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Osteogenic potential of mesenchymal stromal cells (MSCs) is mechanosensitive. It’s affected by the
mechanical properties of the cellular microenvironment, particularly its mechanical modulus. To explore
the effect of mechanical modulus on osteogenesis in the third dimension (3D), this study used a novel
polyacrylamide (PA) scaffold whose pores are monodisperse and spherical, the mechanical moduli of
which can be tuned across a wide range. It was found that MSCs have similar proliferation rates in PA
scaffolds independent of the matrix stiffness. The contractile force exerted by MSCs inside PA scaffolds
was strong enough to deform the pores of scaffolds made of more compliant PAs (whose shear modulus,
G0

scaffold < 4 kPa). Only scaffolds of the highest stiffness (G0
scaffold = 12 kPa) can withhold the contraction

from MSCs. After osteogenic induction for 21 days, the expression profiles of marker genes showed that
PA scaffolds of G0

scaffold = 12 kPa promoted osteogenesis of MSCs. Confocal image analysis demonstrated
that there are more F-actin cytoskeletons and bundled stress fibers at higher matrix moduli in 2D and
3D. Moreover, the 3D porous structure promotes osteogenesis of MSCs more than 2D flat substrates.
Together, the differences of cellular behaviors when cultured in 2D and 3D systems are evident. The
PA scaffolds developed in the present study can be used for further investigation into the mechanism
of MSC mechanosensing in the 3D context.

Statement of Significance

Mechanical properties of the microenvironment affect cellular behaviors, such as matrix stiffness.
Traditionally, cell biological investigations have mostly employed cells growing on 2D substrates. The
3D porous PA scaffolds with the same topological conformation and pore sizes but different stiffness gen-
erated in this study showed that the differences of cellular behaviors in 2D and 3D systems are evident.
Our 3D scaffolds provide insights into tissue engineering when stem cells incorporated with 3D scaffolds
and support the future studies of cellular mechanobiology as well as the elucidation the role mechanical
factor plays on the physiology and fate determination of MSCs in the 3D context.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction which controls stem cell lineage specification [1,2]. Understanding
Stem cells sense and respond to complex biochemical and phys-
ical signals from their extracellular microenvironment niche,
the interactions between cells and their microenvironment is the
key to enabling successful stem cell-based therapy and regenera-
tive medicine. While much attention has been focused on bio-
chemical signals, recent evidence has indicated that physical
signals play an equally important role, also known as mechan-
otransduction. It is evident that bone regeneration involves
mechanotransduction because bones constantly adapt to external
loading and go through remodeling with physical exercise, which
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exerts loads on bones and increase bone density [3–5]. Identifying
the physical signals induce osteogenesis of mesenchymal stromal
cells (MSCs) is important for both fundamental understanding
and clinical translation of skeletal tissue engineering [6].

The most-studied physical signal for mechanotransduction is
the mechanical modulus of the matrix, which directs MSCs into
osteoblasts at high stiffness [7] through a2-integrin mediated sig-
naling pathways including Rho/ROCK, FAK, and ERK1/2 [8]. Recent
findings directly link the rigidity sensing to the nuclear transcrip-
tional factors YAP/TAZ involved the canonical Hippo signaling
pathway [9]. These findings demonstrate that matrix stiffness is
a key regulator in controlling the osteogenic potential of MSCs
but are often demonstrated on two-dimensional (2D) compliant
substrates made of polyacrylamide (PA) [7–9].

A three-dimensional (3D) culture scaffold provides more archi-
tectural and material diversity than a 2D substrate and recapitu-
lates the in vivo microenvironment. The direct application of a
3D scaffold is tissue regeneration. Nevertheless, a handful of stud-
ies have investigated the impact of 3D matrix stiffness on MSC dif-
ferentiation [10–14]. One major challenge in controlling 3D matrix
stiffness is to decouple biochemical factors, which cannot be
achieved by reconstituting the ECM culture, because the ECM pro-
vides both mechanical and biochemical signals to cells and thus
confounds data interpretation. This limit can be overcome by inde-
pendently conjugating adhesive ligands on non-adhesive synthetic
or natural polymers such as polyethylene glycol (PEG) or alginate.
Huebsch et al. generated 3D alginate matrices with different
rigidities (2.5–110 kPa) covalently linked to a synthetic ECM con-
taining RGD (Arg–Gly–Asp). They demonstrated that the osteo-
genic commitment of clonally derived murine MSCs occurred
predominantly at 11–30 kPa [10]. Pek et al. cultured MSCs in thix-
otropic gels with varying rigidity in 3D and demonstrated that the
expressions of neural (ENO2), myogenic (MYOG) and osteogenic
(Runx2, OC) transcription factors were highest for gels with
respective liquefaction stresses of 7, 25 and 75 Pa [11]. Both work
provided insights to develop a culture scaffold independently con-
trol mechanical and biochemical cues to the cells. However, both
works entrap MSCs inside a polymer matrix and thus restrict the
MSC morphology into a grossly spherical shape. A micro-porous
scaffold allows cells to spread, migrate, and form cell–cell contact
without restriction, which is important for bone tissue
engineering.

A different scheme to fabricate 3D scaffolds with tunable stiff-
ness is to produce commonly used PA substrates with 3D charac-
teristics by making the substrate negatively curved. Lee et al.
demonstrated the fabrication of a 3D PA porous scaffold, where
fibroblasts in the scaffold sensed local stiffness and dorsal–ventral
asymmetry is lost as in vivo [15]. In this study, the PA porous
scaffolds with controlled curvatures whose radii of curvature
were between 50 and 60 lm (or equivalently pore sizes between
100 and 120 lm) and different scaffold stiffness values (Group
I–III, 1, 4 and 12 kPa) were fabricated. The porosity of the PA scaf-
folds (70%) resembles the range of porosity of trabecular bones
(50–90%) [15,16]. Tunable stiffness and pore size help simplify
the complexity of existing 3D cultured platforms. The 2D PA sub-
strates of corresponding stiffness (Group IV–VIII, 1, 5, 11, 55 and
121 kPa) were performed as control. Cell morphology, F-actin
organization, proliferation, viability, and osteogenic potential
between the 2D and 3D microenvironments were compared.
The purpose of this study is to examine how matrix dimensional-
ity and stiffness determine the osteogenic fate of MSCs through
mechanotransduction events both in 2D and 3D culture systems.
A hypothesis is thus proposed that 3D PA scaffolds with different
stiffness regulate osteogenesis of MSCs via the organization of
F-actin cytoskeletons.
2. Methods

2.1. Cell culture and osteogenic differentiation of MSCs

Commercially available human MSCs were used in this study
(Steminent Biotherapeutics, Inc. Taipei, Taiwan, passage num-
ber = 8). MSCs were maintained in the growth medium consisting
of Iscove’s Modified Dulbecco’s medium (IMDM; Invitrogen) and
10% fetal bovine serum (Sigma–Aldrich), 10 ng/ml basic fibroblast
growth factor (Sigma–Aldrich), 100 units of penicillin, 1000 units
of streptomycin, and 2 mM L-glutamine (Sigma–Aldrich). For
osteogenic differentiation experiments, MSCs (passage num-
ber = 10) were seeded into 3D PA scaffolds and on 2D PA substrates
and maintained in the growth medium for 48 hours. The MSCs
were then treated with osteogenic induction medium for 21 days
and osteogenic induction medium was changed twice a week.
The day before shifting to osteogenic induction medium was
defined as day 0. The osteogenic induction medium consisted of
IMDM supplemented with 0.1 lM dexamethasone (Sigma–
Aldrich), 10 mM beta-glycerol phosphate (Sigma–Aldrich), and
0.2 mM ascorbic acid (Sigma–Aldrich). The seeding density of the
MSCs was 105 cells per 3D PA scaffold and 4000 cells/cm2 per 2D
PA hydrogel.
2.2. Fabrication of polyacrylamide scaffolds and hydrogels

PA scaffolds were prepared following the method described in
Lee et al. [15]. Briefly, a polydimethylsiloxane-based microfluidic
device consisting of three inlets and one outlet channel was used
to generate monodisperse foam (Fig. 1A). A PA precursor solution
containing acrylamide (AC, Bio-rad), bis-acrylamide (BIS, crosslin-
ker, Bio-rad), Pluronic� F-127 (surfactant, Sigma-Aldrich), and N,
N,N0,N0-tetramethylethylenediamine (TEMED, catalyst, Sigma–
Aldrich) was passed to one inlet and passed nitrogen air saturated
with perfluorohexane (C6F14) to another inlet channel. The liquid
channel was subsequently split into two symmetric channels and
then merged with the air channel at the cross junction where the
air stream was squeezed by two opposite liquid streams and bro-
ken up into a uniform bubble train toward the outlet channel.
The initiator, 1% ammonium persulfate (APS, Sigma–Aldrich) solu-
tion, was injected into the foam stream from the third inlet channel
at the downstream of the cross junction to mix with the PA precur-
sor solution to initiate the gelling. The downstream output channel
was designed in a serpentine shape to facilitate the mixing of the
initiator with the PA precursor solution. The well-mixed PA foam
solution was collected at the outlet channel into a disk reservoir
6 mm in diameter and 1 mm in height. The filled reservoirs were
placed in an oven at 80 �C for 2 min to immediately solidify the
foam. The solid foam was further placed in a vacuum chamber to
be opened for subsequent treatment.

For the cell culture, the surface of both PA scaffolds and hydro-
gels were activated with 1 mg/ml sulfosuccinimidyl 6-(40-azido-20-
nitrophenylamino) hexanoate (Sulfo-SANPAH, Thermo) for 8 min
under UV light (UVP, CL-1000) and then conjugated with 0.5 mg/
ml fibronectin (Sigma–Aldrich) for 2 h at room temperature. Three
AC/BIS concentrations (referred as Group I–III in Table 1) were
used to fabricate scaffolds of different degrees of stiffness. 2D PA
substrates were made using a polyacrylamide precursor solution
and a gelling agent between two square glass plates with a spacer
of 36 cm2 in area and 750 lm in height. Five AC/BIS concentrations
(referred as Group IV–VIII in Table 1) were used for the experiment
to cover the range of stiffness similar to that of the scaffold and gel
(Table 1, Group I–VIII).



Fig. 1. Fabrication and characterization of the 3D polyacrylamide (PA) scaffold (A) microfluidic device was designed to fabricate PA scaffold. Scale bar = 200 lm. (B) The pore
size of 3D PA scaffold (Groups I–III) was identical 100–120 lm. Scale bar = 100 lm. (C) The shear storage moduli (G0

scaffold) of Groups I–III was 1 ± 0.16 kPa, 4 ± 0.98 kPa and
12 ± 1.73 kPa, respectively (data represented mean ± S.D., n = 10, ten scaffolds were analyzed for each group). (D) The shear storage moduli (G0

gel) of Groups IV–VIII was
1 ± 0.15 kPa, 5 ± 0.33 kPa, 11 ± 0.61 kPa, 55 ± 2.13 kPa and 121 ± 14 kPa, respectively (data represented mean ± S.D., n = 10, ten hydrogels were analyzed for each group).

Table 1
Composition and physical properties of PA scaffolds and hydrogels. The stiffness of 3D scaffolds and 2D substrates was measured by rheometer. The storage modulus (G0)
represented mean ± S.D., n = 10 (ten scaffolds and hydrogels were analyzed for each group). The gene expression profiles between 3D scaffolds and 2D substrates were analyzed
by similar overall stiffness (i.e. Group I vs. Group IV, II vs. V, III vs. VI) and the same concentration of AC/BIS (i.e. Group I vs. V with a horizontal stripe pattern, II vs. VII with a
vertical stripe pattern, and III vs. VIII with a grid pattern). TEMED; N,N,N0 ,N0-tetramethylethylenediamine, APS; ammonium persulfate, F-127; Pluronic� F-127.

Dimensionality 3D 3D 3D 2D 2D 2D 2D 2D
Group I II III IV V VI VII VIII
Acrylamide (%) 7 12 18.75 5 7 12 12 18.75
Bis-acrylamide (%) 0.2 0.6 1.13 0.1 0.2 0.145 0.6 1.13
TEMED, APS, F-127 (%) 1 1 1 1 1 1 1 1
Pore size (lm) 100 ± 20 100 ± 20 100 ± 20
Storage modulus, G0 (kPa) 1 ± 0.16 4 ± 0.98 12 ± 1.73 1 ± 0.15 5 ± 0.33 11 ± 0.61 55 ± 2.13 121 ± 14.14
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2.3. Measurement of stiffness of scaffolds and hydrogels

The stiffness of the PA scaffolds and homogenous gels was mea-
sured by detecting the storage moduli (G0

scaffold and G0
gel). PA scaf-

folds and gels were soaked for 24 h until completely swollen
before measurement. The measurement was carried out by
rheometer (Physica MCR 301, Anton Paar) using a disposable
parallel plate holder (diameter 25 mm, D-CP/PP7, Anton Paar) sub-
jected to oscillatory shear with a maximum strain of 0.005% at
1 Hz. The storage modulus (G0

scaffold and G0
gel) represented mean ±

S.D., n = 10 (ten scaffolds and hydrogels were analyzed for each
group).

2.4. Circularity measurement of pore of PA scaffolds

To measure the deformation of a spherical pore, the circularity C
of pore was defined as

C ¼ 4pA=P2
where A is the area and P is the perimeter [17]. The maximum value
of C is 1 for a circle and it decreases as the shape deviates from a
circle. ImageJ was used to outline the shape of pores based on
bright-field images and calculated the area and perimeter of the
selected pores (n = 20, Group I–III) at each time points.
2.5. Cell proliferation assay

The proliferation rate and viability of the MSCs adhered to the
PA scaffolds was assessed by CellTiter 96� Aqueous One Solution
Cell Proliferation Assay (Promega). The reagent contains a tetra-
zolium compound (3-[4,5-dimethythiazol-2-yl]-5-[3-carboxy-met
hoxyphenyl]-2-[4-sul-fophenyl]-2H-tetrazolium, inner salt, MTS)
and an electron coupling reagent (phenazine ethosulfate, PES).
MSCs in the PA scaffolds were incubated with CellTiter reagent
and culture medium in the dark at 37 �C for 1 h. The absorbance
at an optical density (OD) of 490 nm was measured for the assess-
ment of viable MSCs. The proliferation rate was analyzed after



W.-T. Hsieh et al. / Acta Biomaterialia 32 (2016) 210–222 213
seeding MSCs into the PA scaffolds 1, 7, 14 and 21 days. Data rep-
resented mean ± S.D., n = 3 (three independent experiments).

2.6. RNA extraction and real-time qPCR

MSCs were cultured in 3D PA scaffolds and 2D PA substrates.
Each PA scaffold and hydrogel was washed with 1� PBS for three
times. Total RNA then extracted according to the RNeasy� Mini
Kit Spin Protocol (QIAGEN). The integrity of the RNA extracts were
checked by 1.2% (w/v) agarose gel electrophoresis and the concen-
tration of RNA were quantified using OD 260/280. After extraction,
RNA was reverse transcribed to cDNA by MMLV reverse transcrip-
tase (EPICENTRE� Biotechnologies). Specific primers for different
osteogenic marker genes were designed using the Universal Probe
Library System (Roche Applied Science) to detect gene expression
in MSCs that were adhered to PA scaffolds and hydrogels with dif-
ferent degrees of stiffness (Table A.1). All the reactions were per-
formed on the StepOnePlus Real-Time PCR System. The average
threshold cycle for each marker gene was normalized by glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). Gene expression
of 3D scaffolds and 2D substrates were analyzed by similar overall
stiffness (i.e. Group I vs. Group IV, II vs. V, III vs. VI) and the same
concentration of AC/BIS (i.e. Group I vs. V with a horizontal stripe
pattern, II vs. VII with a vertical stripe pattern, and III vs. VIII with
a grid pattern). All data represented mean ± S.D., n = 3 (three inde-
pendent experiments).

2.7. Immunofluorescence staining and quantification of images

After inducing osteogenic differentiation of MSCs for 24 h, non-
adherent MSCs were removed by PBS washing. The MSCs in the 3D
PA scaffolds and 2D PA hydrogels were fixed in 4% paraformalde-
hyde (Sigma–Aldrich) for 30 min, and permeabilized with 0.5%
Triton X-100 in PBS for 10 min. The fixed MSCs were stained with
6.6 lM rhodamine phalloidin (Life Technologies) and 10 lg/ml
DAPI (Santa Cruz Biotechnology) in PBS for 30 min and 10 min,
respectively. The visualization of F-actin and nuclei of MSCs in
2D hydrogels and 3D PA scaffolds was carried out with a
20�/0.8 NA air objective or 40�/1.4 NA oil objective on a Zeiss
LSM 700 confocal microscope. ZEN (blue and black edition) soft-
ware from ZEISS was used to analyze the 2D and 3D reconstructive
images obtained using the confocal microscope. The immunofluo-
rescence intensity of F-actin of MSCs was quantified using Meta-
Morph software. The average cytoplasm immunofluorescence
intensity from 50 different cells was respectively derived from
z-stacks of confocal images (depth intervals = 0.5 lm) of a whole
cell in 3D PA scaffolds and 2D PA hydrogels (mean ± S.D., n = 50).

2.8. Statistical analysis

Microsoft Excel was used to perform Student’s t-test and the
symbol (⁄) represented statistical significant difference at p < 0.05
between different two groups (Fig. 2C and D). IBM SPSS Statistics
19 was used to perform Kruskal–Wallis test followed by Dunn-
Bonferroni post hoc test (Figs. 3–5) and one-way ANOVA followed
by Tukey’s post hoc test (Fig. 6C and D), where different letters
(a, b, c, d, e) represented statistically significant difference at 95%
confidence intervals between different time points (Figs. 3 and 4)
or experimental groups (Figs. 5 and 6). For instance, the expression
of Runx2 showed no statistical difference on day 0, 1 and 7
(marked by ‘‘a”, Fig. 3A, Group I). Expression of Runx2 showed no
statistical difference on day 1, 7 and 14 (marked by ‘‘b”, Fig. 3A,
Group I). Expression of Runx2 showed no statistical difference on
day 7, 14 and 21 (marked by ‘‘c”, Fig. 3A, Group I). Expression of
Runx2 showed statistically significant difference between day 0,
1 (marked by ‘‘a” and ‘‘ab”, Fig. 3A, Group I) and day 21 (marked
by ‘‘c”, Fig. 3A, Group I).

3. Results

3.1. Characterization of three-dimensional porous polyacrylamide
scaffolds

The pore sizes for this studymeasured between 100 and 120 lm
in diameter (Fig. 1B, Group I–III). The storage moduli (G0

scaffold) of the
three PA scaffolds (Table 1, Group I–III) were 1 ± 0.16 kPa,
4 ± 0.98 kPa and 12 ± 1.73 kPa, respectively (Fig. 1C). The storage
moduli (G0

gel) of the five uniform gels (Table 1, Group IV–VIII) were
1 ± 0.15 kPa, 5 ± 0.33 kPa, 11 ± 0.61 kPa, 55 ± 2.13 kPa and 121 ±
14 kPa, respectively (Fig. 1D). The G0

scaffold value of Group I–III is
close to that of G0

gel of Group IV–VI. For the same AC/BIS concentra-

tion, G0
scaffold is generally one order less than G0

gel (i.e. Group I vs. V, II
vs. VII and III vs. VIII). The results were consistent with previous
findings [15] and demonstrated that the stiffness of the walls in
PA scaffolds was close to those of the corresponding uniform
hydrogels.

3.2. Effects of matrix stiffness on proliferation and morphology of MSCs
in the 3D scaffolds

To investigate the effects of matrix stiffness on MSC growth in
the 3D microenvironment, MSCs were seeded in PA scaffolds from
Groups I–III and were maintained in the growth medium up to
21 days. It was observed that MSCs grew across the pores and
formed connections between MSCs at the neighboring pores
regardless of scaffold stiffness (Fig. 2A, black arrow). A single
MSC tended to form multiple protrusions in a pore and multiple
MSCs are distributed evenly in the pores of the Group I scaffolds
(Fig. 2A, left row). In contrast, a single MSC in the Group II and III
scaffolds tended to form a spindle-like bipolar morphology in a
pore and multiple MSCs aggregate at the center of pores (Fig. 2A,
middle and right rows). Pore deformation of Group I and II PA scaf-
folds was clearly observed after 21 days of MSC culturing (Fig. 2B,
red arrow), but not in the Group III at any time. The circularity of
the pores in the PA scaffolds of Group I–III at each time point is
shown in Fig. 2C. The circularity of Group I decreased over time
and dropped most significantly. The circularity of Group II was
maintained at a high value close to 1 in the beginning and dropped
significantly on day 21. Interestingly, when MSCs undergo osteoge-
nesis, no deformation of the scaffolds is observed in all three
Groups (Fig. A.1). There were fewer cells when MSCs were differen-
tiating and the overall contractile force exerted by MSCs was insuf-
ficient to deform the pores. Because the cells exhibit similar
proliferation rates in the three groups up to 21 days (Fig. 2D), it
is speculated that after a longer period of culturing time without
a differentiation medium, increased number of MSCs exert a stron-
ger traction force and deform the pores of Group I and II.

The proliferation rate and viability of MSCs in the 3D PA scaf-
folds was measured by absorbance at an optical density (OD) of
490 nm. For all three groups, absorbance in the 3D PA scaffolds
significantly increased with time (Fig. 2D) and there were no statis-
tical difference among the three groups. Although MSCs exhibits
different morphologies under different stiffness values, their prolif-
eration rate and viability were not affected by matrix stiffness up
to 21 days of observation.

3.3. Osteogenic marker expressions of MSCs affected by matrix stiffness

Osteogenic differentiation of MSCs is a gradual process from
early-stage osteoprogenitors, preosteoblasts, immature and



Fig. 2. Cell morphology of MSCs was observed in the (A) Groups I, II and III PA scaffolds after 1, 7, 14 days of culturing (marked by black arrow). Scale bar = 100 lm. (B) The
deformation of Group I and Group II was noted after seeding of MSCs for 21 days (marked by red arrow). Scale bar = 100 lm. (C) Circularity measurement of pores of PA
scaffolds indicated that Groups I and II showed severe deformation at day 21. Statistical comparison was conducted between the two groups by Student t-test and the symbol
(⁄) represents statistical difference, p < 0.05. Data represented mean ± S.D., n = 20. (D) Proliferation rate of MSCs significantly increased, but there was no significant difference
in the three scaffolds at each time point. Data represented mean ± S.D., n = 3 (three independent experiments).
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mature osteoblasts to late-stage osteocytes. The molecular mark-
ers Runx2, osterix, type I collagen, alkaline phosphatase (ALKP)
and osteocalcin were used to identify the process. Runx2 directs
MSCs into an osteoblastic lineage to become preosteoblasts [18].
Both Runx2 and its downstream osterix further direct pre-
osteoblasts into immature osteoblasts, which produce bone
matrix proteins such as type I collagen [19–21]. Type I collagen
is highly expressed in osteoblastic cells at all development stages
[22]. During osteogenesis, MSCs activate ALKP to mineral deposi-
tion. In the mature stage, there is a subsequent decrease in ALKP
activity and an increased expression of osteocalcin, which is a
later stage marker [23–25]. These osteogenic-related genes,
including Runx2, osterix, type I collagen, ALKP and osteocalcin
expressions were measured to assess the osteogenic potential in
the 3D scaffold.

MSCs in the scaffolds (Group I–III) were induced by osteogenic
induction medium for up to 21 days and the expression levels of
marker genes were measured on days 0, 1, 7, 14, and 21 by qPCR
and normalized to day 0. The expression of Runx2, osterix and type
I collagen steadily increases over 21 days after induction for all
three groups with the only exception being that Runx2 dropped
after 21 days for Group III (Fig. 3A–C). The decrease of Runx2 in
Group III suggested osteoblast maturation which would otherwise
be inhibited by Runx2 [18]. The expression of ALKP was high up to
day 7 and dramatically decreased on days 14 and 21 for all three
groups (Fig. 3D). The expression of osteocalcin was also



Fig. 3. Gene expression profiles of MSCs during osteogenesis in 3D PA scaffolds (A) relative gene expression of Runx2, (B) osterix, (C) type I collagen, (D) ALKP and (E)
osteocalcin in the 3D PA scaffolds (Groups I–III) were measured after inducing osteogenesis for 21 days. Statistical comparison was conducted between multiple groups by
Kruskal–Wallis test followed by Dunn-Bonferroni post hoc test and groups with different letters represent statistical difference, p < 0.05. Data represented mean ± S.D., n = 3
(three independent experiments).
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significantly increased on day 21 for all three groups (Fig. 3E). Our
results demonstrated that MSCs in the 3D PA scaffolds undergo
osteogenesis and increased stiffness directed MSCs into mature
osteoblasts.

The same osteogenic marker expressions over time were mea-
sured on 2D PA substrates (Group IV–VIII) as controls. The expres-
sions of Runx2 and osterix showed a similar increasing trend over
time for all five groups (Fig. 4A and B). The expression of type I
collagen showed no statistical difference for four groups (Group
IV–VII), and increased expression of type I collagen was only
observed on day 21 in the stiffest Group VIII (Fig. 4C). The expres-
sion of ALKP in Groups IV, V and VII showed no statistical differ-
ence. The expression of ALKP in Group VI increased on day 7 and
decreased on day 21. Also, the expression of ALKP increased on
day 7 and decreased on day 21 in the stiffest Group VIII (Fig. 4D).
The expression levels of osteocalcin for all five groups were signif-
icantly increased on day 21 (Fig. 4E). Our results also demonstrated
that MSCs on the 2D PA substrates undergo osteogenesis and
prefer higher stiffness.

3.4. Effects of matrix stiffness and dimensionality on osteogenic
differentiation

To compare the effect of stiffness in both 3D and 2D on osteo-
genic differentiation, the gene expression was normalized to Group
I at each time point. The day before shifting to osteogenic medium



Fig. 4. Gene expression profiles of MSCs during osteogenesis in 2D PA hydrogels (A) relative gene expression of Runx2, (B) osterix, (C) type I collagen, (D) ALKP and (E)
osteocalcin in the 2D PA hydrogels (Groups IV–VIII) were measured after inducing osteogenesis for 21 days. Statistical comparison was conducted between multiple groups
by Kruskal–Wallis test followed by Dunn-Bonferroni post hoc test and groups with different letters represent statistical difference, p < 0.05. N.S = non significant. Data
represented mean ± S.D., n = 3 (three independent experiments).
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Fig. 4 (continued)
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was defined as day 0. For 3D scaffolds (Groups I–III) on day 0, the
expression of Runx2 and osteocalcin showed no significant
increase. However, the expressions of osterix, type I collagen and
ALKP in Group III were higher than Group I and II (Fig. 5, blue bars).
On 2D substrates (Groups IV–VIII) on day 0, the expression of these
osteogenic marker genes showed a trend similar that that of
groups with higher stiffness representing higher gene expression
levels (Fig. 5, red bars). Different expression level of these osteo-
genic marker genes on day 0 showed that matrix stiffness
impacted MSCs differentiation in 3D and 2D microenvironment
occurred without biochemical induction. Even without the bio-
chemical induction, high stiffness and three-dimensionality
increase the expression of osteogenic marker genes and cause
MSCs to undergo osteogenesis. After inducing osteogenesis, the
expression of Runx2 on 3D scaffolds (Groups I–III) increased on
day 7 but decreased on day 21 as the stiffness increased (Fig. 5A,
blue bars). Osterix expression increased on day 7 and 21 and the
levels of Group III were consistently higher than other groups
(Fig. 5B, blue bar). Type I collagen expression increased throughout
21 days as the stiffness increased (Figs. 5C, blue bars). The expres-
sion level of ALKP on the stiffest Group III was highest on day 7 and
lowest on day 14 (Fig. 5D, blue bars). The results indicate that high-
est stiffness of PA scaffolds promoted maturation of MSCs. The
expression of osteocalcin showed no significant difference in all
three groups for 21 days (Fig. 5E, blue bars). These results demon-
strate that increasing stiffness in the 3D scaffold promotes osteo-
genic differentiation of the MSCs. On 2D substrates (Groups
IV–VIII), the stiffer substrate was accompanied by a higher expres-
sion of Runx2 (Fig. 5A, red bars). The expression of osterix, type I
collagen, ALKP and osteocalcin also indicated a similar effect of
matrix stiffness (Fig. 5B–E, red bars). These results also demon-
strated that increasing stiffness on 2D substrates promotes the
osteogenic differentiation of MSCs.

Next, the gene expression profiles between 3D scaffolds and 2D
substrates were compared. Comparing 3D scaffolds and 2D sub-
strates of similar overall stiffness (i.e. Group I vs. Group IV, II vs.
V, III vs. VI), the gene expression level of Runx2 was higher in 3D
than in 2D on day 1 (Group III vs. VI), day 7 (Group II vs. V) and
day 21 (Group I vs. IV, II vs. V). However, the expression of Runx2
showed no difference between Group III and VI on day 21 and the
significantly decrease of Runx2 in Group III on day 21 also sug-
gested osteoblast maturation (Fig. 5A). The expression of type I
collagen was higher in 3D than in 2D on day 1 (Group II vs. V
and III vs. VI), day 7 (Group II vs. V), day 14 (Group I vs. IV and



Fig. 5. Effect of matrix stiffness on MSCs between 3D and 2D microenvironment (A) relative gene expression on Runx2, (B) osterix, (C) type I collagen, (D) ALKP and (E)
osteocalcin were compared between 3D scaffolds (Groups I–III) and 2D substrates (Groups IV–VIII) after inducing osteogenesis for 21 days. Statistical comparison was
conducted between multiple groups by Kruskal–Wallis test followed by Dunn-Bonferroni post hoc test and groups with different letters represent statistical difference,
p < 0.05. N.S = non significant. Data represented mean ± S.D., n = 3 (three independent experiments).
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III vs. VI) and day 21 (Group I vs. IV and III vs. VI) (Fig. 5C). How-
ever, the expression of osterix showed no statistical difference at
all times (Fig. 5B). The expression of ALKP was higher in 3D than
2D on days 1, but lower in 3D than 2D on days 14 (Group III vs.
VI) (Fig. 5D). The earlier decreased expression of ALKP in 3D indi-
cated that the maturation of osteoblasts occurred earlier in the
3D PA scaffolds. All the above results demonstrate that the 3D por-
ous structure further promoted osteogenic differentiation of MSCs
compared to the 2D flat structure. The gene expression levels of 3D
scaffolds and 2D substrates composed of the same concentration of
AC/BIS (i.e. Group I vs. V with a horizontal stripe pattern, II vs. VII
with a vertical stripe pattern, and III vs. VIII with a grid pattern)
were also compared. No statistical differences of Runx2 expression
were found between 3D and 2D on days 1, 7 and 14. However,
Runx2 expression in the Group I scaffolds was higher than the cor-
responding 2D hydrogels on day 21 (Fig. 5A). The results indicate
the effect of dimensionality in the mature stage of osteogenesis.
The type I collagen expression showed a trend similar to that for
Runx2 on days 1 and 7. Moreover, the type I collagen expression
in the 3D scaffolds was higher than the corresponding 2D hydro-
gels on days 14 and 21 (Fig. 5C). The ALKP expression in the 3D
scaffolds was significant lower than the corresponding 2D hydrogel
on day 14 (Group II vs. VII and III vs. VIII) (Fig. 5D). The results also
support that the 3D porous structure promoted osteogenic differ-
entiation of MSCs and the effect of dimensionality was observed
in the mature stage of osteogenesis. Comparing all these eight
groups, the expression level of Runx2 and osterix on days 1, 7
and 14 in Groups I–III were similar to Groups V, VII and VIII
(Fig. 5A and B). The expression level of ALKP on days 1 and 7
showed similar trends (Fig. 5D). This implies that the influence of
local stiffness of substrates on MSCs differentiation was higher
than the overall stiffness.

3.5. Organization of F-actin in the 3D and 2D microenvironment

F-actin cytoskeleton plays a major role in the mechanotrans-
duction for sensing and responding to extracellular physical
stimuli [26]. Its structural organization is directly linked to exter-
nal mechanical factors. For example, on a soft 2D substrate
F-actins are often diffusive but on stiff 2D substrate they form thick
stress fibers. It has been shown that the alignment of stress fibers
of MSCs depends on matrix rigidity in 2D structures [27]. Here the



Fig. 6. Organization and quantification of F-actin in the 3D and 2D microenvironment (A) F-actin (rhodamine phalloidin, red) and nucleus (DAPI, blue) were co-stained on
MSCs in the 3D PA scaffolds (Groups I–III) and (B) 2D PA hydrogels (Groups IV–VIII), scale bar = 100 lm. The immunofluorescence intensity of F-actin of a single MSC in (C) 3D
scaffolds and (D) 2D hydrogels was quantified. Statistical comparison was conducted between multiple groups by one-way ANOVA followed by Tukey’s post hoc test and
groups with different letters represent statistical difference, p < 0.05. Data represented mean ± S.D., n = 50 (fifty cells).
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organization of F-actin in 3D scaffolds one day after osteogenic
induction was examined. The distribution of F-actin appeared
more diffusive on both soft 3D scaffolds and 2D substrates but
formed thick stress fibers on stiff 3D scaffolds and 2D substrates
(Fig. 6A and B). The MSCs of Group I lay close to the wall and
formed tortuous extensions along the wall (Fig. 6A). In Groups II
and III, MSCs attached to the pore walls and spatially extended
the cell bodies in all directions (Fig. 6A). As the stiffness of the
2D substrates increased, the morphology of MSCs was round,
spindle-shaped and became flat, polygonal-shaped and pro-
nounced actin stress fibers across the cell body were clearly
observed (Fig. 6B). Both in 3D and 2D substrates, the average cyto-
plasmic fluorescence intensity of F-actin on stiffer groups was sig-
nificantly higher than the softer ones and showed more parallel
bundles (Fig. 6C and D). These results demonstrated that the orga-
nization of F-actin was correlated with matrix stiffness in 3D and
this organization may promote osteogenesis.
4. Discussion

It has been shown that the stiffness of 2D substrates affects the
physiological processes of MSCs such as morphology, proliferation,
adhesion, migration and differentiation through F-actin organiza-
tion [7,13,14,28]. The effect of matrix stiffness in 3D cultures
requires additional study because the dimensionality also affects
the F-actin distribution and, in addition to the factor of dimension-
ality, a 3D culture matrix often changes other factors such as per-
meability and nano-scale structure. A novel 3D cell culture scaffold
is used, which differs from the conventional 2D compliant sub-
strate mainly in terms of the substrate curvature. Our results can
be directly compared with the 2D results to show the effect of
3D and 3D matrix stiffness.

Previous studies have shown that MSCs on soft PA hydrogels
(1 kPa) had lower proliferation rates than those on stiff PA hydro-
gels (15 kPa) [28]. Pek et al. demonstrated that MSCs proliferated
more rapidly in 3D matrices containing immobilized RGD, espe-
cially for the stiffer gels (>75 Pa) [11]. However, the result of cell
proliferation assay in our study demonstrates that MSCs possess
similar proliferation rates regardless of 3D matrix stiffness up to
21 days (Fig. 2D). This may be due to increased cell-cell interac-
tion in 3D porous scaffolds than in 2D and 3D hydrogels, which
also affects cell proliferation. The proliferation rate of MSCs in
the 3D PA scaffolds increased over time, suggesting that PA scaf-
fold is a suitable culture platform for the growth of MSCs. More-
over, the physical factors for cells are often not independent
from their biochemical factors, but rather exhibit some interplay.
For example, extracellular matrix (ECM) proteins could exert sig-
nificant influence in determining the fate of MSCs [29]. In this
study, fibronectin was used to coat the 3D PA scaffold for MSCs
to attach to. The changeable surface coating during the manufac-
turing process of the 3D porous PA scaffold offers a platform to
study the effect of different ECM proteins on the cell fate commit-
ment of MSCs.
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In 2D, Engler et al. demonstrated that matrix stiffness deter-
mined different lineage commitment of MSCs [7]. However, the
phenomenon in 3D remains poorly investigated. We, for the first
time, provided the direct evidence to demonstrate that in 3D scaf-
folds, matrix stiffness regulated the differentiation potential of
MSCs, yet it did not alter the proliferation rates. Even though the
effects of 3D hydrogel on osteogenic differentiation have been
studied before [10–12], the biomechanical properties of 3D hydro-
gel are still distinct from those of 3D porous PA scaffolds. Using
scaffolds of different architecture provides perspective from a dif-
ferent angle on 3D culture, which is important due to the diverse
nature of 3D cell culture. For mechanically comparing the stiffness
of PA scaffolds to actual bone, simple relation exists between two
elastic constants (E = 2G(1 + t), where E represents Young’s modu-
lus, G represents shear modulus, and t represents Poisson’s ratio)
[30] in homogeneous material. The Poisson’s ratio of polyacry-
lamide gel is 0.457 [31]. It has been reported that the modulus of
elasticity of trabecular bone is 0.441–0.445 GPa [32,33]. Therefore,
the stiffness of PA porous scaffolds (G0

scaffold of Group III = 12 kPa)
and hygrogels (G0

gel of Group VI = 11 kPa) is physiologically close
to the bone precursor osteoid (Eosteoid � 27 ± 10 kPa) [7], but not
trabecular bone. In this study, the PA porous scaffold showed that
high stiffness in 3D and 2D (G0

scaffold = 12 kPa, G0
gel = 121 kPa) is pre-

ferred for osteogenesis. It also showed that at high stiffness the
osteogenetic potential in the 3D scaffold is higher than in the 2D
substrate. The results provide strong evidence that dimensionality
plays an important role in determining stem cell fate. Furthermore,
it was found that the biochemical expression of MSCs in the 3D
scaffold is closer to that in the 2D substrate with the same
AC/BIS concentration. This implies that MSCs sense the stiffness
of the base material rather than the overall structural stiffness of
a porous scaffold. Our study gains important insight on the effect
of the base material in the porous scaffold.

The arrangement of the actin cytoskeleton is crucial in the
osteogenesis of MSCs. Disruption of the actin cytoskeleton by
cytochalasin-D decreases the osteogenesis and increases the adipo-
genesis of MSCs [34,35]. Moreover, matrix stiffness modulates the
abundance and organization of actin stress fibers. Fibroblasts are
plated on a stiff (2 MPa) substrate and display thicker and well-
aligned stress fibers. In contrast, cells display thinner and poorly
oriented stress fibers when plating on a soft (5 kPa) substrate
[36]. Highly polarized stress-fibers in stem cells are important for
stem cell differentiation [27]. It was also found that this condition
also holds in 3D scaffolds. It is speculated that the ordered porous
structure may facilitate F-actin organization when more cell–cell
contacts form across the pores. Taken together, the 3D PA scaffold
is a promising culture platform and our findings provide several
insights for the physiology of MSCs in the 3D microenvironment.

The 3D culture systems mimic in vivo microenvironments with
some limitations. Conventional 3D cultures often suffer from a
tradeoff between nutrition and waste. Our scaffolds can be incor-
porated with microfluidic devices to serve as a micro-reactor [37]
to optimize tissue engineering. In addition to physical cues, bio-
chemical factors, such as TGF-b and BMP-2 also affect stem cell fate
[28,38]. These previous findings encourage us to improve the
culture condition in 3D scaffolds to promote differentiation of
MSCs, or identify different mechanisms in 2D and 3D cultures by
combining them with other biochemical signals. In a recent study,
MSCs were encapsulated within covalently cross-linked hyaluronic
acid (HA) hydrogels with MMP-degradable peptides. The result
suggested that cell-mediated traction forces are important in
determining the cytoskeletal assemblies and the fate of MSCs
[39]. The stiffness-dependent arrangement and expression of
F-actin of MSCs and the deformation of scaffolds with lower stiff-
ness in this study implies that the tension force generated by MSCs
plays an important role in differentiation and proliferation. In the
future, the molecular mechanism of F-actin distribution and osteo-
genic potentials of MSCs in 3D scaffolds warrant further investiga-
tion. Polyacrylamide gel is a stable, non-toxic and non-resorbable
material and its widely usage in breast reconstruction show the
biocompatibility of the material [40–42]. Implanting the PA scaf-
folds into bone defect animals for bone regeneration is possible
for advanced therapeutic application.

5. Conclusion

This study investigated the effects of the matrix moduli of 3D
scaffolds and 2D substrates on the osteogenic differentiation of
MSCs. It was found that cells cultured in 3D scaffolds show higher
osteogenic differentiation than cells on the 2D flat substrates, and
cells cultured with higher matrix stiffness show higher osteogenic
differentiation. Furthermore, the MSC response to the matrix stiff-
ness in 3D scaffolds is closer to the MSC response in 2D substrates
made of the same base materials. This observation suggests that for
tissue engineering purposes, one should consider the modulus of
the scaffold base material. At higher matrix moduli in both 2D
and 3D, there are more F-actin cytoskeletons and their organiza-
tion are more bundled. The F-actin organization is favored for
osteogenic differentiation. Collectively, MSCs respond differently
to PA scaffolds with different mechanical moduli by adapting their
morphology and distribution of F-actin that may affect its osteo-
genic potential. 3D PA scaffolds with the same geometric architec-
ture and pore size and tunable mechanical properties are shown to
be valuable for future studies of cellular mechanobiology and bone
tissue engineering.
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