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Mineralization is one of the most important processes in normal bone tissue development and in disease
condition. Developing a novel and standardized in vitro model system that can readily monitor both cellular
dynamics and mineralization is crucial for better understanding the bone tissue development and growth. Recent
studies indicated that the mechanical environment is a critical condition in mineralization. We hypothesized that
hydrogel with different mechanical stiffness can provide a biomimetic mechanical environment that can
modulate bone tissue growth and mineralization. A femur of mouse embryo (embryonic day 16) was embedded
in agarose hydrogel (2–60 kPa) and cultured in an osteogenic medium for a week. Microcomputed tomography
(mCT) results revealed enhanced mineralization was detected in the femur head cultured in the gel condition,
whereas no mineralization in the femur head cultured in the control (floating culture) condition. The miner-
alized region was corresponding to the region of secondary ossification center. Both histological and quanti-
tative analyses indicated that the mineralized region of femur head cultured in 10 kPa gel condition was the
highest and the mineralized area was significantly larger than that cultured in 2, 40, and 60 kPa gel condition.
Immunofluorescence results indicated the enhanced mineralization caused by the higher chondrogenic differ-
entiation at that region. This enhancement mainly relating to the mechanical forces and not to the oxygen
tension was also confirmed. Since this system enhances and shortens the mineralization procedure compared
with the conventional two-dimensional or three-dimensional cell culture system, this hydrogel system would be
one of the unique models for better understanding the mineralized tissue development.

Introduction

It is crucial to understand mineralization in normal bone
tissue development.1 Mineralization is also important in

pathophysiology, such as that for atherosclerosis or rheu-
matoid diseases.2 A variety of in vitro cell culture systems
using osteogenic and chondrogenic cells have been used to
investigate mineralization in the cell phase.3 However, the
systems are comparatively different from native biological
conditions because the behavior of mineralization-related
living cells are highly dynamic and variable in terms of their
three-dimensional (3D) structure, mechanical properties,
and biochemical microenvironment.4 Therefore, a novel and
standardized in vitro model system that can readily monitor
both cellular dynamics and mineralization is required.

The mechanical environment is currently perceived as
a crucial factor in biological tissue development and
growth.5,6 The migration and proliferation of cells con-
stantly occur during tissue development and growth.7 Also,
cells have a variety of mutual adhesion systems depending
on the cell type.8 Thus, cells are subjected to a variety of
internal and external mechanical forces, inducing force-
specific signal communications called mechanotransduc-
tion. Previous studies have revealed that mechanical
stimuli resulting from weight loading and muscle force can
modulate bone shape during development and growth.9,10

Studies have also indicated that the mechanical environ-
ment is pivotal in mineralization. For example, cyclic
mechanical stimulation induces increased levels of alka-
line phosphatase activity, bone-specific protein transcript
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levels, and mineralized matrix production in bone marrow
stromal cells.11

Advancements in biomaterial science have resulted in
materials having cellular and tissue biocompatibility. Hy-
drogel materials have especially attracted a great deal of
attention because of their unique biocompatibility, advan-
tageous physical characteristics, and innate structural simi-
larities to the extracellular matrix.12–14 Previous studies
have reported that hydrogels with different mechanical
stiffness can potentially manipulate cell fate, including cell
proliferation and differentiation.15,16 For example, when
mesenchymal stem cells (MSCs) were cultured on soft
substrates, which resembled the stiffness of brain tissue,
genetic profiling suggested that these cells underwent neu-
ronal differentiation.15 In contrast, MSCs on stiff substrates
that mimicked bone stiffness underwent osteogenesis.15

Thus, hydrogel materials are considered to be functional
substrates generating a natively mimicked mechanical en-
vironment for cells and tissues.

In this study, we hypothesized that hydrogels with dif-
ferent mechanical stiffness could provide a biomimetic
mechanical environment that could modulate bone tissue
growth, including mineralization. Extracted mouse femur
tissues were cultured in agarose hydrogels with different
mechanical stiffness to test this hypothesis. We investigated
the functional and morphological changes in the cultured
tissue, including mineralization and molecular expressions
in this study.

Materials and Methods

Physicochemical properties of agarose hydrogel

Different concentrations (0.5–6 wt%) of agarose hydrogel
(Lonza) were used. Agarose powder was dissolved in au-
toclaved distilled water and gel pellets were prepared in a
precast polydimethylsiloxane mold with cylindrical holes
(Fig. 1). Each hole was 8 mm in diameter and 2 mm in
height. The elastic modulus of the fabricated agarose hy-
drogel was measured using a mechanical testing machine in
accordance with Japan Industrial Standards K6503-1996
( JIS: EZ Test; Shimadzu). Briefly, the prepared hydrogel
was compressed by using a mechanical tester (Crosshead
speed: 1 mm/min). The force value obtained at 2 mm from

the gel top after compression was applied to the following
equation (Supplementary Data; Supplementary Data are
available online at www.liebertpub.com/tec).

Young0s modulus ðPaÞ¼ forceðNÞ=surface area ðmm2Þ

The oxygen tension in the center of gel pellets with dif-
ferent mechanical stiffness was measured using a polaro-
graphic oxygen measurement system (IMP-211; Inter
Medical). The linear shrinkage of the gel after gelation was
measured using the obtained digital camera images of the
gel. The gel diameter was measured five times per sample at
different orientations with image analysis software (ImageJ;
NIH). The diffusion of bovine serum albumin (BSA) protein
(2 mg/mL; Thermo Scientific) was analyzed in a modified
two-compartment open system to assess the permeability of
the hydrogels. The upper compartment was filled with
200 mL of BSA protein. The lower compartment was filled
with distilled water. Agarose hydrogel with different con-
centrations was in the upper compartment placed between
the BSA solution and distilled water. The solution from the
lower compartment was collected after 24 h and the protein
concentration was measured with a microplate reader at
562 nm absorbent points (n = 4).

Samples of each gel type were fixed and stained with 1%
osmium tetroxide (Sigma-Aldrich) for 2 h for scanning
electron microscopy (SEM). The samples were then rapidly
frozen and freeze dried under a vacuum. The formed cryo-
genic gel surfaces were coated with osmium using Neoc-
STB (Meiwa-Fosis). Finally, the samples were examined
under an acceleration voltage up to 10 kV (DS-720 SEM;
Topcon) (n = 3).

Isolation and culture of embryonic mice femurs

Femurs were dissected from embryonic day 16 (E16)
imprinting control region (ICR) mice (Shimizu Laboratory).
Soft tissue, such as adherent muscles and ligaments, was
carefully removed. All animal studies were conducted ac-
cording to the Okayama University’s guidelines on the use
of laboratory animals (OKU-2013033).

The dissected femurs were placed in the center of a prepre-
pared agarose hydrogel setup (Fig. 1). After gelation, organo-
typic cultures were incubated in an osteogenic medium (OSM)

FIG. 1. Experimental outline for embryonic mice femur organotypic culture. (A) Imprinting control region pregnant mice
were used for this experiment. (B) Embryo at embryonic day 16 was taken out and (C) femurs were isolated. (D)
Polydimethylsiloxane mold was used to prepare (E) agarose hydrogel with different stiffness. (F) Schematic representation
of the organotypic culture of embryonic mice femur in hydrogel. Color images available online at www.liebertpub.com/tec
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containing an a-Minimum Essential Medium (a-MEM;
Wako Pure Chemical), penicillin–streptomycin (10,000 U/mL;
Nacalai Tesque), 10% fetal bovine serum (Invitrogen), b-
glycerophosphate (1 · 10- 2 M; Sigma-Aldrich), L-ascorbic acid
(50 mg/mL; Sigma-Aldrich), and dexamethasone (1 · 10- 6 M;
Sigma-Aldrich) and maintained at 37�C in humidified air with
5% CO2. The culture media were changed every 2 days for the
duration of the experiment up to 7 days (n = 4). Femurs cultured
under a floating condition were used as a control. The cultured
femurs were washed with phosphate buffered saline (Takara
Bio) at the end of the experiments and fixed with 4% parafor-
maldehyde (Wako Pure Chemical).

Microcomputed tomography analysis of femurs

The femurs cultured for 7 days were scanned by using
microcomputed tomography (mCT, SMX-100CT-SV; Shi-
madzu). The X-ray source was set at 29 kV and 27 mA to
obtain the best contrast between bone tissues. Reconstructed
3D bone images were analyzed for their macroscopic and
microscopic structural properties. The mineralized region of
the femur head and the length of the stem were then mea-
sured using the image analysis software (ImageJ, NIH).

Histological and immunohistochemical
analysis of femurs

The fixed femur samples were dehydrated in a graded se-
ries of alcohols and embedded in paraffin. Five-micrometer
tissue sections were cut from the femur samples and stained
with Hematoxylin–Eosin (HE), 0.5% Alcian Blue 8GX
(Waldeck-GmbH) to stain the proteoglycan-rich cartilage
matrix, and counterstained with 0.1% Nuclear Fast Red
(Waldeck-GmbH). The sections were also stained with Ali-
zarin Red to assess bone mineralization. The femur samples
were then analyzed for type I collagen, type II collagen, and
sox9 expression. In brief, after microwave or trypsin antigen
retrieval and blocking with 1% BSA (Nacalai Tesque) in Tris
buffered saline (TBS), the sections were incubated overnight
at 4�C with primary antibodies diluted appropriately in TBS
containing 1% BSA: either type I collagen (1:600, ab34710;
Abcam), type II collagen (1:200, MAB8887; Millipore), or
SOX9 (1:300, ab26414; Abcam). Additionally, the expression
levels of HIF-1a (1:25; Santa Cruz Biotechnology) and Ki67
(1:1500, ab15580; Abcam) were evaluated in an organotypic
culture to determine the hypoxic condition and cell prolifer-
ation of femurs during the culture periods. The signal was
detected using Alexa Fluor�488 or Alexa Fluor�568-
conjugated secondary antibodies (Life Technologies). The
images were obtained using a confocal microscope system
(C1; Nikon).

Computer simulation

Bone tissue consisting of the bone stem, cartilaginous
bonehead, and the attached hydrogel was three-dimension-
ally modeled with the Finite Element (FE) Method Software
(Solid Works Premium 2011). The diameter of the bone
tissue was 1.0 mm and the heights of the bone, cartilaginous
bonehead, and hydrogel were 2.0, 0.75, and 0.50 mm, re-
spectively. The height of the cartilaginous bonehead varied
from 0.75 to 0.95 mm in mimicking tissue growth. The

Young’s moduli of each component of the bone tissue were
as follows: a bone stem of 300 kPa, cartilaginous bonehead
of 50 kPa, and hydrogel of 10 or 30 kPa. Poisson’s ratio for
the entire tissue was 0.30. Compression force was applied to
the surface of the hydrogel until it reached the height of the
control. The internal displacement within each tissue com-
ponent was calculated using the Solid Works software. The
displacement reflecting the internal force within the tissue
was indicated by a color distribution. FE analysis was car-
ried out using a high spec computer (OS: Windows 7 Pro-
fessional, CPU: Intel Xeon W5590 3.33 GHz, and memory
of 24 GB).

Statistical analyses

The statistical analyses of the data included Student’s
t-test and a one-factor analysis of variance (ANOVA).
Scheffe’s f-test was used for comparison at a 99% confi-
dence interval. All data points in the graphs represent the
mean values and the error bars represent the standard error
of the means.

Results

Physicochemical characteristics of agarose hydrogel

Cylindrically shaped agarose gel was fabricated using a
polymer mold (Fig. 1). The gel strength altered according to
the agarose concentration. The elastic modulus of the pre-
pared agarose gel increased as agarose concentration in-
creased. The elastic moduli of the prepared agarose gel
depended on the concentration: they increased from 2, 10,
40, and 60 kPa when the agarose concentration was in-
creased from 0.5 to 6 wt% (Supplementary Fig. S1A). SEM
images of 2, 10, 40, and 60 kPa agarose hydrogel revealed
an interconnected nanoporous structure with a pore size in
the range of 20–40 nm (Supplementary Fig. S1B). The
deswelling ratio differed according to the mechanical
stiffness of the gel (Supplementary Fig. 2A). However, a
permeability test of a different concentrated hydrogel re-
vealed that the protein diffusion rate was real, confined to
each gel, and had no significant differences (Supplementary
Fig. S2B, C).

Bone tissue cultured in gels with different
mechanical stiffness

Femurs were dissected from E16 ICR mice, and cultured
in the cylindrically shaped agarose hydrogel with OSM for 7
days (Fig. 1). After the 7-day culture period, no significant
differences were observed in the length of the bone stem in
any of the organotypic cultured groups (Fig. 2). Dissim-
ilarities were detected in the calcified tissue mass in the
femur tissue cultured over 7 days (Fig. 3A). Enhanced
mineralization was observed in the femur head cultured in
the gel, whereas no mineralization was observed in the fe-
mur head cultured under the control condition (floating
culture). The mineralized region corresponded to that of the
secondary ossification center. The quantitative results indi-
cated that the mineralized region of the femur head cultured
in the 10 kPa gel was significantly higher than that cultured
in the 2, 40, and 60 kPa gels (Fig. 3B). The proximal head
exhibited more enhanced mineralization than the distal head
under all conditions (Fig. 3C). The mCT data revealed that
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there was a very weak or almost negative mineralized region
in the 60 kPa gel femur head compared with the others.
Therefore, the 60 kPa gel condition was omitted and a fur-
ther experiment was carried out using the sample cultured
under floating (control) and 2–40 kPa gel conditions.

Cell proliferation and differentiation in cultured femur

Biological investigations were carried out to try to un-
derstand the mechanism for these phenomena. HE staining
indicated that individual cell morphology differed depend-
ing on the region in the femur head (Fig. 4A–D). Alizarin
Red staining results indicated there was enhanced mineral-
ization of the femur head in the bone tissue cultured in the
gel. Further, the mineralization region was markedly larger
under the 10 kPa gel condition than that in the other gels
(Fig. 4E–H), which was similar to the mCT data. Alcian
Blue staining was carried out to determine whether the cells
in the femur head exhibited a chondrogenic phenotype. The
results indicated that Alcian Blue expanded into a wide
region in the femur head cultured in the gel after 7 days,
except for the control femur (Fig. 4I–L). The expressions of
sox9, type II collagen, and type I collagen staining were
assessed to understand the cellular phenotype of the femur
head region. The results indicated that the strong expression
of sox9 was only in the femur cultured in the 10 kPa gel
(Fig. 5A–D). Type II collagen-positive cells were strongly
expressed in the inner region of the femur head cultured
under all conditions (Fig. 5E–H). Although the tissue ex-
hibited intense mineralized deposition, type I collagen was
only positive in the periosteum regions, and not in the femur
head (Fig. 5I–L).

The proliferation of cells in the femur head region was
investigated using the cell proliferation marker Ki67 im-
munostaining. The Ki67-positive cells were most numerous
in the femur head cultured in the control. In contrast, fewer
Ki67-positive cells were observed in the femur head cul-
tured in the 10 kPa gel (Fig. 6A, B).

Oxygen tension inside gel

Since the tissue was cultured in gels with different me-
chanical stiffness, the oxygen tension in each gel might have
affected cellular behavior in the tissue in the gel. Therefore,
the partial oxygen tension (pO2) inside the gel was measured
using an oxygen tension tester. The oxygen tension was
16.5%, 15.1%, and 14.5% in 2, 10, and 40 kPa gel, re-
spectively, at the beginning and gradually increased to a
normoxic condition during the culture periods (Fig. 7A).
Furthermore, HIF-1a immunofluorescence staining was
carried out to investigate the effect of the altered oxygen
tension on the ischemic reaction. No positive staining was
detected in the tissues cultured under gel conditions (Fig.
7B). Thus, it was confirmed that oxygen tension inside gels
with different mechanical stiffness hardly affected cell
behavior.

Computer simulation

FE analysis of the cultured condition was performed
to further understand the mechanical condition in gel.
The results indicated that the displacement of tissue was
especially in the cartilage region (i.e., femur head re-
gion in this study), but not in the bone stem region. The
increase in cartilage tissue displacement was calculated

FIG. 2. Microcomputed tomo-
graphy (mCT) images and analysis
of the stem length of the develop-
ing embryonic mice femur (n = 4).
(A) mCT images (stem of the fe-
mur) of the embryonic femurs de-
picting the length of the bone
cultured in different conditions
from day 1 to 7. (B) Analysis of the
length (mm) of cultured femurs.
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FIG. 4. Histological analy-
sis of the embryonic femurs
cultured in the different con-
ditions up to 7 days. This
histological analysis was
done using (A–D) Hematox-
ylin and Eosin, (E–H) Ali-
zarin Red, and (I–L) Alcian
Blue expression (scale bar =
100mm).

FIG. 3. mCT analysis of
organotypic cultured embry-
onic femurs in control, 2, 10,
40, and 60 kPa conditions
(n = 4). (A) mCT images
(whole femur tissue; sagittal
sections) of embryonic fe-
murs organotypic cultured in
control, 2, 10, 40, and 60 kPa
gel conditions up to 7 days.
Arrow indicates mineraliza-
tion. (B) Graph depicting the
total amount of bone forma-
tion (mm2) in both medial
and distal regions of the
femur. (C) Graph showing
that medial region contains
higher mineralization than
distal region. (**p < 0.001).
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FIG. 5. Representative images of
bone markers sox9 (A–D), type II
collagen (E–H), and type I collagen
(I–L) expression in embryonic mice
femur cultured in different hydrogel
(scale bar = 100 mm). Color images
available online at www.liebertpub
.com/tec

FIG. 6. Representative cases of expression of cell proliferation marker Ki67 in embryonic femur cultured in different gel
conditions (A) (scale bar = 100mm). (B) Graph represents the Ki67 labeling index (%) (**p < 0.001), (n = 3). Color images
available online at www.liebertpub.com/tec
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with an increase in Young’s modulus of the attached
gel (Supplementary Fig. S3).

Discussion

We built up an in vitro system to readily monitor cellular
activity during the mineralization process using agarose
hydrogels with different mechanical stiffness and applied it
to an organotypic bone culture. Agarose, which is a marine
algal polysaccharide that forms thermally reversible gels,
has been investigated for different applications in tissue
engineering and biological studies due to its well-known
biocompatibility.17 Gels in a range of 2–60 kPa were pre-
pared in this study. This range was set on the basis of the
Young’s modulus of biological tissue (e.g., 1 kPa in em-
bryonic tissue to 60 kPa of immature bone tissue).15 After a
7-day culture period, the femur head region of bone tissue
cultured under the 10 kPa gel condition demonstrated a high
intensity of mineralization. It has been reported that opti-
mum mechanical force is responsible for cartilaginous tissue
differentiation and promotes mineralization, whereas insuf-
ficient or excessive mechanical stimuli can cause tissue
degeneration or dystrophic calcification.18,19 There have
also been many reports that have indicated that the osteo-
genic differentiation of cells is enhanced under stiffer gel
conditions. These data were mostly obtained from two-
dimensional (2D) culture studies. Cell culture conditions in
3D are somewhat different from 2D conditions. The orga-
notypic culture in the 10 kPa gel exhibited higher min-
eralization in the femur head region starting from day 4,
whereas the femur cultures in the 2 and 40 kPa gels dem-
onstrated mineralization at day 7.

The proximal head revealed more enhanced mineraliza-
tion than the distal head under all conditions. A recent study
has disclosed that there are two distinct development pat-
terns in the medial and the distal region of the femur.20 The
murine distal femur grows a serial sequel of vascular de-
velopment and establishes a secondary ossification center. In
contrast, the proximal femoral epiphysis remains avascular
until skeletal maturity, coinciding with chondroepiphyseal
ossification.21 This might be a possible explanation for the
higher amount of mineralization in the medial region in this
study.

The mechanical environment was recognized as a pro-
found modulating factor for the development, maintenance,
and remodeling of bone tissue in vivo. Cartilage mechanical
conditions favor glycosaminoglycan (GAG) synthesis.22,23

The amount of GAG, detected with Alcian Blue, increased
more in the embryonic femur cultured in the hydrogel than
that cultured under the floating condition, confirming that
mechanical stiffness with various ranges provoked the
chondrocytes to respond in a similar manner. The expres-
sions of different bone and cartilage markers were assessed
to understand the cellular phenotype of the femur head re-
gion. The results revealed strong expression of type II col-
lagen and sox9 in the femur head region, but type I collagen
was almost negative in that area.24 Therefore, the enhanced
mineralization in the femur head cultured in the gel was
caused by the promotion of chondrocyte differentiation
along with mineralization. These results resemble the initi-
ation of a secondary ossification center during endochondral
ossification. The results also revealed fewer Ki67-positive
cells in the 10 kPa gel, but more positive cells under the
control condition. Previous reports have indicated that cell
proliferation and differentiation are opposite in cell fate.25

Thus, the fewer proliferated cells in the femur head cultured
in the 10 kPa gel also support the idea that the cells in this
region were in a more differentiated phase.

Recent studies have demonstrated that hypoxia, that is, a
condition with low oxygen supply, acts as a strong stimu-
lator for the chondrogenic differentiation of MSCs.26–29

Therefore, we thought that the enhanced mineralization in
the femur head obtained in this study might be related to
lower oxygen tension because of the surrounding gel. In-
terestingly, oxygen tension inside the gel was marginally
lower at the beginning, but gradually recovered to the nor-
moxic condition during the culture periods. Since oxygen
tension has generally been set below 5% in most hypoxia
studies,26,27 the detected value even under the lowest con-
dition, seemed almost normal in this study. In addition, the
expression of HIF-1a, which is an important transcription
factor for O2 homeostasis and is regulated by cellular and
tissue oxygen tension,30–32 was also evaluated. The ex-
pression of HIF-1a was almost negative in the femur head
region, suggesting that the enhanced mineralization in this
study was mainly due to mechanical stimulation by the

FIG. 7. (A) Partial oxygen tension inside the hydrogel during the culturing period (n = 3). (B) Representative images of
HIF-1a expression in embryonic femur cultured in control and 10 kPa gel conditions for 7 days (scale bar = 100mm). Color
images available online at www.liebertpub.com/tec
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surrounding gel, and not because of hypoxia conditions. The
tissue cultured in hydrogel is subjected to compressive
forces because the surrounding gel becomes a barrier to
tissue growth. FE analysis was carried out to confirm this by
using a tissue-growing model attached to the gels with dif-
ferent mechanical stiffness. The results indicated that tissue
displacement alters, especially in the femur head region, but
not in the bone stem region during growth. This also sup-
ports the idea that mechanical force enhanced mineraliza-
tion in the femur head region.

There has been a recent shift in the study of tissue devel-
opment mechanisms from the use of 2D to the use of 3D
culture models that mimic the morphological and functional
features of their in vivo parental tissues.33–35 These 3D sys-
tems have tremendous potential for bridging the gap between
cell-based discovery research and animal models, discovering
new therapies, and understanding the development process-
es.36 The bone organ culture systems introduced in this study
maintained various cells and extracellular matrix interactions
and achieved rapid mineralization. Also, a plethora of factors
can be added in the hydrogel system to engineer a 3D envi-
ronment.37 Thus, this in vitro gel-based organ tissue culture
system is a promising tool in bone tissue formation and
mineralization studies, and even in the ultimate goals for
in vitro bone tissue synthesis. However, it also needs to be
noted that the system should be updated according to the
conditions of interest because the gel conditions reproduced
in this study were only mechanical stiffness, and not other
types of mechanical stimulation (e.g., shear stress caused by
flows of blood or body fluids).

Conclusions

An in vitro bone tissue culture system within hydrogel
was prepared. Rapid mineral deposition was observed
within 4 days when the tissue was cultured in a 10 kPa
hydrogel. This enhancement was directed by prompt chon-
drogenic differentiation of the cells at the ends of long bones
in an optimal mechanical environment. Since this method of
3D organotypic culture is simple, highly reproducible, and
enables monitoring of cellular activity within the tissue, it
would be one of the most unique models to better under-
stand the development of mineralized tissue, diseases, and
deformities under certain mechanical conditions.
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