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Abstract

In this study, we investigated the effect of signaling peptides incorporated into oligo(poly(ethylene glycol) fumarate) (OPF)

hydrogels on in vitro differentiation and mineralization of marrow stromal cells (MSCs) cultured in media without soluble

osteogenic supplements (dexamethasone and b-glycerol phosphate). When MSCs were cultured for 16 days on OPF hydrogels

modified with Arg–Gly–Asp (RGD) containing peptides, the normalized cell number was dependent on the peptide concentration

between days 0 and 5 and reached comparable values at day 10 regardless of the concentration. The alkaline phosphatase (ALP)

activity of MSCs on the peptide-modified OPF hydrogels was also concentration-dependent: ALP activity showed peaks on day 10

or day 13 on OPF hydrogels modified with 2.0 and 1.0 mmol peptide/g, which were significantly greater than those on the OPF

hydrogels modified with 0.1 mmol peptides/g or no peptide. A characteristic marker of osteoblastic differentiation, osteopontin

(OPN), was detected for all the test groups. However, OPN secretion between days 0 and 10 was significantly higher on the peptide

modified hydrogels compared to that on tissue culture-treated polystyrene. Taken together, the results indicate that the presence of

signaling peptide allows for a favorable microenvironment for MSCs to differentiate into osteoblasts and produce mineralized

matrix, although the soluble factors may further enhance calcium deposition. These findings further support the usefulness of OPF

hydrogels as scaffolds for guided bone regeneration, and represent an initial step in exploring the complex relationship between

soluble and insoluble factors in osteogenic differentiation on biodegradable materials.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Tissue development is controlled by the interplay of
multiple signals that are often provided by extracellular
e front matter r 2004 Elsevier Ltd. All rights reserved.
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matrix (ECM) proteins [1]. In particular, cells suspended
within a 3-dimensional network of ECM respond to
external changes via receptor–ligand interactions that
relay signals from outside the cell to the cytoskeletal
domain and thereby influence subsequent cellular
function such as attachment, migration, differentiation,
and apoptosis [2]. In order to control and direct specific
cellular responses for many tissue engineering applica-
tions, significant efforts have been made in the devel-
opment of new biomaterials to exploit these naturally
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occurring biomolecular signaling processes [3–5]. For
example, small cell-binding sequences identified from
ECM proteins including Arg–Gly–Asp (RGD), Tyr–
Ile–Gly–Ser–Arg (YIGSR) [6], and Arg–Glu–Asp–Val
(REDV) [7] have been grafted to the surface of
poly(tetrafluoroethylene) (PTFE) [8], metal oxide [9],
and glass [10] to enhance the cell attachment and
proliferation via receptor-mediated interactions. How-
ever, these approaches appear to control cellular
response over a relatively short time period (from
several hours to a few days in vitro), and modulation
of extended tissue-specific function (differentiation of
specific cell types) remains a challenge. Furthermore,
results from many studies that have been conducted
under restricted and well-defined in vitro culture
conditions (usually serum-free culture) have not always
been useful in predicting the in vivo response of specific
tissues to these materials [11].
Recently, we have investigated the potential use of

synthetic oligo(poly(ethylene glycol) fumarate) (OPF)
hydrogels as biomimetic substrates with chemical and
physical features that promote osteoblast function and
integration for guided bone regeneration. OPF consists
of two major building blocks, poly(ethylene glycol)
(PEG) and fumaric acid, which form multiple ester
bonds along the linear chain that can be hydrolyzed in a
physiological environment leading to degradation of its
crosslinked network over time [12]. Importantly, radical
polymerization of OPF with water-soluble initiators
provides a unique and versatile chemistry in which the
concurrent incorporation of cell-binding peptide se-
quences and in situ hydrogel formation are both
possible [13]. In a previous study, we demonstrated that
the model peptide sequence, Gly–Arg–Gly–Asp–Ser
(GRGDS), was incorporated into the OPF hydrogel,
presented through the crosslinked network, and recog-
nized by rat marrow stromal cells (MSCs) [13]. An
additional study showed that we could modulate
cellular function by altering either the peptide concen-
tration or the nature of the peptide sequence [14].
Specifically, on the OPF hydrogels incorporating
a 15 amino acid sequence, Asp–Val–Asp–
Val–Pro–Asp–Gly–Arg–Gly–Asp–Ser–Leu–Ala–Tyr–G-
ly (DVDVPDGRGDSLAYG) derived from osteopon-
tin, MSCs showed faster migration during 3 days of
culture than on hydrogels modified with only a GRGDS
sequence. In a recent investigation of tissue-specific
response to the peptide-modified OPF hydrogel, the
signaling peptide presented from the OPF hydrogels
directed differentiation of MSCs into osteoblasts in a
peptide-concentration-dependent manner, as delineated
by expression of osteoblastic phenotypic markers and
calcium deposition on the hydrogel [15]. Although it was
evident in these studies that the peptide-modified OPF
hydrogel serves as a temporary substrate for MSCs to
undergo in vitro differentiation and mineralization, the
potential contribution of culture media to this specific
cellular response was not clearly addressed. We have
cultured MSCs in Dulbecco’s modified Eagle’s medium
(DMEM) with osteogenic supplements including dex-
amethasone, b-glycerol phosphate, and L-ascorbic acid.
In this system, decoupling the contributions from
supplements in the media vs. the peptide in the hydrogel
toward in vitro differentiation and mineralization of
MSCs was difficult. In particular, dexamethasone has
been reported to be important in the differentiation of
osteoprogenitor cells isolated from young adult rat bone
marrow stroma [16,17]. These concerns led us to
conduct an additional experiment to assess the effects
of soluble signaling factors in the culture media on
differentiation and mineralization of MSCs cultured on
a peptide-modified hydrogel.
In this study, we tested the hypothesis that signaling

peptides incorporated into the OPF hydrogels induced
differentiation and mineralization of MSCs cultured in
the absence of dexamethasone and b-glycerol phos-
phate. In order to address this hypothesis we examined
change in the cell number, expression of typical in vitro
osteogenic differentiation markers (alkaline phospho-
tase (ALP) activity and osteopontin), and calcium
deposition from MSCs cultured for 16 days on OPF
hydrogels modified with two different peptides.
2. Materials and methods

2.1. Materials

PEG-diacrylate (PEG-DA) (molecular weight (MW)
575), PEG (nominal MW 1000), ammonium persulfate
(APS), and triethylamine were purchased from Aldrich
(Pittsburgh, PA). Fumaryl chloride was purchased from
Acros (Milwaukee, WI) and distilled prior to use.
Ascorbic acid (AA) was obtained from Sigma (Saint
Louis, MO). Acryloyl-PEG-N-hydroxysuccinimide
(acryloyl-PEG-NHS) (MW 3400) was purchased from
Shearwater Polymers (Huntsville, AL). DMEM and
trypsin/EDTA were purchased from Gibco Life (Grand
Island, NY) and fetal bovine serum (FBS) was obtained
from Gemini Bio-Products (Calabasas, CA). Phosphate
buffered saline (PBS) and antibiotic-antimycotic solu-
tion (penicillin/streptomycin) were purchased from
Invitrogen (Carlsbad, CA). A synthetic cell binding
peptide derived from fibronectin, GRGDS, was pur-
chased from Bachem California (Torrance, CA). An
ABI 433A Peptide Synthesizer (PE Biosystems, Foster
City, CA) was used at the Mayo Protein Core Facility
(Rochester, MN) to synthesize a 15 amino acid OPN-
derived peptide (ODP), DVDVPDGRGDSLAYG. The
resulting product has its composition further verified by
electrospray ionization (ESI) mass analysis on a Perkin/
Elmer Sciex API 165 Mass Spectrometer (PE Biosys-
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tems, Foster City, CA). Unless otherwise stated, the
reagents were used as received.

2.2. Synthesis of oligo(PEG fumarate) (OPF) and

acrylation of peptides

OPF was synthesized following a previously estab-
lished procedure [12]. Briefly, PEG was dissolved in
toluene and dehydrated by azeotropic distillation.
Triethylamine and distilled fumaryl chloride were
dropped concurrently into the PEG solution in anhy-
drous tetrahydrofuran and mixed in an ice bath over-
night. Following solvent evaporation, the resulting
product was recrystallized in ethyl acetate and pre-
cipitated in anhydrous ethyl ether. The remaining
solvents were removed at 0.1 Torr for at least 5 h. The
molecular weight of OPF was determined by gel-
permeation chromatography (GPC) using mono-dis-
persed PEG standards. The dried OPF was stored in
vacuum at 01C prior to use.
The synthetic peptides GRGDS and ODP were

acrylated as described previously [18]. Briefly, the
peptides were dissolved in sodium bicarbonate buffer
solution (pH 8.3) and acryloyl-PEG-NHS was reacted
with the peptide at room temperature for 2.5 h. The
reaction mixture was dialyzed in deionized distilled
water (DDW) for 2 days using a dialysis membrane
(MW cutoff: 2 000) to remove any unreacted residues.
The dialyzed polymer solution was lyophilized overnight
and stored at 0 1C prior to use.

2.3. Preparation of peptide-modified OPF hydrogels

OPF hydrogels were chemically crosslinked with
PEG-DA in the presence of APS and AA as initiators
in the following manner: OPF and PEG-DA were
dissolved in DDW at 50% (w/v). The amount of added
PEG-DA to OPF was determined by the ratio of the
number of double bonds in PEG-DA to those in OPF
(DBR). Specifically, 0.123mL PEG-DA was mixed with
0.2 g OPF in 0.667mL DDW for preparation of the
OPF hydrogel with a DBR equal to 3. The number of
double bonds in OPF was calculated based on the
Table 1

Name and chemical compositions of prepared OPF hydrogels

Name of OPFa hydrogel film DBRb Types

OP-ODP 3 ODPc

OP-RGD 3 GRGD

aThe number average molecular weight (Mn) of PEG and its correspondin

using gel permeation chromatography relative to a calibration curve with m
bRatio of double bonds present in PEG-DA to those in OPF. Weight rati

double bond ratio (DBR).
cODP: osteopontin-derived peptide.
number average molecular weight of the synthesized
OPF as previously described [13]. Various amounts of
peptide (0.1, 1.0, or 2.0 mmol acrylated peptide/g of the
swollen hydrogel) was then added to the aqueous
mixture of OPF and PEG-DA with APS and AA in
an equal concentration of 0.025M for the crosslinking
reaction (the weight of the swollen hydrogel was
previously reported [13]). Subsequently, the mixture
was cast between two glass plates and allowed to
crosslink at 451C for 30min. After crosslinking, the
hydrogel film was lifted from the plate using a razor
blade and then immersed in DDW for 24 h in order to
remove any remaining residues. The fully swollen
hydrogel film was cut using a cork borer 15mm in
diameter. We analyzed release of the peptide from the
hydrogel during swelling by using NMR and no free
peptide was detected (data not shown). For sterilization,
the hydrogel film was soaked in 70% ethanol (v/v) for 1
day and re-swollen in sterile phosphate buffered saline
(PBS) solution for 2 days while changing the PBS twice
per day under sterile conditions. Two types of the OPF
hydrogels were prepared as shown in Table 1: OP-RGD
incorporating the GRGDS sequence and OP-ODP
incorporating the ODP.
2.4. Isolation of marrow stromal cells (MSCs)

We isolated MSCs from male Wistar rats (Harlan,
Indianapolis, IN) (140 –160 g) as previously described
[13]. Briefly, femurs and tibias were excised under
aseptic conditions and the marrow was flushed using a
20G needle with DMEM supplemented with 5% (v/v)
antibiotics containing penicillin and streptomycin (pH
7.2). The flushed medium was centrifuged and the
supernatant was discarded. The remaining cell pellet was
suspended in a volume of 3mL culture media (DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) antibiotics
containing penicillin and streptomycin, and 50mg/L
L-ascorbic acid) and seeded on T-75 culture flasks. After
3 days, non-adherent cells were aspirated and the cell
culture was replenished with fresh culture media.
of incorporated peptide Concentrations (mmol/g)

(DVDVPDGRGDSLAYG) 2.0, 1.0, or 0.1

S 2.0, 1.0, or 0.1

g OPF were 930710 and 4470760, respectively. Mn was determined

ono-dispersed PEG standards.

o in aqueous mixture of PEG-DA and OPF was determined based on
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2.5. MSC culture on the peptide-modified OPF hydrogels

The sterilized circular peptide-modified hydrogel films
were placed in 24-well tissue culture plates (flat bottom
with lid, Corning, NY). Cylindrical stainless steel annuli
(7.2mm in inner diameter, 15.8mm in outer diameter,
and 16mm in height) were autoclaved and placed on
the top of the hydrogel films to prevent movement of the
hydrogel films. On day 6 of culture following the
isolation, the MSCs were lifted using 0.05% trypsin/
0.53mM EDTA solution and re-suspended with the
culture media at a concentration of 132,750 cells/mL. A
cell suspension of 170 mL was seeded onto the confined
area of each hydrogel film (39,750 cells/cm2) inside the
stainless-steel annuli. The cell suspension at the same
concentration was seeded on tissue culture polystyrene
as a control. Cell cultures were maintained under
standard culture conditions (371C, 95% relative humid-
ity, and 5% CO2) for periods as long as 16 days with
media changes every 2–3 days. During the culture, the
morphology was monitored via light microscopy. At the
given time points, the samples were removed from
culture and subjected to biochemical assays.
2.6. Sample preparation for assays

Samples were prepared for measuring cellularity, ALP
activity, and calcium content in the following manner.
On days 5, 10, 13, and 16, the cultured layer of MSCs on
the peptide-modified hydrogel was rinsed with PBS
twice and scraped carefully using a plastic cell scraper.
1mL of lysis buffer (25mM Tris and 0.5% (v/v) Triton
X-100 (pH�7.4) [19]) was then added to the scraped cell
pellet and the cell lysates were frozen immediately and
stored at �801C until the day of the assays when the cell
lysates were subjected to three thaw/freeze cycles (20min
with sonication at 37 1C and freezing at �80 1C for
20min) three times for complete extraction of DNA and
proteins from the cell cytoplasm. For analysis of OPN
secretion, 200 mL of the cell culture media was collected
from each group every 2 or 3 days and stored at �80 1C.
2.7. Analysis of cellularity

The number of cells on the peptide-modified hydrogel
at each time point during the cell culture was measured
using a fluorometric PicoGreen DNA kit (Molecular
Probes, Eugene, OR) that quantifies the amount of
double stranded DNA in cells. The fluorescent absor-
bance of samples was measured using a microplate
fluorescent reader (FL� 800, BIO-TEK Instrument,
Winooski, VT) equipped with a 480/525 (excitation/
emission) filter set. A standard curve based on known
concentrations of calf thymus DNA was used to
determine the total cell number. The cell number was
normalized at each time point to the number of initially
seeded cells.

2.8. ALP activity assay

ALP activity was measured according to a previously
published method using Sigma Diagnostic Kit #104 [20].
Aliquots of the lysates (80 mL), 20 mL of alkaline
working buffer solution (5mM MgCl2 and 0.5M 2-
amino-2-methyl-1-1-propanol), and 100 mL of substrate
solution (5mM p-nitrophenylphosphate) were added to
a 96-well plate and incubated for 1 h at 371C. Standards
in known concentrations ranging from 50 to 250 mM
were prepared from serial dilutions of the stock solution
provided from the kit and added to designated wells in
the same plate containing the samples. After incubation,
the kinase reaction was stopped by adding 100 mL of
0.3M NaOH to each well. The absorbance of each well
was measured using a microplate reader (PowerWave
300, BIO-TEK Instrument, Winooski, VT) at 405 nm.
The results were normalized to the total cell number at
each time point.

2.9. Osteopontin (OPN) assay

The OPN secretion was analyzed using a rat OPN
TiterZyme enzyme-linked immunosorbent assay (ELI-
SA) Kit (Assay Designs, Inc., MI) [21]. Briefly, the
samples from the media were collected and grouped,
representing the time periods of days 0–5, 5–10, 10–13,
and 13–16. The results represent the OPN secretion per
day over each time period. For the assay, a volume of
100 mL assay buffer provided from the kit and 100 mL of
the samples or standard solution were added into a
microtiter plate. A series of standard solutions were
prepared by diluting the stock solution containing
recombinant rat OPN (9.5 mg/mL). The microtiter plate
with the samples was incubated at 37 1C for 1 h, the
solutions in the well were aspirated, and the well was
rinsed by adding 300 mL of a washing buffer six times.
Then, 100 mL of the labeled antibody solution (in PBS)
was added to each well and the plate was sealed and
incubated at 41C for 30min. The antibody solution was
aspirated and the well was rinsed using 300 mL of the
washing buffer eight times. Subsequently, a volume of
100 mL of a substrate solution was added to each well
and incubated for 30min at room temperature in the
dark. The reaction was stopped by the addition of
100 mL of a 1N sulfuric acid solution (in DDW) to each
well. The absorbance of each well at 450 nm was
measured using the microplate reader.

2.10. Analysis of calcium content

The calcium content in the cell lysates were measured
according to a previously published method using Sigma
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Fig. 1. Proliferation of MSCs cultured on OP-ODP and OP-RGD of

different peptide concentrations, the unmodified hydrogel, and tissue

culture polystyrene (TCPS) controls as a function of the culture time.

The Y-axis represents the normalized cell number obtained by dividing

the cell number at given time points with the number of initially seeded

cells. *po0.05 relative to OP-ODP or OP-RGD hydrogels modified

with 0.1mmol/g at day 5. #po0.05 relative to day 5 for each group.

ypo0.05 relative to days 5, 10, and 13. Error bars represent

means7standard deviation for n ¼ 3:
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Diagnostic Kit # 587-A [20], which measures the
amount of purple-colored calcium-OCPC (o-cre-
solphthalein complexone) complex formed as a result
of binding between OCPC and free calcium generated
by osteoblasts. A volume of 0.5mL lysates was
incubated at room temperature overnight with 0.5mL
acetic acid (1.0 N) in order to extract calcium from
mineralized constructs. A volume of 10 mL from the
samples was taken and placed in a 96-well plate. Equal
amounts (150 mL) of calcium binding reagent (o-
cresolphthalein complexone, 0.24% 8-hydroxyquino-
line, and surfactant) and calcium buffer reagent
(500mM 2-amino-2-methyl-1,3-propanediol) provided
from the kit were added to each well and the plate was
incubated at room temperature for 10min. The stan-
dards in concentrations ranging from 5 mg/mL to
100 mm/mL were prepared using CaCl2. The absorbance
of each well was measured using a microplate reader at
575 nm. The calcium content from each sample was
normalized to the total cell number at each time point.

2.11. Statistical analysis

The results were reported as means7standard devia-
tion of each experiment in triplicate. Multivariate
analysis of variance (MANOVA) was used to determine
if there was any significant difference between any of the
data sets utilizing SYSTAT 8.0 software packages for
Windows. Tukey multiple comparison tests were subse-
quently performed to determine which pairs were
significantly different. Both tests were conducted with
a 95% confidence interval (a=0.05). Because plateau
values were reached for the total cell number after 5–10
days, no logarithmic transformation was needed before
the statistical analysis was completed for the data.
3. Results

3.1. Analysis of cellularity

The number of MSCs on OP-ODP increased with
increasing peptide concentration between days 0 and 5,
where the normalized cell number was 1.670.3,
1.270.3, and 0.770.2 on OP-ODP modified with 2.0,
1.0, and 0.1 mmol peptide/g, respectively. However,
Fig. 1 shows that the normalized cell number reached
a plateau value at day 10 and remained constant during
the rest of the cell culture period. Similarly, at day 5, the
normalized cell number of MSCs on OP-RGD modified
with 2.0 mmol peptide/g (2.170.1) was significantly
higher than that on OP-RGD modified with both
1.0 mmol peptide/g (1.370.0) and 0.1 mmol peptide/g
(0.470.1). The normalized cell number for OP-RGD
modified with 2.0 mmol peptide/g did not change from
the initial value of day 5 over 16 days of the culture
period, while the normalized cell numbers at day 16 for
OP-RGD modified with both 1.0 mmol peptide/g
(2.570.3) and 0.1 mmol peptide/g (1.870.2) were
significantly increased compared to those at day 5.
These data correlate to what was observed over the
culture period via light microscopy. Cells maintained an
elongated morphology until they reached confluency at
3–5 days after seeding, depending on the peptide
density. After this point, visualization of individual cell
morphology became increasingly difficult. Approxi-
mately 40% of the initially seeded cells adhered to the
OPF hydrogel without the peptides, and this cell number
remained constant over the 16-day culture period. The
normalized cell numbers on OP-RGD and OP-ODP
modified with 2.0 and 1.0 mmol peptide/g were compar-
able to those on TCPS through day 13, but were
significantly lower than that of TCPS at days 13 and 16.

3.2. ALP activity

ALP activity of MSCs on the peptide-modified
hydrogel was dependent on the peptide concentration
(Fig. 2); the general trends of ALP activity over the 16
days of culture were as follows: (1) a continuous increase
in ALP activity for the hydrogel modified with 2.0 mmol
peptide/g, (2) an increase in ALP activity between days 0
to 13 and a decrease to day 16 for the hydrogel modified
with 1.0 mmol peptide/g, and (3) limited ALP activity
during the entire culture period for the hydrogels
modified with 0.1 mmol peptide/g and no peptide. At
day 5, ALP activity of MSCs on OP-ODP modified with
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Fig. 2. ALP activity of MSCs on OP-ODP and OP-RGD of different

peptide concentrations, the unmodified hydrogel, and TCPS controls

as a function of the culture time. ALP was measured using an end

point enzyme activity assay and the results are expressed as picomol/

cell/h. *po0.05 relative to day 5 for each group. #po0.05 relative to

OP-RGD modified with the same peptide concentration as respective

OP-ODP. Error bars represent means7standard deviation for n ¼ 3:

Fig. 3. Amount of secreted OPN from cultured MSCs on OP-ODP

and OP-RGD of different peptide concentrations and TCPS controls

during the culture periods designated by the time intervals on the

graph. Results are expressed as nanogram/substrate/day. *po0.05

relative to day 5 for each group. Error bars represent means7standard

deviation for n ¼ 3:

Fig. 4. Amount of deposited calcium from the culture of MSCs on

OP-ODP and OP-RGD of different peptide concentrations, unmodi-

fied hydrogels, and tissue culture polystyrene (TCPS) controls as a

function of the culture time. The total calcium content at each time

point was normalized to the cell number for each experimental group.
*po0.05 relative to day 5 for each group. Error bars represent

means7standard deviation for n ¼ 3:
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2.0 and 1.0 mmol peptide/g was 18.373.9 and
12.875.6 pmol/cell/h, respectively, which was greater
than those on OP-RGD hydrogels modified with the
same concentration of the peptide (3.670.4 and
4.371.4 pmol/cell/h, respectively). On TCPS controls,
ALP activity showed the maximum (28.377.3 pmol/
cell/h) at day 10 and gradually decreased during the rest
of the 16-day cell culture period.

3.3. OPN secretion

Fig. 3 shows quantitative analysis of OPN secretion
from MSCs cultured on the peptide-modified hydrogels
over 16 days. To obtain these data, the media was
collected every 2 or 3 days during regular media
changes, the total amount of OPN in the accumulated
media was quantified using ELISA, and results are
presented as the OPN secretion per day. On OP-ODP
modified with 2.0 and 1.0 mmol peptide/g, the amount of
OPN secretion exhibited an increase between days 0 to
10 followed by a decrease over the rest of the culture
period. For example, the amount of OPN secretion on
OP-ODP modified with 2.0 mmol peptide/g between days
5 and 10 was 1.370.2 ng/substrate/day and decreased to
0.670.2 ng/substrate/day between days 13 and 16. On
OP-RGD, the general trend was evident that the
amount of OPN secretion between days 5 and 10 was
significantly greater than those between days 0–5, and
remained almost constant thereafter. Between days 0
and 10, OPN secretion on TCPS was significantly lower
than that on peptide-modified hydrogels. On the TCPS
control, the amount of OPN in the media showed a
typical rise–drop pattern and reached the maximum
between days 10 and 13.

3.4. Analysis of calcium content

The analysis of calcium deposition from MSCs on the
peptide-modified hydrogels is shown in Fig. 4. Overall,
there is increase of calcium deposition on the peptide-
modified hydrogels over the 16-day culture period. On
OP-RGD, the calcium content at day 16 was 1.070.2,
1.770.8, and 1.670.3 ng/cell for peptide concentrations
of 2.0, 1.0, and 0.1 mmol peptide/g, respectively, and all
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of these were greater than their corresponding values at
day 5. It is notable that no calcium was detected from
MSCs cultured on TCPS controls under these culture
conditions during the entire culture period.
4. Discussion

The objective of this study was to test the hypothesis
that ECM protein-derived cell-adhesive peptide se-
quences incorporated into OPF hydrogels induce in
vitro differentiation and mineralization of MSCs cul-
tured in the absence of the osteogenic supplements
dexamethasone and b-glycerol phosphate. Dexametha-
sone is a synthetic glucocorticoid shown to induce
osteogenic differentiation in both rat and human MSCs
[22–26], and b-glycerol phosphate [23] promotes miner-
alized matrix formation by acting as a potential source
of phosphate ions. For clarification, herein, the media
without osteogenic supplements are designated ‘‘no-
DEX/bGP’’ as compared to ‘‘with-DEX/bGP’’ media,
which contains these supplements.
A previous study in our laboratory demonstrated that

MSCs on peptide-modified hydrogels expressed markers
of osteoblast differentiation and deposited significantly
higher amounts of calcium compared to TCPS controls
during 16 days of culture in the with-DEX/bGP media.
More importantly, the differentiation and mineraliza-
tion of MSCs on the peptide-modified hydrogels were
enhanced with increasing peptide concentrations. Be-
cause other work suggested that there was little hydrogel
degradation over the first 16 days [27], it is believed that
the cells in this case were interacting primarily with the
peptide as it was bound to the hydrogel. However, it was
unclear whether the enhanced differentiation and
mineralization of MSCs in this experiment was due to
the combined effect of the osteogenic supplements in the
media and cell attachment to the peptides on the
hydrogels, or was mainly due to one or the other of
these two factors. Such questions led us to conduct this
study where we investigated the in vitro differentiation
and mineral deposition from MSCs in the no-DEX/bGP
media. However, when comparing the results between
the previous and current studies, it is important to note
that different cell isolation were used for the two
experiments. The source of the cells has been previously
shown to influence overall calcium deposition from
MSCs encapsulated within OPF hydrogels cultured in
otherwise identical conditions [28].
The overall normalized cell number showed a 2–3-fold

increase relative to the number of initially seeded cells
during the 16 days of culture. The MSC cell number was
dependent on the peptide concentration in that peak
levels were achieved at earlier time points with the
higher peptide concentrations; the peak was at day 5 for
2.0 mmol peptide/g modified hydrogels while it occurred
at day 10 for the lower peptide concentration hydrogels.
The normalized cell number on TCPS was significantly
higher than that for the hydrogels at day 16. The overall
normalized cell number on the peptide-modified hydro-
gels cultured in the no-DEX/bGP media was consistent
with our previous results in the with-DEX/bGP media,
indicating that the supplements in the media appear
unlikely to affect the attachment and/or proliferation of
MSCs [15].
In the previous study, the with-DEX/bGP media

group demonstrated that the ALP activity of MSCs
cultured on the peptide-modified hydrogels exhibited a
typical rise–fall pattern graph for all culture conditions
[15], as has been reported elsewhere for differentiating
osteoblasts in vitro [21]. However, the ALP activity of
cultured MSCs in the no-DEX/bGP media showed
similar trends only for the hydrogels modified with 2.0
and 1.0 mmol peptide/g. ALP activity of MSCs cultured
on the hydrogel at 0.1 mmol peptide/g was significantly
decreased to basal level, which was defined to be the
amount produced by cells on the hydrogel without the
peptides. Notably, the maximal ALP activity of MSCs
on hydrogels modified with 2.0 and 1.0 mmol peptide/g
in the no-DEX/bGP media maintained almost the same
level as that in the with-DEX/bGP media presented in
the previous study [15]. These findings are somewhat
unanticipated given that previous reports demonstrated
that the number of ALP-positive MSC colonies in
dexamethasone-free media was significantly lower than
that in the media with dexamethasone [22]. These data
clearly suggest that the signaling peptide presented by
the OPF hydrogels provided sufficient biomolecular
cues to promote early differentiation of MSCs over
TCPS, independent of the presence of osteogenic
supplements in the media. Additionally, the significant
decrease in ALP activity of MSCs on the hydrogels
modified with 0.1 mmol peptide/g further supports the
idea that the presence of the peptide is an important
signal for in vitro differentiation of MSCs under the no-
DEX/bGP condition. Thus, the presence of soluble
differentiation factors may be required to optimize early
cell differentiation toward the osteoblastic phenotype
only at lower peptide concentrations.
OPN is a 60 kDa acidic phosphoprotein that possesses

several calcium binding domains and is associated with
cell attachment, proliferation, and mineralization of
ECM into bone [29]. Importantly, OPN, at the mRNA
and protein levels, is actively expressed in the prolifera-
tion stage of osteoblasts as an early marker of osteoblast
differentiation, decreases postproliferatively, and then
increases at the onset of matrix mineralization [30]. A
study with titanium fiber mesh scaffolds seeded with
MSCs cultured under flow conditions revealed the
temporal pattern of OPN secretion in the culture media
with peak levels occurring between days 3–5 and days
8–11 depending on the culture conditions [21]. Although
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direct comparison of these results with ours is not
possible due to differences in the two culture systems,
our results demonstrating increasing secretion of OPN
between days 0–10 indicate the early differentiation of
MSCs into osteoblasts on the peptide-modified hydro-
gels in the no-DEX/bGP media. Interestingly, the delay
of the peak secretion of OPN on TCPS to days 10–13
suggests an acceleration of the osteoblast differentiation
on the peptide-modified hydrogels. The temporal secre-
tion of OPN on OP-ODP is similar to that previously
observed on the same hydrogel in the with-DEX/bGP
media with respect to the culture time needed to reach
the peak as well as the peak value of the secreted OPN.
Therefore, we speculate that the signal presented from
the peptide incorporated in the OPF hydrogel may be
sufficient to induce the peak of OPN secretion at a
saturated level or that soluble factors may not be
necessary for secretion of this specific protein.
The overall amount of calcium deposited on the

peptide-modified hydrogel was limited in the no-DEX/
bGP media, although there was a trend of increasing
calcium content on OP-RGD hydrogels over 16 days of
culture. Calcium deposition is a late marker of
osteogenic differentiation [21]. While direct comparison
with the previous study (with DEX/bGP media) is not
possible due to the lack of b-glycerol phosphate in the
media in this study, which could decrease mineralization
due to a reduction in phosphate ion concentration, these
findings demonstrate the continued osteoblastic differ-
entiation and matrix production of MSCs cultured on
the peptide-modified hydrogels. The importance of
signaling peptides in enhanced mineralization has been
addressed in recent studies using mature osteoblasts.
Rezina and Healy demonstrated an effect of peptide
density on long-term matrix production on a bone
sialoprotein-derived peptide modified surface [31]. In
addition, osteoblasts exhibited enhanced mineralization
when encapsulated in PEG-based hydrogels tethered
with RGD [32]. Taken together, our data indicate that
the presence of signaling peptides allows for a favorable
microenvironment for osteoprogenitors in MSCs to
differentiate into osteoblasts and produce calcified
ECM, although the soluble factors dexamethasone and
b-glycerol phosphate may further enhance calcium
deposition.
In the previous study, we demonstrated that the levels

of the phenotypic markers associated with osteoblast
differentiation and mineralization were not significantly
affected by the nature of the peptide sequence [15]. We
included the same two peptide sequences in these
experiments to examine the effects of peptide type in
the no-DEX/bGP media. As observed in the previous
study, the differentiation and mineralization of the
MSCs was not dependent on the peptide sequences used,
suggesting that the RGD peptide sequence, as a primary
cell binding domain in ODP, plays a main role in MSC
attachment, and further differentiation of MSCs into
osteoblasts. Since it has been established that RGD
interacts with a variety of cell integrin receptors [33–36],
this finding further indicates that this receptor class may
play a role in MSC differentiation, even in the absence
of stimulatory factors such as dexamethasone. It is
unclear from these experiments, however, if peptide
binding increases the proliferation and differentiation of
the subpopulation of DEX-independent cells found
previously to exist within rat MSC isolation [22], if the
peptide–receptor interactions act as a ‘‘surrogate’’ for
dexamethasone in promoting differentiation of the
DEX-dependent subpopulation, or if a combination of
these events occurs.
The strategy proposed in this project envisions the

recruitment and attachment of pluripotent, mesenchy-
mal cells onto the biodegradable and biomimetic
hydrogels, and their subsequent commitment toward
the osteoblast phenotype in order to aid regeneration of
bone. Interaction of the biomimetic hydrogel with
surrounding cells is crucial to allow bone cell growth,
differentiation, and mineralization. Since bone develop-
ment is a complex process, it appears to be difficult to
modulate each sequential stage of cellular function
solely by a single cell-binding peptide sequence. A
number of molecules including growth factors, cyto-
kines, and other chemical modulators have been
identified to have differential effects on cells involved
in bone development. Therefore, OPF hydrogels that
incorporate a combination of multiple signaling do-
mains may be the next step toward designing ideal
materials for controlling multiple responses of bone
forming cells. Additionally, as demonstrated by numer-
ous studies using inorganic materials with improved
osteoblast mineralization due to structural similarity to
the mineral phase of bone [37–39], introduction of these
inorganic components such as hydroxyapatite and
calcium phosphate in the OPF hydrogel to form a
composite material may enhance mineralization of
osteoblasts. Since the OPF hydrogels are extremely
versatile, further in situ modification with multiple
peptides and/or proteins could be efficiently achieved
based on a similar water-soluble initiation scheme as
that employed in these studies.
5. Conclusions

Biomimetic OPF hydrogels were prepared using two
types of peptide sequences with varied peptide concen-
trations in the hydrogel. MSCs derived from young
adult rat bone marrow were then cultured on these
hydrogels for 16 days in media lacking the osteogenic
supplements dexamethasone and b-glycerol phosphate
and their differentiation and mineralization potential
were examined. We observed a significantly higher cell
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number on peptide-modified OPF hydrogels than non-
modified hydrogels in the no-DEX/bGP culture, regard-
less of the peptide type. MSCs in the no-DEX/bGP
media showed typical trends of ALP activity, with a
transient up- and down-regulation over the 16-day
culture period. Another characteristic marker of osteo-
genic differentiation, OPN, was detected for all experi-
mental groups in the study and was significantly
increased for the peptide-modified hydrogels over TCPS
controls. Despite evident osteoblastic development of
MSCs on the peptide-modified hydrogel, calcium
deposition was limited during the 16 days of culture.
Taken together, the results indicate that the presence of
signaling peptides allows for a favorable microenviron-
ment for MSCs to differentiate into osteoblasts and
produce mineralized matrix and further support the
usefulness of OPF hydrogels as scaffolds for guided
bone regeneration.
Acknowledgements

This work was supported by a grant from the
National Institutes of Health (R01 DE15164). G.C.B
and J.S.T also acknowledge support by Grant # 1 T32
DE 015355-01 from the National Institute of Dental and
Craniofacial Research.
References

[1] Aplin AE, Howe AK, Juliano RL. Cell adhesion molecules, signal

transduction and cell growth. Curr Opin Cell Biol 1999;11(6):

737–44.

[2] Geiger B, Bershadsky A. Exploring the neighborhood: adhesion-

coupled cell mechanosensors. Cell 2002;110(2):139–42.

[3] Hubbell JA. Bioactive biomaterials. Curr Opin Biotech

1999;10:123–9.

[4] Healy KE. Molecular engineering of materials for bioreactivity.

Curr Opin Solid State Mater Sci 1999;4:381–7.

[5] Shin H, Jo S, Mikos AG. Biomimetic materials for tissue

engineering. Biomaterials 2003;24(24):4353–64.

[6] Ranieri JP, Bellamkonda R, Bekos EJ, Vargo TG, Gardella JA,

Aebischer P. Neuronal cell attachment to fluorinated ethylene

propylene films with covalently immobilized laminin oligopep-

tides YIGSR and IKVAV. II. J Biomed Mater Res 1995;29:

779–85.

[7] Hubbell JA, Massia SP, Desai NP, Drumheller PD. Endothelial

cell-selective materials for tissue engineering in the vascular graft

via a new receptor. Biotechnology 1991;9(6):568–72.

[8] Massia SP, Hubbell JA. Covalently attached GRGD on polymer

surfaces promotes biospecific adhesion of mammalian cells. Ann

N Y Acad Sci 1990;589:261–70.

[9] Rezania A, Johnson R, Lefkow AR, Healy KE. Bioactivation of

metal oxide surfaces. 1. Surface characterization and cell

response. Langmuir 1999;15:6931–9.

[10] Dee KC, Andersen TT, Bizios R. Osteoblast population migra-

tion characteristics on substrates modified with immobilized

adhesive peptides. Biomaterials 1999;20:221–7.
[11] Dee KC, Anderson TT, Bizios R. Cell function on substrates

containing immobilized bioactive peptides. Mar Res Soc Symp

Proc 1994;331:115–9.

[12] Jo S, Shin H, Fisher JP, Shung AK, Mikos AG. Synthesis and

characterization of oligo(poly(ethylene glycol)fumarate) macro-

mer. Macromolecules 2001;34:2839–44.

[13] Shin H, Jo S, Mikos AG. Modulation of marrow stromal

osteoblast adhesion on biomimetic oligo(poly(ethylene glycol)fu-

marate) hydrogels modified with Arg–Gly–Asp peptides and a

poly(ethylene glycol) spacer. J Biomed Mater Res 2002;61:169–79.

[14] Shin H, Zygourakis K, Farach-Carson MC, Yaszemski MJ,

Mikos AG. Attachment, proliferation, and migration of

marrow stromal osteoblasts cultured on biomimetic hydrogels

modified with an osteopontin-derived peptide. Biomaterials

2004;25:895–906.

[15] Shin H, Zygourakis K, Farach-Carson MC, Yaszemski MJ,

Mikos AG. Modulation of differentiation and mineralization of

marrow stromal cells cultured on biomimetic hydrogels modified

with Arg–Gly–Asp containing peptides. J Biomed Mater Res

2004;69A:535–43.

[16] Bellows CG, Heersche JNM, Aubin JE. Determination of the

capacity for proliferation and differentiation of osteoprogenitor

cells in the presence and absence of dexamethasone. Dev Biol

1990;140:132–8.

[17] Benayahu D, Fred A, Zipori D, Wientroub S. Subpopulations of

marrow stromal cells share a variety of osteoblastic markers.

Calcif Tissue Int 1991;49:202–7.

[18] Hern DL, Hubbell JA. Incorporation of adhesion peptides into

nonadhesive hydrogels useful for tissue resurfacing. J Biomed

Mater Res 1998;39:266–76.

[19] Payne RG, Yaszemski MJ, Yasko AW, Mikos AG. Development

of an injectable, in situ crosslinkable, degradable polymeric

carrier for osteogenic cell populations. Part 1. Encapsulation of

marrow stromal osteoblasts in surface crosslinked gelatin micro-

particles. Biomaterials 2002;23:4359–71.

[20] Dolder Jvd, Bancroft GN, Sikavitsas VI, Spauwen PHM. Flow

perfusion culture of marrow stromal osteoblasts in titanium fiber

mesh. J Biomed Mater Res 2002;64A:235–41.

[21] Bancroft GN, Sikavitsas VI, Dolder Jvd, Sheffield TL, Ambrose

CG, Jansen JA, Mikos AG. Fluid flow increases mineralized

matrix deposition in 3D perfusion culture of marrow stromal

osteoblasts in a dose-dependent manner. Proc Natl Acad Sci USA

2002;99(20):12600–5.

[22] Aubin JE. Osteoprogenitor cell frequency in rat bone marrow

stromal population: role for hyterotypic cell-cell interactions in

osteoblast differentiation. J Cell Biochem 1999;72:396–410.

[23] Maniatopoulos C, Sodek J, Melcher AH. Bone formation in vitro

by stromal cells obtained from bone marrow of young adult rats.

Cell Tissue Res 1988;254(2):317–30.

[24] Peter SJ, Liang CR, Kim DJ, Widmer MS, Mikos AG.

Osteoblastic phenotype of rat marrow stromal cells cultured in

the presence of dexamethasone, b-glycerolphosphate, and

L-ascorbic acid. J Cell Biochem 1998;71:55–62.

[25] Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP. Osteogenic

differentiation of purified, culture-expanded human mesenchymal

stem cells in vitro. J Cell Biochem 1997;64(2):295–312.

[26] Cheng SL, Yang JW, Rifas L, Zhang SF, Avioli LV. Differentia-

tion of human bone marrow osteogenic stromal cells in vitro:

induction of the osteoblast phenotype by dexamethasone.

Endocrinology 1994;134(1):277–86.

[27] Shin H, Quinten Ruhe P, Mikos AG, Jansen JA. In vivo bone and

soft tissue response to injectable, biodegradable oligo(poly(ethy-

lene glycol)fumarate) hydrogels. Biomaterials 2003;24(19):

3201–11.

[28] Temenoff JS, Park H, Jabbari E, Sheffield TL, LeBaron RG,

Ambrose CG, Mikos AG. In-vitro osteogenic differentiation of



ARTICLE IN PRESS
H. Shin et al. / Biomaterials 26 (2005) 3645–36543654
marrow stromal cells encapsulated in biodegradable hydrogels. J

Biomed Mater Res Part A 2004;70A:235–44.

[29] Butler WT. The nature and significance of osteopontin. Connect

Tissue Res 1989;23:123–36.

[30] Strauss PG, Closs EI, Schmidt J, Erfle V. Gene expression during

osteogenic differentiation in mandibular condyles in vitro. J Cell

Biol 1990;110:1369–78.

[31] Rezania A, Healy KE. The effect of peptide surface density on

mineralization of a matrix deposited by osteogenic cells. J Biomed

Mater Res 2000;52:595–600.

[32] Burdick JA, Anseth KS. Photoencapsulation of osteoblasts in

injectable RGD-modified PEG hydrogels for bone tissue engi-

neering. Biomaterials 2002;23(22):4315–23.

[33] Ji J, Zhu H, Shen J. Surface tailoring of poly(DL-lactic acid) by

ligand-tethered amphiphilic polymer for promoting chondrocyte

attachment and growth. Biomaterials 2004;25(10):1859–67.

[34] Chen J, Altman GH, Karageorgiou V, Horan R, Collette A,

Volloch V, Colabro T, Kaplan DL. Human bone marrow stromal

cell and ligament fibroblast responses on RGD-modified silk

fibers. J Biomed Mater Res 2003;67A(2):559–70.
[35] Shu XZ, Ghosh K, Liu Y, Palumbo FS, Luo Y, Clark RA,

Prestwich GD. Attachment and spreading of fibroblasts on an

RGD peptide-modified injectable hyaluronan hydrogel. J Biomed

Mater Res 2004;68A(2):365–75.

[36] Alsberg E, Kong HJ, Hirano Y, Smith MK, Albeiruti A, Mooney

DJ. Regulating bone formation via controlled scaffold degrada-

tion. J Dent Res 2003;82(11):903–8.

[37] Loty C, Sautier JM, Loty S, Hattar S, Asselin A, Oboeuf M, Kim

HMK, Boulekbache H, Berdal A. The biomimetics of

bone: engineered glass-ceremics a paradigm for in vitro

biomineralization studies. Connect Tissue Res 2002;43(2-3):

524–8.

[38] Olmo N, Matin AL, Salinas AJ, Turnay J, Vallet-Regi M, Lizarbe

MA. Bioactitve sol-gel glasses with and without a hydroxycarbo-

nate apatite layer as substates for osteoblast cell adhesion and

proliferation. Biomaterials 2003;24(20):3383–93.

[39] Clupper DC, Gough JE, Hall MM, Clare AG, Lacourse WC,

Hench L. In vitro bioactivity of S520 glass fibers and initial

assessment of osteoblast attachment. J Biomed Mater Res

2003;67A(1):285–94.


	Osteogenic differentiation of rat bone marrow stromal cells cultured on ArgndashGlyndashAsp modified hydrogels without dexamethasone and �beta-glycerol phosphate
	Introduction
	Materials and methods
	Materials
	Synthesis of oligo(PEG fumarate) (OPF) and acrylation of peptides
	Preparation of peptide-modified OPF hydrogels
	Isolation of marrow stromal cells (MSCs)
	MSC culture on the peptide-modified OPF hydrogels
	Sample preparation for assays
	Analysis of cellularity
	ALP activity assay
	Osteopontin (OPN) assay
	Analysis of calcium content
	Statistical analysis

	Results
	Analysis of cellularity
	ALP activity
	OPN secretion
	Analysis of calcium content

	Discussion
	Conclusions
	Acknowledgements
	References


