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Abstract
One of the primary goals for tissue engineering is to induce new tissue formation by stimulating
specific cell function. Human mesenchymal stem cells (hMSCs) are a particularly important cell
type that has been widely studied for differentiation down the osteogenic (bone) lineage, and we
recently found that simple phosphate functional groups incorporated into poly(ethylene glycol)
hydrogels could induce osteogenesis without using differentiation medium by unknown
mechanisms. Here, we aimed to determine whether direct or indirect cell/materials interactions
were responsible for directing hMSCs down the osteogenic lineage on phosphate (PO4)
functionalized poly(ethylene glycol) (PEG) hydrogels. Our results indicated that serum
components adsorbed onto PO4-PEG hydrogels from media in a pre-soaking step were sufficient
for attachment and spreading of hMSCs, even when seeded in serum-free conditions. Blocking
antibodies for collagen and fibronectin (targeted to the hydrogel), as well as β1 and β3 integrin
blocking antibodies (targeted to the cells), each reduced attachment of hMSCs to PO4-PEG
hydrogels, suggesting that integrin-mediated interactions between cells and adsorbed matrix
components facilitate attachment and spreading. Outside in signaling, and not merely shape
change, was found to be required for osteogenesis, as alkaline phosphatase (ALP) activity and
expression of CBFA1, osteopontin and collagen-1 were each significantly down regulated upon
inhibition of focal adhesion kinase (FAK) phosphorylation even though focal adhesion structure or
cell shape were unchanged. Our results demonstrate that complex function (i.e.,osteogenic
differentiation) can be controlled using simple functionalization strategies, such as incorporation
of PO4, but that the role of these materials may be due to more complex influences than has
previously been appreciated.

1. INTRODUCTION
Human mesenchymal stem cells derived from bone marrow have been shown to be capable
of differentiating down osteogenic, adipogenic and chondrogenic lineages [1]. Traditionally,
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differentiation of these cells has been achieved by adding soluble cues to the culture
medium. The roles and mechanisms of various media additives in inducing differentiation of
hMSCs have been extensively studied. For example, dexamethasone, bone morphogenetic
protein (BMP), β-glycerol phosphate have been shown to up-regulate expression of
osteogenic related genes in hMSCs [1–5]. To complement these approaches, there is
growing interest in the biomaterial research community to use synthetic biomaterials as
culture platforms for hMSCs and for applications in tissue regeneration. Their design has
been inspired by previous work to capture and present molecular interactions that induce
specific functions of hMSCs.

Specifically, synthetic scaffolds have been extensively used as culture platforms to introduce
both biochemical and biophysical signals to control and promote osteogenic differentiation
of hMSCs. Inorganic materials, such as tricalcium phosphate, hydroxyapatite, and bioglass,
have all been widely used as coatings and bulk materials and considered osteoconductive
materials for bone regeneration applications [6–10]. The main limitation when using
inorganic materials is the inability to control and tune the materials properties, especially
degradability, as well as the limited ability to alter the chemistry to incorporate biochemical
cues that promote bone formation [9, 10]. As an alternative, materials based on organic
polymers have become attractive as biomaterial scaffolds for bone tissue engineering. While
their mechanical properties can be inferior compared to inorganic materials, polymers allow
for tailoring of material properties and introduction of a wide range of chemistries that allow
researchers to incorporate functionalities into the materials [10].

In particular, poly(ethylene glycol) (PEG) based hydrogel scaffolds have been used by our
group and others to present various biochemical signals to study and control osteogenic
differentiation of hMSCs [11, 12]. Because PEG minimizes non-specific protein
interactions, the role and function of specific biochemical signals on hMSC function can be
studied independent of non-specific protein adsorption from serum employed in cell culture.
Researchers have employed PEG gels to present various biochemical cues, including
peptides [13], growth factors [14], chemical functionalities [15], enzymatic degradability
[16], and controlled material elasticity [17, 18], and study the role of integrin signaling,
growth factor signaling, matrix degradability and matrix mechanics during osteogenic
differentiation of hMSCs.

Complexity, cost and limited understanding of the most critical factors for inducing desired
hMSC functions have prompted researchers to investigate alternative and simpler
approaches for the design of synthetic biomaterials. For example, researchers have identified
biomaterial formulations based on simple chemistries that influence critical cell functions
such as proliferation, differentiation etc. Several studies have investigated the influence of
small chemical functional groups on proliferation and/or differentiation of hMSCs using
self-assembled monolayers [19–22] and hydrogel systems [15,23]. For example, osteogenic
and chondrogenic differentiation of hMSCs depends on the choice of small molecules used
to functionalize surfaces, with thiol or amine functional groups promoting osteogenic
differentiation and acid or hydroxyl functional groups promoting chondrogenic
differentiation [20,21]. Of interest to this work, Benoit et al. demonstrated that phosphate
functional groups induced osteogenic differentiation in hMSCs on 2D gels, as well as when
encapsulated in 3D hydrogel environments [15]. Interestingly, osteogenic differentiation on
this otherwise inert PEG hydrogel was achieved without the addition of any soluble
osteoinductive factors to the media, indicating that osteogenic differentiation was
specifically due to the presence of the small molecule phosphate functional group.
Collectively, these studies demonstrate the potential for simple strategies to offer simpler,
cheaper and more efficient design principles for cell carriers to promote hMSC
differentiation. While these phenomenological observations are quite interesting and
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insightful, they provide very little mechanistic understanding of how these functionalized
biomaterials guide cell behavior.

Here, we attempt to elucidate some aspects of the mechanism driving osteogenic
differentiation of hMSCs on phosphate-functionalized PEG gels, as they were previously
shown to induce osteogenic differentiation in hMSCs without the need for osteoinduction
media [15]. Several studies have previously shown the importance of adsorbed extra cellular
matrix (ECM) proteins in mediating cell interaction with biomaterials and that composition,
as well as orientation, of the adsorbed ECM proteins is considered to be a major determinant
of cell material interactions with biomaterials [24–29]. Specifically, previous literature has
shown that ECM proteins influence hMSC differentiation in in vitro cultures [30–35]. For
example, collagen-1 (coll-1) and fibronectin (FN) when adsorbed onto TCPS were shown to
promote mineralization and upregulate osteogenic genes, CBFA-1 and osteocalcin, in
hMSCs [30]. Further, integrins that bind to these ECM proteins were demonstrated to play a
key role in both promoting and inhibiting osteogenic differentiation of MSCs [31]. Previous
studies also showed that interaction of α2β1 integrin with collagen-1 activated the
transcription factor CBFA-1 and promoted matrix mineralization, and further, that blocking
these interactions resulted in a marked decrease in matrix mineralization [32, 33]. Blocking
interaction of integrins α5β1, α3β1 with FN has been shown to inhibit upregulation of
osteogenic genes, ALP activity and mineral formation in osteoprogenitor cultures [35].
Specifically, FN fragments with high specificity for binding to α5β1 integrins increased
ALP activity and upregulated gene expression of ALP, CBFA-1 and osteocalcin in hMSCs
[35]. Interestingly, the integrin αvβ3, which also has binding sites on FN, was shown to
have a negative effect on hMSC osteogenic differentiation. hMSCs when cultured on FN
fragments with a high specificity for binding to αvβ3 integrins were shown to decrease gene
expression of ALP, CBFA-1 and osteocalcin [35].

Here, we aimed to determine if hMSCs were directly interacting with the phosphate
functional groups on PEG hydrogel or indirectly with adsorbed ECM proteins present in
serum. The role of focal adhesion kinase (FAK) signaling in inducing osteogenic
differentiation on these gels was also investigated. Gaining a mechanistic understanding of
how these gels cause phenotypic changes in hMSCs is an important aspect to our overall
understanding of matricellular signaling, as well as our ability to design improved materials
for tissue engineering applications.

2. MATERIAL AND METHODS
All materials were purchased from Sigma-Aldrich unless otherwise specified.

2.1. Cell culture
hMSCs were isolated from human bone marrow (Cambrex) and cultured in growth media
(low glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (Gibco), 1% Penicillin/Streptomycin (Gibco), and 0.2% Fungizone
(GIBCO)). hMSCs at passage three were used in all the studies.

2.2. Phosphate functionalized poly(ethylene glycol) polymer gels
Gels were formed by polymerizing poly(ethylene glycol) dimethacrylate (PEGDMA) (Mn
~550 Da) with 0.5 wt% of the photo-initiator, 2,2-dimethoxy-1,2-di(phenyl) acetophenone
(Ciba-Giegy) by exposure to ~4 mWcm−2 ultraviolet light for 10 min. Phosphate functional
groups were incorporated into the gels by adding ethylene glycol methacrylate phosphate
(EGMP) at a concentration of 50mM (or otherwise mentioned) to the macromer-initiator
solution before polymerization. Gels were swollen in phosphate buffer saline (PBS, 1×,
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GIBCO) for at least 24 h. Circular disks (10 mm diameter, 120 µm thick) were cut from the
gel using biopsy punches and transferred to tissue culture plates. For cell culture
experiments gels were sterilized in 70% ethanol and washed thoroughly in PBS before
seeding.

2.3. Quantification of protein adsorption
Phosphate functionalized gels were incubated in 10% serum containing media for overnight
and washed with PBS (0.5 ml in each well of a 24 well plate, 3×) to remove weakly
adsorbed proteins. Adsorbed proteins were eluted in sodium dodecyl sulfate (SDS) buffer
for 2 h and concentrated using Zeba desalting columns (7k MWCO, Pierce). Protein levels
were quantified by a µBCA assay (Pierce) according to manufacturer’s instructions.

2.4. Focal adhesion staining and calculating cell shape parameters
Focal adhesion staining was performed on hMSCs attached to the gels (5 × 103 cells/cm2

seeding density) using a focal adhesion staining kit (FAK100, EMD Millipore) according to
manufacturer’s instructions. Cell density was chosen to avoid excessive cell-cell contacts
after hMSC attachment to gels. Cells were counterstained with 4,6-diamidino-2-
phenylindole (DAPI, Invitrogen, 300nM) for nuclei and stored in PBS at 4 C until imaged
with a Zeiss confocal microscope.

hMSC shape parameters were quantified by immunostaining with rhodamine phalloidin
(Molecular Probes, R415, 1:200 dilution). Samples were imaged using a confocal
microscope (Zeiss, LSM 710), and the RGB images were converted into binary images and
analyzed by an in-built ‘analyze particles’ macro in ImageJ that automatically generates an
average area per cell and aspect ratio. Ten images per condition were analyzed.

2.5. Adhesion blocking and integrin blocking experiments
Phosphate gels were incubated in growth media overnight to allow for serum proteins to
adsorb. Gels were washed with PBS to remove weakly attached proteins and incubated with
antibody solutions containing antibodies against fibronectin (Abcam, ab2413, 1:200),
collagen-1 (Abcam, ab34710, 1:1000) or IgG (Isotype control, Sigma, M5284) in PBS for 1
h. Gels were then washed three times for 10 min each with PBS to remove loosely attached
antibodies. hMSCs were then seeded onto gels in serum free media (low glucose Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supplemented with 1% Penicillin/Streptomycin
(Gibco), and 0.2% Fungizone (GIBCO)) at a density of 5×103 cells/cm2 and allowed to
attach for 12 h. Gels were washed in PBS to remove loosely attached cells and stained with
calcein AM (Invitrogen) for live cells as per manufacturer’s protocols. hMSCs were imaged
using an epifluorescence microscope and live cells were counted manually using ImageJ
software.

For integrin blocking experiments, hMSCs were incubated with antibody solutions
containing antibodies against β1 (Abcam, ab52971, 1:50 dilution), β3 (Abcam, ab47584,
1:50 dilution) integrins or IgG (Isotype control, Sigma, M5284) in serum-free media for 30
min and seeded onto serum pre-incubated gels in serum free media at 5×103 cells/cm2

density. Integrin blocked hMSCs were allowed to attach to the gels for 12 h, washed with
PBS and stained with calcein AM. Stained hMSCs were imaged using an epifluorescence
microscope and the number of attached cells were counted using ImageJ software.

2.6. Role of focal adhesion kinase (FAK) in osteogenesis of hMSCs on phosphate gels
To examine integrin signaling dependent osteogenic differentiation of hMSCs on phosphate
gels, cells were cultured in the presence (at 3µM) and absence of a small chemical inhibitor
for pFAK, PF-573228 (Tocris Biosciences). For the inhibition experiments, hMSCs were
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seeded onto phosphate gels or tissue culture polystyrene (TCPS) and cultured in growth or
osteogenic media (high glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (Gibco), 1% Penicillin/Streptomycin (Gibco),
and 0.2% Fungizone (GIBCO), 10mM β-glycerol phosphate (Sigma), 50 µg/ml ascorbic
acid (Sigma), and 100 nM dexamethasone (Sigma)) at a density of 5×103 cells/cm2.

2.7. Alkaline phosphatase (ALP) production of hMSCs cultured on phosphate gels
ALP production was measured using an assay based on the change in absorbance of o-
nitrophenol (ALP substrate, Invitrogen) as it is enzymatically cleaved by ALP. Cells were
removed from culture, washed in PBS and lysed in 50 µl RIPA buffer (Invitrogen) for 15
min with gentle shaking. The sample solutions were diluted with 50 µl of PBS. 50 µl of the
sample solution was then mixed with 50 µl of ALP substrate, and the absorbance of the
solution at 405 nm was measured at 1-minute intervals ten times with a plate reader
(Victor2, Perkin Elmer). ALP activity levels were calculated as the slope of the increase in
absorbance at 405 nm with time. In parallel, gels were stained with calcein AM (Invitrogen)
to stain live cells. Ten images per sample were analyzed for cell number using a cell counter
plug-in in ImageJ. ALP activity levels were normalized using the total cell numbers on the
gel.

2.8. Gene expression of hMSCs cultured on phosphate gels
Gene expression of hMSCs cultured on phosphate gels was analyzed using reverse-
transcription polymerase chain reaction (RT-PCR). At day 14 of culture, gels were removed
from culture and washed three times in PBS. RNA was isolated using TRI reagent (Sigma)
and standard manufacturer’s protocols. The resulting RNA pellet was re-suspended in
nuclease free water and treated with DNase (Bio-Rad) to digest any residual genomic DNA.
The obtained RNA was precipitated in isopropanol after washing with phenol-chloroform,
re-suspended in 20 µl nuclease free water, and quantified by measuring absorbance at 280
nm with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Samples with a 280
nm to 260 nm absorbance ratios greater than 1.85 were considered pure and were used for
the reverse transcription step.

Reverse transcription was performed using the iScript cDNA Synthesis Kit (Bio-rad). A
total of 15 ng RNA was used for the single-stranded cDNA synthesis. The reverse
transcription reaction tube was incubated at 25 C for 5 min, at 42 C for 30 min, and
terminated at 85 C for 5 min. PCR was conducted using the iCycler Real-Time PCR
machine (Bio-Rad). Primers and probes were obtained from Bio-Rad. Table 1 shows the
primer sequences used in this study. The following PCR parameters were utilized: 95 C for
90 s followed by 45 cycles of 95 C for 30 s and 55 C for 60 s. Threshold cycle (CT) analysis
was used to quantify PCR products, normalized to GAPDH and relative to expression of
hMSCs at day 1 cultured on TCPS in growth media.

2.9. Statistical Analysis
Data collected throughout this study are represented as mean ± standard error of three
different samples (or otherwise mentioned). For effect of serum on hMSC attachment, shape
and for gene expression studies, data sets were compared using two-way ANOVA analysis
with Tukey tests for comparison. For effect of PO4 concentration on serum protein
adsorption and integrin or adhesion blocking studies, data sets were compared using one-
way ANOVA analysis with Tukey tests for comparison. In all studies, p-values less than
0.05 were considered as significant.
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3. RESULTS
3.1 Serum proteins facilitate hMSC attachment and spreading on PO4-PEG hydrogels

In order to determine the importance of serum in mediating cell/matrix interactions, we first
investigated hMSC attachment to phosphate functionalized gels compared to control PEG
gels in the presence and absence of serum, with results presented in Figure 1. While
attachment was limited in serum free media for both gel formulations (Figure 1A, grey
bars), PO4-PEG gels promoted significantly higher hMSC attachment (~550 cells/cm2,
Figure 1A, black bars), spreading (~104 µm2, Figure 1B, solid black bars), in the presence of
serum compared to control PEG hydrogels. Aspect ratio of hMSCs on PO4-PEG gels was
similar to control PEG gels in the presence of serum (~2, Figure 1B, textured bars). Next,
we investigated whether the influence of serum was due to soluble or sequestered proteins.
Phosphate functionalized hydrogels were incubated in media containing serum for
overnight, washed thoroughly to remove weakly attached serum components, and then
seeded with hMSCs in serum free media. As shown in Figure 2 (See Experimental section
for details), phosphate functionalized hydrogels promoted higher protein adsorption (~500
ng/cm2) compared to control PEG control hydrogels (~100 ng/cm2) independent of
phosphate concentration (Figure 2). Our results indicated that hMSCs attached to pre-treated
PO4-PEG in serum-free conditions similarly to cells seeded in serum (Figure 1A, white bar
textured, ~525 cells/cm2) while very few cells attached to control gels. Based on these
results, we conclude that adsorbed serum components were mediating attachment and
spreading of hMSCs on PO4-PEG hydrogels.

3.2 hMSC attachment is mediated by ECM protein-integrin interactions
The ECM plays a role in influencing cell function by interacting with integrins, which can
lead to “outside-in” signaling. Previous studies have indicated that collagen I (Coll-1) and
fibronectin (FN) enhanced osteogenic differentiation in hMSCs. Interaction of hMSCs with
Coll-1 and FN with specific integrins has been previously shown to control ALP activity,
gene expression of CBFA1 and bone sialoprotein [26, 27]. Here, we investigated potential
roles for Coll-1 and FN in mediating hMSC attachment to PO4-PEG hydrogels, with results
illustrated in Figure 3. To determine possible roles for Coll-1 and FN in mediating hMSC
attachment to PO4-PEG hydrogels, we blocked cell adhesive sites present on fibronectin and
collagen-1 using specific antibodies. As shown in Figure 3, cell attachment was significantly
reduced when either matrix component was blocked using antibodies, suggesting that both
Coll-1 and FN were present on PO4-PEG hydrogels and that each provided binding sites for
hMSCs.

Both β1- and β3- integrins have been shown to have binding ligands on Coll-1 and FN.
Also, these integrins have been previously shown to regulate hMSC osteogenic
differentiation [31]. We investigated the role of integrin binding for hMSCs on phosphate-
functionalized hydrogels using blocking antibodies against β1 and β3 integrins. hMSCs
were incubated with antibodies against β1 and β3 integrins in serum free medium and then
seeded onto serum media pre-soaked phosphate functionalized gels (still in the presence of
serum free medium). As shown in Figure 4A, hMSC attachment was reduced to about 60%
and 50% upon blocking β1 and β3 integrins, respectively, while blocking both did not lead
to additional statistically significant inhibition. These results indicate that both β1 and β3
integrins facilitate hMSC attachment to phosphate-functionalized hydrogels.

3.3 Focal Adhesion Kinase (FAK) signaling is required for PO4-PEG hydrogel induced
osteogenesis

FAK induction of the MAP kinase pathway has been shown to be a critical component in
osteogenesis due to activation of CBFA-1 transcription factors [27]. Upon integrin binding
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and clustering, focal adhesions facilitate the recruitment and phosphorylation of FAK, which
subsequently induces a cascade of downstream signaling events that ultimately control cell
fate, including osteogenic differentiation of hMSCs when stimulated in conjunction with
other signals found in osteogenic supplements [30]. Our results indicated that hMSC
attachment to PO4-PEG hydrogels involved integrin binding to adsorbed ECM proteins.
Figure 4B–I shows representative images of vinculin (Figure 4B,F) and actin (Figure 4C,G)
staining of hMSCs on PO4-PEG gels in growth media (Figure 4B–E) and on TCPS in OS
media (Figure 4F–I). hMSCs seeded on PO4-PEG hydrogels expressed vinculin, as well-
defined fibrillar structures (10–20 µm) that were consistent with focal complexes and well
developed actin stress fibers. Qualitatively, the number of fibrillar structures of vinculin and
amount of actin stress fibers in hMSCs was lower on PO4-PEG gels compared to that on
TCPS, indicating that the interaction of hMSCs with the adsorbed protein layer is different
in both conditions. We therefore hypothesized that PO4-PEG hydrogels induced osteogenic
differentiation of hMSCs through integrin recruitment of focal complexes and subsequent
FAK signaling.

To verify the involvement of FAK signaling in osteogenesis for hMSCs on PO4-PEG gels,
we measured the expression of osteogenic markers for cells treated with the small chemical
inhibitor PF-573228, which prevents downstream signaling by interrupting phosphorylation
of FAK at Tyr397 [37]. hMSCs were cultured on phosphate functionalized gels in growth
media or TCPS with OS supplements over a period of 14 days in the absence or presence of
PF-573228. The effect of pFAK inhibition on fold change in cell numbers on PO4-PEG gels
in growth media and on TCPS in OS media are shown in Figure 5A. The concentration of
pFAK inhibitor used did not significantly affect the proliferation of hMSCs on both PO4-
PEG and TCPS throughout the time scale of the study. ALP activity (Figure 5B), an early
osteogenic marker, at days 1, 7, and 14, or gene expression levels of Coll-1A, CBFA1,
osteopontin (OPN) (Figure 6) at day 14 of hMSCs were studied. ALP activity of hMSCs
cultured on phosphate functionalized gels and TCPS was increased by 2.5 and 4 fold by day
7, respectively, compared to day 1. Inhibition of phosphorylation of FAK abrogated the
increase in ALP activity of hMSCs cultured on both phosphate functionalized gels and
TCPS at day 7 and day 14. At day 7, ALP was increased for both TCP and PO4-PEG
hydrogels, an effect that was abrogated by treatment with FAK inhibitor. While TCP had
elevated expression of ALP at day 14 that was prevented by FAK inhibitor, there was no
difference observed for PO4-PEG hydrogels.

As with ALP activity, FAK inhibited several genes associated with osteogenesis.
Specifically, gene expression of OPN, Coll-1 and CBFA1 were increased by 18, 3, and 17
fold respectively on phosphate functionalized gels cultured in growth media and by 9, 1.7,
10 fold respectively on TCPS cultured with OS supplements by day 14, consistent with
osteogenic differentiation. However, when treated with FAK inhibitor, expression was
reduced significantly compared to controls for all the genes studied. Coll-1 expression was
reduced to 1.5 fold, while CBFA1 and OPN expression reduced to 6 and 4 fold relative to
control, respectively. Similarly, FAK inhibition reduced expression of each of these genes
on TCPS in the presence of OS media. The effect of pFAK inhibition was not due to
changes in shape or focal complex formation, as spreading and focal adhesion expression
was similar with or without FAK inhibitor (Figure 5C–K). Therefore, we conclude that FAK
signaling is required for osteogenic differentiation for hMSCs seeded on PO4-PEG
hydrogels, and we again note that osteogenic supplements are not required to mediate this
signaling.
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4. DISCUSSION
Biomaterial strategies aimed at harnessing stem cells for regenerative medicine applications
typically provide cells with biologically relevant signals to guide cell function, such as
differentiation down tissue-specific lineages [38]. Discovery-based approaches have become
increasingly prevalent for screening chemical and biological functionality for desired
influences on cell function, often without any prior knowledge of potential outcomes [39–
43]. While many strategies are aimed towards designing peptide mimics or attaching other
biomolecules to mimic physiological signaling mechanisms [38, 44], approaches that
minimize complexity have also been pursued [15, 23, 40, 41].

Recently, Benoit et al. demonstrated that small chemical functional groups induced
differentiation of hMSCs down several lineages without the use of differentiation media
[15]. Several functional groups were chosen to mimic chemical characteristics of
microenvironments associated with common hMSC lineages and screened at different
concentrations using a 2D array-based approach, and it was discovered that osteogenic
differentiation was induced by PO4 groups while adipogenesis was induced by t-butyl
groups. Results were then validated in 3D to demonstrate that the chemical functional
groups, and not cell shape, were the guiding influence for differentiation. The 3D results
were crucial for demonstrating the specific role of the functionalized hydrogels, since cell
shape has been shown to be an important factor for directing hMSC differentiation, with
osteogenic differentiation being preferential for spread morphologies while rounded
morphologies often favors adipogenic differentiation, even when exposed to the same
soluble components in the media [45, 46]. Benoit et al. [15] have shown that PO4-PEG gels
promoted a spread morphology and t-butyl functional groups promoted a rounded
morphology, consistent with the previous studies on the effects of cell shape on hMSC
differentiation pathway. However, while it was definitively shown that the functionalized
hydrogels specifically induced hMSC differentiation, it was not determined if the
mechanism was due to direct interactions with the functional groups or proteins
preferentially adsorbed or presented by the different chemical environments. Therefore, we
aimed to gain a better understanding of how small chemical functional groups were able to
direct specific differentiation of hMSCs down the osteogenic lineage in an effort to guide
more rational choices for future biomaterials designs.

First, we aimed to determine whether attachment and spreading of hMSCs on PO4-PEG
hydrogels was due to direct interactions with phosphate groups or due to adsorbed serum
proteins. Our results indicated that hMSCs did not attach to PO4-PEG hydrogels when
seeded in serum free medium. However, hMSC attachment and spreading on gels that were
pre-incubated in serum containing media prior to seeding with cells in serum free media was
similar to seeding in serum. As a control, very low hMSC attachment was observed on blank
PEG gels (i.e., unfunctionalized) for serum-free conditions under all treatments. Since
attachment occurred on PO4-PEG hydrogels incubated in serum media prior to seeding
under serum-free conditions, soluble components were not required to mediate attachment.
Thus, our combined results demonstrated that adsorbed serum components, and not
phosphate groups alone, mediated hMSC attachment to PEG-PO4 hydrogels. Interestingly,
the cell seeding efficiency on PO4-PEG gels (~600 cells/cm2 when seeded at 5000 cells/
cm2) is lower compared to that usually observed on TCPS (90–95%). We note that this cell
lower density is often observed when seeding cells on PEG hydrogels, and a potential
complication is that one might enrich for a particular subpopulation of hMSCs that are more
adherent to these gels. Since hMSCs are a heterogeneous population [47, 48], this subset
might be more predisposed to undergo osteogenic differentiation in growth media. It is
difficult to de-convolute the effects of preferential selection of an hMSC population from the
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effects of the phosphate groups on osteogenic differentiation, but this is a point worthy of
further investigation.

Next, we have quantified the amount of serum proteins adsorbed onto PO4-PEG gels. Our
results show that presence of PO4 functionalities promote protein adsorption significantly
compared to the control PEG gel. Although the exact cause of this protein adsorption is not
clear from this study, incorporation of charged PO4 functional groups could result in altered
zeta potential around the PEG gel compared to the control gels resulting in strong protein
adsorption. This hypothesis is supported by finding of a recent study by Meder et al. [49], in
which alumina particles functionalized with PO4 functional groups resulted in negative zeta
potential and preferentially adsorbed positively charged proteins. These results suggest that
electrostatic forces play an important role in determining the protein adsorption to these
particles. Interestingly, PO4 concentration did not have any effect on level of protein
adsorption to PO4-PEG gels. This observation could be explained by considering the
network structure of polymers formed by chain polymerization of PEGDM monomers. Here,
PO4 functionalities are incorporated only in the kinetic chains and results in a network
structure with dense regions of PO4 functionalities connected by long PEG chains [50]. This
is also supported by our observation that the swelling ratio of the gels is also unchanged
with increasing PO4 concentration (data not shown). The amount of protein adsorbed onto
TCPS (which is used to expand hMSCs) is significantly higher than PO4-PEG gels. This
suggests that the PO4-PEG gels could preferentially adsorb specific ECM proteins
(compared to proteins adsorbed on TCPS) that signal hMSCs to differentiate down the
osteogenic pathway.

Several studies have shown that the identity and structural orientation of adsorbed proteins
are strongly dependent on the biophysical and biochemical aspects of the biomaterial [24,
28, 51–54], leading to different influences on cell behavior even when the same protein is
present [28, 29, 51, 55]. For example, Keselowsky et al. [28, 29] showed that substrate
chemistry controlled the presentation of adhesion sites present on adsorbed fibronectin and
hence influenced the differentiation of osteoblasts. Other studies have shown that interaction
of hMSCs with ECM proteins, Coll-1 and FN, influenced the matrix mineralization,
expression of osteogenic genes and ALP activity of in vitro hMSC cultures [26, 27, 41, 45,
46]. For example, Salasznyk et al. [30] demonstrated that hMSCs cultured on Coll-1 up-
regulated ALP activity and secretion of osteopontin without any need for osteogenic
supplements. Since, Coll-1 and FN were each present on PO4-PEG hydrogels, suggesting a
similar possible role for these ECM components here. Previously, published results on
TCPS also show that coll-1 and FN can upregulate expression of osteogenic signal in
hMSCs. To complement the results presented here, further studies exploring how osteogenic
differentiation is affected by blocking adhesion sites of coll-1 and FN might provide insight
as to the role of these proteins in osteogenic differentiation of hMSCs on PO4-PEG gels.

Osteogenesis is influenced by the ECM due to attachment that is mediated by integrins, with
β1- and β3-integrins having each been shown to be important regulating osteogenic
differentiation of hMSCs [31]. Interaction of hMSCs with Coll-1 occurs via β1 integrins and
has been shown to be critical for their osteogenic differentiation when cultured on Coll-1.
Also, hMSC interaction with FN via α5β1 integrins has been shown to enhance osteogenic
related genes CBFA1, bone sialoprotein and ALP. hMSC adhesion to FN functionalized
surfaces mediated by β3 integrins has been shown to negatively influence growth and
differentiation of hMSCs [35, 31]. We demonstrated that hMSC attachment was decreased
on PO4-PEG hydrogels when either β1- or β3-integrins were blocked with functional
antibodies, demonstrating that β1- and β3-integrins can each mediate attachment and
spreading.

Gandavarapu et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Outside-in signaling through integrin binding is due to the recruitment of focal complexes,
which are required for phosphorylation of FAK [58]. Phosphorylated FAK then triggers
downstream signaling through the MAP kinase pathway, which ultimately controls
expression of osteogenic transcription factors that are crucial for guiding hMSC
differentiation down the osteogenic lineage [30, 36]. Inhibition of FAK led to significant
down-regulation of each of the osteogenic markers studied, which included alkaline
phosphatase activity and gene expression for CBFA1, osteopontin, and Coll-1A. The
influence of FAK inhibition was not due to changes in cell shape or focal adhesions, as
hMSCs showed similar morphology on PO4-PEG gels and continued to express vinculin in a
fibrillar organization similar to non-inhibited controls. Substrate elasticity has been
previously shown to play an important role during osteogenic differentiation of hMSCs [17,
18, 59]. Previous studies have also shown that phosphorylation of FAK is dependent on the
underlying substrate elasticity [60, 61]. For example, Khatiwala et al. [60] have shown that
levels of phosphorylation (Tyr397) of FAK increased with increasing stiffness when pre-
osteoblast cells are cultured on poly(acrylamide) substrates. Although not studied in this
work, it is possible that substrate elasticity also affects the osteogenic differentiation of
hMSCs on PO4-functionalized hydrogels. Thus, we conclude that the influence of PO4-PEG
hydrogels on differentiation of hMSCs down the osteogenic lineage requires FAK signaling
and that shape or cell attachment alone is not sufficient for inducing this effect.

Previously, Benoit et al. [15] showed (1) PO4-PEG hydrogels induced osteogenesis, while
other functional groups with similar charges did not induce similar effects, (2) Incorporation
of PO4 functionality was at a low enough concentration to prevent changes in gel
hydrophobicity, (3) Shape was not responsible for differentiation, as similar results were
obtained for rounded cells in 3D environments [15]. Here, we provided further insight into
the mechanism by providing evidence that PO4-PEG hydrogels induce differentiation of
hMSCs down the osteogenic lineage through specific outside-in signaling induced by
interactions with serum proteins adsorbed onto the PO4-containing matrix. This mechanism
is supported by several pieces of evidence that we presented here: (1) Adsorbed serum
proteins are required for attachment and spreading, (2) Attachment is partially mediated by
β1- and β3-integrins, (3) Cells seeded on PO4-PEG hydrogels form well-defined focal
complexes, (4) FAK signaling is required for osteogenic differentiation independent of cell
shape. Our results are particularly important for researchers pursuing strategies aimed at
simplifying biomaterials design since the influence of small molecules may not be easily
predicted. While combinatorial approaches to screen for small molecules are often
predicated on little knowledge of how materials may lead to changes in cell function, our
results suggest that the dominating influence is likely due to differences in how proteins
adsorb to these materials. Therefore, an exciting potential direction for these combinatorial
approaches may be to identify specific influences on cell function, and how these materials
adsorb and present proteins that are important for these changes. Ultimately, a better
understanding of how biomaterials interact with proteins in the soluble environment will be
important for both guiding cell function and avoiding potential side effects associated with
in vivo application.

5. CONCLUSIONS
In this work we investigated the role of hydrogel chemistry on osteogenic differentiation of
hMSCs. We demonstrate that the presence of phosphate functional groups promoted
adsorption of ECM proteins, including fibronectin and collagen-1, while hMSC attachment
was partially mediated via β1 and β3 integrins. Adsorbed ECM proteins directed hMSCs
down the osteogenic lineage despite the absence of osteogenic supplements, as demonstrated
by elevated alkaline phosphatase production and up-regulation of classic osteogenic
markers. Combined with our previous study [15], we demonstrated that attachment and cell
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shape alone were insufficient for promoting osteogenesis of hMSCs, but that FAK signaling
was necessary for the influence of PO4-PEG hydrogels on differentiation. This study
provides evidence that adsorbed serum proteins can play a crucial role for the influence of
synthetic biomaterials in guiding cell function, including PEG hydrogels which are designed
to prevent non-specific adsorption. While the specific result reported here (PO4-PEG
hydrogel induction of osteogenic differentiation for hMSCs) is directly applicable to bone
tissue engineering, our work is more generally important due to the broader implications
associated with the mechanisms by which functionalized hydrogels guide cell function.
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Figure 1.
Serum components mediate hMSC attachment and spreading on PO4-PEG gels ([PO4 =
50mM) (A) Effect of seeding conditions on hMSC adhesion to gels. Average number of
cells per area attached to PEGDM and PO4-PEG gels when seeded in serum containing
media (black bar), pre-incubated with serum containing media and seeded in serum free
media (white bar, textured), and seeded in serum free media (grey bar). (# indicates
significant difference compared to that on control gels (PEGDM); p<0.05, Data represents
averages of N=3 different experiments with n = 3 replicates during each experiments). (B).
Cell shape parameters; average cell area (filled black bars) and average aspect ratio (striped
bars) when cultured for 24 h on different gels as indicated. Cell shape parameters of hMSCs
on TCPS were also included for comparison. Phosphate functional groups promote cell
spreading similar to cells cultured on tissue culture polystyrene (TCPS) when seeded in
growth media. Error bars represent standard deviations for N=150–250 cells.
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Figure 2.
Effect of [PO4] concentration on total protein adsorbed from serum. Total protein adsorbed
was significantly higher on phosphate gels compared to the control ([PO4] = 0 mM) gels.
Increasing the concentration of [PO4] in the gels did not result in any significant increase in
protein adsorption. Total protein adsorbed on TCPS under similar conditions is 0.5 µg/
cm2(#, indicates significant difference compared to the control ([PO4] = 0 mM) gel; Data
represent averages of N=3 different experiments with 4 replicates in each experiment.
p<0.05)
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Figure 3.
ECM proteins are differentially adsorbed on to PO4-PEG gels ([PO4 = 50mM). Blocking
cell adhesion sites corresponding to specific ECM proteins (Fibro = Fibronectin, Coll-1 =
Collagen-1) adsorbed onto the PO4-PEG gel influences cell attachment. Average number of
cells that remained attached to PO4-PEG gels upon blocking were counted and reported as a
percentage compared to control. # indicates significant difference compared to control
p<=0.05. (Data represent averages of N=3 different experiments with 3 replicates in each
experiment.)
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Figure 4.
hMSC interaction with the PO4-PEG gels ([PO4] = 50mM) is mediated through β1 and β3
integrins. (A) Integrin blocking studies. Cells were incubated with β1, β3, β1+ β3 or control
(IgG) antibodies for 30 min and seeded onto phosphate gels. Average number of cells
attached were counted and reported as a percentage compared to control. Data represent
averages of N=3 different experiments with 3 replicates in each experiment. (B–I).
Immunostaining for vinculin (green, B, F), actin (red, C, G), nuclei (blue, D, H) and overlay
(E, I) of hMSCs seeded on PO4-PEG gels (B–E) and on TCPS (F–I) shows the presence of
well-developed focal adhesion plaques. (Scale bar = 50µm). # indicates significant
difference compared to control, p<=0.05.
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Figure 5.
Effect of inhibition of FAK phosphorylation on ALP activity of hMSCs. (A) Total cell
number of hMCSs on PO4-PEG gels ([PO4] = 50mM) in growth media with (45° striped
bar) and without (white bar) pFAK inhibitor. Total cell number of hMSCs on TCPS in OS
media with (135° striped bar) and without (black bar) pFAK inhibitor. (B) ALP activity
profiles of hMSCs cultured on PO4-PEG gels ([PO4] = 50mM) in growth media with (filled
circles) or without (open circles) PF-573228 normalized to cell number. Positive control
cultures of hMSCs on TCPS with osteogenic supplements (OS) and with (filled squares) or
without (open squares) PF-573228 are also shown. # indicates significant difference
compared to hMSC cultures on PO4-PEG gel without pFAK inhibitor, (*) indicates
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significant difference compared to hMSC cultures on TCPS with OS. Data represent
averages of normalized ALP activity of N=3 different experiments with n=3 replicates (C–
K). Addition of pFAK inhibitor, PF-573228, doesn’t affect the formation of focal adhesion
plaques. Immunostained images for vinculin (green, C,F,I), actin (red, D,G,J), overlay
(E,H,K) of hMSCs at day1 (C–E), day 7 (F–H), day 14 (I–K) cultured on PO4-PEG
constructs in the presence of FAK inhibitor. Vinculin staining shows the presence of well-
developed focal adhesion plaques upon inhibiting phosphorylation of FAK. (Scale bar=
100µm)
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Figure 6.
Effect of inhibition of phosphorylation of FAK on expression of osteogenic related genes in
hMSCs. hMSCs cultured on PO4-PEG gels ([PO4] = 50mM) in growth media on TCPS in
OS media in the presence (black bars) or absence (white bars) of FAK inhibitor
(PF-573228). All data are normalized to GAPDH gene and further normalized to a
corresponding TCPS, growth media control. Data are shown for OS genes, a) Collagen-1
(COLL-1), b) CBFA1, c) Osteopontin (OPN). # indicates significant difference compared to
cultures that did not receive pFAK inhibitor p<=0.05. Data represent fold increase averaged
over N=3 biological replicates with n=2 technical replicates of each.
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Table 1

Primer Sequences used for qRT-PCR

Primer Nucleotide Sequence (5’-3’)

COLL-1a GGGCAAGACAGTGATTGAATACA
GGATGGAGGGAGTTTACAGGAA

CBFA1 GGTATGTCCGCCACCACTC
TGACGAAGTGCCATAGTAGAGATA

GAPDH GCAAGAGCACAAGAGGAAGAG
AAGGGGTCTACATGGCAACT

OPN ATTCTGGGAGGGCTTGGTTG
TCTGGTCCCGACGATGCT
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