by a Beckman DU 530 UV/Vis spectrophotometer. The
calculated relative quantum yields were used to correct for changes in quantum yield after
coupling to alginate.

2D Cell Culture to Assess Peptide Bioactivity
Clonally derived murine osteoblasts (7F2s; ATCC) were maintained in culture in DMEM
supplemented with 10% FBS and 0.1% penicillin/streptomycin. To assess peptide
bioactivity in 2D, cells were seeded into 12-well tissue culture treated plates at a density of
1,000 cells/cm2 and cultured for 5 days. Samples in which osteogenesis was to be induced
were cultured in DMEM with 10% FBS and 0.1% penicillin/streptomycin supplemented
with 10 mM β-glycerophosphate and 50 μM ascorbic acid, which are required for in vitro
mineralization. Peptides were delivered in soluble form, with concentrations ranging from 5
nM to 50 μM, or were physically adsorbed to the surface of the plates by allowing 200 μL of
a 2 mg/mL solution of peptide to evaporate in the wells. Recombinant human BMP-2 was
provided at a concentration of 100 ng/mL for a positive control.

3D Cell Culture in Peptide-Presenting Hydrogels
7F2 cells or clonally derived murine mesenchymal stem cells (D1s; ATCC) were maintained
in culture in DMEM supplemented with 10% FBS and 0.1% penicillin/streptomycin.
Alginates were reconstituted in serum-free DMEM (SF DMEM) to a final concentration of
2% (w/v). To form the alginate hydrogels, RGD-alginate with a theoretical degree of
substitution of 10 peptides per polymer chain (DS 10) was mixed with either unmodified
alginate (negative control) or BMP peptide-modified alginate (DS 5) in a 1:1 ratio. A
positive control was prepared by encapsulating recombinant human BMP-2 (rhBMP-2) at a
concentration of 1 μg/mL in a 1:1 mixture of unmodified alginate plus DS 10 RGD alginate
hydrogels. Cells were trypsinized, centrifuged at 1400 rpm for 5 minutes, and resuspended
into dPBS. The PBS wash was repeated a second time to remove unbound proteins. Cells
were resuspended in SF DMEM and mixed with the alginate polymer solutions, so that the
final concentration of alginate was 1% (w/v) and the final concentration of cells was 2×107

per mL. Alginate hydrogels were crosslinked by addition of sterile 1.22 M calcium sulfate
slurry at 2% (v/v) of total gel. Gels were cast between two glass plates separated by 1 mm
for 45 minutes. Alginate discs were punched with a 9.33 mm metal die and were then
transferred to multi-well plates containing DMEM with 10% FBS and 0.1% penicillin/
streptomycin. For osteogenic media conditions, the media was supplemented with 10 mM β-
glycerophosphate and 50 μM ascorbic acid. Media for the positive control was additionally
supplemented with 100 ng/mL rhBMP-2. Cells were cultured from 4–16 days, and media
was changed every 2–3 days.

Alkaline Phosphatase Assay in 7F2s
Media was removed from wells containing hydrogels, and the hydrogels were washed twice
with dPBS. Hydrogels were transferred to 15-mL tubes containing 2 mL of matrix digest
buffer (a 1:1 mixture of trypsin/EDTA stock solution and 5 mg/mL collagenase P in SF
DMEM) and incubated for 7–10 minutes at 37° C. Eight mL of 50 mM EDTA in dPBS (pH
7.4) was added, and the mixture was incubated for an additional 25 minutes at 37° C. Cells
were collected by centrifuging at 2000 rpm for 5 minutes. The cell pellet was resuspended in
1 mL dPBS and transferred to an Eppendorf tube. Cells were again pelleted and then were
resuspended into 100 μL of passive lysis buffer and maintained on ice. Cell lysates were
sonicated and then clarified by centrifuging at 14,000 rpm for 15 minutes at 4° C. The
supernatant was transferred to a clean Eppendorf tube for alkaline phosphatase (ALP)
analysis, and the DNA pellet was reserved for later analysis. ALP standards were prepared
by dissolving alkaline phosphatase derived from bovine intestinal mucosa (Sigma) in
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passive lysis buffer. 50 μL of sample or standards were transferred to a black bottom 96-
well plate. 200 μL of 4-MUP liquid substrate system were added to each well, and the
fluorescence emission was read on a Biotek Synergy plate reader warmed to 37 °C and set to
kinetic mode, reading every 5 minutes for 45 minutes. The time point at which the standards
exhibited a linear response was chosen for analysis. ALP activity was normalized to DNA
content, as determined with a PicoGreen dsDNA kit from Invitrogen. The time for which the
osteoblasts were maintained in culture prior to ALP analysis was optimized by choosing the
time point (3, 5, or 7 days) at which the difference in ALP activity between the positive and
negative controls was largest.

Western Blot Analysis of D1s
Alginate hydrogels containing 107 D1 cells/mL were cast as described above. For PSmad
1/5/8 analysis, the samples were incubated in DMEM supplemented with 10% FBS and
0.1% penicillin/streptomycin for 30 minutes. For osteopontin (OPN) analysis, the samples
were maintained in culture for 4 days. The hydrogels containing cells were removed from
the culture media, washed with PBS, and transferred to clean Eppendorf tubes. Radio
Immunoprecipitation Assay (RIPA) buffer (Sigma) with Minitab Protease Inhibitors (Roche)
was added, and the mixture was sonicated to disrupt the gels and cell membranes. The
samples were then centrifuged at 14,000 rpm to pellet the remaining alginate gel and cell
membranes. 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.

Thirty μg of protein per sample were loaded onto 16% Tris-Glycene gels, separated by SDS-
PAGE, and then transferred to nitrocellulose membranes. Membranes were blocked by
incubating in 3% BSA in Tris-buffered saline with Tween (TBST) for 1 hour. Membranes
were then incubated with primary antibody (rabbit anti-PSmad 1/5/8 (Cell Signaling) or
mouse anti-OPN (Developmental Studies Hybridoma Bank)) for 4 hours at room
temperature and washed with TBST. Membranes were incubated with secondary antibody
(goat anti-rabbit for PSmad 1/5/8 or rabbit anti-mouse for OPN (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.

Analysis of Matrix Embedded Calcium
After 16 days of culture in media supplemented with 10 mM β-glycerophosphate and 50 μM
ascorbic acid, hydrogels with encapsulated MSCs were washed with PBS and transferred to
1 N hydrochloric acid. The embedded calcium was allowed to dissolve overnight at 4°C.
The amount of calcium in solution was determined using a Calcium Assay Kit (Cayman
Chemical).

Histological Analysis in 3D Hydrogels
At either day 7 (TUNEL staining) or day 16 (von Kossa), media was removed from wells
containing hydrogels, and the hydrogels were washed twice with dPBS. Cells in hydrogels
were fixed in a solution of 4% paraformaldehyde in SF DMEM containing 0.1% sodium
azide, 0.1% Triton-X-100, and 0.1% Tween-20 for 30 minutes at room temperature. The
fixation solution was removed, and the hydrogels were fixed with 100 mM barium chloride
in 100 mM HEPES at pH 7.4 for 30 minutes. The hydrogels were then washed twice with
100 mM HEPES (pH 7.4) to remove excess divalent cations that would precipitate in PBS.
For von Kossa staining, hydrogels were cut into small pieces using a scalpel and washed
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with distilled water. The gels were then covered with a 5% (w/v) solution of silver nitrate
and exposed to light for 30 minutes. The gels were washed twice with distilled water and
mounted on microscope slides for imaging. For TUNEL staining, the hydrogels were
cryoprotected by first incubating with 5% sucrose in PBS for 15 minutes at room
temperature, followed by an overnight incubation at 4 °C with 30% sucrose and a trace
amount of fluorescein free acid (to help identify the gel during sectioning) in PBS. The gels
were incubated in Optimal Cutting Temperature Medium (OCT) (Tissue TEK) at room
temperature for one hour. Gels were then transferred to a freezing mold with fresh OCT, and
the gels/OCT were frozen by immersing in isobutanol chilled in a bath of liquid nitrogen.
Eight-μm sections were then prepared using a Leica cryostat. Terminal deoxynucleotidal
transferase dUTP nick end labeling (TUNEL) staining was performed to identify apoptotic
cells using an In Situ Cell Death Detection Kit (Roche Applied Science), following the
manufacturer’s instructions. Fluorescence micrographs were captured using an upright Zeiss
LSM 710 confocal microscope.

RESULTS
Peptides synthesized by solid phase Fmoc-peptide synthesis were characterized by LC-MS
and 1H-NMR spectroscopy. All peptides exhibited the expected mass to charge ratios in
their mass spectra (Supplemental Table S1), and following HPLC purification, LC-MS
revealed purities of at least 90%. The NMR spectra of the purified peptides exhibited
resonance peaks consistent with the incorporated amino acids (Supplemental Fig. S1).

Successful peptide coupling to alginate was qualitatively confirmed via 1H-NMR
spectroscopy. Both BMP-2 mimics were successfully conjugated to alginate, as evidenced
by the appearance of both high field and aromatic proton resonances characteristic of the
respective peptides but absent in the alginate prior to peptide addition (Fig. 2). NMR was
also employed to confirm the addition of maleimide groups to alginate after the first
conjugation step in the BMP-2 knuckle epitope coupling scheme, which was indicated by
the appearance of a downfield singlet corresponding to the protons in the conjugated double
bond of the maleimide group (Supplemental Figure S2).

The efficiency of maleimide conjugation was quantified using a fluorometric assay
(Abcam). Initial attempts to produce maleimide functionalized alginate utilized N-(2-
aminoethyl)maleimide, and followed a protocol previously optimized for conjugating RGD
peptides to alginate via the N-terminal amine group (Fig. 1B) 23. However, the efficiency of
this coupling scheme was much lower than previously reported for peptides. Therefore, a
second reaction strategy, which replaced the amine group with a hydrazide moiety, was also
investigated. The hydrazide reaction was shown to be nearly 20-fold more efficient than the
amine reaction (Fig. 3A). The efficiency of the maleimide reaction was further increased by
decreasing the pH of the reaction buffer from pH 6.0 to pH 5.0, likely due to a decrease in
the rate of EDC hydrolysis and longer lived reactive intermediates (Fig. 3B). This
improvement could only be realized using the hydrazide reaction scheme, as the lower pKa
of hydrazides compared to amines permits a significant proportion of the hydrazide groups
to remain un-protonated at pH 5.0, allowing reaction with the activated carboxyl groups on
the alginate. Furthermore, the degree of substitution of maleimide groups per alginate
polymer can be quantitatively varied, although reaction efficiency does decrease for higher
degrees of substitution (Fig. 3B).

The conjugation efficiency of BMP-2 knuckle epitope peptides to maleimide functionalized
alginate was determined using peptides labeled with rhodamine B isothiocyanate via one of
the lysine residues. After correcting for fluorescence quantum yield changes after coupling
to alginate (Supplemental Figures S3 and S4), the conjugation efficiency was determined to
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be approximately 40%. This result was consistent for degrees of peptide substitution from 2
to 10 peptides per alginate polymer (Fig. 3C). Increasing the molar ratio of maleimide to
peptide by 5-fold did not result in a statistically significant increase in conjugation efficiency
(Fig. 3D), suggesting that the maximal conjugation efficiency for the BMP-2 knuckle
epitope peptides was reached.

The biological activity of the peptide mimics was first assessed in 2D culture using clonally
derived murine osteoblasts, as osteogenic induction in osteoblasts can be readily measured
by the relatively rapid upregulation of osteogenic markers, such as alkaline phosphatase
(ALP) activity, in response to treatment with BMP-2. The time point for assaying ALP
activity was chosen as the earliest time point at which ALP activity in osteoblasts treated
with rhBMP-2 was significantly greater than in cells treated with control media
(Supplemental Figure S5). Initial studies delivered the peptides in a soluble form, the
traditional delivery route for recombinant growth factors. DWIVA and BMP-2 knuckle
epitope peptides were added to the culture media at concentrations ranging from those
typical of recombinant growth factors (~5 nM) to those present in 3D hydrogel constructs
(~50 μM). After 5 days in culture, the only conditions that exhibited increased osteogenic
activity (as indicated by increased ALP activity) were those supplemented with rhBMP-2 as
a positive control (Fig. 4A). The conditions supplemented with the peptide mimics showed
no significant increase in ALP activity over the other control group cultured in osteogenic
media.

In contrast to the results of studies using the soluble peptide, BMP-2 knuckle epitope peptide
physically adsorbed to tissue culture plates increased ALP activity from osteoblasts after 5
days in 2D culture (Fig. 4B). However, even adsorbed DWIVA peptide was incapable of
inducing osteogenesis, as measured by ALP activity. Note that the absolute level of ALP
activity present in the osteoblasts may vary based on passage number, however, the relative
differences between the positive and negative controls are consistent (approximately 6-fold)
across all experiments. This allows for relative comparisons of peptide bioactivity within the
same experiment.

The ability of the BMP-2 mimicking peptides to elicit osteogenesis in 3D culture was first
assessed by encapsulating 7F2 osteoblasts in alginate hydrogels presenting these peptides.
Cells remained viable within these hydrogels after seven days in culture, as indicated by low
levels of TUNEL staining (Fig. 5). Osteoblasts encapsulated within alginate hydrogels
presenting a combination of RGD adhesion peptides and BMP-2 knuckle epitope peptides
exhibited increased ALP activity after one week in culture, as did osteoblasts cultured in
RGD presenting hydrogels with soluble rhBMP-2 (Fig. 4C), which is consistent with the 2D
culture results. Furthermore, cells cultured in alginate hydrogels presenting DWIVA
peptides exhibited no significant increase in ALP activity.

To determine the ability of 3D alginate hydrogels presenting BMP-2 mimicking peptides to
elicit osteogenesis in MSCs, clonally derived murine mesenchymal stem cells were
encapsulated in hydrogels presenting both RGD and either DWIVA or BMP-2 knuckle
epitope peptides. The induction of Smad signaling in response to BMP-2 peptide binding
was probed by Western blot analysis for PSmad 1/5/8 (Fig. 6A). Smad signaling was
upregulated in response to BMP-2 knuckle epitope peptide and to rhBMP-2 within 30
minutes of encapsulation, but not in response to DWIVA peptide. The osteogenic
differentiation of these cells was then assessed by probing for osteopontin (OPN) expression
(Fig. 6B). Consistent with the Smad signaling results, by day 4 post-encapsulation, OPN was
upregulated in response to BMP-2 kunckle epitope peptide and to rhBMP-2, but not in
response to DWIVA peptide. After 16 days in culture with mineralizing supplements, MSCs
encapsulated within hydrogels presenting BMP-2 knuckle epitope peptides or with co-
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encapsulated rhBMP-2 exhibited increased mineral deposition. The amount of matrix
embedded calcium was significantly increased in both of these conditions (Fig. 6C), and von
Kossa staining revealed increased phosphate deposition within the alginate gels in response
to the knuckle epitope peptide and recombinant BMP-2 (Fig. 6D).

DISCUSSION
Covalently coupling BMP mimicking peptides to alginate hydrogels is an attractive strategy
for directing the osteogenic differentiation of MSCs. A two-step, orthogonal reaction
scheme for conjugating bioactive peptides to alginate was developed that permits the
conjugation of peptides containing lysine residues in their active sequences that would
otherwise react non-specifically in previously used carbodiimide reactions. Furthermore, an
improved method for quantifying the conjugation efficiency of peptides to alginate was
developed that eliminates the need for radiolabeling used in previous studies 23. The degree
of peptide substitution can be quantitatively controlled, providing the ability to modulate the
density of peptide presented by 3D hydrogels.

The biological activity of two peptides that have been previously reported to mimic the
activity of BMP-2 was investigated in this study. The previous studies that originally
identified the peptides of interest sought to recapitulate the biological activity of
recombinant BMP-2 by isolating peptide sequences from two separate epitopes of the
BMP-2 protein. Both studies identified target sequences and methodically reduced the size
of the peptide fragments derived to obtain the shortest sequence capable of retaining the
biological activity of the BMP-2 protein. Furthermore, these studies included control peptide
sequences to ensure that non-specific binding interactions were not responsible for the
observed biological activity. The engineered peptides were capable of inducing BMP
receptor phosphorylation and upregulation of osteogenic markers, while the control peptides
were not.16, 17 Therefore, the present study has focused solely on those sequences previously
reported to be bioactive.

Delivering these BMP-mimicking peptides at varying concentrations to cells in 2D culture
was unable to increase ALP production. A potential explanation for this apparent lack of
biological activity is the monovalent nature of the peptides. Native BMPs are homodimers
that bind to a heterotetrameric complex of surface receptors to initiate signaling 24, 25.
Because the peptides are not divalent, it is unlikely that two peptides in solution will
simultaneously bind to the receptor complex to mimic the dimeric nature of the native
proteins. An earlier study delivering the BMP-2 knuckle epitope peptide in soluble form
only observed significant increases in ALP activity after adding a hydroxyapatite binding
domain to the peptide’s C-terminus 26. It is possible that the addition of this binding domain
allowed the peptide to bind to the culture substrate, presenting the peptide at a sufficiently
high density as to appear to be multivalent. Consistent with this hypothesis, and with other
studies that have shown that surfaces presenting the knuckle epitope of BMP-2 are capable
of inducing osteogenic differentiation 16, 27, adsorbed BMP-2 knuckle epitope peptide was
capable of upregulating ALP activity in osteoblasts. Similarly, in 3D hydrogels, increased
ALP activity was observed in gels presenting BMP-2 knuckle epitope peptide. Furthermore,
these gels were shown to be capable of initiating Smad signaling and upregulating
osteopontin production in MSCs, and significantly higher mineral deposition was observed
for MSCs cultured in hydrogels either presenting BMP-2 knuckle epitope peptide or with
co-encapsulated rhBMP-2. Computational models have previously revealed that the spacing
of peptides within alginate hydrogels can be modulated by varying the number of peptides
coupled per alginate chain and the fraction of alginate chains that possess bound peptide 28,
suggesting that at sufficiently high degrees of peptide substitution, a significant fraction of
the peptide may be presented in a multivalent form.
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The increase in ALP activity in osteoblasts due to treatment with recombinant BMP-2 was
still significantly higher than the increased ALP activity in osteoblasts treated with the
BMP-2 knuckle epitope peptide. On a molar basis, the BMP-mimicking peptides were
presented to the osteoblasts encapsulated in 3D gels at approximately three orders of
magnitude higher concentration. The decreased activity of linear peptides compared to intact
growth factors is not surprising. The linear peptides are free to adopt more conformations
than the highly structured growth factor binding domains, which may contribute to a lower
binding affinity of the peptides for the BMP receptors and in turn result in lower bioactivity.
This effect has previously been observed with integrin binding RGD peptides, as well as
platelet derived growth factor (PDGF) and nerve growth factor (NGF) mimetic peptides.
Cyclic peptides that better mimic the loop structure of the native fibronectin RGD epitope
were shown to bind more strongly to integrins, increase cell proliferation, and upregulate
osteogenic markers in MSCs relative to linear peptides29, 30. Additionally, cyclic, but not
linear, peptides derived from PDGF were recognized by antibodies derived against intact
PDGF31, and bicyclic peptides that mimic the L1 and L4 loops of NGF were demonstrated
to be necessary to recapitulate the full biological activity of NGF32. Furthermore, if peptide
clustering is required to simulate dimerization, only some fraction of the peptides will be in
the appropriate conformation to initiate signaling. However, when considering the
mineralization data for encapsulated MSCs, there is no significant difference between the
amount of matrix embedded calcium for MSCs presented with BMP-2 knuckle epitope
peptide or recombinant BMP-2. Thus, over longer time scales, the same outcome may be
reached by treatment with either immobilized BMP-2 knuckle epitope peptide or
recombinant BMP-2. While on a molar basis more peptide is required, the cost of this
peptide will be substantially lower than for the amount of recombinant BMP-2 required to
obtain the same extent of mineralization, and treatment with immobilized peptide may also
limit some of the undesirable secondary effects associated with recombinant BMP-27–12.

None of the experiments discussed above demonstrated increased osteogenic activity in
response to the DWIVA peptide. These results suggest that the DWIVA sequence is not
bioactive in the various methods in which it has been presented. This observation is
consistent with X-ray crystallography data showing that the knuckle epitope of BMPs
determines the binding of the protein to its receptors 33, not the epitope where the DWIVA
motif is located. However, the study initially reporting the DWIVA peptide would contradict
this assertion, as the authors presented data demonstrating BMP receptor binding and Smad
phosphorylation.17 A significant difference between the present study and this earlier work
is that the DWIVA peptide was previously reported as a peptide amphiphile designed to
self-assemble into 3D gels. As the entire self-assembled gel was composed of these DWIVA
peptides, the concentration of peptide would be significantly higher than in the alginate
system developed in the current study. It is possible that the binding interaction between this
relatively short peptide sequence and the BMP receptors is rather weak, and only such high
concentrations would result in sufficient receptor activation for measurable biological
activity.

The materials system developed in this study has implications for both basic biological
research and therapeutic applications in regenerative medicine. By controlling the
presentation of the peptide within the alginate hydrogels 34, 35, the roles of peptide
valency 36 and crosstalk with integrin signaling 37 can be investigated in three dimensional
space. Additionally, alginate hydrogel scaffolds presenting BMP mimicking peptides can be
employed in bone regeneration therapies in vivo. Previous studies have shown that BMP-2
knuckle epitope peptides conjugated to hydrogels can induce bone formation when
implanted into rat calf muscle 38, and nano-hydroxyapatite/poly(L-lactic acid) composite
scaffolds loaded with these peptides were shown to induce healing in a rat cranial defect
model 39.
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CONCLUSION
Delivering peptides that mimic the bioactivity of growth factors by covalently coupling
them to alginate hydrogels is an attractive strategy for controlling the fate of encapsulated
cells both locally and for a significant time period post implantation. We have successfully
conjugated peptides previously shown to mimic the activity of bone morphogenetic proteins
to alginate. A peptide derived from the knuckle epitope of BMP-2 was shown to elicit
increased alkaline phosphatase activity in murine osteoblasts, both when presented from 2D
surfaces as well as from 3D hydrogel matrices. Hydrogels presenting BMP-2 knuckle
epitope peptide also induced Smad signaling, upregulated osteopontin production, and
increased mineralization with murine mesenchymal stem cells. Growth factor mimetic
peptides tethered to alginate hydrogels have the potential to both allow for localized control
over cell fate, preventing undesirable secondary effects in surrounding tissues in vivo, while
also allowing for precise control over the presentation of the peptides, permitting modulation
of the signaling potency for cells encapsulated within the scaffolds.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reaction Schemes for Conjugating BMP-2 Mimicking Peptides to Alginate
(A). DWIVA peptides were coupled to alginate using standard carbodiimide chemistry.
Lysine-containing BMP-2 knuckle epitope peptides were conjugated to alginate via two-
step, orthogonal coupling schemes, employing either (B) amino-maleimide or (C)
hydrazide-maleimide reagents.
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Figure 2. 1H-NMR Spectra of Peptide Conjugated Alginates
NMR spectra of (A) unmodified alginate, (B) G4DWIVA peptide conjugated alginate, and
(C) CG-BMP-2 knuckle epitope peptide conjugated alginate. Arrows denote peaks
corresponding to proton resonances characteristic of the respective peptides (D2O; 500
MHz).
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Figure 3. Quantification of Peptide Conjugation Efficiency using Maleimide-Thiol Reaction
(A). Conjugation efficiency at pH 6.0 of maleimide to alginate using amine or hydrazide
reaction schemes. (B). Conjugation efficiency for hydrazide functionalized maleimide to
alginate varying pH from 5.0 to 6.0. (C). BMP-2 knuckle epitope peptide conjugation
efficiency to alginate at varying theoretical degrees of peptide substitution. (D). Effect of
varying the molar ratio of maleimide to peptide on conjugation efficiency, when reacted
with CG-BMP-2 knuckle epitope peptide to yield a theoretical peptide degree of substitution
of 2. Error bars are ± SD, n = 3.
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Figure 4. Alkaline Phosphatase Activity of Osteoblasts Cultured with BMP Mimicking Peptides
(A). ALP activity in osteoblasts maintained in 2D culture under osteogenic conditions for 5
days and treated with soluble DWIVA or BMP-2 knuckle epitope (KE) peptides at varying
concentrations. Culture media alone and media with osteogenic supplements served as
negative controls, and soluble recombinant human BMP-2 was provided as a positive
control. *p < 0.01, two-tailed Student’s t-test. (B). ALP activity in osteoblasts cultured on
2D surfaces in standard culture media (negative control), with physically adsorbed DWIVA
or BMP-2 knuckle epitope peptides, or with soluble rhBMP-2 (positive control) after 5 days
in culture. *p < 0.01, two-tailed Student’s t-test. (C). ALP activity in osteoblasts cultured for
7 days in 3D alginate hydrogels presenting DWIVA or BMP-2 knuckle epitope peptides and
RGD adhesion peptides. Hydrogels presenting only RGD peptides served as a negative
control, and hydrogels with encapsulated rhBMP-2 served as a positive control. *p < 0.05,
**p < 0.001, two-tailed Student’s t-test. Error bars are ± SD, n = 3.
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Figure 5. TUNEL Staining of BMP-2 Mimicking Peptide Conjugated Hydrogel Sections
TUNEL staining for cells encapsulated in 3D hydrogels presenting both RGD adhesion
peptide and either (A) BMP-2 knuckle epitope peptide or (B) DWIVA peptide after 7 days
in culture. (C). Sections treated with DNAse to induce DNA fragmentation served as a
positive control.
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Figure 6. Osteogenic Differentiation of MSCs in Response to BMP-2 Mimicking Peptides
Presented from 3D Hydrogels
Representative Western blots for (A) PSmad 1/5/8 and (B) Osteopontin (OPN) in murine
mesenchymal stem cells (D1) cultured in 3D alginate hydrogels presenting DWIVA or
BMP-2 knuckle epitope peptides and RGD adhesion peptides. PSmad 1/5/8 was probed 30
minutes after encapsulation, and OPN was probed after 4 days in culture. (C) Quantification
of calcium embedded within alginate hydrogels presenting BMP-2 mimicking peptides to
D1 cells after 16 days in culture with mineralizing supplements. Error bars are ± SD, n = 4.
*p<0.01, two-tailed Student’s t-test. (D) Von Kossa staining for mineral deposition within
hydrogels presenting BMP-2 mimicking peptides to D1 cells after 16 days in culture with
mineralizing supplements. Scale bar: 200 μm. In all cases, hydrogels presenting only RGD
peptides served as a negative control, and hydrogels with encapsulated rhBMP-2 served as a
positive control.
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