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a b s t r a c t

Cells respond to various chemical signals as well as environmental aspects of the extracellular matrix
(ECM) that may alter cellular structures and functions. Hence, better understanding of the mechanical
stimuli of the matrix is essential for creating an adjuvant material that mimics the physiological envi-
ronment to support cell growth and differentiation, and control the release of the growth factor. In this
study, we utilized the property of transglutaminase cross-linked gelatin (TG-Gel), where modification of
the mechanical properties of TG-Gel can be easily achieved by tuning the concentration of gelatin.
Modifying one or more of the material parameters will result in changes of the cellular responses,
including different phenotype-specific gene expressions and functional differentiations. In this study,
stiffer TG-Gels itself facilitated focal contact formation and osteogenic differentiation while soft TG-Gel
promoted cell proliferation. We also evaluated the interactions between a stimulating factor (i.e. BMP-2)
and matrix rigidity on osteogenesis both in vitro and in vivo. The results presented in this study suggest
that the interactions of chemical and physical factors in ECM scaffolds may work synergistically to
enhance bone regeneration.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Natural bone development reflects the significant role of phys-
ical stimuli in bone regeneration, which involves continuous
turnover of bone extracellular matrix (ECM) and mineralization
through bone resorption and formation. Mechanical loading during
normal activities such as climbing and walking helps to enhance
bone formation and directs the newly formed cells along the local
loading direction. Yet, reduced loading during long-term immobi-
lization or microgravity results in bone loss [1]. The healing process
of bone fracture due to aging or accidental incidence also demon-
strates the importance of mechanical factors, as the bone is sub-
jected to mechanical regulation during regeneration from soft
tissues. A stiff fixation minimizes interfragmentary movement,
which results in limited callus formation. On the other hand,
interfragmentary micromotion during flexible fixation stimulates
callus formation and improves the repair process, whereas unstable
alifornia, 1333 San Pablo St.,
1 323 442 2242; fax: þ1 323
fixation prevents the fracture from healing [2e4]. The mechanical
properties of fixation influence the healing progression in a direct
(intramembraneous) and/or an enchondral pattern that aids the
process of ossification [5]. Thus, the mechanical signals are as
important as chemical signals in the regulation of bone develop-
ment, remodeling, and regeneration.

Two dimensional (2-D) in vitro studies have shown that the
regulation of important cellular processes, such as proliferation,
differentiation, and apoptosis, is controlled by the mechanical
properties and geometry of the cells and their surrounding envi-
ronment [6e11]. Apart from cellular processes, the microenviron-
ment may control the cell shape and cytoskeletal tension, and may
influence cell-matrix and cellecell interactions [7,12]. Although 2-D
in vitro studies have identified several important mechanical cues
that can manipulate cell fate [12,13], cells present on a coated 2-D
surface might not truly reflect their characteristics in a 3-D envi-
ronment. At the cellular scale, the surrounding fluid and the ECM
exert stresses on cells, and the cells may respond to the applied
forces through integrin bindings in an omnidirectional manner
[14e19]. The number of integrin-ligand bonds formed by a cell with
its surroundings, dictates the extent of cell-matrix interactions [20],
the ease with which they migrate through it, and the degree of
generated intracellular tension [21e24], which are crucial factors
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during tissue remodeling, morphogenesis, and differentiation, and
normal physiological functioning. Since 2-D cell-matrix in-
teractions are bidirectional, and 3-D are omnidirectional, it might
not be suitable to extrapolate the effects of biological signaling due
to cell-matrix interactions from 2-D experiments [25]. In addition,
the variation of mechanical properties of ECM may lead to con-
centration gradients existing within the 3-D physiological struc-
ture, and this phenomenon cannot be achieved in 2-D in vitro
studies. The differences in rigidity profiles can potentially affect the
behaviors of cells in the center of the matrix different from the
behaviors of those close to the periphery, because of the dissimilar
local concentrations [26]. Therefore, cell responses to the substrate
rigidity should be studied or re-examined in a physiologically
relevant 3-D microenvironment.

One of the major challenges in the 3-D study of cell responses to
substrate rigidity is the lack of suitable substrates. Even though
some researchers [27,28] may have identified correlations between
the matrix rigidity and cell phenotype in 3-D, many available ma-
terials are not suitable for 3-D studies because of the rigidity. A soft
material cannot be assembled into a 3-D structure that can support
cell survival throughout a long-term study, and a rigid material
limits the cell survival and restrains the variation of substrate ri-
gidity. For instance, by using thixotropic polyethylene glycol-silica
gel, Pek et al. [27] showed that cell differentiation can be
controlled by modulating the matrix stiffness through variations in
the concentrations of the nanoparticles. Though physically cross-
linked silicate polymer hydrogels have shown attractive biological
properties, their applications as scaffold structures for bone
regeneration are limited because of their insufficient mechanical
properties [29,30]. On the contrary, silk fibroin protein is rather
stable and mechanically robust, but the utilization of silk is
restrained from elastomeric biomaterial applications because of its
inherent tendency to form stiff materials (>1MPa) as a result of the
beta sheet crystal formation [13]. Hence, the development of a 3-D
material that can mimic the physiological ECM allows the investi-
gation of cell responses to substrate mechanics, which are inde-
pendent of both biochemical and transport properties would be a
major breakthrough in tissue engineering.

Injectable transglutaminase cross-linked gelatin (TG-Gel) may
be one of the ideal alternative materials owing to its mechanical
strength required for supporting cell adhesion, survival, and orga-
nization during the regeneration process without compromising on
the bioactive substances [31]. The matrix stiffness of TG-Gel can be
conveniently tuned by controlling the concentration of gelatin.
Hence, TG-Gel was adopted in our 3-D study to examine the effects
of rigidity on precursor cells. Moreover, chemical milieus are
important to the mimic, as the bone formation, maintenance, and
regeneration constitute a complex process involving the in-
teractions of many cellular elements in vivo, including growth
factors, hormones, cytokines, and ECM components [32]. However,
the effects of mechanical changes and their interactions with the
growth factors have yet to be adequately explored, and the un-
derstanding of their influences may provide new insights into the
processes of development, disease, and material-cell-based
regeneration. Among the osteoinductive growth factors, BMP-2
has been found to be essential for the initialization of bone
regeneration [33]. Therefore, we investigated the effects of chem-
ical stimulating factor (i.e. BMP-2) and matrix rigidity on osteo-
gensis in both in vitro and in vivo models.

2. Methods and materials

2.1. Cell culture

Mouse C2C12 myoblast cells (ATCC, American Type Culture Collection, Mana-
ssas, VA) were initially cultured in a growthmedium (GM) consisting of high glucose
Dulbecco’s modified Eagle medium (DMEM,Mediatech, VA) supplementedwith 10%
(v/v) fetal bovine serum (FBS, Lonza, MD) and 1% (v/v) penicillin-streptomycin (PS,
Mediatech, VA) in a humidified atmosphere of 5% CO2 at 37 �C. The medium was
changed every 2e3 days. When the cells reached 70% confluence, they were sub-
cultured using 0.25% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA)
solution.

2.2. Materials and reagents

Unless otherwise stated, all chemicals and reagents were purchased from
SigmaeAldrich (St. Louis, MO). The preparation of microbial transglutaminase (TG)
and gelatin gel (Gel) were reported elsewhere [34,35]. Briefly, gelatin Type A 300
Bloom (Sigma Aldrich, MO) was dissolved and autoclaved in distilled water to
generate 10% gelatin stock. Then, 10% gelatin stock solution was diluted with
phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4) to produce gels with final concentrations of 3%, 6%, and 9%. TG from
Streptomyces mobaraense was obtained from Ajinomoto (Tokyo, Japan), and was
further purified with SP Sepharose Fast Flow beads (SigmaeAldrich, MO). The ac-
tivity of TG was titrated by the o-phthaldialdehyde (OPA) assay using casein as a
substrate [36], and the protein concentration was tested by the Bradford method
(Bio-Rad, Hercules, CA) [37] utilizing Bovine Serum Albumin (BSA) as a standard. Gel
and TG were stored at 4 �C and �80 �C, respectively.

2.3. Mechanical testing

To quantify the rigidity and porosity of the substrate, transglutaminase cross-
linked gelatin (TG-Gel) was created by mixing each 100 mL of pre-heated gel solu-
tion with 7 mL of TG. The TG-Gel was shaped into cylinders with the height to
diameter ratio (L/D) of 1.25 to avoid mechanical failure modes, such as buckling.
Furthermore, the TG-Gel containing trapped bubbles was discarded to avoid
obtaining irregular mechanical properties.

2.3.1. Yield strength measurement
The Young’s modulus or yield strength (Emodulus [kPa]) of TG-Gel was measured

using the unconfined compression test, where only lateral deformation of the TG-
Gel was induced through compression between two plates. The force (F [N])
required to compress the TG-Gel was recorded at every 1 [cm] of deformation to
deduce the stress (s [kPa]) versus strain relationship. The strain (L*) is defined by
equation (1):

L* ¼ DL
L

(1)

where DL denotes the amount of deformation and L represents the initial height of
the TG-Gel. The Young’s modulus of the TG-Gel was determined from the slope of
the stress versus strain graph and by equation (2):

E ¼ s

L*
(2)

2.3.2. Porosity measurement
The porosity of the fabricated 3-D scaffold was measured using liquid

displacementmethod as described [38]. Briefly, the TG-Gel was immersed in ethanol
of a known volume (V1) contained in a graduated cylinder for 5 min. Ethanol was
selected because it could readily penetrate the open pores of the TG-Gel without
inducing swelling or shrinkage. The porosity of the scaffold (ε) is calculated by
equation (3):

εð%Þ ¼ V1 � V3

V2 � V3
� 100% (3)

where V2 corresponds to the total volume of the ethanol-impregnated scaffold along
with ethanol, and V3 denotes the amount of residual ethanol in the cylinder after the
removal of ethanol-impregnated TG-Gel.

2.4. In vitro 3-dimensional TG-Gel model

In vitro 3-D TG-Gel-Cell construct was created to evaluate the effects of matrix
rigidity on cellular responses. A pre-myoblast C2C12 cell line was selected to study
osteogenic differentiation because C2C12 is a pluripotent mesenchymal precursor
cell that provides a model system to study the early stage of osteoblast differenti-
ation during bone formation in muscular tissues and its ALP expression is close to
the baseline level when the cells are cultured in 2-D environment [31]. The prepared
gel was first heated and liquefied at 60 �C inwater bath. Then, every 100 mL of the gel
solutionwas evenlymixedwith C2C12s at a density of 2�106 cells/ml and 5 mL of TG
to create the TG-Gel-Cell mixture. Afterwards, 20 mL of the TG-Gel-Cell mixture was
seeded into each well of 48-well suspension plates. After incubation for 1 h at 37 �C,
1 mL of growth medium (GM) was added into each well containing the solidified gel
through TG chemical cross-linking. The GM was supplemented with 30 ng/ml BMP-
2 (R&D Systems, Minneapolis, MN) to determine the effects of BMP-2 on osteo-
genesis with the aid of TG-Gel with various rigidities.



Table 1
Primers used to amplify mRNAs encoding mouse GAPDH.

Primer Sequence (50e30)

ALP e F
ALP e R

CTCCAAAAGCTCAACACCAATG
ATTTGTCCATCTCCAGCCG

Osteoblast e F
Osteoblast e R

AAGAGATGGTCACTTCACGC
GCACTGGAGGGTATTTAGGATG

Osteocalcin e F
Osteocalcin e R

ACCATCTTTCTGCTCACTCTG
GTTCACTACCTTATTGCCCTCC

Osteopontin e F
Osteopontin e R

ACGGAGACCATGCAGAGAGC
TTGTGTGCTGGCAGTGAAGG

Col1 e F
Col1 e R

CAGCCGCTTCACCTACAGC
TTTTGTATTCAATCACTGTCTTGCC

GAPDH e F
GAPDH e R

ATGGGGAAGGTGAAGGTCG
TAAAAGCATCCCTGGTGACC
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2.5. Proliferation and cytotoxicity assays

Cell counting was performed to determine the cell growth. The TG-Gel-Cell
construct was washed twice with PBS and incubated with 20 units of Type II mi-
crobial collagenase (Worthington, NJ) for 5 h to release the cells from the construct.
The cell sample was collected and counted using a cell counting machine (Beckman
Coulter, CA). The viability of C2C12s encapsulated in TG-Gel was assessed using Cell
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, MD) after the TG-Gel-Cell
construct was washed twice with PBS and incubated in 500 mL of CCK working so-
lution (CCK-8 stock solution in growth medium, 1:40) for 4 h. Subsequently, 100 mL
of the supernatant was transferred into 96-well plates, and the absorbance was
measured in a multiplate reader at 450 nm (Molecular Devices, CA). The cell viability
was also determined by evaluating the reduction of an MTT tetrazolium component
into an insoluble dark purple formazan produced by the mitochondria of the viable
cells [39]. MTT stock solution was prepared by dissolving 0.25 g of MTT powder in
50 mL of dH2O, and then filtered, and stored at 4 �C until use. The sample was
washed twice with PBS and subsequently incubated with 500 mL of MTT working
solution (filtered MTT stock solution in growth medium, 1:10). The color develop-
ment was constantly inspected by light microscopy (Nikon, Japan), and images were
taken after 30 min of incubation at 37 �C.

2.6. Cell appearance and cell-matrix interactions analysis

Cell morphology and cytoskeleton organization were visualized by F-actin
staining. The TG-Gel-Cell construct was rinsed with Tris-buffered saline with 0.05%
Tween 20 (TBST, pH 7.4), fixed in 10% neutral formalin solution (VWR International,
PA) for 10 min, and incubated in blocking buffer (5% BSA in TBST) for 30 min. Then,
50 ml of Rhodamine 110 Phalloidin (Biotium, CA) was diluted in each 2 mL blocking
buffer, and 500 mL of the solutionwas used to stain each sample. After 2 h incubation
at 4 �C, the TG-Gel-Cell construct was counterstained with DAPI (Biotium, CA) for
5 min and visualized under an EVOS fluorescence microscope (Advanced Micro-
scopy Group, WA).

b1-Integrin immunostaining was performed at room temperature to charac-
terize cell-matrix interactions. The cell culturemediumwas gently removed, and the
sample was washed twice with TBST. Subsequently, the TG-Gel-Cell construct was
fixed in 10% neutral formalin solution for 10 min, incubated in peroxidase sup-
pressor solution (Thermo Scientific, NH) for 30 min, and then incubated in the
blocking buffer (5% BSA in TBST) for 30 min. Next, the sample was incubated in the
primary antibody working solution (anti-b1-Integrin polyclonal antibody in block-
ing buffer, 1:400, Thermo Scientific, NH) overnight, followed by incubation in the
secondary antibody working solution (biotinylated anti-rabbit produced in goat in
blocking buffer, 1:800, Sigma, MO) for 1 h. To amplify detection signals, the TG-Gel-
Cell construct was incubated in SPPU working solution (ultrasensitive streptavidine
peroxidase polymer in blocking buffer, 1:800, Sigma, MO) for 30 min. The color
reaction was revealed by incubating the sample in DAB working solution (metal-
enhanced substrate solution diluted with stable peroxide buffer, 1:10, Thermo Sci-
entific, NH), and the reaction was stopped by washing the sample with TBST when
the desired color was developed (w5 min). Microscopic analysis was performed to
examine the anchored cells.

2.7. Osteogenesis analysis

Alkaline phosphatase (ALP) activity and staining were performed to characterize
early osteogenesis. ALP activity, whichwas determined by a biochemical assay based
on the conversion of p-nitrophenyl phosphate to p-nitrophenol (pNPP) measured
spectrophotometrically at 405 nm [34,40]. Briefly, the TG-Gel-Cell construct was
washed twice with PBS and homogenized with buffer solution (0.25% TritonX-100 in
PBS). After three freezingethawing cycles, the cells were released from the TG-Gel
by adding 50 mL of 0.25% trypsin and incubation at 37 �C for 4 h. The ALP activity
was then quantified using p-NPP as a substrate (Pierce, USA). The absorbance was
measured with a multiplate reader (Molecular Devices, CA) after 30 min of incu-
bation at 37 �C. The ALP activity was defined as an arbitrary unit of ALP absorbance
that was normalized with the corresponding cell numbers. For ALP staining, the
sample was washed and fixed in 10% neutral formalin solution for 10 min. The color
reaction was revealed by incubating the sample in 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium (BCIP/NBT) working solution prepared by dis-
solving 1 BCIP/NBT tablet in 10 mL of dH2O. The reaction was stopped upon the
development of the desired color. Microscopic analysis was performed to examine
the differentiated cells.

Alizarin red S staining as a late marker of osteogenic-differentiation was per-
formed to determine the degree of calcium deposition, as described elsewhere [41].
Briefly, the TG-Gel-Cell construct was washed twice with distilled water (dH2O),
fixed in 10% neutral formalin for 10 min, and stained with 40 mM alizarin red S (pH
4.2, Sigma, MO) for 30 min. Prior to photography, the stained sample was washed
twice with dH2O to remove nonspecific precipitates. Positive orange-red staining
represents calcium deposition by the differentiated cells. Images were captured for
the analysis of late-stage osteogenic differentiation. After photography, dH2O was
removed, and the sample was incubated with 500 ml of 10% (w/v) cetylpyridinium
chloride for 10min to release the bound calcium. The supernatant was collected, and
absorbance was measured by a multiplate reader (Molecular Devices, CA). The
calcium deposition was specified as an arbitrary unit of calcium deposition absor-
bance that was normalized with the corresponding cell numbers.

2.8. Total RNA extraction and RT-PCR analysis of the gene expression

Total RNA of the C2C12 cells grown in the TG-Gel was extracted using Trizol
reagent (Invitrogen, CA) according to the single-step acidephenol guanidinium
extractionmethod described by Chomczynski and Sacchi [42]. In brief, encapsulated
C2C12 cells were cultured in themediawith andwithout supplementation of BMP-2
in petri dishes for predetermined time points (i.e., 5 and 14 days). The sample was
collected in 1.5 mL tubes containing 1 mL Trizol reagent. After a thorough homog-
enization and removal of insoluble substances, the sample was treated with 1-
bromo-3-chloropropane. Total RNA was precipitated using chilled ethanol, and the
acquired RNA sample was treated with RNase-free water. The RNA concentration
was quantified spectrometrically at 260 and 280 nm, and the purity was determined
at 230 and 260 nm (Implen GmbH, Germany). Real-time PCR was performed with
one-step SYBR green reagents according to the manufacturer’s protocol (Bio-Rad,
CA). The expression of target genes was normalized according to the GAPDH gene
reference by using the DDCt method. The primers (ValueGene Inc, CA) used for
amplification are listed in Table 1.

2.9. In vivo overlay model

All animals used in this study were treated by following the protocols approved
by the Institutional Animal Care and Use Committees (IACUC) of the University of
Southern California. Twenty-Four 2-month-old Fischer-344 rats (NCI) were
randomly divided into 6 groups according to different gel rigidities of 3%, 6%, and 9%
with and without. Transglutaminase cross-linked gelatin (TG-Gel) with and without
BMP-2 was created bymixing 100 mL of each pre-heated Gel solutionwith 5 mL of TG
and 0.5 mg of BMP-2. Each animal was infused with 100 ml of TG-Gel subcutaneously
injected on top of the parietal bone of the calvaria by using a G-27 needle. All rats
were euthanized 28 days after the injection, and their calvarial bones were removed
for histological studies. The removed calvarial bones were fixed, decalcified, and
sectioned for hematoxylin and eosin staining (H&E).

2.10. Statistical analysis

The sample size used in all in vitro studies was four. Statistical differences were
determined using ANOVA, followed by a TukeyeKramer honestly significant dif-
ference (HSD) test for pair-wise comparisons (SAS). A statistical significance was
accepted at *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. Mechanical properties of TG-Gel

The mechanical properties of the TG-Gel were measured and
characterized in terms of yield strength and porosity as depicted in
Fig. 1. The TG-Gel exhibited variable force versus axial stress profiles
with changes in the gel concentration. In general, the yield strength of
a TG-Gel increased with an increase in the gelatin concentration, and
9% TG-Gel exhibited the highest yield strength (32.32 � 1.9 kPa), fol-
lowed by the 6% (13.51 � 2.13 kPa) and 3% TG-Gels (1.58� 0.42 kPa).
On the other hand, the porosity of TG-Gel decreasedwith an increase
in the gelatin concentration, and 3% TG-Gel exhibited the highest
porosity (58.38 � 2.45%), followed by the 6% (34.89 � 5.68%) and 9%
TG-Gels (17.03 � 6.44%). These results indicate that the control of
gelatin concentration could be used to directly manipulate the



Fig. 1. Mechanical properties of TG-Gel. (A) Yield strength of a TG-Gel increases with an increase in the gelatin concentration. (B) Porosity of TG-Gel. Porosity of a TG-Gel decreases
with an increase in the gelatin concentration. Data are mean � standard deviation, from 4 samples, statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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mechanical properties of the insoluble material for assessing the in-
fluence of the matrix on cellular responses.

3.2. Cell response to matrix rigidity

Extracellular matrix plays a vital role in transmitting environ-
mental signals to cells, as the environmental signals may affect
many aspects of a cell’s life such as proliferation and viability [43].
Therefore, cell counting was performed to examine the influence of
matrix rigidity on cell growth (Fig. 2A). Cell counting revealed that
there was no significant difference in cell growth among all tested
TG-Gels on day 1. However, the number of cells in the 3% TG-Gel
doubled at a more rapid rate than those in the 6% and 9% TG-Gels
after day 1 (p < 0.001). The cell proliferation in the 6% and 9%
TG-Gels increased exponentially after day 7, and reached a larger
cell number than that of the cells encapsulated in 3% TG-Gel
(p < 0.01), indicating the influence of matrix rigidity on cell
growth. CCK-8 and MTT assays were used to further inspect the
viability and the mitochondrial activity of the cells in TG-Gels
(Fig. 2B). The CCK-8 assay demonstrated the rising trend of the
cell viability was corresponded well to the doubling of cell number.
The cells in the 3% TG-Gel were initially more viable than those in
the 6% and 9% TG-Gels, and yet were less viable on day 14
(p < 0.001). The MTT assay revealed the locations of viable cells in
TG-Gels, and found that the cells around the periphery of 3% TG-Gel
weremore active, while the cells located at the center of the 6% and
9% TG-Gels were more viable, as compared with the samples from
other groups. Notably, the MTT assay also revealed that the TG-Gel
might not limit the nutrients from diffusing into the gel center, as
the MTT dye penetrated the center of all TG-Gels under inspection
and successfully stained the embedded viable cells.

Besides the differences in cell proliferation and viability, cells
may distinguish the difference between soft and rigid matrices by
determining the level of tensiondeveloped for cell binding, and then
respond to the force with counteracting forces. Focal adhesions
could be considered for use as force sensors and provide sites at
which cells interact with the matrix through anchored actin-
microfilament bundles [44,45]. Thus, phalloidin and b1-Integrin
staining were performed to visualize the organization of actin fila-
ments (Fig. 2C) and the degree of cell-matrix interactions, respec-
tively (Fig. 2D). Cells encapsulated in the 6% and 9% TG-Gels cultured
in the growth medium initially displayed grossly spherical appear-
ance, andsome formedclusters at a later timepointonday14.On the
contrary, cells embedded in the 3% TG-Gel displayed elongated and
branched morphology and established networks on day 14.
Phalloidin-staining showed that cells in the 3% TG-Gel exhibited
mesh-like or extended actin filaments, whereas dot-like actin-mi-
crofilaments with filopodia (indicated by arrows in Fig. 2C) were
found in the cells in 6% and 9% TG-Gels. The formation of filopodia
allows the cells to engage in various interactions with the matrix
[46]. Positive b1-integrin staining further disclosed that themicron-
sized cortical protrusions of the cells had entered the surrounding
matrix. These protrusions were barely observed in the 3% TG-Gel
and were generously present in the 6% and 9% TG-Gels. Both phal-
loidin and b1-integrin staining suggested that the cells could sense
the elasticity of the matrix and counteract the tension exerted on
them. In general, a soft matrix favors cell proliferation and actin
organization, while a stiff matrix supports cell-matrix interactions.



Fig. 2. Influence of matrix rigidity on cellular responses. Cells were encapsulated in 3%, 6% and 9% TG-Gels that cultured in growth medium. (A) Cell counting. The number of cells in
the 3% TG-Gel increases at a more rapid rate than those in the 6% and 9% TG-Gels in the beginning. Yet, the cell proliferation in the 6% and 9% TG-Gels increases exponentially after
day 7, and has a larger cell number than that of the cells encapsulated in 3% TG-Gel. (B) CCK-8 (left) and MTT (right) assays. CCK-8 assay indicates that the increasing trend of the cell
viability is comparable to the cell doubling, where the cells are initially more viable in 3% TG-Gel, but become less active than those in 6% and 9% TG-Gels on day 14 (p < 0.001). MTT
assay on day 14 reveals the locations of viable cells in TG-Gels. The mitochondrial activity of C2C12s is more viable around the periphery of 3% TG-Gel but more active around the
center of 6% and 9% TG-Gels, as compared with the samples from other groups. (C) Phalloidin staining of C2C12s on day 14. Cells embedded in 3% TG-Gel are lengthened in the
beginning and established networks on day 14. Yet, cells encapsulated in 6% and 9% TG-Gels appeared grossly spherical and some formed clusters on day 14. The actin filaments of
the cells in 3% TG-Gel are in mesh-like or elongated arrangement, whereas dot-like actin actin-microfilaments with filopodia (arrows) are found in 6% and 9% TG-Gels. (D) b1-
Integrin staining of cells on day 7. Cell-matrix interactions are more significant in 6% and 9% TG-Gels compared to 3% TG-Gel. Data are mean � standard deviation, from 4 sam-
ples, statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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3.3. Influence of matrix stiffness on osteogenic differentiation

In addition to variations in cell growth and appearance, matrix
rigidity may also dictate the cell destiny [43]. Therefore, osteogenic
differentiation of C2C12s encapsulated in TG-Gels was evaluated
using the Alkaline Phosphatase (ALP) activity assay, ALP and Aliz-
arin red S staining, and by measuring the osteogenic transcription
levels (Fig. 3). C2C12s encapsulated in the high-rigidity matrices
expressed ALP spontaneously (Fig. 3A). Cells in the 9% TG-Gel
expressed the highest ALP activity, followed by the 6% TG-Gel,
and the lowest was found in the 3% TG-Gel on day 3 (p < 0.001).
However, ALP activity of the cells in the 9% TG-Gel decreased from
day 5 onward, and the cells in the 6% TG-Gel showed an increase in
ALP activity, which was highly expressed on day 14 (p < 0.001).
Both ALP activity assay and staining demonstrated that the rigid
matrix was capable of inducing osteogenic differentiation
spontaneously, whereas the soft platform did not facilitate osteo-
genesis. To better examine the effects of matrix rigidity on osteo-
genesis, Alizarin red S staining was performed to identify the
presence of calcium deposition due to bone nodule formation. The
calcium deposition on each substrate in the absence of typical
growth factors, such as BMP-2, is shown in Fig. 3B. Alizarin red S
staining indicated that the greatest augmentation of the calcium
deposition was found in the 9% TG-Gel, followed by the 6% TG-Gel
over the predetermined culture period. The C2C12s cultured in 3%
TG-Gel demonstrated significantly lower calcium deposition than
those embedded in stiff substrates (6% and 9% TG-Gels), further
strengthening the hypothesis that the rigidity of matrix itself
played a crucial role in cell lineage. Consistently, PCR assay revealed
that stiff matrices (6% and 9% TG-Gels) displayed significantly
higher osteogenic transcript levels than soft substrate (3% TG-Gel).
Furthermore, the 6% TG-Gel showed up-regulated Osteoblast, ALP,



Fig. 3. Matrix rigidity induces spontaneous osteogenesis. Osteogenic differentiation of C2C12s encapsulated in TG-Gel in growth medium was evaluated by ALP activity assay,
histochemical staining and osteogenic transcript levels. (A) ALP staining (upper) and activity assay (lower) of C2C12s that encapsulated in 3%, 6% and 9% TG-Gels over cultured
period of 1, 3, 5, 7 and 14 days. The ALP expression is spontaneously activated in case of stiff gels (6% and 9% TG-Gels) while relatively low ALP expression is found in case of soft gel
(3% TG-Gel). (B) Alizarin Red S staining reveals the calcium deposition of C2C12 cells in 3%, 6% and 9% TG-Gels. The calcium deposition of 6% and 9% TG-Gels are intensifying over the
cultured duration while weak calcium deposition is found in 3% TG-Gel. (C) Profile of osteogenic transcript levels on day 14: Osteoblast, ALP, Osteocalcin, Osteopontin and Col1. Stiff
Gels (6% and 9% TG-Gels) exhibit significantly higher osteogenic transcript levels than soft gel (3% TG-Gel). Data are mean � standard deviation, from 4 samples, statistical dif-
ferences (*p < 0.05; **p < 0.01; ***p < 0.001).
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and Osteocalcin expression as compared with the 3% TG-Gel, and
the 9% TG-Gel exhibited higher ALP, Osteocalcin, Osteopontin and
Col1 mRNA expression than 3% TG-Gel on day 14 (Fig. 3C). Collec-
tively, a rigid microenvironment is more preferable for cell differ-
entiation into osteoblast-like cells as compared with the soft
substrate.
3.4. Influence of BMP-2 and matrix rigidity on cellular responses

BMP-2 was added to our in vitro 3-D model to examine the in-
teractions of the mechanical aspects with chemical signals. In 2-D
models, BMP-2 has been shown to act as an anti-proliferative
agent for a variety of cell lines by activating signaling cascades



Fig. 4. Influence of BMP-2 in cooperation with TG-Gel on cell responses. Encapsulated C2C12s in TG-Gels were cultured in mediumwith and without BMP-2 supplement for 5 days.
(A) Cell counting (left) and MTT mitochondrial activity assay (right). No statistically difference in the cell proliferation and viability are identified in 6% and 9% TG-Gels in medium
with and without BMP-2 supplement, but the growth rate and mitochondrial activity of C2C12s in 3% TG-Gel are substantially reduced with the presence of BMP-2. (B) Phalloidin
staining. The appearance of branching cells in 3% TG-Gel in growth medium is reduced with BMP-2 supplement, but cells in the case of stiff matrices (6% and 9% TG-Gels) remained
grossly spherical with formation of filopodia (arrows). (C) b1-Integrin staining. The cell-matrix interactions are enhanced by addition of BMP-2, but the interactions are still more
significant in 6% and 9% TG-Gels compared to 3% TG-Gel. Data are mean � standard deviation, from 4 samples, statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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that cause cell cycle arrest [47]. To verify this finding in 3-D envi-
ronment, BMP-2was included in themodel, and cell viability assays
were performed. Fig. 4 shows the comparison of cell responses in
the growth media with and without BMP-2 supplement. The cell
counting, CCK-8 (data not supplemented), andMTT results revealed
that BMP-2 significantly constrained the cell growth and the
mitochondrial activity of the cells in 3% TG-Gel (Fig. 4A, p < 0.001).
Yet, no significant impact of BMP-2 supplement on the cell prolif-
eration and viability was identified for the cells encapsulated in 6%
and 9% TG-Gels, suggesting that the matrix microenvironment
might have restricted cell viability in addition to chemical signals.

To analyze whether BMP-2 could affect the organization of actin
cytoskeleton and cell-matrix interactions, C2C12 cells were stim-
ulated with BMP-2 and fixed on day 5, and the filamentous actin
was visualized using phalloidin (Fig. 3B) and b1-integrin staining
(Fig. 3C). BMP-2 exhibited negligible effects on the gross
morphology of the cells in 6% and 9% TG-Gels, while it reduced the
appearance of the branching cells in 3% TG-Gel. Phalloidin staining
indicated that BMP-2 led to an increase in the formation of dot-like
actin filament with filopodia (pointed by arrows in Fig. 3B), sug-
gesting the addictive effects of the growth factor. Additionally,
positive b1-integrin staining demonstrated that BMP-2 increased
the appearance of filopodia, indicating the enhanced cell-ECM in-
teractions due to BMP-2. Both phalloidin and b1-integrin staining
suggested that the addition of BMP-2 did not alter the cell prefer-
ence to interact with a stiff microenvironment from a softer plat-
form, indicating that the physical properties of microenvironment
were equally important as chemical signals for cell characteristics.
3.5. Synergetic effect of BMP-2 and matrix rigidity on osteogenesis

BMP-2 has beenwidely used in repairing bone defects due to its
osteoinductive properties [33,48]. Thus, we added BMP-2 into our
TG-Gel models to study its effect on osteogenesis. The additional
effect of combining growth factor (i.e. BMP-2) with matrix rigidity
for osteogenic differentiation was assessed by examining the ALP
activity and mineral deposition (Fig. 5). The ALP activity, calcium
deposition, and mRNA expression of TG-Gel in the medium sup-
plied with BMP-2 were normalized with respect to those in the
medium without BMP-2 supplementation to demonstrate the up-
regulation effect of the former. The cells in all TG-Gels supple-
mentedwith BMP-2 expressed significant up-regulated ALP activity
and calcium deposition on day 5 as compared with the TG-Gel
without BMP-2. Interestingly, the highest rate of osteogenic dif-
ferentiation induced by BMP-2 was observed in 6% TG-Gel, fol-
lowed by 9% TG-Gel, and the lowest was found in 3% TG-Gel
(p < 0.001). Alizarin red S staining revealed that the C2C12 cells
cultured in 3% TG-Gel demonstrated significantly lower calcium
deposition than the cells embedded in stiff substrates (6% and 9%
TG-Gels, p < 0.001) did, implying that cells preferred stiffer
microenvironment to softer environment for differentiation into
osteoblast-like cells. PCR assay further strengthened the assump-
tion that osteoblast-like cells favored stiff matrices (6% and 9% TG-
Gels), which displayed apparently higher osteogenic transcript
levels than that of the soft matrix (3% TG-Gel). Further, the cells in
6% TG-Gel expressed significantly high bone early markers (i.e.,
osteoblast and ALP); whereas 9% TG-Gel showed substantially great
late markers (i.e., ALP, osteocalcin, osteopontin, and Col1). These
findings again demonstrate that the mechanical properties of the
ECM were as important as chemical signals in controlling cell
lineage. The addition of growth factors did not influence the pref-
erence of osteogenic differentiation for occurring in a stiff micro-
environment, yet, together with matrix rigidity, affected the
regulation of cell responses.
3.6. In vivo overlay model

Animals were euthanized 28 days after subcutaneous injection
of 100 ml of various gels over the calvaria. A semi-quantitative
histological score scale of the new bone formation and gel con-
tour were evaluated (Fig. 6A). We found that the 3% TG-Gel with
and without BMP-2 was dissolved at the injection site after 28 days
without the formation of the new bone; however, infiltration of
fibroblasts, inflammatory cells, and neovessel invasion were
observed. The gel contour of 6% and 9% TG-Gels with and without
BMP-2 atop the calvaria were well preserved. There was a small
area of new bone formed inside 6% and 9% TG-Gels without BMP-2
that was adjacent to the bony calvaria, revealing TG-Gel as an
osteoconductive scaffold. In Contrary, more than 80% of both 6%
and 9% TG-Gels with BMP-2 were replaced by bones within the
contour of the TG-Gels at 4 weeks after injection (Fig. 6A). In
addition, blood vessels were evenly distributed throughout the
new bone area, and the edge of the remaining remodeled gel lined
up with the osteoblasts, indicating that the rigidity of TG-Gel might
not limit the diffusion of nutrients. Fig. 6B presents the cross-
sectional view (magnification: 20�) of calvaria injected with 6%
TG-Gel and the corresponding image at higher magnification image
(magnification: 100�). The full-view image shows bone regenera-
tion at the edge of the gel but fibroblasts were spotted around the
center of the gel that was partially dissolved, suggesting that the
rigidity of the gel might not be uniform.

4. Discussion

Cells can respond to not only chemical stimuli such as growth
factors, cytokines, and hormones [49e52], but also the mechanical
properties of the extracellular matrix, such as elastic modulus or
rigidity, pore size, porosity, and dynamic mechanical vibration
[12,53e58]. Thus, the determination of physical aspects of the
matrix is also important for directing the precursor cells into the
desired cell fate. More profound understanding about the effects of
material rigidity and the cell fate would allow the improvement of
the engineered environment for the control of cell fate and
regeneration of functional tissue [59,60]. Hence, in this study, we
examined the function of precursor cells in differentiating into
osteoblast-like cells with the aid of TG-Gels of different rigidities
(i.e. 3%, 6%, and 9% TG-Gels). We demonstrated that the adjustment
of one or more material parameters would change the cellular re-
sponses; soft matrix promoted cell proliferation and actin organi-
zation, while stiff matrix supported cell-matrix interactions and
osteogenesis. We also evaluated the interactions between BMP-2
and matrix rigidity in a 3-D model. The results indicated that the
chemical and physical factors could work synergistically to regulate
cell activities. Most importantly, the in vitro results obtained from
this study were reproducible in our in vivo overlay models.

The development of a 3-Dmaterial that can support cell survival
and allow the investigation of cell responses to the substrate me-
chanics would be a major breakthrough in tissue engineering. In
this study, we demonstrated that the TG-Gel could be a promising
biomaterial to overcome many limitations imposed by other sub-
strate systems. Most importantly, the TG-Gel allows the variation of
substrate mechanical properties and the degradation profiles in a
controllable manner, where a decrease in the gel concentration
resulted in the decrease in the gel’s yield strength and vice versa
(Fig. 1). This result enables the in vitro study of the effects of sub-
strate rigidity and cell fate that can simulate the in vivo settings as
demonstrated in this study. Moreover, the biocompatibility and
excellent transparency of the TG-Gel allowed a direct observation
under a light microscope, and direct staining to avoid tedious steps
such as sectioning and antigen retrieval. Furthermore, the gel



Fig. 5. Effect of BMP-2 and matrix stiffness on osteogenesis. Osteogenic differentiation of C2C12s encapsulated in TG-Gel in medium with and without BMP-2 supplement was
evaluated by ALP activity assay, histochemical staining, and osteogenic transcript levels on day 5. The ALP activity, calcium deposition, and mRNA expression of TG-Gel in the
medium supplied with BMP-2 were normalized with respect to those in the medium without BMP-2 supplementation. (A) ALP activity as a marker of early osteoblastic differ-
entiation in 3%, 6% and 9% TG-Gels. (B) Alizarin Red S Staining as a marker of late osteoblastic differentiation in 3%, 6% and 9% TG-Gels. (C) Profile of osteogenic transcript levels:
Osteoblast, ALP, Osteocalcin, Osteopontin and Col1. The ALP expression and calcium deposition are up-regulated under all TG-Gels with additional BMP-2 (p < 0.001). With BMP-2
supplement, ALP expression is significant higher in 6% TG-Gel while calcium deposition is more up-regulated in 9% TG-Gel, as compared to other groups. Also, osteogenic transcript
levels are found significantly higher in stiff gels (6% and 9% TG-Gels) than soft gel (3% TG-Gel). mRNA levels of osteocalcin, osteopontin and Col1 of 9% TG-Gel are significant higher
than 6% TG-Gel. Data are mean � standard deviation, from 4 samples, statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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provided a stable and durable platform for long-term studies, as we
could still vividly see the TG-Gels after 28 days as demonstrated in
our in vivo models (Fig. 6). One of the concerns about the matrix
rigidity is that a high-yield strength material may prevent the
diffusion of substances through the substrate. However, in the
present study, the decrease in the porosity of the TG-Gel (i.e., high-
yield strength material) did not limit the diffusion of nutrients and
gas exchange, as the cells were able to survive and function prop-
erly within the whole gels as revealed by MTT staining (Figs. 2 and
4). Other staining methods such as ALP and Alizarin red S (Figs. 3
and 5) as well as phalloidin and b1-integrin immunostaining
(Figs. 2 and 4) also strengthened the claim that the nutrients and
gas could diffuse freely through the gels, regardless of the gel
porosity, since the stained colors were clearly shown at the center



Fig. 6. In vivomatrix rigidity model. (A) Comparisons of bone formation with different gel rigidities with and without supplement of BMP-2 in cranial overlay models. After 28 days
of subcutaneous injection, explants underwent histology evaluation. H&E was performed and bone formation was evaluated: �: no bone, þ: 1e25% bone, þþ: 25e50%, þþþ: 50e
75%; þþþþ: 75e100%. Lower magnification (100� instead of 400�) was taken to demonstrate the location of bone formation for TG-Gels without BMP-2 while higher magni-
fication (400�) was taken to show bone maturation. 3% TG-Gel with and without displays no bone regeneration. There was a small area of new bone formed inside 6% and 9% TG-
Gels without BMP-2 that was adjacent to the bony calvaria. Both 400� magnification images of 6% and 9% TG-Gels with BMP-2 show great area of bone formation and maturation.
(B) Edge effect model. Lower magnification image (20�) is taken to show the full view of a 6% TG-Gel and its higher magnification image (100�) is taken to better visualize the new
tissue formation. Bone formation is found around the edge of the gel while no bone regeneration is observed at the center of the gel.
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of the gels. Furthermore, the in vivo models demonstrated that the
blood vessels were evenly distributed over the new bone areas,
implying a good supply of nutrients and gas throughout the gels
(Fig. 6). Therefore, the TG-Gel in this study presents a viable model
for the study of the influence of substrate rigidity on cell fate and its
support to cell survival.

Most of the current studies were performed on coated 2-D
surfaces that were not physiologically relevant [25,61,62], and the
cells on a coated 2-D surface might not truly present the charac-
teristics of the cells in a more realistic 3-D environment. For
example, Park et al. [63] indicated that the cells on a 2-D surface
with coated soft collagen showed poorer actin cytoskeleton orga-
nization as compared with the cells on a rigid surface. However, we
found that the cytoskeleton of the cells in soft 3-D matrix (3% TG-
Gel) was well-established with either mesh-like or elongated
arrangement, while the cells in stiff 3-D matrices (6% and 9% TG-
Gel) formed dot-like actin filaments with filopodia (Fig. 2). This
discrepancy might be due to cells are only constrained from the
latitudinal direction on a 2-D surface, which they could extend
infinitely along the longitudinal direction. On the contrary, the cells
seeded in a 3-D environment were constrained from both the
longitudinal and latitudinal directions. Thus, the actin filaments of
the cells in soft matrix were better developed, as these cells were
architecturally better supported by a soft 3-D matrix than by a soft
2-D surface, and weremore confined by a stiff 3-D platform than by
a rigid 2-D surface. Because 3-D environments provide an addi-
tional dimension for external mechanical inputs and for cell
adhesion, they can dramatically affect integrin ligation, cell
contraction, and associated intracellular signaling [64,65]. Hence,
the cells on a 2-D platform are less mechanosensitive than those in
the 3-D environment.

Cells can respond to various environmental signals within the
extracellular matrix (ECM), deviate from their original cellular
structures, and eventually alter their functionalities [66]. Hence,
cells existing in different materials might not show identical be-
haviors. We found that osteogenic differentiation primarily
occurred in the 6% and 9% TG-Gels (13.51 � 2.13 kPa and
32.32 � 1.9 kPa, respectively), and this was consistent with the
finding of Huebsch et al. [28], who studied cell differentiation in 3-
D alginate and agarose that were covalently coupled with the
integrin-binding peptide. In addition to osteogenic-differentiation,
the cytoskeleton organization in stiff microenvironments (6% and
9% TG-Gels) was as determined by Huebsch et al. [28], who found
that the cells showed grossly spherical appearance with micron-
sized cortical protrusions. Although Huebsch et al. [28] claimed
no strong correlation existing between cell morphology and cell
fate, we observed that the cells in the soft matrix (3% TG-Gel)
exhibited a branching form with less prominent osteoblastic
polygonal morphology and osteogenic marker than those of the
cells in the stiff microenvironments (6% and 9% TG-Gels). This
might be due to the fact that the substrate rigidities adopted in
their study varied from 2.5 to 100 kPa, whereas the yield strength of
the 3% TG-Gel in our study, where branching morphology was
observed, was less than 2.5 kPa. Other material properties such as
porosity, pore size, and cells adhesion site might contribute to the
discrepancies in the findings. Perhaps, the yield strength and
porosity of the TG-Gels that were measured prior to the cell addi-
tion may not be representative of the final values towards the end
of the study, due to the possible degradation of TG-Gels via the
enzymatic activities of collagenase and MMPs [31]. Moreover, the
endogenous extracellular matrix assembly and deposition might
occur, as the collagen I (Col I) expression in the matrices became
significant and promoted osteogenesis (Figs. 3 and 5). The
competition of cell diffusion and convection with cell consumption
or production leads to uneven distribution of porosity across the
gels observed in our in vivo model, where the edge of the gel
remained intact, while the center degraded after 28 days of study
(Fig. 6B). Therefore, further evaluations on the dynamic changes in
mechanical properties of thematrices are necessary for creating the
ideal carrier for cell regeneration.

The state-of-the-art regenerative medicine envisages the utili-
zation of growth factors coupled with scaffolds or immobilized on
biomaterials [67e69] for the accelerated tissue regeneration.
Moreover, the usage of BMP-2 in carriers or ex vivo progenitor cells
with BMP-2 is subject to critical evaluation [70e72]. Thus, BMP-2
was added into our models to study the effects of chemical stim-
uli and matrix rigidity on bone regeneration. Although Wen et al.
[47] discovered that BMP-2 showed inhibitory effect on cell pro-
liferation on 2-D platform without taking matrix rigidity into ac-
count, we found that BMP-2 reduced the cell proliferation and
viability and altered the cell appearance in only soft matrix (3% TG-
Gel), and very little or no effect of BMP-2 was found in the case of
stiff matrices (6% and 9% TG-Gel). This might be due to the stiffness
of the matrices (6% and 9% TG-Gel) confined the cell characteristics
to the baseline threshold and further enhanced the significance of
the mechanical aspects. Rapid progress of osteogenesis was
observed in stiffer substrates, particularly at 9% TG-Gel. 9% TG-Gel
with and without BMP-2 supplement exhibited highest calcium
deposition and late markers of osteogenic differentiation in our
in vitro studies, while ALP activity and early markers of osteogenic
differentiation were more profound in 6% TG-Gel (Figs. 3 and 5).
This might be due to the matrix rigidity of 9% TG-Gel (E z 32 kPa)
mimics the native tissue environment (Ez 25e40 kPa) [12], where
cells are able to sense the rigidity and differentiate directly to the
appropriate cell type. Depending upon the length of time, cells
encapsulated in 6% TG-Gel with lower elasticity (E z 14 kPa) may
assemble and deposit their own matrix to match the ideal bone
microenvironment. Thus, the cells in 6% TG-Gel differentiated to
osteoblast-like cells at the later time point. Consistently, 9% TG-Gels
with BMP-2 were found to induce more bone formation and
maturation in our in vivomodel compared to 6% TG-Gels with BMP-
2 (Fig. 6). Both in vitro and in vivo results further substantiate the
crucial role of physical properties of ECM in deciding cell fate.
Interestingly, the addition of BMP-2 into our models did not alter
the finding that osteogenic differentiation occurred primarily in
stiffer 3-D settings (Figs. 3 and 5). Yet, the addition of BMP-2 into
ourmodel significantly intensified osteogenesis in stiff matrices (6%
and 9% TG-Gels) as demonstrated in both in vitro and in vivomodels
(Figs. 5 and 6). Hence, both physical and chemical factors are
equivalently vital and can synergistically regulate the cell
responses.

5. Conclusions

It has become evident that adjuvant materials for repairing
genetic or accidental bone defects need to mimic the physiological
environment to support and control the release of growth factors to
amplify the regenerative capacity. Our inexpensive and scalable TG-
Gel system enlightens a niche area for regenerative medicine, as it
can be integrated either as a testing model or as a potential carrier
for cells and growth factors. The cell delivery by a protective gel
may enhance the cell survival and stimulate the function of
endogenous stem cells. Furthermore, the loading of diffusible cy-
tokines and growth factors into the carrier may also promote the
mobility of endogenous cells that are involved in the cell re-
pairmen, enhancement of cell survival, stimulation of cell self-
renewal, and expansion of the transplanted cells. The spatial and
temporal control of these features would enhance their usability in
tissue regeneration, improve tissue function, and overcome the
adverse effects of diseases or aging. Certainly, a platform with
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mechanical properties variable in gradient may be designed to
compensate the drawback due to uneven pore distribution.
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