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An attractive approach to reduce the undesired side effects of bone morphogenetic proteins (BMPs) in re-
generative medicine is to use osteoinductive peptide sequences derived from BMPs. Although the structure and
function of BMPs have been studied extensively, there is limited data on structure and activity of BMP-derived
peptides immobilized in hydrogels. The objective of this work was to investigate the effect of concentration and
hydrophobicity of the BMP-2 peptide, corresponding to residues 73–92 of the knuckle epitope of BMP-2
protein, on peptide aggregation and osteogenic differentiation of human mesenchymal stem cells encapsulated
in a polyethylene glycol (PEG) hydrogel. The peptide hydrophobicity was varied by capping PEG chain ends
with short lactide segments. The BMP-2 peptide with a positive index of hydrophobicity had a critical micelle
concentration (CMC) and formed aggregates in aqueous solution. Based on simulation results, there was a slight
increase in the concentration of free peptide in solution with 1000-fold increase in peptide concentration. The
dose-osteogenic response curve of the BMP-2 peptide was in the 0.0005–0.005 mM range, and osteoinductive
potential of the BMP-2 peptide was significantly less than that of BMP-2 protein even at 1000-fold higher
concentrations, which was attributed to peptide aggregation. Further, the peptide or PEG-peptide aggregates had
significantly higher interaction energy with the cell membrane compared with the free peptide, which led to a
higher nonspecific interaction with the cell membrane and loss of osteoinductive potential. Conjugation of the
BMP-2 peptide to PEG increased CMC and osteoinductive potential of the peptide whereas conjugation to
lactide-capped PEG reduced CMC and osteoinductive potential of the peptide. Experimental and simulation
results revealed that osteoinductive potential of the BMP-2 peptide is correlated with its CMC and the free
peptide concentration in aqueous medium and not the total concentration.

Introduction

Afeasible approach to the restoration of injured bone
tissue is the use of tissue engineering strategies to

transplant undifferentiated human mesenchymal stem cells
(hMSCs) in a supportive carrier loaded with bone morpho-
genetic proteins (BMPs). In particular, human recombinant
BMP-2 is used extensively in certain clinical applications,
such as spine fusion, sinus augmentation, and alveolar ridge
augmentation, to accelerate bone regeneration and healing.1

Due to its short half-life and diffusion of the protein away
from the site of regeneration, doses much higher than the
endogenous amount are loaded in the implant to induce bone
formation.1,2 High doses of BMP-2 protein in vivo cause
undesired side effects, such as bone overgrowth, immune
response, and tumorigenesis.3 For example, the probability
of an adverse side effect with the use of BMP-2 in spine

fusion may be as high as 40%.3 Encapsulation or grafting
of nano- and microspheres is used to localize the protein to
the site of regeneration and reduce diffusion4–6; however,
tumor formation and inflammatory response persist in some
patients.7

The side effects of BMP-2 protein stem from its ability to
promote cell migration and vascularization and its involve-
ment in tumor angiogenesis.8 Therefore, an attractive ap-
proach to reduce the side effects of protein in bone tissue
engineering is to use peptides derived from the bioactive
domains of BMP-2 and other morphogenetic proteins.9 BMP-
2 protein is a homodimer of two 114-amino-acid residues
with two distinct epitopes. The wrist epitope is assembled
around the central a-helix while the knuckle epitope is lo-
cated on the two aligned double-stranded b-sheets.10,11 It has
been shown that the activity of BMP-2 protein is mainly due
to the interaction of the knuckle epitope with type II BMP
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receptor (BMP-II).10 Multiple peptides derived from the
knuckle epitope of BMP-2 protein have been shown to have
osteoinductive potential.12,13 Among those, a peptide corre-
sponding to residues 73–92 (hereinafter referred to as BMP-2
peptide) showed highest alkaline phosphatase (ALP) and
osteogenic differentiation of MSCs, but the peptide activity
was significantly lower than BMP-2 protein.9 The higher
activity of the protein compared with the BMP-2 peptide may
be due to conformational differences between the native and
free states of the peptide in aqueous medium. Peptides have
recently been used to generate tubular, fibrillar, micellar, or
vesicular nanostructures due their amphiphilic nature.14–17

For example, peptides with a hydrophilic head and a hydro-
phobic tail spontaneously self-assemble to form vesicular
structures in aqueous solution.18 Peptide aggregation may
alter the overall conformation and presentation of the amino
acid sequence that interacts with cell surface receptors, which
adversely affects the osteoinductive potential of the peptide.
Although the structure and activity of BMP-2 protein has
been extensively investigated in vitro and in vivo, there is
limited data on aggregation and nanostructure formation by
osteogenic peptides in aqueous solution and its effect on
osteogenesis.

The objective of this work was to investigate the effect of
concentration and hydrophobicity of the BMP-2 peptide on
peptide aggregation and differentiation of hMSCs encapsulated
in an inert polyethylene glycol (PEG) hydrogel. To test the
effect of BMP-2 peptide on differentiation, the encapsulated
hMSCs were cultured in osteogenic medium (OM) without
dexamethasone (DEX). Molecular dynamic simulation was
used to predict the effect of concentration and hydrophobic-
ity on peptide aggregation and critical micelle concentration
(CMC) using a MARTINI coarse-grained force field.19–21 The
peptide concentration was varied by 20,000-fold from 0.00025
to 5 mM with BMP-2 protein as the positive control. Hydro-
phobicity of the peptide was varied by capping PEG chain
ends with 0–6 lactide monomers. PEG as an inert matrix with
tunable properties22–24 was used for encapsulation of hMSCs
to isolate and investigate the effect of BMP-2 peptide hydro-
phobicity on its osteoinductive potential. Experimental and
simulation results revealed that osteoinductive potential of the
BMP-2 peptide is correlated with its CMC and the concen-
tration of free peptide in aqueous medium and not the total
peptide concentration.

Materials and Methods

Reagents

Linear PEG with nominal molecular weight of 3.4 kDa
was purchased from Acros (Pittsburg, PA). Lactide (L)
monomer with >99.5% purity was purchased from Ortec
(Easley, SC) and it was dried under vacuum at 40�C for at
least 12 h prior to use. 4-(2-Hydroxyethoxy)phenyl-(2-
hydroxy-2-propyl) ketone (Irgacure-2959) photoinitiator
was obtained from CIBA (Tarrytown, NY). The protected
amino acids and Rink Amide NovaGel� resin were purchased
from EMD Biosciences (San Diego, CA). Piperidine, calcium
hydride, tetrahydrofuran (THF), trimethylsilane (TMS), trie-
thylamine (TEA), tin (II) 2-ethylhexanoate (TOC), acryloyl
chloride (AC), acrylic acid, dimethylsulfoxide (DMSO), and
ethylenediaminetetraacetic acid (EDTA) disodium salt were
purchased from Sigma-Aldrich (St. Louis, MO). Dichlo-

romethane (DCM; Acros) was dried by distillation over cal-
cium hydride. Other solvents were obtained from VWR
(Bristol, CT) and used as received. The protected amino acids
and Rink Amide NovaGel resin for peptide synthesis were
purchased from EMD Biosciences. N,N-dimethylformamide
(DMF), acetonitrile (MeCN), N,N-diisopropylethylamine
(DIEA), N,N¢-diisopropylcarbodiimide (DIC), triisopropylsi-
lane (TIPS), N,N-dimethylaminopyridine (DMAP), hydro-
xybenzotriazole (HOBt), and trifluoroacetic acid (TFA) were
received from Acros. Dulbecco’s phosphate-buffer saline
(PBS) and Dulbecco’s modified Eagle’s medium (DMEM;
4.5 g/L glucose with l-glutamine and without sodium pyru-
vate) were received from GIBCO BRL (Grand Island, NY).
Fetal bovine serum (FBS) was purchased from Atlas Biolo-
gicals (Fort Collins, CO). TRIzol for isolation of cellular RNA
and trypsin were purchased from Invitrogen (Carlsbad, CA).
Penicillin (PN), streptomycin (SP), fungizone (FG), gentami-
cin sulfate (GS), DEX, ascorbic acid (AA), and b-sodium
glycerophosphate (bGP) were purchased from Sigma-Aldrich.
Quant-it PicoGreen dsDNA reagent kit was obtained from
Invitrogen. QuantiChrom calcium and ALP assay kits were
purchased from Bioassay Systems (Hayward, CA). hMSCs,
harvested and cultured from normal human bone marrow,
were purchased from Lonza (Allendale, NJ). The cells were
tested for purity by high expression of CD105, CD166, CD29,
and CD44 and low expression of CD14, CD34, and CD45
markers as described by the supplier (Lonza).

Synthesis of lactide-capped PEG macromer

The PEG macromer was capped with short lactide seg-
ments ( <6 monomers) by condensation polymerization as we
previously described.23,25 Briefly, the residual moisture was
removed from the PEG macromer by azeotropic distillation
from toluene. The PEG macromer and lactide monomers
were heated to 120�C under dry nitrogen atmosphere in a
reaction flask equipped with an overhead stirrer. After melt-
ing, 1 mL of TOC catalyst was added and the reaction was
allowed to proceed for 8 h at 135�C. After the reaction, the
product was dissolved in DCM and precipitated in ice-cold
methanol, followed by precipitation in ether and hexane to
remove the unreacted monomer and PEG. Then, the product
was dried in vacuum and stored at -20�C. In the next step,
the lactide-capped PEG was functionalized by reaction with
AC using the following procedure. Equimolar amounts of AC
and TEA were added dropwise to a cooled solution of the
capped macromer in DCM and the reaction was allowed to
continue for 12 h. After the reaction, solvent was removed by
rotary evaporation and the residue was redissolved in ethyl
acetate to precipitate the byproduct triethylamine hydro-
chloride salt. Next, ethyl acetate was removed by vacuum
distillation and the functionalized macromer was dissolved in
DCM and precipitated twice in ice-cold ethyl ether. The
product was dissolved in DMSO, purified by dialysis, freeze
dried, and stored at -20�C. A similar procedure was used for
functionalization of PEG to produce PEG diacrylate (PEG-
DA) macromer. The synthesized macromers were charac-
terized by hydrogen nuclear magnetic resonance (1H-NMR)
(Varian, Palo Alto, CA) as we previously described.25 The
synthesized macromer is hereinafter referred to as Ln where
‘‘L’’ stands for lactide-capped PEG macromer and ‘‘n’’ is the
number of lactide monomers per chain end.
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BMP-2 peptide synthesis and conjugation
to the macromer

The amino acid sequence KIPKA SSVPT ELSAI STLYL
(BMP-2 peptide, Fig. 1a) was synthesized manually on Rink
Amide NovaGel resin in the solid phase as we previously
described.24 The pseudoproline dipeptides (oxazolidine)
Fmoc-Ser(tBu)-Thr(CMe,Mepro)-OH, Fmoc-Leu-Ser(CMe,Me

pro)-OH, and Fmoc-Ala-Ser(CMe,Mepro)-OH were used in
the peptide synthesis to improve the coupling efficiency and
product yield.26 Briefly, the Fmoc-protected amino acid (1
equiv), HOBt (2 equiv), and DIC (1.1 equiv) were added to
100 mg resin swelled in DMF. Next, 0.2 mL of 0.05 M DMAP
was added to the mixture and the coupling reaction was al-
lowed to proceed for 4–6 h at 30�C with orbital shaking. After
each coupling reaction, the resin was tested for the presence
of unreacted amines using the Kaiser reagent.27 The coupling
reaction was repeated if the test result was positive. Other-
wise, the resin was treated with 20% piperidine in DMF and
the next Fmoc-protected amino acid was coupled. For direct
conjugation of BMP-2 peptide to the hydrogel matrix, ac-
rylamide-terminated BMP-2 peptide was synthesized by the
reaction between N-terminal amine of the peptide with ac-
rylic acid directly on the resin under reaction conditions
used for amino acid coupling. Acrylamide-terminated cell-
adhesive GRGD peptide (Ac-GRGD) was synthesized using
a similar procedure. For conjugation of the peptide to lactide-
capped PEG macromer, the amino acid sequence cysteine-
glycine-glycine was coupled to the lysine end of the BMP-2
peptide directly on the resin. After coupling the last amino
acid, the peptide was cleaved from the resin by treating with
95% TFA/2.5% TIPS/2.5% water for 2 h and precipitated in
cold ether. The peptide was further purified by preparative
HPLC and characterized by electrospray ionization mass
spectrometry as we previously described.24

The Michael addition reaction between the cysteine’s
sulfhydryl group on the peptide and the acrylate on the
macromer was used for conjugation, similar to a procedure
we previously described.28 Figure 1a and b shows the bead

structure of the BMP-2 peptide and peptide-macromer con-
jugate, respectively. Blue, brown, and green beads in Figure
1b represent acrylate, lactide, and ethylene oxide (EO) units
of the macromer, respectively. Briefly, a solution of the
peptide in sodium borate buffer was added to the solution of
macromer in DMF in a 1:1 molar ratio to terminate on av-
erage one end of the macromer with peptide and leaving the
unreacted acrylate-terminated end for attachment to the hy-
drogel matrix. The conjugation reaction was allowed to
proceed for 24 h at 30�C. After the reaction, the solution was
dialyzed against distilled deionized water to remove the un-
reacted monomer and peptide, and freeze dried to obtain the
dry peptide-macromer conjugate. The number of peptides per
lactide-capped PEG chain was determined by 1H-NMR as we
described previously.28 The conjugate is hereinafter referred
to as PLn where ‘‘P,’’ ‘‘L,’’ and ‘‘n’’ stand for BMP-2 pep-
tide, lactide-capped PEG macromer, and number of lactide
monomers per chain end, respectively.

Dynamic light scattering

Dynamic light scattering (DLS) was used to determine
CMC of the peptide as described.29 Solutions with different
concentrations of the peptide in PBS were prepared by
sonication for 10 min. A 20mL aliquot of the peptide solu-
tion was used for DLS measurements on a DynaPro MSX
DLS instrument (Wyatt Technology, Santa Barbara, CA).
The intensity of scattered light at 90� angle was collected
and averaged over 50 data points using the DynaPro soft-
ware (Wyatt Technology). Intersection of the two linear
lines fitted to the data for scattered light intensity at low and
high concentrations was used to define CMC for the peptide
as previously described.30

Cell encapsulation and culture

Prior to cell encapsulation, hMSCs were cultivated at 5000
cells/cm2 in a high-glucose DMEM supplemented with 10%
FBS, 100 units/mL PN, and 100 mg/mL SP. The medium was

FIG. 1. Bead representation of the bone
morphogenetic protein (BMP)-2 peptide (a)
and the peptide/lactide-capped polyethylene
glycol (PEG) conjugate (b). Lactide, ethyl-
ene oxide, and acrylate units in (b) are
shown in brown, green, and blue beads, re-
spectively. (c) Schematic representation of
human mesenchymal stem cells (hMSCs)
encapsulated in the PEG diacrylate (PEG-
DA) (blue network) hydrogel matrix for all
groups. Experimental groups included the
peptide (shown in red) dissolved in the hy-
drogel network (d), peptide covalently at-
tached to the hydrogel network (e), and
peptide/lactide-capped PEG conjugate at-
tached to the hydrogel network (f). The red
lines and circles in (d–f) represent the pep-
tide chain and peptide aggregate, respec-
tively. The lactide-capped PEG macromer in
(f) is shown by brown-green colors. Color
images available online at www.liebertpub
.com/tea
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refreshed every 3 days. When the cultivated hMSC colonies
reached *70% confluency, the cells were detached with
0.1% trypsin-0.03% EDTA and subcultivated at 1:3 ratio.
According to supplier’s instructions (Lonza), all hMSCs used
in cell culture experiments were passaged <5 times. The
following procedure was used for encapsulation of hMSCs in
BMP-2-peptide-incorporated PEGDA hydrogels by UV po-
lymerization, as shown in Figure 1c.22,25 First, BMP-2 pep-
tide, with or without conjugation to the lactide-capped
macromer, was dissolved in a solution of Irgacure-2959
photoinitiator (1 wt% of PEGDA) in PBS. Next, 1 wt% Ac-
GRGD adhesive peptide was dissolved in a solution of
PEGDA macromer (15 wt%) in PBS to improve cell viability
and cell–matrix interaction after encapsulation. After steril-
ization by filtration, the initiator and macromer solutions
were mixed by vortexing for 5 min to generate the hydrogel
precursor solution. Then, 1 · 106 hMSCs, suspended in
100 mL PBS, were added to the precursor solution and mixed
gently with a presterilized glass rod. The suspension of cells
in the precursor solution was injected between two sterile
microscope glass slides and crosslinked by UV irradiation
with a BLAK-RAY 100-W mercury, long-wavelength
(365 nm) UV lamp (Model B100-AP; UVP, Upland, CA) as
we described previously.31 The final density of hMSCs in the
PEGDA gel was 2 · 106 cells/mL. Experimental groups in-
cluded peptide dissolved in PEGDA gel (Fig. 1d, peptide in
red), peptide covalently attached to PEGDA gel (Fig. 1e), and
peptide/lactide-capped PEG conjugate attached to PEGDA
gel (Fig. 1f). Abbreviations ‘‘P’’ and ‘‘cP’’ denote BMP-2
peptide dissolved in and conjugated to PEGDA hydrogel,
respectively; ‘‘PLn’’ denotes BMP-2 attached to lactide-
capped macromer and dissolved in PEGDA gel; and ‘‘cPLn’’
denotes BMP-2 peptide attached to lactide-capped macromer
and conjugated to PEGDA gel. After removing from the glass
slide and cutting the gel with a cork borer, the disk-shaped
samples were incubated in basal medium (BM) for 24 h with
two medium changes. The medium was then replaced with
OM without DEX (50 mg/mL AA and 10 mM bGP) and in-
cubated for 28 days. The cell-encapsulated gels (without
BMP-2 peptide) incubated in BM and OM without DEX were
used as negative controls while those with 0.0004 mM BMP-
2 protein dissolved in the gel (and medium) was used as the
positive control.32,33 For the groups with peptide dissolved in
the gel, the peptide was also added to the culture medium for
concentration uniformity.

Biochemical and mRNA analysis

At each time point, the samples were divided in two
groups. One group was homogenized and sonicated to rupture
the membrane of the encapsulated cells and expose the DNA.
Double-stranded DNA (dsDNA) content of the homogenized
samples was analyzed using the PicoGreen assay as de-
scribed.25 Analysis of dsDNA was performed using a Sy-
nergy HT plate reader (Bio-Tek, Winooski, VT) with
emission and excitation wavelengths of 485 and 528 nm,
respectively. ALP activity of the samples was measured us-
ing the QuantiChrom ALP assay kit on a Synergy HT plate
reader at the wavelength 405 nm as described.25 The mea-
sured intensity was correlated to ALP activity in IU/L and
normalized to cell numbers. Calcium content of the samples,
as a measure of the total mineralized deposit, was measured

using the QuantiChrom calcium assay kit as described.25 The
absorbance was measured on a Synergy HT plate reader at the
wavelength of 575 nm. Measured intensities were correlated
to the amount of equivalent Ca2 + using a calibration curve
made with calcium chloride solutions of known concentra-
tions. For mRNA analysis, total cellular RNA was isolated
using TRIzol as described.24 Two hundred fifty nanograms of
the extracted total RNA was subjected to cDNA conversion
using Promega reverse transcription system (Madison, WI).
The obtained cDNA was subjected to real-time quantita-
tive polymerase chain reaction (rt-qPCR) amplification
with SYBR green RealMasterMix (Eppendorf, Hamburg,
Germany) using Bio-Rad CXF96 PCR system (Bio-Rad,
Hercules, CA) and the appropriate gene-specific primers.
PCR experiments were performed to analyze the differential
expression of osteogenic markers ALP and RunX-2 with time
for hMSCs encapsulated in the gels. Primers for rt-qPCR
were designed and selected using the Primer3 web-based
software as described.34 The following forward and reverse
primers were synthesized by Integrated DNA Technologies
(Coralville, IA): ALP: forward 5¢-ATG GGA TGG GTG TCT
CCA CA-3¢ and reverse 5¢-CCA CGA AGG GGA ACT TGT
C-3¢; RunX-2: forward 5¢-ATG ACA CTG CCA CCT CTG
A-3¢ and reverse 5¢-ATG AAA TGC TTG GGA ACT GC-3¢;
GAPDH: forward 5¢-CAT GAC AAC TTT GGT ATC GTG
G-3¢ and reverse 5¢-CCT GCT TCA CCA CCT TCT TG-3¢.35

The model of Pfaffl was used to determine the expression
ratio of the gene.36 The expression of GAPDH housekeep-
ing gene was used as the reference, and the fold difference in
gene expression was normalized to the first time point.

Statistical analysis

Data are expressed as means – standard deviation. All ex-
periments were done in triplicate. Significant differences be-
tween groups were evaluated using a two-way ANOVA with
replication test, followed by a two-tailed Student’s t-test. A
value of p <0.05 was considered statistically significant.

Simulation method

The atomistic structure of the BMP-2 peptide and lactide-
capped PEG macromer was coarse-grained into different
beads (set of atoms) using the MARTINI coarse graining
model.20,21 The MARTINI force field has been parameter-
ized and applied previously to the simulation of proteins,
peptides, polymers, and polymer-peptide conjugates.37–42

This model is based on the four-to-one mapping with each
bead in the coarse-grained model representing four heavy
atoms in the atomistic model. The coarse graining of the
peptide and macromer is schematically illustrated in Figure
1a. There were a total of 16 bead types for the peptide
backbone, amino acid side chains, EO repeat unit, acrylate
group (Ac), and lactide repeat unit (L). Each amino acid was
coarse grained into a backbone bead and between zero to
three side chain beads, based on the original MARTINI
model developed for simulation of proteins.20,21 After
coarse graining, the beads were assigned pairwise interac-
tions that included polar (PO), nonpolar (N), apolar (C), and
charge (Q) interactions. To accurately represent its real
nature, the interactions were grouped into subtypes based on
the extent of hydrogen bonding or the degree of polarity of
the beads. The polar beads were divided into five subtypes
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based on the degree of polarity from low (PO1) to high
(PO5). Apolar beads were divided into five subtypes from
high (C1) to low apolar (C5). The nonpolar as well as charged
beads were divided into four subtypes, namely, hydrogen
donor, hydrogen acceptor, hydrogen donor and acceptor, and
incapable of hydrogen bonding. For example, four water
molecules were represented by a polar bead with degree of
polarity of 4 or PO4. For nonbonded interactions, the fol-
lowing Lennard-Jones potential function VLJ (r) was used.21

VLJ(r)¼ 4eij

rij

r

� �12

� rij

r

� �6
� �

(1)

Where eij is the depth of the potential well that is related to
the strength of interaction between beads i and j, and sij is
the minimum distance of approach between beads i and j. To
account for electrostatic interaction between charged beads,
the following columbic function was used.21

VEL¼
qiqj

4pe0erelrij

(2)

Where qi and qj are values of the point charges on beads i
and j, e0 is the dielectric constant of free space, and erel is the
relative dielectric constant of the medium. To account for
interaction between bonded beads, the following potential
functions were used: harmonic function (Vb) for bond
length, cosine harmonic function (Va) for bond angle, and
dihedral function (Vd) for bond torsion.21

Vb¼
1

2
Kb(rij� db)2 (3)

Va¼
1

2
Ka[( cos (hijk)� cos (ha)]2 (4)

Vd ¼Kd[1þ cos (nwijkl�wd)] (5)

Where Kb, Ka, and Kd are force constants for bond stretch-
ing, bond angle bending, and bond torsional rotation, re-
spectively. rij, hijk, and wijkl represent the distance between
bonded beads i and j, the angle between bonded beads i, j,
and k, and the dihedral angle between beads i, j, k, and l, re-
spectively. db, ha, wd, and n are the equilibrium bond length,
bond angle, phase angle, and periodicity, respectively. Simula-
tions were performed under canonical ensemble with conserved
moles, volume, and temperature (NVT) ensemble dynamics. A
time step of 10 fs was employed and the total simulation time
was 5ms. The temperature was held at 37�C using the Nose
thermostat.43 The simulations were performed in a 200 · 200 ·
200 Å box with 3D periodic boundary conditions. To cover a
broader range of concentrations, a bigger 400 · 400 · 400 Å box
was used to simulate the effect of peptide concentration. The
Mesocite module of Materials Studio (v5.5, Accelrys) was used
for the mesoscale simulations.44

For simulations to investigate the interaction of BMP-2
peptide with the cell membrane, a template membrane with
a width of 40 Å was generated using dipalmitoylpho-
sphatidylcholine (DPPC) lipid as one face of the simulation
box with the box filled with water. The coarse graining of
DPPC has been described elsewhere.45 The cell membrane
was simulated under NVT ensemble for 100 ns to form the

bilayer structure. After forming the lipid bilayer, the other
components of system (peptide or peptide-macromer con-
jugate) were added to the simulation box. Next, the inter-
action type of all lipid bilayer beads was constrained to PO4
type in order to account for the interaction with water beads.
Then, dynamic simulations were run for 5 ms to allow the
formation of peptide or peptide-macromer aggregates in
aqueous solution similar to the simulations without the lipid
bilayer membrane. Next, the constraint was removed from
the membrane beads and the pairwise bead interaction po-
tential was changed accordingly. Finally, the system was
simulated for 5 ms similar to that without the lipid bilayer
membrane.

Results

The average number of lactides per chain end of lactide-
capped PEG, average number of acrylates per chain end, and
average number of BMP-2 peptides per conjugate was de-
termined from the NMR spectra of macromers as we pre-
viously described.25,28 The number of lactide repeat units
per chain end of the lactide-capped PEG macromer was
determined from the ratio of the peaks at 1.6 and 5.2 ppm
(lactide hydrogens) to those at 3.6 and 4.3 ppm (PEG hy-
drogens).25 The average number of lactide repeat units per
chain end for L2, L4, and L6 macromers was 1.9, 3.6, and
5.6, respectively. The number of reactive acrylate groups
per chain end was determined from the ratio of the peaks
between 5.85 and 6.55 ppm (acrylate hydrogens) to those at
3.6 and 4.2 ppm (PEG hydrogens).25 The average number of
acrylates per chain end before peptide conjugation for L0,
L2, L4, and L6 macromers was 0.85, 0.85, 0.83, and 0.82,
respectively. The number of peptides in a peptide/lactide-
capped PEG conjugate was determined using the acrylate/
PEG molar ratios before and after conjugation as previously
described.28 The average number of peptides per conjugate
for L0, L2, L4, and L6 macromers was 0.57, 0.49, 0.52, and
0.45, respectively. Several studies have demonstrated that
>95% of acrylated PEG/peptide conjugates are integrated in
PEGDA hydrogel network during photocrosslinking.24,46,47

Figure 2(a–e) shows the effect of dissolved (not attached
to the gel network) BMP-2 peptide concentration on oste-
ogenic differentiation of hMSCs encapsulated in the PEG-
DA hydrogel incubated in OM without DEX. Peptide
concentration ranged from 0.00025 to 5 mM. Negative and
positive control groups were gels without peptide and with
0.0004 mM BMP-2 protein, respectively. The clinically used
concentration of BMP-2 protein is 1 mg/mL (*0.04 mM)48

but the typical concentration used for in vitro 3D experiments
is in the 1–10 mg/mL (*0.00004–0.0004 mM) range.32,33 In
this work, the upper concentration of 0.0004 mM was used to
elucidate the effect of peptide on differentiation of hMSCs.
DNA content, ALP activity, and calcium content of the
groups are shown at a single time point (7, 14, and 21 days,
respectively) in Figure 2a–c. DNA content of the groups at
day 7 did not change appreciably with peptide concentration
(Fig. 2a). ALP activity of hMSCs in the gel for all peptide
concentrations reached a maximum on day 14 consistent
with the biphasic activity of ALP in osteogenic differenti-
ation of MSCs.49 ALP activity of the encapsulated hMSCs
at day 14 did not change significantly as the peptide con-
centration in the gel was increased from 0 to 0.00025 and
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0.0005 mM (Fig. 2b). Conversely, ALP activity of hMSCs in
the gel with peptide concentrations >0.0005 mM was sig-
nificantly higher than the control that had no peptide (Fig.
2b). ALP activity after 14 days of incubation for the en-
capsulated hMSCs increased by 1.7- and 2.2-folds as the
peptide concentration in the gel increased from 0.0005 to
0.005 mM, respectively. The rate of increase in ALP activity
for the encapsulated hMSCs with above 0.0005 mM peptide
concentration decreased with increasing peptide concentra-
tion, compared with concentrations in the 0.0005–0.005 mM
range. A 1000-fold increase in peptide concentration from
0.005 to 5 mM increased ALP activity of the encapsulated
hMSCs only by 1.4-fold at day 14 (Fig. 2b). ALP activity of
the encapsulated hMSCs in the gel with 0.005 mM BMP-2
peptide was 2.4-fold higher than the control without peptide
(Fig. 2b) after 14 days while that with 0.0004 mM BMP-2
protein (same weight concentration as peptide, 10mg/mL)
was 7.2-fold higher. The effect of peptide concentration on
the extent of mineralization of encapsulated hMSCs (Fig.
2c), as measured by calcium content, was consistent with
ALP activity. Calcium content of the encapsulated hMSCs
at day 21 did not change significantly as the peptide con-
centration in the gel increased from 0 to 0.00025 and
0.0005 mM (Fig. 2c). The calcium content of hMSCs in the
gel increased from 245 – 50 to 340 – 40 and 420 – 50 mg/mg
DNA as the peptide concentration increased by 5- and 10-
fold, respectively, from 0.0005 to 0.0025 and 0.005 mM.
Then, the calcium content of hMSCs increased at a slower
rate from 420 – 50 to 700 – 100 mg/mg DNA with 500-fold
increase in peptide concentration from 0.005 to 2.5 mM.

Further increase in peptide concentration from 2.5 to 5 mM
did not significantly change calcium content. The ALP and
RunX-2 mRNA expression as a function of peptide con-
centration in Figure 2d and e, respectively, was consistent
with ALP activities and calcium contents (Fig. 2b, c). No-
tably, the osteoinductive potential of BMP-2 peptide was
significantly less than that of BMP-2 protein as the calcium
content and ALP mRNA expression of hMSCs cultured with
10mg BMP-2 protein/mL (0.0004 mM) were 4- and 12-fold
higher than those cultured with the same 10mg BMP-2 pep-
tide/mL (0.005 mM), respectively. Further, RunX-2 expres-
sion of hMSCs cultured with BMP-2 protein (0.0004 mM,
pink bar in Fig. 2e) and those cultured with BMP-2 peptide
at the two highest concentrations (2.5 and 5 mM, light green
and light blue) peaked on day 7 while those cultured with
0.005–0.5 mM peptide peaked on day 14. To summarize, the
osteoinductive potential of BMP-2 peptide was significantly
less than that of the protein and even 12,000-fold higher
peptide molar concentrations could not achieve the os-
teoinductive potential of BMP-2 protein. Further, concentra-
tions of 0.00025 and 0.0005 mM represented the low end of
the BMP-2 peptide dose–response curve in osteogenic dif-
ferentiation of hMSCs whereas concentration of 0.005 mM
represented a level of stimulation approaching a plateau.

The results in Figure 2 prompted us to investigate stability
of the peptide in aqueous solution. The hydrophobicity
index for each amino acid, from N-terminus (left side) to C-
terminus (right side) of the BMP-2 peptide, based on the
difference in free energy of the aqueous and condensed
phases50 is shown in Figure 3a. The positive and negative

FIG. 2. DNA content (a,
day 7), alkaline phosphatase
(ALP) activity (b, day 14),
and calcium content (c, day
21) of hMSCs encapsulated
in PEGDA hydrogel
(15 wt%) and incubated in
osteogenic medium (OM)
without dexamethasone
(DEX) as a function of dis-
solved BMP-2 peptide con-
centration in the hydrogel
matrix. Control groups in-
cluded hMSCs encapsulated
in PEGDA hydrogel
(15 wt%) and cultured in OM
without DEX and without the
BMP-2 peptide (0 mM, neg-
ative control) and those cul-
tured in OM with 0.0004 mM
BMP-2 protein (0.01 Pr,
positive control). Effect of
the BMP-2 peptide concen-
tration on ALP (d) and
RunX-2 (e) mRNA marker
expression of hMSCs encap-
sulated in PEGDA hydrogel.
Color images available on-
line at www.liebertpub.com/
tea
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indices indicate hydrophobic and hydrophilic residues, re-
spectively. The distribution of hydrophobicity was not uni-
form along the peptide chain as the average hydrophobicity
indices on N- (left) and C-terminus (right) sides of the
peptide were - 0.28 and 0.84, respectively (see the dash
lines in Fig. 3a). Overall, the peptide was hydrophobic with
an average hydrophobicity index of 0.28. The overall hy-
drophobicity suggested that the peptides formed aggregates
in aqueous solution to reduce the overall free energy. In-
deed, molecular dynamic simulations in Figure 3c show that
the aggregation number (number of peptides per aggregate)
increased with concentration of the peptide in aqueous so-
lution. By extrapolating to aggregation number of one in
Figure 3c, the CMC of 0.040 mM was obtained for the
peptide. Similar to surfactants, the peptide is soluble in
aqueous solution below CMC but it forms aggregates in
equilibrium with the free peptide in solution above CMC
with the propensity for aggregation increasing with peptide
concentration.51 CMC of the peptide was measured by DLS
from the intersection of the two lines fitted to the scattered
light intensity at high and low concentrations, as shown in
Figure 3b. The intensity of scattered light did not change
significantly at low concentrations in the absence of aggre-
gation but it increased exponentially above CMC with ag-
gregation. The experimentally measured CMC was 0.019 mM
that was lower than the predicted value of 0.04 mM from

simulations (Fig. 3c). The predicted higher CMC was most
likely due to the error in extrapolating the aggregation
number from higher concentrations to the aggregation of
unity at CMC. However, the experimental and simulated
CMCs were within the range of 0.005–0.05 mM, which was
observed in the cell studies (Fig. 2). A lower rate of increase
in ALP activity and calcium content for the encapsulated
hMSCs with peptide concentration in the 0.005–0.05 mM
range compared with the 0.0005–0.005 mM range can be
attributed to the initiation of peptide aggregation (Fig. 2b,
c). The predicted total and free peptide densities as a
function of peptide concentration in solution are compared
in Figure 3d. According to simulation results, the fraction of
free peptide above CMC concentration decreased sharply
from 0.54 to 0.16, 0.09, and 0.06 as the peptide concentra-
tion was increased from 0.5 to 2.5, 5, and 10 mM, respec-
tively. However, the decrease in the free peptide fraction
was offset by an increase in peptide number density.
Therefore, the density of free peptide in solution increased
by 1.9-folds from 0.16 · 1018 to 0.3 · 1018/cm3 while the
total peptide density increased by 20-folds from 0.28 · 1018

to 5.73 · 1018/cm3 (Fig. 3d). The effect of peptide concen-
tration, added to the gel and culture medium, on ALP ac-
tivity (day 14) and calcium content (day 21) of hMSCs
encapsulated in 15% PEGDA gel is shown in Figure 2b and
c, respectively. Note that concentration scale in the figures is
logarithmic. As the total peptide concentration was in-
creased by 10-folds from 0.5 to 5 mM in a range well above
CMC, ALP activity and calcium content increased by 1.1-
and 1.2-folds, respectively, while the free peptide con-
centration increased by 1.6-fold from 0.26 to 0.42 mM
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea). Therefore, the data
suggest a better correlation between osteogenic activity and
the free peptide concentration. Further, the significantly
lower osteogenic activity of the peptide compared with
BMP-2 protein, even at 12,000-fold higher concentration,
was partially (see other effects due to peptide interaction
with the cell membrane) attributed to aggregation in aque-
ous solution.

The effect of peptide hydrophobicity and its conjugation
to the PEGDA network on DNA content, ALP activity, and
calcium content of the encapsulated hMSCs is shown in
Figure 4a–c, respectively. Groups included gels incubated in
BM, OM without DEX, OM with peptide conjugated to the
gel (cP), OM with peptide dissolved in the gel (P), and OM
with peptide/lactide-capped PEG macromer with 0 (cPL0), 2
(cPL2), 4 (cPL4), and 6 (cPL6) lactides conjugated to the
gel. DNA content of the encapsulated hMSCs cultured in
BM increased with incubation time while those incubated in
OM decreased, with or without peptide (Fig. 4a). The in-
crease in DNA content in BM indicated that hMSCs were
able to grow in the encapsulating PEGDA matrix but DNA
content decreased with incubation time as the encapsulated
cells underwent differentiation in OM consistent with pre-
vious reports.52,53 Addition of BMP-2 peptide, peptide hy-
drophobicity, or peptide conjugation to the PEGDA matrix
did not have a significant effect on cell number with incu-
bation time.

ALP activity of the encapsulated hMSCs cultured in BM
did not change with incubation time while those cultured in
OM, with or without peptide, peaked on day 14. The

FIG. 3. (a) Hydrophobicity index for each amino acid
from N-terminus (left side) to C-terminus (right side) of the
BMP-2 peptide. (b) Intensity of scattered light as a function
of peptide concentration in aqueous solution. (c) Simulated
aggregation number of the BMP-2 peptide (number of
peptides per aggregate) as a function of the peptide con-
centration in aqueous solution. (d) Density of the free BMP-
2 peptide and total peptide density as a function of peptide
concentration in aqueous solution. Color images available
online at www.liebertpub.com/tea
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addition of BMP-2 peptide to the culture medium signifi-
cantly increased the peak ALP activity on day 14, as shown
by one star in Figure 4b. Further, the group with BMP-2
peptide dissolved in the medium (P) had significantly higher
ALP activity on day 14 compared with those groups in
which the peptide was conjugated to the PEGDA gel (cP,
cPL0, cPL2, cPL4, and cPL6), as shown by two stars in
Figure 4b. This is consistent with the fact that BMP-2
protein is associated with the soluble, not the insoluble,
fraction of the bone matrix.54 Further, ALP activity for cPL0
group (peptide-PEG conjugate attached to the gel) was
3000 – 450 IU/mg DNA, which was higher than that for cP
group (peptide attached to the gel) with 2200 – 260 IU/mg
DNA. Notably, ALP activity of the encapsulated hMSCs
decreased when the PEG chain conjugated to the peptide
was capped with a hydrophobic lactide segment (cPL2,
cPL4, and CPL6 groups). However, the lactide segment
length did not significantly change the peak ALP activity of
the encapsulated hMSCs.

The extent of mineralization of hMSCs, as measured by
calcium content, did not change with incubation time in BM
but it increased in all OM groups (with or without peptide),
as shown in Figure 4c. The addition of BMP-2 peptide to the
gel (P group, Fig. 4c) significantly increased calcium con-
tent compared to that without peptide (OM medium, Fig.
4c). Consistent with ALP results, calcium content of the
encapsulated hMSCs with dissolved peptide (P group) was
680 – 40 mg/mg DNA, which was significantly higher than
that conjugated to the gel (cP group, 370 – 50 mg/mg DNA),
as shown by two stars in Figure 4c. Extension of the peptide
with a PEG chain increased calcium content of the encap-
sulated hMSCs from 370 – 50 to 500 – 40 mg/mg DNA at
day 28. However, extension of the peptide with a lactide-
capped PEG chain (lactide segment length of two, cPL2)
significantly reduced calcium content at day 28 compared
with PEG-extended peptide. The length of the lactide seg-
ment in lactide-capped PEG-conjugated peptide did not af-
fect calcium content of the encapsulated hMSCs.

We hypothesized that the lower osteoinductive potential of
the peptide groups conjugated to PEG or lactide-capped PEG
was due to increased aggregation. The images in Figure 5 show
the simulated equilibrium structure of BMP-2 peptide or
peptide/lactide-capped PEG conjugates in aqueous solution
(15 wt%). The blue and brown beads are for acrylate and
lactide units, respectively, and EO beads are not shown for
clarity. Figure 5a–g corresponds to acrylate-terminated (blue
beads) PEG, lactide-capped PEG (two lactides, L2), PL0, PL2,
PL4, and PL6, respectively. The acrylate-terminated PEG
chains without lactide were uniformly distributed in the sim-
ulated aqueous solution, as shown by the acrylate beads in
Figure 5a. PEG chains capped with lactide and terminated with
an acrylate group formed micellar structures 1–3 nm in size as
shown in Figure 5b,22,25 with lactide and EO beads forming the
core and corona of the micelles, respectively. The acrylate-
terminated peptide without (Fig. 5c) or with conjugation to
PEG (Fig. 5d) formed irregularly shaped aggregates (Fig. 5c,
d) due to its amphiphilic nature. In the peptide case, hydro-
phobic side chains of the amino acids formed the core of the
aggregates while EO beads covered surface of the aggregates
with hydrophilic amino acids (polar and charged) positioned at
the core-corona interface (Fig. 5d). The size of the aggregates
increased when the peptide-PEG macromer was capped with

FIG. 4. DNA content (a), ALP activity (b), and calcium
content (c) of hMSCs encapsulated in PEGDA hydrogel and
incubated in basal medium (BM, control group), OM
without DEX (control group), OM with the BMP-2 peptide
covalently attached to the hydrogel network (cP), OM with
the BMP-2 peptide dissolved in the hydrogel (P), OM with
the peptide/lactide-capped PEG conjugate with 0 (cPL0), 2
(cPL2), 4 (cPL4), and 6 (cPL6) lactide units, attached to the
hydrogel network. One star indicates a statistically signifi-
cant difference ( p <0.05) between the test and OM groups
at each time point. Two stars indicate a statistically signif-
icant difference between the test and all other groups at each
time point. Error bars correspond to means – 1 standard
deviation (SD) for n = 3. Color images available online at
www.liebertpub.com/tea
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2, 4, and 6 lactide units as shown in Figure 5e–g, respectively,
and the number density of the aggregates decreased with in-
creasing lactide segment length. The cross-sections of one of
the aggregates in the simulations of Figure 5 are shown in
Figure 6 with green beads representing EO units. The cross-

sections in Figure 6 show that the aggregates in aqueous so-
lution are covered with EO units of PEG to reduce the inter-
facial free energy between the aqueous phase and hydrophobic
structures, thus stabilizing the aggregates. Notably, thickness
of the EO layer increased with aggregate size.

FIG. 5. Evolution of the BMP-2 peptide aggregates in PEGDA hydrogel (15 wt%) without the peptide or lactide-capped
PEG macromer (a, control), with lactide-capped PEG macromer (b, control, L0 group), the peptide (c, P group), the peptide-
PEG conjugate (d, PL0 group), the peptide/lactide-capped PEG conjugate with 2 (e, PL2 group), 4 (f, PL4 group), and 6 (g,
PL6 group) lactides. The blue and brown beads correspond to acrylate and lactide beads, respectively. Ethylene oxide and
water beads are not shown for clarity. Color images available online at www.liebertpub.com/tea

FIG. 6. Cross-section of one of the BMP-
2 peptide aggregates in Figure 5 with green
beads representing ethylene oxide units.
Images (a–g) correspond to aggregates
without the peptide or lactide-capped PEG
macromer (a), with lactide-capped PEG
macromer (b), the peptide (c), peptide-PEG
conjugate (d), peptide/lactide-capped PEG
conjugate with 2 (e), 4 (f), and 6 (g) lac-
tides. Water beads are not shown for clarity.
(h) Simulated average aggregation number
and the fraction of free peptide (h) and the
water-amino acid integration number for
lysine (charged), serine (uncharged but po-
lar), and isoleucine (nonpolar) (i) for the
peptide only (P), the peptide-PEG conjugate
attached to the hydrogel network (cPL0),
the peptide/lactide-capped PEG conjugate
attached to the gel network with 2 (cPL2), 4
(cPL4), and 6 (cPL6) lactide units. Error
bars correspond to means – SD for five
simulation runs. Color images available
online at www.liebertpub.com/tea
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The average aggregation number (nagg) and fraction of the
free peptide (P) and peptide conjugated to lactide-capped
PEG (cPL0, cPL2, cPL4, and cPL6) are shown in Figure 6h.
Due to PEG hydrophilicity, nagg decreased from 3.4 to 3.0
and aggregate distribution narrowed with conjugation of the
peptide to PEG (cP). The nagg increased from 3 to 3.9, 5.8,
and 7.7 as the PEG macromer in peptide-PEG conjugate was
capped with 2 (cPL2), 4 (cPL4), and 6 (cPL6) lactides, re-
spectively. The nagg increased from 3.4 to 4.3, 6.6, and 11.1
when the peptide was directly conjugated to lactide without
PEG with segment length of 2, 4, and 6, respectively. On the
other hand, the fraction of free peptide in solution increased
from 0.06 to 0.1 with conjugation of the peptide to PEG (cP).
Further, the fraction of free peptide decreased from 0.1 to
0.04, 0.03, and 0.02 for cPL2, cPL4, and cPL6, respectively.

To quantify the proximity of different beads, the average
number of b beads in a sphere of radius R around bead a or
the running integration number of beads b around bead a,
INab (R), was calculated by22,25

INab(R)¼ 4pqb0

ZR

0

gab(r)r2dr (6)

where qb0 is the overall number density of b beads and
gab (r) is the radial distribution function of bead b around
bead a, located at the origin. The integration numbers be-

tween water and amino acids lysine (K), serine (S), and
isoleucine (I) representing charged, polar, and hydrophobic
amino acids, respectively, are shown in Figure 6i. Isoleucine
with lowest INAA-w (green curve in Fig. 6i) was confined to
the center of the aggregates while lysine with highest INAA-

W was situated on the aggregate surface in proximity to the
PEG layer (Figs. 6b–g). The simulation results in Figure 6
indicated that, due to peptide aggregation, the encapsulated
hMSCs may interact with the PEG layer on the surface of
peptide-PEG aggregates or amino acids different from the
BMP-2 peptide sequence, leading to a lower osteoinductive
potential of the lactide-capped PEG-conjugated peptide.

The effect of peptide aggregation on interaction with the
cell membrane was simulated by molecular dynamics and
the results are shown in Figure 7. When a single peptide (not
an aggregate) or a single peptide-PEG conjugate was in
contact with the cell membrane, the distance between the
center of masses of the peptide and cell membrane did not
change significantly. However, when an aggregate of the
BMP-2 peptides (P, upper left and right images) or an ag-
gregate of the peptide-PEG conjugates (PL0, lower left and
right images) was in contact with the cell membrane, higher
energetic interaction, penetration of the peptide, and pore
formation in the membrane were observed. However, con-
jugation of the peptide to PEG (PL0) reduced the attractive
interaction between the conjugate and the cell membrane and
the extent of pore formation. Notably, covalent attachment of
the peptide-PEG conjugate to the hydrogel network elimi-
nated pore formation in the cell membrane.

Discussion

Aside from cost efficiency, osteogenic peptides are less
likely to lose their activity by denaturation than their cor-
responding protein. Therefore, a wider range of methods can
be used for incorporation of osteogenic peptides in en-
gineered scaffolds. Li et al. measured osteoinductivity of the
BMP-2 peptide loaded in nano-hydroxy apatite/collagen/
poly(l-lactic acid) scaffolds by implantation in a rat cal-
varial defect.55 They reported that 3 mg of the BMP-2
peptide loaded in the scaffold had osteoinductive potential
similar to 1 mg of BMP-2 protein, indicating that 3000-fold
higher BMP-2 peptide concentrations were required to
achieve the same activity as the protein. Our results dem-
onstrate that although the addition of the BMP-2 peptide
significantly increased osteoinductive potential, the level of
activity was much less than that of BMP-2 protein even at
12,000-fold higher molar concentrations (1000-fold higher
mass concentrations). Further, the expression of RunX-2, a
marker for the onset of osteogenic differentiation, was de-
layed with the BMP-2 peptide compared with BMP-2 pro-
tein (Fig. 2e). One factor that can lower osteoinductive
potential of the peptide is aggregation in aqueous solution.
On the other hand, the peptide is derived from BMP-2
protein based on its ability to differentiate MSCs to osteo-
genic lineage without consideration for its stability in
aqueous solution. Hydrophobicity index analysis of each
amino acid indicated that the peptide is amphiphilic with an
overall positive index of hydrophobicity. Therefore, the
peptide tends to form aggregates above its CMC in aqueous
solution to reduce the interfacial free energy. The BMP-2
peptide concentration range of 0.00025–0.005 mM was

FIG. 7. Effect of an aggregate of the BMP-2 peptide (top
images) and an aggregate of the peptide-PEG conjugate
(bottom images) on energetic interaction, penetration of the
peptide, and pore formation in the cell membrane. The water
beads are not shown for clarity. The images on the left and
right show the side and top views of the membrane, re-
spectively. In the top view, all membrane beads are shown
in gray for clarity. Color images available online at www
.liebertpub.com/tea
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below the peptide’s CMC concentration of 0.019 mM (or
0.040 mM based on the simulation results). Therefore, based
on the experimental and simulated values for CMC, the
peptides in cell encapsulation experiments with 0.00025–
0.005 mM concentrations were most likely not aggregated.
Above CMC concentration, the fraction of free peptide de-
creased with increasing peptide concentration but the free
peptide density in the hydrogel slightly increased, which could
explain the slight increase in osteoinductive potential with
increasing peptide concentration in Figure 2. Therefore, the
experimental and computational results indicate that os-
teoinductive potential of the BMP-2 peptide is related to the
density of free or nonaggregated peptide in aqueous solu-
tion, not the overall concentration. Further, simulation re-
sults show that the amino acids in the peptide aggregates
facing the aqueous phase may be different from those of the
free peptide (Fig. 6i), which may lead to nonspecific inter-
action of the aggregates with cell surface receptors. In ad-
dition, simulation results in Figure 7 show that the peptide
aggregates (P) had a higher energy of interaction with the
cell membrane than the free peptide, leading to undesired
pore formation on the membrane and reduced peptide ac-
tivity. When the peptide was conjugated to PEG (PL0), the
peptide aggregates were shielded from the cell membrane
by surface-bound PEG chains, which slightly increased
peptide activity. This is consistent with previous results that
palmitoylation of proapoptotic peptides can affect micelle
stability and cell uptake.56

The results show that there was higher osteogenic dif-
ferentiation of encapsulated hMSCs when the BMP-2 pep-
tide was dissolved in the hydrogel matrix as compared with
the peptide that was conjugated (Fig. 4), which was similar
to the previously reported lower activity of BMP-2 protein
attached to immobilized heparin.57 Conjugation of the
peptide to the hydrophilic PEGDA matrix decreased the
degree of freedom of the peptide beads, which decreased
aggregation and increased the free peptide density. Further,
capping the PEG chain with hydrophobic lactide units in-
creased aggregation number of the conjugated peptide,
which was attributed to a decrease in CMC. The free energy
of micelle formation is related to CMC by51,58

DG0
mic¼RT ln (CMC) (7)

where R and T are the gas constant and absolute tempera-
ture, respectively, and DG0

mic is the difference in free energy
of the peptide between the dissolved and aggregated states.
CMC and DG0

mic increased with conjugation of the peptide
to hydrophilic PEG, leading to an increase in free peptide
concentration and higher osteoinductive potential of the
PEG-conjugated peptide (cPL0) compared with cP. How-
ever, the addition of hydrophobic lactide units to the
PEG-peptide conjugate offsets the positive effect of PEG
conjugation to the peptide, leading to an insignificant
change in osteoinductive potential of cPL2, cPL4, and cPL6
groups compared with cPL0.

Conclusions

In this work, the effect of concentration and hydropho-
bicity of the BMP-2 peptide, from residues 73–92 of the
knuckle epitope of BMP-2 protein, on differentiation of

hMSCs encapsulated in PEGDA hydrogel was investigated
experimentally and by molecular dynamic simulation. The
encapsulated cells were cultured in OM without DEX sup-
plemented with the BMP-2 peptide. The index of hydro-
phobicity of the peptide was varied by conjugation to a
lactide-capped PEG chain with 0–6 lactide units. The BMP-
2 peptide dissolved in the hydrogel had significantly higher
osteoinductive potential than the attached peptide consistent
with the fact that BMP-2 protein is associated with the
soluble, not the insoluble, fraction of the bone matrix. The
dose-osteogenic response curve of the BMP-2 peptide was
in the 0.0005–0.005 mM range, and osteoinductive potential
of the BMP-2 peptide was significantly less than the protein
even at 12,000-fold higher molar concentrations, which was
explained by peptide aggregation in aqueous solution. Based
on simulation results, the fraction of free peptide in solution
decreased while the concentration of free peptide increased
slightly with 1000-fold increase in peptide concentration in
aqueous solution, which reduced osteoinductive potential of
the peptide. A decrease in the index of hydrophobicity of the
peptide by conjugation to PEG increased CMC, which in-
creased osteoinductive potential of the peptide. Conversely,
an increase in the index of hydrophobicity of the peptide by
conjugation to lactide-capped PEG reduced CMC, which
reduced the peptide osteoinductive potential. Experimental
and simulation results indicated that osteoinductive potential
of the BMP-2 peptide should be correlated with its hydro-
phobicity index, CMC concentration in aqueous medium,
and the concentration of free peptide in solution, not the
total peptide concentration.
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