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Abstract

Multipotent cell types are rapidly becoming key components in a variety of tissue engineering schemes, and mesenchymal stem
cells (MSCs) are emerging as an important tool in bone tissue regeneration. Although several soluble signals influencing osteogenic
differentiation of MSCs in vitro are well-characterized, relatively little is known about the influence of substrate signals. This study
was aimed at elucidating the effects of a bone-like mineral (BLM), which is vital in the process of bone bonding to orthopedic
implant materials, on the osteogenic differentiation of human MSCs in vitro. Growth of a BLM film (carbonate apatite, Ca/
P=1.55) on poly(lactide-co-glycolide) (PLG) substrates was achieved via surface hydrolysis and subsequent incubation in a modified
simulated body fluid. The BLM film demonstrated significantly increased adsorption of fibronectin, and supported enhanced
proliferation of human mesenchymal stem cells (hMSCs) relative to PLG substrates. In the absence of osteogenic supplements
hMSC:s did not display a high expression of osteogenic markers on BLM or PLG. In the presence of osteogenic supplements hMSCs
exhibited greater expression of osteogenic markers on PLG substrates than on BLM substrates, as measured by alkaline
phosphatase activity and osteocalcin production. Taken together, these data support the concept that substrate signals significantly
influence MSC growth and differentiation, highlighting the importance of carrier material composition in stem cell-based tissue

engineering schemes.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Several recent studies highlight the potential of
multipotent adult cells in regeneration of multiple tissue
types, including bone tissue. One particular multipotent
cell type isolated from bone marrow, the mesenchymal
stem cell (MSC), has received widespread attention due
to its relative ease of procurement and ability to
differentiate into multiple mesenchymal cell types.
Protocols have been developed to induce MSC differ-
entiation down the osteogenic [1,2], chondrogenic [3],
adipogenic [2,4], neurogenic [5,6] and myogenic [7]
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pathways, and these protocols typically require highly
specific culture environments. For example, the presence
of TGF-f3 drives chondrogenic differentiation, but only
in micromass culture in which MSCs are exposed to high
oxygen tension [2]. Recent studies have focused speci-
fically on identification of soluble signals that induce
MSC differentiation into bone-forming cells in vitro,
and a variety of these signals (e.g. dexamethasone [1,2],
bone morphogenetic protein-2 [§]) have been identified.
In addition, strategies based on key inductive soluble
signals have now been utilized in vivo to engineer bone
tissue regeneration by MSCs [9,10]. Altogether, these
results demonstrate the importance of diverse compo-
nents of the extracellular environment in dictating MSC
fate. Identification of these components may aid
substantially in design of biomaterials for stem cell-
based tissue engineering, particularly in engineering
bone tissue regeneration.
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Although, several soluble signals controlling MSC
phenotype have been identified, the influence of substrate
signals (e.g. extracellular matrix molecules) remains
largely unexplored. An understanding of the influence
of substrate signals on differentiation is imperative for
appropriate design and use of biomaterial carriers for
MSC transplantation, and recent work suggests that
these effects are substantial. The presence of fibronectin
(Fn) or the arg-gly-asp (RGD) peptide on polymer
surfaces increases proliferation and spreading of MSCs,
and ultimately leads to enhanced osteogenic differentia-
tion in a dose-dependent manner [11]. In vivo differentia-
tion of MSCs down the osteogenic pathway also appears
to be highly dependent on substrate composition. MSCs
implanted within constructs containing a CaP mineral
component (i.e. hydroxyapatite [12], tricalcium phos-
phate (TCP) [13], collagen/TCP mixtures) form substan-
tial amounts of bone tissue in femoral and cranial bone
defects, or in subcutaneous sites 4 weeks post-implanta-
tion [9,14-19]. Furthermore, several soluble signals (e.g.
TGF-f1 and -p3, BMP-2, -4, and -7, dexamethasone)
have been reported to drive in vivo bone and cartilage
formation by MSCs on CaP substrates, with little or no
effect on bone formation by MSCs in the absence of a
CaP mineral substrate [15]. Taken together, these studies
broadly suggest that CaP-based materials can be
effectively utilized, alone or in conjunction with inductive
soluble signals, to direct the phenotype of multipotent
MSCs in bone tissue engineering applications.

The effects of CaP minerals on MSCs are perhaps not
surprising in light of the role of a CaP-based mineral
layer in bonding of orthopedic implants to native bone
tissue. A thin, bone-like mineral (BLM) film appears to
be a prerequisite to bonding of implant materials to
native bone tissue [20,21], and has been shown to
enhance osteoconductivity of biomaterial implants
in vivo [22]. Materials that are not capable of supporting
deposition of a BLM layer in vivo (e.g. alumina,
untreated titanium) typically do not bond with native
bone tissue, and instead become covered with a fibrous
capsule [16,23]. One explanation for this phenomenon is
that the BLM layer provides a preferred substrate for
conduction and differentiated function of resident
osteoblasts or committed osteoblast precursors. This
explanation is supported by previous studies, which
demonstrate that CaP mineral substrates support
proliferation and expression of osteoblast phenotype in
cultures of osteoblasts or osteoblast precursors
[13,24,25]. It has also been proposed that the processes
of bone bonding to BLM-coated implants and fibrous
encapsulation of non-mineralized implants may each be
directed by multipotent fibroblasts derived from bone
marrow (i.e. MSCs) [16]. Thus, the presence or absence
of a BLM substrate has been considered a potentially
important factor in differentiation of bone precursor
cells, such as MSCs, into mature osteoblasts.

In the present study a model bone-like mineral film is
used to examine the influence of a mineral surface on
proliferation and osteogenic differentiation of MSCs
in vitro. The MSCs used in this study are a highly
homogeneous cell population capable of differentiating
down multiple mesenchymal lineages [2], providing a
specific platform for studying substrate effects on
differentiation. The mineral film, which is similar in
structure and composition to human bone mineral [26],
serves as a mimic of the BLM layer formed in vivo. We
chose poly(lactide-co-glycolide) (PLG) as the base
material for mineralization, as it can be readily
processed into three-dimensional scaffolds for bone
tissue engineering applications [27,28]. Our results
demonstrate that MSC proliferation is enhanced on
BLM substrates, but the production of osteogenic
differentiation markers is reduced, as compared to
non-mineralized PLG. These results have implications
for design of biomaterials to support MSC transplanta-
tion, and suggest that CaP minerals may have a diverse
regulatory effect on bone precursor cell phenotype.

2. Materials and methods
2.1. Film preparation and mineralization

PLG pellets with lactide:glycolide=85:15 (inherent
viscosity=0.78) were obtained from Alkermes Inc.
Films were prepared via a compression molding process
in which PLG pellets were placed between two smooth
stainless steel plates heated to 200°C, which is above the
Tg of 85:15 PLG. The plates were then pressed together
at 1.0 MPa for 10s, followed by release of the pressure
and rapid cooling to room temperature. This resulted in
smooth, ~250um thick PLG sheets. Circular films
(diameter = 15 mm) were then cut out of the sheets to be
placed into 24-well tissue culture dishes. A bone-like
mineral layer was grown on some polymer films using a
previously described approach [26]. Briefly, films were
first immersed in 0.5M NaOH for 60 min to produce a
hydrolyzed surface. The hydrolyzed films were then
incubated in a 10ml solution of a modified simulated
body fluid (mSBF) for 7 days for mineral growth. The
solution was replaced with fresh mSBF daily to ensure
adequate ion concentrations for mineral growth. mSBF
was prepared by dissolving the following reagents in
deionized H,O: 141mm NaCl, 4.0mMm KCIl, 0.5mm
MgSO,, 1.0mm MgCl,, 42mMm NaHCO;, 5.0mm
CaCl,, and 2.0mm KH,PO,4. The resulting solution
was buffered to pH = 6.8 with Tris-HCI, and was held at
37°C for the duration of the mineralization process.

The morphology and atomic composition of miner-
alized and non-mineralized PLG films were examined
via scanning electron microscopy and energy dispersive
X-ray analysis. A conductive gold coating was applied
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to the surface of each film via sputter coating, and
samples were imaged under high vacuum using a Hitachi
S-3200 SEM operating at 10-20kV. An energy dis-
persive X-ray detector (Noran SiLi detector) was used in
conjunction with SEM for elemental analysis of mineral
crystals grown on the polymer surface. SEM linescans
(average from 5 linescans/substrate type) were used to
calculate the relative surface roughness (ratio of
arithmetic mean roughness values) of the mineralized
substrate versus the non-mineralized substrate.

2.2. Analysis of fibronectin adsorption to cell culture
substrates

Adsorption of a model protein, Fn, was measured to
gain insight into the influence of surface composition on
protein adsorption. Fn labeled with a '*°I tracer was
obtained from Fisher (Irvine, CA), and non-labeled Fn
was from Gibco (Gaithersburg, MD). Mineralized or
non-mineralized PLG films (z=4) were incubated in
PBS containing various total Fn concentrations (50,
140, 1000, 1 x 10%, 1 x 10° ng/ml), with 4 ng/ml of '*I-
Fn included in each well as a radioactive tracer. After a
24 h incubation at 4°C the films were incubated in a
10% SDS solution and the solution was boiled to
remove the adsorbed Fn. The amount of adsorbed Fn
was then counted using a gamma counter, and coating
density was calculated by dividing the total mass of
adsorbed Fn by the film area.

2.3. Cell seeding and culture

Human mesenchymal stem cells (hMSCs) were pur-
chased from Biowhittaker Inc. at passage 2. These cells
are isolated from adult human bone marrow aspirates via
density gradient centrifugation (98% homogeneous at
passage 2) and were screened for their ability to
differentiate into adipocytes (via oil red O staining),
chondrocytes (safranin O staining and collagen 11
immunostaining) and osteoblasts (calcium mineral de-
position) by Biowhittaker. Cells were expanded in non-
differentiating mesenchymal stem cell growth medium
(MSCGM) consisting of MSC Basal Medium (Biowhit-
taker Inc.) supplemented with 10% fetal bovine serum
(selected by Biowhittaker for maintenance of MSC
multipotential), 4M L-glutamine, 100 units/ml penicillin
and 0.1 mg/ml streptomycin (Invitrogen, Carlsbad, CA),
and passaged every 7-10 days. Cells between passage 5
and 7 were statically seeded onto the mineralized PLG
films, non-mineralized PLG films, or tissue culture
polystyrene, allowed to attach overnight, and cultured
in MSCGM with or without osteogenic culture supple-
ments (0.1 um dexamethasone, 10mm f-glyceropho-
sphate, 50pg/ml ascorbic acid, Sigma-Aldrich, St.
Louis, MO). To ensure that cells did not migrate off of
the mineralized or non-mineralized polymer films onto

the surrounding polystyrene, the tissue culture plates
containing films were pre-coated with bovine serum
albumin, and the samples were examined daily via light
microscopy to confirm that no cells were attached to the
tissue culture polystyrene. Cells were seeded at low
density (3000 cells/cm?) for examination of attachment
and for proliferation assays, and were seeded near
confluence (20,000 cells/cm?) for osteogenic differentia-
tion assays to eliminate the potential effect of prolifera-
tion on MSC differentiation.

2.4. Analysis of MSC proliferation

At various times after cell seeding (2, 4, 6, 8, and 10
days) proliferation was evaluated via quantification of
total DNA in each culture, as described [29]. Briefly, cell
layers were washed twice with PBS, then cells were lysed
via incubation in a lysis buffer (25mm Tris-HCI, 400 mm
Nadl, 0.5% SDS, pH =7.4). The lysate was then sonicated
and centrifuged. A portion of the resulting supernatant
was combined with the Hoescht 33258 dye, and solution
DNA was quantified using a fluorometer and standard
solutions of calf thymus DNA prepared in parallel.

2.5. Analysis of MSC differentiation

To analyze alkaline phosphatase (ALP) activity
quantitatively, cell layers were washed twice with PBS
and harvested via exposure to a passive lysis buffer
(Promega, Madison, WI). The lysate was sonicated and
centrifuged, and the resulting supernatant was assayed
for ALP activity by incubating with 50 mM p-nitrophe-
nyl phosphate (PNPP) in an assay buffer (100 mm
glycine, 1mm MgCl,, pH=10.5) at 37°C for 45min.
Absorbance was measured at 405 nm and converted to
ALP activity using the extinction coefficient for PNPP
(1.85% 10*°M'em™"). To determine the amount of
total DNA in each well, the cell nuclei were disrupted by
addition of the aforementioned lysis buffer followed by
sonication, centrifugation, and exposure to Hoechst
33258 dye, as described above. We also analyzed
production of osteocalcin, the major non-collagenous
protein in bone tissue. After various time periods in
culture (0, 4, and 8 days) a 50 ul aliquot was removed
from the culture medium and analyzed for osteocalcin
content using a radioimmune assay (Kit# BT-440,
Biomedical Technologies Inc., Stoughton, MA).

3. Results

3.1. Material surface and protein adsorption
characteristics

Material properties were first analyzed to ultimately
provide insight into surface effects on hMSC proliferation



4 W.L. Murphy et al. | Biomaterials 1 (11l1) III-EER

and differentiation. SEM micrographs demonstrate that
the polymer surface is a flat, relatively smooth surface (Fig.
la), while the mineral substrate has a plate-like nanos-
tructure, similar in morphology to human bone mineral
(Figs. 1b,c). The ratio of the mineralized polymer surface
roughness to the non-mineralized polymer surface rough-
ness was 20.7, indicating a relatively high mineral surface
roughness. Energy dispersive X-ray spectroscopy con-
firmed that the mineral was a carbonate apatite (Ca/
P=1.55), as previously described [26]. Adsorption of Fn
was also analyzed, as Fn has been previously described to
play an important role in the determination of MSC
phenotype [11]. At each level of solution Fn tested, the
density of bound Fn on mineralized substrates was
significantly higher when compared to non-mineralized
substrates (Table 1, p<0.05).

3.2. Mineral substrate promotes hMSC proliferation

We examined surface effects on hMSC proliferation
by measuring DNA content on PLG and mineralized
PLG substrates, using TCP as a positive control.
hMSCs on non-mineralized PLG substrates did not
demonstrate significant proliferation until day 6, and
then proliferated rapidly from days 6-10 (Fig. 2). In
contrast, hMSC proliferation occurred on mineralized
PLG from days 2 through 8, and was at the same high
level as hMSC proliferation on TCP (Fig. 2). DNA
content in the non-mineralized PLG cultures was
significantly lower at days 6 and 8 when compared with
the mineralized PLG and TCP conditions (p <0.05).

3.3. Mineral substrate inhibits osteogenic differentiation
of hMSCs

We next examined the effects of the bone-like mineral
substrate on osteogenic differentiation of hMSCs by
measuring ALP activity and osteocalcin (OCN) produc-
tion. In the absence of osteogenic soluble signals
(dexamethasone, f-glycerophosphate, and ascorbic
acid-2-phosphate) hMSCs did not display upregulation
in ALP activity on either of the substrates examined, as
expected (Fig. 3a). In the presence of osteogenic
supplements hMSCs displayed upregulation in ALP
activity on each substrate type, with a peak in ALP
activity at day 4 (Fig. 3b). However, there were clear
differences in osteogenic differentiation on mineralized
vs. non-mineralized PLG substrates. ALP activity was
significantly lower in cell populations cultured on
mineralized PLG substrates at days 4-12. In each case,
ALP activity decreased rapidly after an initial max-
imum, consistent with the typical temporal pattern of
osteogenic differentiation [30]. ALP activity on TCP in
the presence of osteogenic supplements was similar to
activity on PLG substrates (not shown). hMSCs
cultured on mineralized PLG also displayed significantly

Fig. 1. Electron micrographs of the surface of (a) non-mineralized
85:15 poly(lactide-co-glycolide) (PLG) films, or (b) 85:15 PLG films
hydrolyzed and incubated for 7 days in a modified simulated body
fluid. (c) Higher magnification image of the mineral film.

decreased production of OCN. The amount of OCN
production by MSCs on mineralized PLG was signifi-
cantly lower when compared to non-mineralized PLG
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Table 1
Adsorption of fibronectin to PLG or BLM substrates at various
concentrations of soluble fibronectin

Solution [Fn] (ng/ml)  Fn Bound to PLG Fn Bound to MIN
(ng/cm?) (ng/em?)

52.6 0.13+0.03 0.52+0.04

143 0.44+0.07 1.45+0.17

1040 44+0.5 11.3+0.2

10,000 2743 79+8

100,000 212437 281423

Values represent means and standard deviations.
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Fig. 2. Total DNA content, as a measure of cell proliferation,
following hMSC plating on tissue culture polystyrene (A), poly(lac-
tide-co-glycolide) (#), and bone-like mineral (M) films. Values
represent means and standard deviations.

on days 4 and 8 (p<0.05) (Fig. 4). The difference in
OCN production at Day 0 (24 h after cell seeding) was
not significant (p >0.05). Baseline levels of OCN were
similar in cell-free cultures containing mineralized PLG
(4.7+0.1ng) and non-mineralized PLG (5.2+1.7ng)
after 24h in culture, indicating that the differences in
OCN levels in the media itself could not be attributed to
interactions between soluble OCN and the substrates.

4. Discussion

Previous work indicates that calcium phosphate
minerals are osteoconductive [20-22,24] and may
provide an excellent carrier for MSC transplantation
in bone tissue engineering applications [9,14-19,31,32].
However, recent studies demonstrate varying effects of
CaP mineral substrates on MSC differentiation in vitro
[33-35]. Here we show that a bone-like mineral substrate
promotes hMSC proliferation, and inhibits osteogenic
differentiation of hMSCs cultured in osteogenic med-
ium. These results support the concept that substrate
signals significantly influence MSC growth and differ-
entiation, highlighting the importance of carrier materi-
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Fig. 3. Alkaline phosphatase activity on poly(lactide-co-glycolide) (#)
and bone-like mineral (M) substrates (a) in the absence of osteogenic
culture supplements, or (b) in the presence of osteogenic culture
supplements. Values represent means and standard deviations, and *
denotes a statistically significant difference (p <0.05).
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Fig. 4. Osteocalcin production in cultures of hMSCs cultured on
poly(lactide-co-glycolide) films (CJ) or bone-like mineral films (H).
Values represent means and standard deviations, and = denotes a
statistically significant difference (p <0.05).

al composition in stem cell-based tissue engineering
schemes.

The inhibition of MSC differentiation in vitro demon-
strated by the bone-like mineral film used in this study is
interesting in light of previous studies that have shown
striking positive effects of calcium phosphate minerals
(e.g. HAP, TCP) on osteogenic differentiation of MSCs
in vivo [9,14,15,17-19,31,32]. This contrast can perhaps
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be explained by differences in the mineral and cell type
used in the various studies, or by more general
characteristics of the in vivo environment. In previous
in vivo studies displaying the positive effects of CaP
minerals on bone regeneration by MSCs, the carriers
were composed of sintered HAP, coralline HAP, or TCP
[9,17-19]. The mineral used in the present study is a
calcium-deficient, poorly crystalline, carbonated apatite
mineral, similar in composition to human bone mineral
[26]. Importantly, the crystallinity, crystal size, surface
roughness, and dissolution rate of the BLM are distinct
from the properties of the mineral phases described in
previous in vivo studies. Each of these material proper-
ties has been shown to substantially influence attach-
ment, proliferation, and/or differentiation of osteoblasts
and osteoblast precursor cells on model CaP substrates
in vitro [35,37-40]. Thus, it is possible that the low
crystallinity, small crystal size, high surface roughness,
and rapid dissolution rate of the BLM in this study
relative to sintered or coralline hydroxyapatite materials
could be factors in the inhibitory effect on hMSC
differentiation. Another important difference between
the present study and previous in vivo work is the
method of cell procurement. Previous studies have
typically used MSCs isolated from bone marrow by
selective culturing techniques, which involve selecting
for fibroblasts that attach to a substrate and form
colonies [12]. The MSCs utilized in the current study
were isolated by density gradient centrifugation in
addition to selective culturing techniques, and were
screened for their ability to differentiate into multiple
mesenchymal cell types [2]. Thus, the marrow-derived
cells used in previous studies could include significant
amounts of committed bone precursor cells, while the
MSCs utilized here are of a more homogeneous stem-
cell type. It is also possible that the influence of CaP
minerals on osteogenesis by MSCs in vivo is dependent
on environmental factors present in vivo and absent in
an artificial culture environment.

The negative influence of the CaP mineral film used in
this study on osteogenic differentiation of MSCs is
surprising, but not unprecedented. Recent in vitro
studies involving culture of bone marrow-derived
precursor cells on mineral substrates have shown
inconsistent results. In some previous studies, prolifera-
tion is decreased and expression of osteoblast phenotype
is increased when bone marrow-derived fibroblasts are
cultured on apatite substrates [33,34]. These studies
suggest that bonding of calcium phosphate minerals to
native bone may be initiated by attachment and
differentiation of marrow-derived bone precursor cells.
However, other recent studies indicate that apatite
surfaces have no significant effect on osteogenic
differentiation of marrow-derived precursor cells [35].
Furthermore, some types of calcium phosphate minerals
(i.e. TCP, amorphous calcium phosphate) have recently

been shown to inhibit osteogenic differentiation and, in
some cases, cause toxicity in cultures of bone precursor
cells in vitro [33] and in bone defect sites in vivo [36].
Therefore, although CaP minerals have potential for use
as MSC carriers in bone tissue engineering applications,
their effects on osteogenic differentiation remain in-
completely understood.

The increased proliferation of hMSCs on the BLM
substrate demonstrated here may be due to enhanced
adsorption of extracellular matrix proteins. The BLM
substrate supported increased Fn adsorption in solu-
tions with Fn concentrations ranging from 50 ng/ml to
100 pg/ml, and the magnitude of Fn adsorption in this
study is similar to Fn adsorption to stoichiometric
hydroxyapatite and bioactive glasses in previous studies
[41]. Fn and the RGD peptide have been shown to
enhance proliferation of hMSCs [11] through the asf;
integrin receptor [42]. The effect of the mineral substrate
on proliferation described herein may be similarly
mediated by Fn adsorption. Interactions between f1
integrins and Fn have also been shown to be important
in osteogenic differentiation of MSCs [11,42]. However,
in the present study the enhanced Fn adsorption to
BLM substrates did not increase osteogenic differentia-
tion. The enhanced adsorption of Fn to the BLM
substrate could be partially explained by the high
surface roughness of the BLM substrate relative to the
non-mineralized PLG substrate. The effect of topogra-
phy on presentation of Fn on the substrate is difficult to
quantify due to the inability to predict the fraction of Fn
adsorbed that is active and the irregular nature of the
mineral film, which precludes micron-scale surface area
measurements and could cause Fn to adsorb in regions
that are inaccessible to cell surface receptors.

The results of this work have implications for
biomaterials design and bone tissue engineering. The
materials used in this study were chosen, in part, because
they can be readily processed to form three-dimensional,
macroporous scaffolds for cell transplantation. We have
previously shown that the presence of the BLM layer
utilized in the present study within a macroporous PLG
scaffold causes a 53% increase in bone tissue regenera-
tion in a rat cranial defect model [43]. In general, the
results of the present study demonstrate that substrate
signals have a substantial effect on the phenotype of a
multipotent cell type, even in the presence of potent
osteogenic inductive signals. This result confirms that
the composition of the biomaterial carrier for MSC
transplantation is likely to be a crucial consideration in
cell-based tissue engineering schemes.
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