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Growth factors have been shown to be potent mediators of osteogenesis. However, their use in tissue-engineered
scaffolds not only can be costly but also can induce undesired responses in surrounding tissues. Thus, the ability
to specifically induce osteogenic differentiation in the absence of exogenous growth factors through manipu-
lation of scaffold material properties would be desirable for bone regeneration. Previous research indicates that
addition of inorganic or hydrophobic components to organic, hydrophilic scaffolds can enhance multipotent
stem cell (MSC) osteogenesis. However, the combined impact of scaffold inorganic content and hydrophobicity
on MSC behavior has not been systematically explored, particularly in three-dimensional (3D) culture systems.
The aim of the present study was therefore to examine the effects of simultaneous increases in scaffold hy-
drophobicity and inorganic content on MSC osteogenic fate decisions in a 3D culture environment toward the
development of intrinsically osteoinductive scaffolds. Mouse 10T½ MSCs were encapsulated in a series of novel
scaffolds composed of varying levels of hydrophobic, inorganic poly(dimethylsiloxane) (PDMS) and hydro-
philic, organic poly(ethylene glycol) (PEG). After 21 days of culture, increased levels of osteoblast markers, runx2
and osteocalcin, were observed in scaffolds with increased PDMS content. Bone extracellular matrix (ECM)
molecules, collagen I and calcium phosphate, were also elevated in formulations with higher PDMS:PEG ratios.
Importantly, this osteogenic response appeared to be specific in that markers for chondrocytic, smooth muscle
cell, and adipocytic lineages were not similarly affected by variations in scaffold PDMS content. As anticipated,
the increase in scaffold hydrophobicity accompanying increasing PDMS levels was associated with elevated
scaffold serum protein adsorption. Thus, scaffold inorganic content combined with alterations in adsorbed
serum proteins may underlie the observed cell behavior.

Introduction

Multipotent stem cell (MSC) differentiation is known
to be influenced by a range of environmental stimuli,

among the strongest of which are growth factors. However,
the use of growth factors in tissue-engineering scaffolds not
only can be costly but also can induce undesired responses in
surrounding tissues. Thus, MSC-based bone regeneration
strategies would be benefited by the identification of scaf-
fold material properties that intrinsically promote osteoblast
lineage progression in the absence of exogenous growth
factors.

A number of studies have shown that the addition of in-
organic components to organic scaffolds can enhance both
their osteoconductivity and osteoinductivity.1–10 These inor-
ganic additives have included not only hydroxyapatite, but
also a range of silicon-containing compounds, such as silica,

silane, and siloxane.3–5,7–10 In addition, scaffold hydropho-
bicity has been demonstrated to influence osteogenic differ-
entiation.11–13 However, the combined effects of scaffold
inorganic content and hydrophobicity have not been sys-
tematically explored. Furthermore, most of the aforemen-
tioned studies were performed in two-dimensional (2D)
culture, and, thus, may not be indicative of the effects of the
same scaffold variables in more biomimetic, three-dimen-
sional (3D) culture systems. The aim of the present study was
therefore to examine the impact of simultaneous increases in
scaffold hydrophobicity and inorganic content on MSC os-
teogenic lineage progression in a 3D culture environment.

Toward this goal, we developed a novel series of scaffolds
comprised of varying levels of hydrophobic, inorganic poly
(dimethylsiloxane) (PDMS) and hydrophilic, organic poly
(ethylene glycol) (PEG). PEG was selected for the hydrophilic,
organic component due to its established biocompatibility and
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its previous use in bone regeneration applications.6,11,14,15

Similarly, PDMS was chosen as the inorganic component over
silica, silane, and other polysiloxanes due to its processa-
bility and its intermediate level of hydrophobicity. In ad-
dition, PDMS is used extensively in biomedical applications
and is considered biocompatible.16–19 For the present study,
PDMS and PEG molecular weights (Mn) and concentrations
were selected to yield scaffolds with moduli within the os-
teogenic range identified in the 2D human MSC studies of
Engler et al.20 and the 3D human and mouse MSC studies of
Huebsch et al.21

In analyzing the lineage progression of encapsulated
mouse 10T½ MSCs, quantitative immunoassays were per-
formed for mid-to-late term markers associated with osteo-
blast, chondrocytic, smooth muscle cell (SMC), and
adipocytic fates. Furthermore, biochemical and histological
analyses were conducted to assess the deposition of extra-
cellular matrix (ECM) components associated with mature
bone (e.g., collagen I and calcium phosphate)22 as well as
ECM molecules, which would be considered undesirable for
bone regeneration (e.g., elastin and collagen type III).

Materials and Methods

Preparation of diacrylate-terminated PEG

Diacrylate-terminated PEG (PEG-DA, Fig. 1) was pre-
pared in accordance to known methods.23 Briefly, PEG
(Mn = 3.4 kDa; Sigma) was dissolved in dry dichloromethane
(20 mL/mmol PEG) in a 250-mL round bottom flask purged
with Ar. Triethylamine (2:1 molar ratio; Sigma) was added
slowly to the solution, followed by the dropwise addition of
acryloyl chloride (4:1 molar ratio; Sigma). The reaction mix-
ture was allowed to stir at room temperature overnight.
Removal of HCl was accomplished by washing the mixture
twice with 2M K2CO3 and separating into aqueous and or-
ganic phases. The organic phase was then dried with anhy-
drous MgSO4, and the volatiles were removed under
reduced pressure. The resulting crude oil was precipitated in
diethyl ether in an ice bath, filtered, and dried under vacuum
at room temperature overnight. The extent of diacrylation
was confirmed to be *85% by 1H NMR.

Synthesis of methacrylate-terminated star PDMS

Methacrylate-terminated star PDMS (PDMSstar-MA, Mn =
2 kDa) was prepared via a two-step synthetic strategy per a
modification of the methodology in Grunlan et al.24 A star
architecture of PDMS was selected over a linear form to re-
duce phase separation between the hydrophobic PDMS and
hydrophilic PEG before hydrogel polymerization.25 In brief,
silane (SiH)-terminated star PDMS (PDMSstar-SiH) was first
prepared by the acid-catalyzed equilibration of octa-
methylcyclotetrasiloxane with tetrakis(dimethylsiloxane)silane
(tetra-SiH).24 Octamethylcyclotetrasiloxane and tetra-SiH
were combined in a 100-mL round bottom flask under N2

at a 4.3:1 molar ratio, with the ratio of octamethylcyclote-
trasiloxane and tetra-SiH selected to yield a product of the
desired Mn. Triflic acid (0.060 mL/mmol octamethylcyclote-
trasiloxane) was then added, and the reaction was allowed to
stir for 16 h at room temperature. After cooling, the mixture
was neutralized by combining with excess hexamethyledi-
silazane and stirring for 2 h. The polymer mixture was pre-
cipitated three times in toluene/methanol and the isolated
polymer dried under reduced pressure. The chemical struc-
ture and Mn of the resulting colorless product (PDMSstar-
SiH) were confirmed by 1H NMR, 13C NMR, IR, and gel
permeation chromatography.

The SiH terminal groups of the PDMSstar-SiH were con-
verted into photosensitive methacrylate moieties by the
subsequent hydrosilylation reaction with allyl methacry-
late.26 Briefly, PDMSstar-SiH was dissolved in dry toluene
using a 100-mL round bottom flask and purged with N2. The
Karstedt’s catalyst (Pt–divinyltetramethyldisiloxane complex
in xylene, 2% Pt) was added at 33 mL/mmol, and the reaction
mixture was heated to 90�C. Allyl methacrylate was then
added over 15 min in a 4:1 molar ratio, after which the re-
action was heated to 90�C and stirred overnight. Completion
of the reaction was confirmed by the disappearance of the Si-
H (*2100 cm - 1) absorbance in the IR spectrum. The reaction
mixture was decolorized by refluxing with activated carbon
for 12 h. After removal of volatiles under reduced pressure,
the catalyst was removed from the residue via flash column
chromotography on silica gel. The resulting product
(PDMSstar-MA, Fig. 1) was confirmed by 1H-NMR.

Synthesis of acrylate-derivatized cell adhesion ligand

The cell adhesion peptide RGDS (American Peptide) was
reacted with acryloyl-PEG-N-hydroxysuccinimide (ACRL-
PEG-NHS, 3.4 kDa; Nektar) at a 1:1 molar ratio for 2 h in
50 mM sodium bicarbonate buffer, pH 8.5.27,28 The product
(ACRL-PEG-RGDS) was purified by dialysis, lyophilized,
and stored at - 20�C until use.

Hydrogel preparation

PEG-PDMSstar hybrid hydrogels were prepared by the
photopolymerization of aqueous mixtures of PEG-DA and
PDMSstar-MA. Five distinct precursor solutions were pre-
pared: (a) three with 10 wt% total polymer, but with a 100:0,
95:5, or 80:20 wt ratio of PEG-DA to PDMSstar-MA, and (b)
two additional PEG-DA formulations containing 9.5wt% and
8.0 wt% total polymer, but no PDMS (referred to as 95:0 and
80:0 constructs, respectively). ACRL-PEG-RGDS was added
to each solution so as to yield 1 mM RGDS in the swollen

FIG. 1. Schematic of the PEG-DA and PDMSstar-MA com-
ponents of PEG-PDMSstar hydrogels. PDMS, poly(dimethy-
lsiloxane); PEG-DA, diacrylate-terminated poly(ethylene
glycol); PDMSstar-MA, methacrylate-terminated star PDMS.
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gels. A photoinitiator consisting of a 30 wt% solution of
2,2-dimethyl-2-phenyl-acetophenone in N-vinylpyrrolidone
was added to the precursor solutions at 10 mL/mL. The re-
sulting mixtures were vortexed and passed through 0.22-mm
polyethersulfone (PES) filters, which served both to sterilize
the solutions as well as to create fine, stable dispersions of
hydrophobic PDMSstar in the aqueous PEG solutions. The
filtered precursor solutions were immediately poured into
0.75-mm-thick transparent rectangular molds, and poly-
merized by a 6-min exposure to long-wave UV light
(*6 mW/cm2, 365 nm; Spectroline).

Evaluation of initial scaffold material properties

Dynamic light scattering. The average size of PDMSstar-
MA particles in the PEG-PDMSstar hydrogels was estimated
by dynamic light scattering (DLS) measurements of aqueous
solutions of 0.5 wt% and 2 wt% PDMSstar-MA. After 0.22-mm
filtration, DLS measurements were performed on each so-
lution using a Brookhaven ZetaPALS instrument. A laser
with a wavelength of 660 nm was used as the incident beam,
and the scattered light was detected at a 90� scattering angle
at 25�C. The light-scattering data were analyzed with BI-
DLSW control software, and a non-negative-constrained
least-squares algorithm was used to determine the size dis-
tributions.

Hydrogel mechanical properties. Bulk mechanical test-
ing: After an 18-h immersion in phosphate-buffered saline
(PBS), four 8-mm discs were cored from each hydrogel for-
mulation and mechanically tested under unconstrained
compression using an Instron 3342. After application of a
0.05-N preload, each hydrogel was subjected to compression
at a rate of 1 mm/min. The compressive modulus of each
hydrogel was extracted from the resulting stress–strain data
over a 5%–25% strain range.

Atomic force microscopy (AFM): After 18 h of swelling in
deionized water (dIH2O),29 PEG-PDMSstar hydrogels were
locally, mechanically tested using a Bioscope System AFM
(Veeco Instruments) equipped with a Nanoscope IIIa con-
troller and mounted on a Zeiss Axiovert 100 TV inverted
optical microscope. Each hydrogel was fixed to a 60-mm-
diameter polystyrene Petri-dish with an RP30 instant ad-
hesive (Adhesive Systems, Inc). The hydrogels were then
submerged in 1.5 mL of dIH2O to reduce tip-adhesion ef-
fects and to maintain sample hydration during testing. The
gel samples were indented with a silicon dioxide glass bead
with a radius (R) of 300 nm attached to a silicon-nitride
cantilever with a manufacturer-calibrated spring constant
of 360 pN/nm (Novascan). Deflection sensitivity for the
AFM probe was determined to be 54 nm/V. All indenta-
tions were performed at a frequency of 0.5 Hz with a z-scan
size of 800 nm (speed of 0.8 mm/s). After recording typically
30 consecutive indentation force–depth curves at each lo-
cation on the hydrogel, the tip was retracted to its original
position. At least, ten distinct locations were analyzed per
hydrogel sample.

The applied force f sphere (pN) during indentation was ta-
ken to be the product of the measured cantilever deflection
d (V), cantilever spring constant k (pN/nm), and deflection
sensitivity ds (nm/V). The indentation depth d (nm) of the
probe during an approach–retraction cycle was calculated as

the difference between the piezo displacement z (nm) and
effective cantilever deflection dsd (nm). An effective Young’s
modulus (E) was determined from AFM force curves based
on the Hertzian equation.30–32 However, the strict use of this
equation requires simplifying assumptions, such as a flat,
homogeneous, semi-infinite elastic material, and a rigid
probe.33 Thus, to accommodate potential nonlinearities, we

calculated the pointwise apparent modulus
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Ei¼ 3
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or material stiffness, at each point (i) along all postcontact
approach curves. All pointwise modulus values appeared to
converge upon an asymptotic value at an indentation depth
typically < 30 nm. These asymptotic values were used.32,34

Hydrogel mesh size. The PEG-based hydrogel mesh
structure cannot be readily visualized using techniques such
as conventional scanning electron microscopy. Thus, a variety
of methods to estimate the PEG-DA hydrogel mesh size have
been developed, including correlations linking measurable
quantities, such as equilibrium hydrogel swelling and PEG-
DA Mn, to mesh size.35,36 Although these correlations yield
reasonable average mesh size estimates for homopolymer
hydrogels,35,36 they cannot readily be applied to PEG-
PDMSstar hybrid hydrogels. Thus, in this study, the average
hydrogel mesh size was characterized via dextran diffusion
based on an adaptation of the methodology of Watkins et al.37

Briefly, four 8-mm discs were cored from each hydrogel for-
mulation after 24-h swelling and immersed in 0.5 mL HBS–
azide (HEPES-buffered saline plus 0.05 wt% azide) containing
50mg/mL FITC-labeled dextran (10 kDa; Sigma). Dextran was
then allowed to diffuse into the hydrogels for 24 h at 37�C,
after which each disc was gently blotted and transferred to
0.5 mL fresh HBS–azide. After 24 h at 37�C, the fluorescence of
the HBS–azide solution surrounding each disc was measured
at ex/em 488/532. Each fluorescence measure was converted
to micrograms dextran using dextran standard curves and
then divided by gel weight to yield a quantitative indicator of
hydrogel permissivity (C). These permissivity measures were
used to estimate the mesh size (x) of each hydrogel (x) relative
to the 100:0 PEG-PDMSstar formulation as follows:
nx¼ Cx

C100:0 PEG�PDMS

� �
:

Serum protein adsorption. After 24 h of swelling, four 36-
mm discs were harvested from each PEG-PDMSstar hydrogel
formulation to evaluate the dependence of bulk serum pro-
tein adsorption on increasing PDMSstar content. Each disc
sample was exposed to 10% fetal bovine serum (FBS) in PBS
for 24 h at 37�C. Nonadsorbed proteins were then removed
by immersing the specimens in dIH2O at 37�C for 60 min,
with dIH2O changes every 20 min. Adsorbed proteins were
subsequently stripped from the hydrogels by progressive
extraction with a series of aqueous isopropanol solutions of
increasing hydrophobicity.38 Specifically, each hydrogel
sample was successively immersed in 10%, 30%, 50%, and
70% aqueous isopropanol solutions (I10, I30, I50, and I70,
respectively) for 20 min per solution at 37�C. The isopropanol
fractions for a particular hydrogel sample were then com-
bined, evaporated under vacuum, and resuspended in
500 mL of PBS. The total amount of protein stripped from
each hydrogel sample was quantified using the CBQCA total
protein quantitation kit (Invitrogen). For the purpose of
comparison, the average protein measures for each gel
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composition were normalized to the 100:0 PEG-PDMSstar

formulation.

Relative bulk hydrophobicity. Contact angle measure-
ments are widely used to analyze differences in the hydro-
phobic character of material surfaces. However, this method
is limited to the assessment of surface hydrophobicity, and
associated results cannot be readily extended to bulk be-
havior. We therefore developed a method to assess differ-
ences in bulk hydrogel hydrophobicity by comparing the
extent of swelling in solvents of varying polarities.39 Speci-
fically, solvents of higher polarity indices (P) interact pref-
erentially with hydrophilic domains of the bulk material,
whereas solvents of lower P indices show greater affinity for
hydrophobic segments of the material. Thus, differences in
the relative uptake of solvents of distinct polarities by a given
hydrogel formulation can serve as an indicator of its bulk
hydrophobicity. In brief, four discs from each hydrogel for-
mulation were submerged in dIH2O (P = 12.1) or I70
(P = 10.0)40 for 24 h at room temperature, after which the
swollen weight (Ws) of each disc was recorded. The samples
were then dried under vacuum for 48 h and their corre-
sponding dry weights (Wd) measured. The equilibrium mass
swelling ratio (q) of each formulation in each solvent (x) was
calculated as qx¼ ( Ws

Wd
): The relative bulk hydrophobicity (H)

of each hydrogel formulation was estimated as follows:

H¼ q170

qdIH2O

� �
:

Cell culture

Cryopreserved 10T½ mouse MSCs (ATCC) were thawed
and expanded in monolayer culture. Before encapsulation,
cells were maintained at 37�C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone) supplemented
with 10% heat-inactivated FBS (Hyclone).

Fabrication and culture of cell-laden constructs

Precursor solutions for the 100:0, 95:5, and 80:20 PEG-
PDMSstar gels and the 95:0 and 80:0 controls were prepared
in PBS. ACRL-PEG-RGDS was then added to each precursor
solution so as to yield an RGDS concentration of 1 mM in the
swollen gels. After addition of a photoinitiator, the mixtures
were vortexed and sterilized by 0.22-mm filtration. 10T½ cells
were then resuspended in each precursor solution so as to
yield a post-swelling cell density of *2 · 106 cells/g. The
resulting suspensions were polymerized into hydrogel net-
works by 6-min exposure to long-wave UV light (*6 mW/
cm2, 365 nm), a process that has previously been demon-
strated to be cytocompatible.41–43 Gels were immersed in the
DMEM supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, and 100 mg/L streptomycin and
maintained at 37�C and 5% CO2. After 24 h, samples (n = 4
per formulation) were collected for bulk compressive ana-
lyses per the above procedure. Medium in the remaining
samples was changed every 2 days for 21 days.

Endpoint construct analyses

After 21 days of culture, a series of samples (n = 4 per
formulation) were mechanically analyzed under bulk com-
pression. Separate samples were collected from each hydro-
gel formulation for biochemical and histological analyses. All

steps associated with the biochemical and histological pro-
cedures described below took place at room temperature
unless otherwise noted.

Biochemical analyses. Competitive ELISAs for differ-
entiation markers: Proteins extracted by sample homogeni-
zation in Trizol followed by protein isolation44 were
evaluated for the housekeeping protein GAPDH as well as
for mid-to-late term markers of osteogenesis, chondrogen-
esis, SMC progression, and adipogenesis via competitive
ELISAs. In brief, appropriate primary antibodies and their
corresponding peptide antigens were purchased from Santa
Cruz Biotechnology (SCBT). High-binding EIA 96-well plates
(Costar) were coated overnight at 4�C with 200 ng per well of
peptide for adipocyte–fatty acid binding protein (A-FABP, C-
15), PPARg (I-18), myocardin (M-16), smooth muscle 22a
(SM22a, P-15), runx2 (S-19), collagen I (Col1A1, D-13), os-
teocalcin (M-15), sox-9 (C-20), or collagen II (Col2A1, N-19)
and with 100 ng per well of peptide for GAPDH (V-18). The
coated wells were then blocked with bovine serum albumin
(BSA). Peptide standards and isolated sample proteins were
diluted in PBS containing 3% BSA and 0.05% Tween 20 and
incubated with a primary antibody for 1 h, after which the
mixtures were transferred to coated wells and incubated for
an additional hour. The primary antibody that had bound to
each coated well surface was then detected using an appro-
priate horseradish peroxidase (HRP)-conjugated secondary
antibody ( Jackson ImmunoResearch Laboratories [JIRL]),
followed by application of 2,2’-azino-bis(3-ethylbenzthiazo-
line-6-sulphonic acid) [ABTS; Sigma]. The resulting sample
absorbance was read at 410 nm and translated to a concen-
tration using the associated standard curve. Each target
protein was analyzed in duplicate for each sample (n = 3–6
per gel formulation) and normalized to GAPDH. For the
purposes of comparison, the resulting protein concentrations
for each formulation were further normalized to the 100:0
PEG-PDMSstar formulation.

Total collagen, sulfated glycosaminoglycan (sGAG), elas-
tin, and collagen III assays: Based on the cell marker results,
the 100:0, 95:5 and 80:20 gels were further analyzed for
various ECM components. Sample proteins isolated by base
hydrolysis45 were used to quantify total collagen, sGAG,
elastin, and collagen III. For each of the following assays, the
standards used were subjected to the same association with
PEG-DA and PDMSstar-MA and the same digestion condi-
tions as the samples.

sGAG production was measured using a modification of
the Blyscan assay (Biocolor). In brief, 40 mL of protein from
each sample (n = 5–6 per formulation) was neutralized,
mixed with 60 mL Blyscan dye reagent, and the absorbance
immediately read at 525 nm relative to a chondroitin sul-
fate-B standard (Sigma). Similarly, levels of the amino acid
hydroxyproline were quantified as an indirect measure of
total collagen. Extracted proteins were first further hydro-
lyzed for 18 h at 110�C in 6 M HCl. The samples (n = 5–6 per
formulation) were then dried under vacuum followed by
resuspension in dIH2O and reaction with chloramine T and
p-dimethylbenzaldehyde reagents.46 The sample absor-
bance was read at 550 nm relative to an L-4-hydroxyproline
standard (Sigma). Total collagen content was estimated
from measured grams of hydroxyproline by dividing
by 0.13.
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For collagen III quantification, samples (n = 4–6 per for-
mulation) and standards were applied to a high-binding 96-
well EIA plate for 3 h, after which the plate was blocked with
3 wt% BSA. After application of primary antibody for colla-
gen III (Calbiochem), donkey anti-rabbit HRP secondary
antibody ( JIRL) and ABTS were applied. Absorbance was
read at 410 nm, with human collagen III (Sigma) serving as a
standard. To quantify elastin, the above procedure was fol-
lowed, except that isolated sample proteins were first ex-
posed to 0.25 M oxalic acid at 100�C overnight to convert
elastin to a-elastin. Oxalic acid was then removed and ex-
changed for PBS using Microcon YM-3 centrifugal filters
(Millipore). Resulting samples (n = 5–6 per formulation) were
then applied to a high-binding EIA 96-well plate for 3 h.
Adsorbed elastin fragments were detected by applying an
elastin primary antibody (BA-4; SCBT), with bovine a-elastin
(Sigma) serving as a standard.

Measured total collagen, sGAG, collagen III, and elastin
levels were normalized to the cell number as assessed by the
PicoGreen assay (Invitrogen). For the purposes of compari-
son, the resulting concentrations for each formulation were
further normalized to the 100:0 PEG-PDMSstar hydrogels.

Total calcium deposition: To assess construct calcium levels,
hydrogel discs (n = 3–4 per formulation) were homogenized
in 640 mL lysis buffer (1% TritonX-100 and 0.5% SDS in
calcium-free PBS) per 100 mg hydrogel. Total calcium was
quantified using 10-mL aliquots of each sample homogenate
via the Calcium CPC liquid color kit (Stanbio).

Histological analyses. Samples harvested for histological
analyses were fixed with 10% formalin for 30 min, embedded
in Tissue-Tek media, and cut into 35-mm sections using a
cryomicrotome.

Immunostaining: Immunohistochemical staining was con-
ducted using the same A-FABP, SM22a, osteocalcin, and
collagen-II primary antibodies used for competitive ELISA
analyses. After 10-min treatment with peroxidase (Biocare
Medical), sections were blocked with Terminator (Biocare
Medical) for 30 min followed by 1-h exposure to the primary
antibody diluted in HBS. The bound primary antibody
(SCBT) was detected by using either alkaline phosphatase
(AP)- or HRP-conjugated secondary antibodies ( JIRL) fol-
lowed by application of an appropriate chromogen (LabVi-
sion). Three sections from each sample of each formulation
were stained per antibody. Immunostained sections were
imaged under brightfield using an Axiovert microscope
(Zeiss).

von Kossa staining: To detect calcium deposits, three sections
per sample of each formulation were stained using a stan-
dard von Kossa kit (American MasterTech Scientific). In
brief, rehydrated sections were rinsed with dIH2O, after
which a 5% silver nitrate solution was applied. Sections were
then exposed to full-spectrum light in a humidified chamber
for 45 min. After rinsing with dIH2O, sections were exposed to
5% sodium thiosulfate for 2.5 min, briefly rinsed, and moun-
ted. Stained sections were imaged as previously described.

Statistical analyses

Data are reported as mean – standard deviation. Statistical
differences among material property measures (e.g., modu-
lus) were performed using ANOVA followed by a Tukey

post hoc test, p < 0.05. Statistical differences in biochemical or
cell marker data were assessed via ANOVA followed by the
Tamhane T2 post hoc test for samples with unequal variances,
p < 0.05 (SPSS software).

Results

Hydrogel material properties

To gain insight into the shifts in scaffold material prop-
erties underlying observed alterations in cell behavior across
formulations, various hydrogel properties were character-
ized.

PDMSstar particle size. A previous study of PEG-
PDMSstar hydrogels demonstrated that the phase separation
between PDMSstar and PEG observed in aqueous solution
resulted in PEG hydrogels embedded with spherical
PDMSstar particles.47 To characterize the average diameter of
the PDMSstar particles incorporated into the present PEG-
PDMSstar hydrogels, DLS studies were performed. These
assays revealed an average PDMSstar particle size of 190 nm
with a polydispersity index of 1.4 for both the 0.5% and 2%
PDMSstar aqueous solutions (representative of the PDMSstar

concentrations in the 95:5 and 80:20 hydrogels, respectively).
A representative DLS curve is provided in Supplementary
Figure S1 (Supplementary Data are available online at
www.liebertonline.com/tea). These DLS results indicate that
the scaffold inorganic content to which encapsulated cells
could potentially be exposed (i.e., the PDMSstar total particle
surface area) increased monotonically from the 100:0 to the
80:20 gels.

Mechanical properties. As shown in Figure 2A, the hy-
drogel modulus under bulk compression was reduced *7%
by the increase in PDMS content associated with the 100:0
and the 95:5 gels. In contrast, the bulk compressive modulus
of the 80:20 PEG-PDMSstar hydrogels was
*75% of that of the 95:5 formulation ( p < 0.001). These bulk
modulus values were not significantly affected by inclusion
of cells (at 2 · 106 cells/g) (Table 1 vs. Fig. 2A). In addition,
no significant differences in gel modulus were noted be-
tween day 1 and 21 of culture (Table 1), indicating minimal
scaffold degradation over the culture period, consistent with
previous PEG-DA literature.48 This resistance to degradation
implied that minimal alterations in bulk material properties
occurred over the culture period and facilitated the correla-
tion between initial scaffold material properties and ob-
served cell behaviors.

To assess the degree to which the decrease in PEG be-
tween the 100:0 and 80:20 gels was contributing to the ob-
served differences in mechanical properties, control
hydrogels containing 9.5 wt% PEG-DA and 8.0 wt% PEG-
DA, but no PDMSstar were prepared. These control gels are
referred to as 95:0 and 80:0 PEG-PDMSstar hydrogels, re-
spectively. Comparison of the bulk modulus values of the
95:5 and 95:0 gels as well as those of the 80:20 and 80:0
hydrogels (Fig. 2A) suggests that the PEG-containing phase
was the primary determinant of the observed bulk com-
pressive modulus values.

To evaluate spatial variations in the modulus associated
with PEG-PDMSstar phase separation, microscale AFM-based
compressive measurements were performed. In contrast to the
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bulk compression results, the average AFM modulus values
indicated that PDMSstar incorporation substantially altered
hydrogel modulus at the microscale (Fig. 2B). This was re-
flected in the increased standard deviations associated with
the average local moduli of the PDMSstar-containing gels re-
lative to the pure PEG control gels. The difference in the
magnitude of the bulk compression and AFM-based modulus
values can be attributed to differences in mechanical testing
method and conditions. In particular, the AFM assessments
were conducted over a much lower strain range than the bulk
compressive tests.

Average mesh size and relative bulk hydrophobicity. The
bulk average mesh size data reflected the AFM-modulus
assessments. Namely, the average mesh size increased sig-
nificantly as the ratio of PEG to PDMSstar decreased
( p < 0.001, Table 2). In addition, the average mesh sizes of the
95:0 and the 80:0 control gels were significantly greater than
that of the 95:5 ( p = 0.001) and 80:20 ( p = 0.001) hydrogels,
respectively. These results reflect the inclusion of densely
cross-linked nanoparticles of 2-kDa PDMSstar within a more
loosely cross-linked 3.4-kDa PEG hydrogel network.

In terms of relative bulk hydrophobicity, hydrogel H-
values were significantly higher in the 80:20 and 95:5 hy-
drogels than in the 100:0 gels ( p < 0.001 and p = 0.003, re-

spectively; Table 2). However, the H-values for the 80:0 and
95:0 control gels could not be distinguished from those of the
100:0 hydrogels. Thus, the present data suggest that the in-
crease in relative bulk hydrophobicity observed between the
100:0 and 80:20 hydrogels can be attributed to the increased
incorporation of PDMSstar rather than to decreasing PEG-DA
levels.

Serum protein adsorption. A primary mechanism by
which scaffold hydrophobicity impacts cell behavior is
through modulation of the levels, identities, and orientations
of absorbed proteins.1,3,49,50 We therefore measured the
amount of serum proteins adsorbed by the various hydrogel
formulations. The levels of serum protein adsorbed onto the
95:5 and 80:20 hydrogels were approximately two- and
five-fold greater than the 100:0 gels ( p = 0.021 and p < 0.001,
respectively; Table 2). Importantly, this increase in adsorbed
serum proteins could not be attributed solely to the associ-
ated decrease in PEG levels from the 100:0 to the 80:20 gels.
Namely, the serum protein adsorption by the 80:20 gels was
80% greater than that of the 80:0 hydrogels ( p < 0.001). Thus,
the presence of hydrophobic PDMSstar particles within the
PEG-PDMSstar hydrogels altered bulk serum protein ad-
sorption.

FIG. 2. Average mechanical property measures of PEG-PDMSstar hydrogels obtained from (A) bulk compression and (B)
AFM-based local compression tests. *Significantly different from 100:0 gels; #significantly different from 95:5 gels; zsignifi-
cantly different from 95:0 gels. Samples for bulk compressive tests: n = 3–5 per formulation. Sample locations for AFM-based
tests: n = 10 per formulation. AFM, atomic force microscopy.

Table 1. Moduli of Cell-Laden PEG-PDMSstar

Hydrogels Under Bulk Compression

PEG-PDMS ratio Modulus at 24 ha Modulus at 21 daysa

100:0 148.5 – 5.1 149.6 – 16.0
95:5 140.0 – 5.2 140.4 – 10.4
80:20 108.8 – 10.0b,c 111.7 – 14.2b,c,d

95:0 134.7 – 27.8 144.1 – 11.7
80:0 100.9 – 33.0b,c,d 102.3 – 31.6b,c,d

an = 4 per formulation per assay.
bStatistical difference with the 100:0 formulation, p < 0.05.
cStatistical difference with the 95:5 formulation, p < 0.05.
dStatistical difference with the 95:0 formulation, p < 0.05.
PEG, poly(ethylene glycol); PDMS, poly(dimethylsiloxane).

Table 2. Relative Mesh Size, Bulk Hydrophobicity,

and Serum Protein Adsorption

PEG-PDMS
ratio

Relative
mesh sizea

HqI70/
qdIH2O

a
Relative adsorbed

proteina

100:0 1.00 – 0.02 1.04 – 0.01 1.00 – 0.15
95:5 1.05 – 0.03 1.10 – 0.02b,d 1.97 – 0.29b

80:20 1.37 – 0.04b,c,d,e 1.17 – 0.03b,c,d,e 5.06 – 0.48b,c,d

95:0 1.10 – 0.02b 1.04 – 0.02 1.12 – 0.02
80:0 1.52 – 0.02b,c,d 1.03 – 0.03c 2.76 – 0.33b,d

an = 4 per formulation per assay.
bStatistical difference with the 100:0 formulation, p < 0.05.
cStatistical difference with the 95:5 formulation, p < 0.05.
dStatistical difference with the 95:0 formulation, p < 0.05.
eStatistical difference with the 80:0 formulation, p < 0.05.
dIH2O, deionized water.
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Cell phenotypic markers and ECM production

To investigate the potential influence of alterations in
PEG-PDMSstar hydrogel composition on 10T½ fate decisions,
markers associated with chondrocyte-, osteoblast-, SMC-,
and adipocyte-like fates were examined via competitive
ELISA. Specifically, isolated sample proteins were evaluated
for mid-to-late term markers of osteogenesis (runx2 and os-
teocalcin), chondrogenesis (sox-9 and collagen II), SMC
progression (myocardin and SM22a), and adipogenesis
(PPARg and A-FABP).

ELISA analyses revealed that expression of transcription
factors sox-9, myocardin, and PPARg did not vary signifi-
cantly across formulations (Fig. 3A). In agreement with the
sox-9 data, collagen II production was also not significantly
altered with increasing PDMSstar content (Fig. 3B). Similarly,
although A-FABP and SM22a levels appeared to increase
slightly in the 80:20 hydrogels relative to the 100:0 hydrogels,
these differences fell below statistical significance. However,
levels of the osteogenic transcription factor runx2 increased
approximately four-fold as PDMS levels increased from
the 100:0 gels to the 80:20 gels ( p < 0.001). In addition, os-
teocalcin deposition was approximately 4 times greater in
the 80:20 hydrogels than in the 100:0 hydrogels ( p < 0.001).

Immunostaining results for collagen II, osteocalcin, SM22a,
and A-FABP were consistent with these ELISA results. A
subset of these immunostaining images are shown in
Figure 4.

Based on the above differentiation marker results, the
100:0, 95:5, and 80:20 gels were further analyzed for ECM
molecules associated with osteogenesis (collagen I and cal-
cium deposits), chondrogenesis (sGAG), adipogenesis (elas-
tin and collagen III), and SMC-lineage progression (collagen
III and elastin). As shown in Figure 5, collagen III deposition
did not vary significantly with increasing PDMSstar content.
Similarly, elastin and sGAG concentrations could not be
distinguished across hydrogel formulations (Fig. 5). How-
ever, collagen-I levels were significantly higher in the 80:20
hydrogels relative to remaining formulations ( p < 0.016).
These collagen-I results were reflected in the total collagen
data ( p < 0.010 for all pairwise comparisons). Furthermore,
quantitative cresolphthalein complexone (CPC) assays re-
vealed a marked increase in calcium deposits in the 80:20
gels relative to the 100:0 and 95:5 gels ( p < 0.002, Fig. 4A).
Qualitative von Kossa staining supported these quantitative
CPC results (Fig. 4B). Cumulatively, the cell marker and
ECM data indicated increased MSC osteogenic differentia-
tion with increasing scaffold PDMSstar content.

FIG. 3. Analyses of cell differentiation markers. (A) Levels of runx2, PPARg, sox-9, and myocardin per PEG-PDMSstar

formulation, and (B) levels of osteocalcin, A-FABP, collagen II, and SM22a per PEG-PDMSstar gel type. Results were nor-
malized to the 100:0 PEG-PDMSstar formulation for the purpose of comparison. *Significantly different from 100:0 gels;
#significantly different from 95:5 gels; zsignificantly different from 95:0 gels; xsignificantly different from 80:0 gels. Samples
per assay: n = 3–6 per formulation.
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Discussion

In the present study, mouse 10T½ MSCs were encapsu-
lated in a series of PEG-PDMSstar hydrogels of varying in-
organic content and hydrophobicity. Quantitative analyses
indicated marked increases in a range of osteogenic markers
with increasing PDMS levels. Specifically, runx2, osteocalcin,
and calcium deposits were each three to four times greater in
the 80:20 formulation versus the 100:0 control gels. Expres-
sion of collagen I, the primary collagen type in bone, was
also elevated in hydrogels with increased PDMS content. In
addition, the agreement in the collagen I and total collagen
profiles suggests that collagen I was the dominant collagen
type synthesized by the encapsulated cells.

In contrast, markers for adipogenesis (PPARg and A-FABP),
chondrogenesis (sox-9 and collagen II), and SMC lineage pro-
gression (myocardin and SM22a) were not altered in scaffolds
with increased PDMS content, indicating that the observed
osteogenic response was specific. To further confirm this, the

levels of ECM molecules collagen III, elastin, and sGAG were
quantified. Specifically, elastin- and collagen III-rich matrices
are generally associated with smooth muscle51 and loose
connective tissues,52,53 whereas increased production of
sGAG is generally associated with chondrogenesis.54 Levels
of these ECM moieties were similar across gel formula-
tions, supporting the specificity of the associated osteogenic
response.

Since the introduction of PDMSstar-MA into the PEG-DA
hydrogel network could potentially alter the bulk hydrogel
modulus and mesh structure, the observed cell responses
could not be attributed directly to the hydrophobic–
inorganic character of PDMS without further material
property assessments. Based on the collected AFM modulus
data, the decrease in average modulus from *35 kPa in the
100:0 hydrogels to *22 kPa in the 80:20 gels did not appear
to play a significant role in the observed osteogenic response.
Specifically, although osteogenic markers runx2 and osteo-
calcin were significantly greater in the 80:20 gels than in the
80:0 control gels, the average modulus values (both bulk and
AFM-based) could not be distinguished between these gels.
The apparent independence of cell responses on the average
gel modulus is consistent with literature, in that each of the
analyzed PEG-PDMSstar scaffolds fell within the osteogenic
modulus range identified by Huebsch et al.21 for both mouse
and human MSCs in 3D culture. By a similar argument, the
variations in the mesh size across hydrogel formulations are
an unlikely source of the osteogenic response associated with
the 80:20 gels.

Thus, the hydrophobic–inorganic character of PDMS itself
appears to promote the observed cellular responses. This
would be consistent with prior studies linking increased
scaffold silane7 or siloxane10 content to increased osteogenic
responses. It is likely that both the inorganic nature of PDMS
as well as its hydrophobicity played critical roles in the present
results. In particular, silica, which is inorganic, but hydrophilic,
has been associated with increased osteogenesis.3,4 Similarly,
the introduction of hydrophobic, but noninorganic species
within scaffolds has been linked to bone formation.4

Several limitations of the present study merit comment.
First, the potential influence of the nanotopography intro-
duced by the PDMS nanoparticles on observed cell responses

FIG. 4. (A) Calcium mea-
sures per hydrogel formula-
tion (n = 3–4 per
formulation). *Significantly
different from 100:0 gels;
#significantly different from
95:5 gels. (B) Representative
images of PEG-PDMSstar hy-
drogel sections stained for
osteocalcin (blue), SM22a
(red), and calcium deposits
(brown–black), n = 3 sections
per sample per gel type. The
scale bar in the upper right-
hand image equals 40 mm
and applies to all images.
Color images available online
at www.liebertpub.com/tea

FIG. 5. Levels of total collagen, collagen I, collagen III,
sGAG, and elastin in each PEG-PDMSstar formulation. Re-
sults were normalized to the 100:0 PEG-PDMSstar formula-
tion for the purpose of comparison. *Significantly different
from 100:0 gels; #significantly different from 95:5 gels. Sam-
ples per assay: n = 4–6 per formulation. sGAG, sulfated gly-
cosaminoglycan.
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requires further examination. In addition, the sample num-
ber per formulation and the range of PDMS levels examined
were limited. More extensive in vitro studies followed by
in vivo work would be required to definitely demonstrate
that increased PDMS incorporation intrinsically promotes
osteogenesis.

Conclusions

We have employed a novel class of hydrogels formed
from the photocrosslink of PEG-DA and PDMSstar-MA to
examine the influence of simultaneous increases in scaffold
hydrophobicity and inorganic content on the osteogenic re-
sponses of encapsulated MSCs. Based on ECM and cell
phenotypic data, elevated scaffold inorganic content and hy-
drophobicity were indeed correlated with increased osteogenic
differentiation, although the potential influence of variations
in scaffold nanotopography could not be ruled out. That
said, the present results indicate that PEG-PDMSstar hydro-
gels may be promising scaffolds for bone regeneration,
warranting further investigation of the primary mechanisms
through which they alter MSC behavior.

The current work represents the first MSC study per-
formed with these hybrid hydrogels. Future studies will
probe the impact of a broader range of PDMSstar levels. In
addition, various solvents will be employed to modulate the
presence of PDMS nanoparticles within the hydrogel matrix,
so that the impact of scaffold hydrophobicity and inorganic
content can be more clearly parsed from the influence of
nanotopography.
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