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Abstract

The relationship between mechanical and topographical features of tissue engineering scaffolds and the likely
response of human adult stem cells was investigated by a simple, yet powerful in vitro model, based on varying substrate
stiffness with the precise and reproducible patterning capabilities of micro fabrication techniques. Polydimethylsiloxane
(PDMS) pre-polymer and cross-linker were combined at various weight ratios designated as PDMS-a to PDMS-e,
corresponding to 5.7, 10.0, 14.3, 21.4, and 42.9 wt. % cross-linker, respectively. PDMS microtextures with 10 ym
diameter and 6 pm height microposts were produced using soft lithography and correlated to preferential human bone
marrow derived connective tissue progenitor cells (CTPs) behavior as a function of varying stiffness. To investigate
cell proliferation and osteogenic differentiation, CTPs were cultured for 30 days on a topographical map of substrates
that combines 3 different types of PDMS microtextures and smooth PDMS. Elastic modulus, which is directly related
to stiffness, increased from 0.78 + 0.25 MPa (PDMS-a) to 2.83 + 0.26 MPa (PDMS-c), and decreased down to 1.66
+ 0.18 MPa (PDMS-e). The cell number and gene expression levels were proportional to the PDMS stiffness, and
PDMS microtextures exhibited greater numbers of CTPs compared to smooth PDMS. Alkaline phosphatase expressed
greater on post microtextures than smooth surfaces on early days. Regardless of surface topographies, however, cells
on PDMS-b consistently expressed more osteocalcin compared on other substrates on day 30. These results indicate
that CTP proliferation and early osteogenic differentiation are more likely to be affected by surface microtextures, while

substrate stiffness is more likely to influence the late osteogenic differentiation.
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Introduction

Understanding and optimizing cell-substrate interactions is critical
to the rational design of implant materials and tissue engineering
scaffolds, particularly for bone healing applications [1]. Successful bone
fracture healing depends upon having an osteoactive environment. The
surface topography and mechanical stiffness of bone graft materials
should allow transplanted cells to retain their function and promote cell
growth. In bone tissue engineering, however, the number of materials
used to investigate the effects of surface topography or mechanical
properties on cell response has been limited [2,3].

To study cell-substrate interactions, many groups have used
Polydimethylsiloxane (PDMS) as a biomaterial. PDMS is a silicone
elastomer with desirable mechanical and chemical properties that
make it attractive for the development of microelectromechanical
systems (MEMS) for biomedical applications [4-7]. PDMS has been
used as a biomaterial in a number of biomedical MEMS (bioMEMS)
applications, including biosensors, tissue engineering scaffolds,
cell sorting and analysis devices, and various microfluidic devices
for biological applications [8,9]. In addition, PDMS is nontoxic,
transparent, chemically inert, simple to handle and manipulate, less
expensive than silicone, and can conform to submicron features to
develop microstructures.

The application of MEMS-based devices in the biomedical
arena that use PDMS as a biomaterial has been largely driven by the
development of soft lithography techniques such as microtransfer
molding, microcontact printing, replica molding, and solvent-assisted
micromolding [5,6]. These techniques typically require the use of PDMS

to create an elastomeric stamp or mold incorporating microstructures,
allowing transfer of patterns onto a substrate for subsequent exploration
of selective cellular responses to specific substrate characteristics.

Numerous studies have demonstrated that the biological
performance of cells with respect to proliferation, migration, and
differentiation can be significantly modified by different topographical
features on a PDMS scaffold surface [4,5,7,10,11]. In a previous study
conducted by our group, human bone marrow-derived connective
tissue progenitor cells (CTPs) were cultured for 9 days on smooth
PDMS surfaces and on PDMS post microtextures that were 5, 10, 20 and
40 um in diameter and separation [12,13]. This study revealed that post
microtextures with 10 pum diameter exhibiting higher number of cells.
Additionally, PDMS allows control of the mechanical environment
by altering the weight ratio of base to cross-linker during fabrication.
Recently, several research groups have reported that alterations of
substrate stiffness can directly influence cell proliferation [2,7,14,15].
Rowlands et al. [14] reported that stiffer substrates encouraged up to a
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CTPs refer to a heterogeneous population of stem and progenitor
cells that are resident in native tissue. These cells are capable of
proliferating and giving rise to progeny, which contribute directly to
the formation of one or more connective tissues [13,16,17]. Harvest
and transplantation, and even concentration, of CTPs from native
bone marrow have been known to improve bone graft efficiency. A
characteristic of many marrow derived CTP is their ability to give
rise to progeny that are capable of differentiating along a number of
mesenchymal lineages including bone cartilage, muscle and fat [16].

It is known that human bone marrow derived stem cells are
inherently heterogeneous in their expressions profiles (genes, proteins,
surface antigens, etc.) across a given donor population, and hence,
statistical significance is important to prove any result is reproducible
across technical and biological replicates [16]. However, our previous
experiments confirmed that CTPs on microposts showed statistically
similar trends of proliferation and osteogenic differentiation regardless
of multiple donors, where CTP progeny cultured on post microtextures
also exhibited increased cell number relative to smooth and tissue
culture control surfaces [13,17].

In this study, a novel approach is used to systematically investigate
the effects of PDMS surface topography and stiffness on the behavior
of human bone marrow-derived CTPs. The PDMS post microtextures
were developed using soft lithography techniques and were correlated
to preferential CTP growth characteristics as a function of varying
stiffness.

Materials and Methods

Substrate preparation

PDMS pre-polymer and cross-linker were combined at various
weight ratios designated as PDMS-a, PDMS-b, PDMS-c, PDMS-d, and
PDMS-e, corresponding to 5.7, 10.0, 14.3, 21.4, and 42.9 wt. % cross-
linker, respectively [8]. Extra cross-linkers on PDMS-d and PDMS-e
were leached by ethanol for overnight before call culture experiment
[18]. On previous studies, the chemical immersions did not alter the
structure of PDMS microtextures, nor weight [8,18].

The PDMS microtextures were manufactured by the soft lithography
technique (Figure 1). Briefly, a 6 um thick layer of SU-8 2010 photoresist
was coated on top of a silicon wafer. By using UV photolithography,
the 10 pm diameter texture pattern was transferred from a photomask
onto the photoresist, and then developed and cured at 120°C. PDMS
Sylgard®184 (Dow Corning Corp., Midland, MI) pre-polymer and
cross-linker mixtures with various weight ratios were poured on top of
the patterned master and cured at 85°C for 2 h. Unpatterned (smooth)
PDMS substrates were served as the control surfaces for cell growth
experiments, and also used to determine elastic modulus values, which
represented stiffness of the various PDMS formulations.

Figure 1: Fabrication of PDMS post microtextures and smooth PDMS by soft
lithography.

Elastic modulus of PDMS

Stiffness of a polymer refers to the resistance of the viscoelastic
material to deformation by an applied force [2]. Elastic modulus is
directly related to stiffness; therefore, the terms stiffness and elastic
modulus are used interchangeably [2,3]. The elastic modulus of the
PDMS substrates was determined using a tensile test method using an
MTS Alliance™ RT/5 material testing system (MTS Corp., Oak Ridge,
TN) [2]. Testing was carried out according to the ASTM D 412 standard
for rubber and thermoplastic elastomers with the modification that the
dumbbell-shaped test specimens were made one-fourth the standard
size [8]. Figure 2 presents a schematic illustration of the sample
geometry prior to testing. The design of the custom grips was selected
because it allows for maximum contact surface area with the specimen,
while reducing the stress concentration on the specimen near the
edges of the grip [8]. We have used 3 samples of each type of PDMS for
mechanical testing. Ethanol sterilization did not have significant impact
on stiffness for all the tested PDMS samples [8].

Cell culture

As described by Muschler et al. [16] bone marrow aspirates were
harvested from the anterior iliac crest with informed consent from four
patients immediately prior to elective orthopedic procedures. Briefly, 2
mL samples of bone marrow were aspirated from the anterior iliac crest
into 1 mL of saline containing 1000 units of heparin (Vector, Burlingame,
CA). The heparinized marrow sample was suspended into 20 mL of
heparinized carrier media (a-minimal essential medium (a-MEM)+2
units/mL of Na-heparin; Gibco, Grand Island, NY) and centrifuged at
1500 rpm (400 X) for 10 min. The buffy coat was collected, resuspended
in 20 mL of 0.3% bovine serum albumin-MEM (Gibco), and the
number of nucleated cells was counted. The PDMS substrates were
sterilized for 30 min with 70% ethanol. Cells were then plated on Day 0
at a seeding concentration of 1x10° cells per well and were cultured for
10 and 30 days under conditions promoting osteogenic differentiation
[17]. Cell characteristics on PDMS substrates were investigated using
scanning electron microscopy (SEM), PicoGreen DNA quantification,
fluorescent stains, and real time reverse transcript - polymerase
chain reaction (real time RT-PCR).In this study, the PicoGreen DNA
quantification and the real time RT-PCR were repeated 3 times.

Cell culture analyses

Scanning electron microscopy (SEM): After the cells were
cultivated for 30 days, the media was removed and the plated substrates
were placed in a solution containing 2% glutaraldehyde (Electron
Microscopy Sciences, Fort Washington, PA), 3% sucrose (Sigma-
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Figure 2: Schematic illustration of the 600 um thick sample geometry used
for tensile testing. Dimensions are in millimeters (mm), and are one-fourth the
standard ASTM D 412 size [8].

Aldrich Co., Irvine, UK) and 0.1 M of PBS at 4°C and pH 7.4. After 1 h,
the substrates were rinsed twice with PBS for 30 min at 4°C and washed
with distilled water for 5 min. Dehydration was achieved by placing
the plated substrates in 50% ethanol for 15 min while increasing the
concentration of ethanol to 60, 70, 80, 90 and finally 100%. Dehydrated
samples were then mounted on aluminum stubs, sputter-coated with
gold-palladium, and examined using SEM.

PicoGreen DNA quantification: The bonded PDMS substrates
were cut into separate sections with varying stiffness and resuspended
with 50 pL of lysis buffer (1% sodium dodecyl sulfate, 10 mM
Ethylenediaminetetraacetic acid (EDTA) and 50 mM Tris-HCI, pH
8.1) to lyse the membranes of adherent CTP progeny. After 60 min, the
samples were centrifuged at 14,000 rpm for 5 min and the supernatant
was removed for analysis. A 40 uL sample of aqueous supernatant
containing DNA was added to 0.96 mL TE buffer (10 mM Tris
adjusted to pH 7.0 with HCI, 1 mM EDTA). As per the manufacturer’s
instructions (Molecular Probes, Eugene OR), stock PicoGreen reagent
was diluted 1:200 in TE buffer and 1 ml of that was added to each DNA
containing sample. The tubes were capped, vortexed, and incubated at
room temperature in the dark room for 3 min. The fluorescence was
measured with a SpectraMax Gemini fluorescence microplate reader
(Molecular Devices Co., Sunnyvale, CA) at excitation and emission
wavelengths of 480 and 520 nm, respectively. All calibration samples
were assayed four times and a fresh calibration curve was generated
for each 96 well plate. Baseline fluorescence was determined with
a TE blank, the average of which was subtracted from the averaged
fluorescence of other samples. Using this analysis, we determined that
~4.5 ug of DNA in 1x10° adherent CTPs [11]. Thus, we assumed that
one cell has ~4.5 pg of DNA, and estimated the number of cells for each
sample. Because individual donors differed with respect to the initial
prevalence of CTPs, the cell count on the substrates was normalized to
the control surfaces for each donor within the particular experiment
[11]. We performed a calculation to determine that, for ideal projected
surface areas, the actual surface area of post microtextures was 1.47
times greater than that of the smooth surfaces [11,13]. Consequently,
we divided the total cell number (estimated via DNA quantification)
from the post microtextures by 1.47 to enable a meaningful comparison
with the cell number from smooth surfaces.

DAPI and alkaline phosphates (AP) stain: Cell nuclei were
stained with 6-diamidino-2-phenylindole dihydrochloride hydrate
(DAPI). Paraformaldehyde (4%) - fixed cells were rinsed three times
with phosphate buffered saline (PBS), and then a 10 uL drop of DAPI-
containing Vecta shield mounting media (Vector Labs, Burlingame,
CA) was placed on the scaffolds.

After DAPI staining, the same samples were again stained in situ
for AP, using the Vector Red working solution (5 ml of 100 mM Tris-

HCI adding 2 drops of Reagent 1, 2 and 3, Vector Labs) for 30 min
at room temperature in the dark, and then washed in distilled water.
The positively stained cells with AP activity appeared red when viewed
under a fluorescent microscope (Olympus BX50F, Olympus Optical
Co., Japan).

Osteocalcin (OC) immunohistochemistry: The cells were rinsed
with PBS and fixed in 1% hydrogen peroxide for 10 min at room
temperature followed by incubation in 1.5% blocking serum (rabbit
ABC staining system, Santa Cruz Biotech, CA) 60 min to block
nonspecific binding. OC primary antibody (Santa Cruz Biotech) was
diluted 1/100 in PBS and incubated with cells overnight at 4°C. After
washing cells three times in PBS, they were incubated for 1 h with
Biotinylated secondary antibody, 30 min with AB enzyme reagent,
and 10 min with Peroxidase substrate (ABC staining system). Between
each step, cells were rinsed three times with PBS. Secretion of OC was
confirmed visually (brown color) under a phase contrast microscope.

Real time reverse transcript - polymerase chain reaction (Real
time RT-PCR): The expression of osteoblast specific genes, such as AP
and OC, were detected by real time RT-PCR. Total RNA was isolated
using an RNeasy kit (Qiagen Inc., Valencia, CA) and reverse transcribed
by conventional protocols with a Sensiscript Reverse Transcription kit
(Qiagen Inc). The expression of the AP, OC, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was quantified using real time
RT-PCR analysis with a Power SYBR® Green PCR Master Mix kit
(Applied Biosystems, Foster City, CA). GAPDH is an enzyme utilized
in cellular metabolism and is assumed to be expressed at the same level
in most cells; therefore, gene expression of GAPDH was used as an
internal control to normalize out any differences in the amount of total
isolated RNA. Primer sequences are presented in Table 1. Real Time
quantitative PCR was performed on a 7500 Real Time PCR system
(Applied Biosystems). Data analysis was carried out using the 7500
System Sequence Detection software (Applied Biosystems) [19].

Statistical analysis

The mean and standard deviation values were calculated using
the data of all groups. All data was subjected to analysis of variance
(ANOVA) and Tukey testing where appropriate (SPSS Version 10.0.,
SPSS Inc., and Chicago, IL). Significance levels were set at p<0.05.

Results
Elastic modulus of PDMS substrate

The elastic modulus (stiffness) of five PDMS formulations was
evaluated using the tensile test method [2]. The elastic modulus was
calculated from the slope of the plot of strain versus stress [2,8]. Elastic
modulus increased from 0.78 + 0.25 MPa (PDMS-a) to 2.83 + 0.26
MPa (PDMS-c), and decreased down to 1.66 + 0.18 MPa (PDMS-e)
(Figure 3). Even though the manufacturer’s recommended optimum
formulation for higher elastic modulus compared to other PDMS
formulations is PDMS-b (2.59 MPa) [2], our results showed that the
highest elastic moduluswas for PDMS-c (2.83MPa).

Gene Primer Sequences
Alkaline 5 ACA GAT GCCAAC TTC CCACACG ¥
Phosphatase 3’ GAG GCACCT TGTAAGACC TAGAC &
Osteocalcin 5 AGG TGCAGC CTT TGT GTC CAAG 3’

3’ GGG AAG AAA GGA GAA GGG GAAC 5’
GAPDH 5 GGG CTGCTTTTS SCTCTG GT 3

3 TGG CAGGTTTTT CTAGAC GG 5’

Table 1: List of primers.
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Figure 3: The elastic modulus (o) of 5 different PDMS samples (n=3). Data
is obtained from tensile tests on PDMS samples. Elastic modulus increased
from PDMS-a to PDMS-c, and decreased from PDMS-c to PDMS-e. * denotes
statistical significance compared to PDMS-a and PDMS-e (p<0.05).

For the rest of analyses in this study, we are going to present data
from PDMS-a, PDMS-b, and PDMS-e since their stiffness values were
significantly different, and therefore, likely provide meaningful insights
on CTP growth characteristics.

Cell morphology and proliferation

The various PDMS cross-linker weight ratios did not appear to
influence the morphology of cells on post or smooth surfaces. However,
the morphology of cells grown on the post microtextures was visually
different from those on the corresponding smooth surfaces (Figure 4).
Cells on the smooth surfaces exhibited arbitrary shapes and migrated
without any preferred orientation for up to 30 days. In contrast, CTPs
on post microtextures on Day 10 mostly tended to attach next to the
posts and spread between them while directing their processes toward
posts and other cells. By Day 30, numerous cells had spread over the top
of the post microtextures and covered nearly the entire surface.

Cell numbers calculated using PicoGreen DNA quantification
analysis also revealed that the number of CTPs on PDMS-b was
greater than cell numbers exhibited on the PDMS-a, and PDMS-eon
both substrate surfaces (Figure 5). In particular, the CTP proliferation
followed the PDMS stiffness trends of post microtextures and smooth
PDMS, on Day 20 and Day 30. PDMS post microtextures exhibited a
greater number of CTPs compared to smooth PDMS (p<0.05) at 30
days. These results demonstrated that the combination effects of surface
microtextures and stiffness of PDMS substrates accelerate cell growth.

Osteogenic differentiation

The results of real time RT-PCR revealed that AP mRNA expression
was higher on post microtextures compared to smooth surfaces for 30
days except PMDS-b (Figure 6a). On post microtextures, the mRNA
expression of AP had increased by Day 20, and then decreased by
Day 30, except PDMS-b, which decreased from Day 10 to Day 20, and
increased again by Day 30. In contrast, AP expression on all smooth
surfaces had increased by Day 30, except on PDMS-e. The cells on
PDMS-b showed the highest levels of AP expression on Day 10 (p<
0.05). Cells on all substrates stained positive for AP, which is used as
an early marker of osteoblastic differentiation (Figure 6b). Cells on the
post microtextures stained more intensely for AP compared to smooth
substrates on Day 10, and AP increased on all substrates by Day 30,
especially on the PDMS-b post microtextures.

SEM
SMOOTH

POST
MICRO-
TEXTURE

Figure 4: SEM images of CTP progeny on post microtextures and smooth
surfaces of PDMS substrates on Day 10 and 30. The various PDMS cross-
linker weight ratios did not change the morphology of cells on both surfaces.
However, CTPs attached to post microtextures, and smooth surfaces with
different cell morphology. Cells on the smooth surfaces exhibited arbitrary
shapes and migrated without any preferred orientation for up to 30 days. In
contrast, CTPs on post microtextures on Day 10 mostly tended to attach next
to the posts and spread between them while directing their processes toward
posts and other cells. By Day 30, numerous cells had spread over the top of the
post microtextures and covered nearly the entire surface.
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Figure 5: CTP proliferation on PDMS post microtextures (T) and corresponding
smooth surfaces (S). Cell numbers (left axis) calculated using PicoGreen DNA
quantification analysis revealed that PDMS post microtextures exhibited a
greater number of CTPs compared to smooth PDMS for 30 days. On Day 20
and Day 30, the CTP proliferation followed the PDMS stiffness (right axis; Lines
joining stiffness values are for visualization purposes only) trends for both post
microtextures and smooth PDMS. On both substrate surfaces, the number of
CTPs on PDMS2 was greater than cell numbers exhibited on the PDMS-a, and
PDMS-e on Day 30 (n = 9/group; mean + SD). * denotes statistical significance
compared to PDMS-a and PDMS-e on Day 30 (p<0.05). # denotes statistical

significance compared to PDMS-e on day 30 (p<0.1).

The mRNA expression of OC significantly increased from Day
10 to Day 20 (p<0.05) on both substrates, with consistently greater
expression for 30 days (Figure 7a). However, there was no significant
difference in OC mRNA expression between smooth substrates and
post microtextures for all days. Regardless surface topographies, cells
on PDMS-b expressed more OC compared to PDMS-a and PDMS-e
on Day 30. The highest level of OC expression was on PDMS-b smooth
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surface and post microtextures on Day 30. These results indicate that OC
expression had started by Day 10 and increased immensely over time.
OC IHC staining showed minimal OC intensity on the all substrates on
Day 10, but greatly increased by Day 30 (Figure 7b). Furthermore, the
intensity of the OC IHC stain on PDMS-b post microtextures was much
greater compared to the other substrates.

Discussion

It is important to keep in mind that material composition,
structure, and processing, all affect the material properties; therefore,
alterations in any of these factors could lead to changes in more than
one cellular behavior. We have examined the combinatorial effects of
topography and stiffness cues on CTP growth. PDMS substrates with
variable stiffness and specially designed surface topographies were
developed to systematically investigate the combined effects on human
bone marrow-derived CTP growth behavior. These results highlight
that surface post microtextures with a pre-defined micropost size (10
pum) and higher stiffness levels of PDMS substrates would allow for
the acceleration of CTP progeny growth and associated osteogenic
indicators such AP expression, as well as OC secretion.

Different PDMS proportions were previously formulated to
investigate possible alterations in PDMS properties due to the deviation
from the manufacturer’s recommended 10:1 weight ratio (pre-polymer:
crosslinker), which corresponds to our PDMS-bnotation [2,8]. The
PDMS-b formulation was reported to be resistant to the majority of
chemicals tested, and exhibited higher elastic modulus compared
to other PDMS formulations [2]. However, in our case PDMS-c
exhibited the highest Young’s modulus. The variations in the processing
conditions, such as time and temperature of curing, and the ratio of
base to cross-linker, of PDMS may result in changes in the physical
properties of PDMS, such as surface chemistry and stiffness of the
substrate [20]. In this study, we presented cell growth characteristics
from PDMS-a, PDMS-b, and PDMS-e since their stiffness were
significantly different, and therefore, provide some meaningful insights
on CTP growth characteristics. (We note, however, that data on cell
growth characteristics on PDMS-c and PDMS-d were similar to
PDMS-b, and their osteogenic behavior was better pronounced than on
PDMS-a and PDMS-e.).

Surface stiffness of PDMS can be effectively changed by substrate
material used [13,21]. In this study, surface post microtopography of
equal size and density, but different PDMS formulation ratio, was used
to vary the surface mechanical environment and directly modify the
substrate stiffness, and consequently, cell behavior. Results from this
study appear consistent with findings from recent studies by Rowlands
et al. [14] who demonstrated that the rate of mesenchymal stem cell
proliferation was proportional to the substrate stiffness. In another
report, Wang et al. observed up to a 2-fold increase in proliferation
when the stiffness of substrates was increased [22]. Yim et al. [23] also
observed that surface topography or the mechanical properties of the
substrate can have a significant effect on interactions between stem cells
and their ECM, influencing focal adhesion formation, the organization
of the cytoskeleton, and consequent cell growth.

Varying geometry and arrangement of microposts provide an
effective technique for engineering the mechanical properties (e.g.
stiffness) of discrete, microscale substrate features. It is known that
changing micropost height effectively varies surface stiffness without
altering the bulk mechanical properties or the surface chemistry of the
material used to fabricate the substrate [13,21,24-27]. In line with our
previous data [13], Tan et al. and Sochol et al. [21,26] demonstrated
that PDMS microposts of different dimensions, such as diameter and
height, expressed a range of stiffness values. Because the stiffness of
microposts varies as the inverse cube of their height, decreasing the
height by half results in a local change in effective stiffness by 8-fold
[13]. Theoretically, shorter microposts result in higher effective
stiffness, which in turn, allows for the acceleration of cell growth [13,
21,28]. However, decreasing post heights below the optimal value
(lower height than cell size, and more specifically, 5 um high microposts
in our previous study [13]), causes fewer adhesions with ECM, and
subsequent decreased cell growth behavior [13,21,24-28].

The mechanisms dealing with how cells sense and change their
behavior in response to combinations of different types of structural
factors, such as substrate stiffness and surface topography, remain
unclear. One mechanism is attributed to integrin signaling through
focal adhesion complexes [23,29]. The phosphorylation of focal
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smooth surfaces (S). On post microtextures, the AP expression had increased by Day 20, and then, decreased by Day 30, except PDMS-b microtextures. In contrast,
AP expression on all smooth surfaces had increased by Day 30, except on PDMS-e. (b) Cells on the post microtextures stained more intensely for AP (red color)
compared to smooth surfaces on Day 10 and AP increased on all surfaces by Day 30, especially on the PDMS-b post microtextures. *denotes statistical significance
compared to other PDMS substrates with same surface topographies on same day (p<0.05).
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Figure 7: (a) The mRNA expression of OC significantly increased from Day 10 to Day 20 on both substrates, with consistently greater expression for 30 days.
The OC mRNA expression (left axis) followed the PDMS stiffness (right axis; Lines joining stiffness values are for visualization purposes only) trends for both
post microtextures and smooth PDMS on Day 30. However, there was no significant difference in OC mRNA expression between smooth substrates and post
microtextures for all days. Regardless surface topographies, cells on PDMS-b expressed more OC compared to PDMS-a and PDMS-e on Day 30. The highest
level of OC expression was on PDMS-b smooth surface and post microtextures on Day 30. These results indicate that OC expression had started by Day 10 and
increased immensely over time. (b) Phase contrast images show OC immunohistochemistry stain (brown color) and the intensity of this stain on PDMS-b post
microtextures on Day 30 greatly increased compared to the other substrates. * denotes statistical significance compared to other PDMS substrates on day 30

adhesion kinase can be high on stiffer substrates, resulting in growth
factor activation of extracellular signal-regulated kinase to promote
proliferation and differentiation. Even though the clarification of how
cells respond to substrate stiffness via a mechanotransduction cascade
is still a much-debated topic, the fact that CTP proliferation and
osteogenic differentiation can be accelerated by certain levels of PDMS
stiffness suggests that cells can respond to changes in substrate stiffness
in a physiologically relevant manner. To clarify the mechanisms, further
investigation is needed to elucidate all of the possible factors and
establish definitive mechanistic links between cell-surface interactions
and cell differentiation.

Another important point to consider is protein affinity for and
adhesion to the PDMS surface. Cellular responses are generally
attributed to the surface-adsorbed ECM, which comes from the
surrounding medium and can also be produced by cells themselves
[11]. Varying geometry of microposts changes effective surface area

and corresponding protein adsorption area. In addition, it is likely
that the cells are adhering to the protein layer on the PDMS so perhaps
the “stiffness” that the cells experience is related to how “bound” or
“stuck” the proteins are to the surface. This study has shown that the
increased number of CTPs on post microtextures resulted in increasing
ECM production and subsequent osteoblast-specific gene expression
by cells on post microtextures. In the present study, interestingly,
there was no significant difference in OC mRNA expression between
smooth substrates and post microtextures (Figure 7a), while AP
expressed greater on post microtextures than smooth surfaces on early
days (Figure 6a). Regardless surface topographies, cells on PDMS-b
consistently expressed more osteocalc in compared on other substrates
on day 30. These results collectively indicate that CTP proliferation and
early osteogenic differentiation are more likely to be affected by surface
microtextures, while substrate stiffness is more likely to influence the
late osteogenic differentiation.
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In addition, it is interesting that increased early ostegenic
differentiation observed when culturing on microposts did not
translate to increased late osteogenic differentiation. The microposts
benefit is diminished at the late differentiation stage where there were
no difference observed between smooth and microposts surfaces. It is
possible that if late differentiation marker is the end goal, topographical
features may not play as an important of role. To clarify and confirm
the results, future work could encompass the testing multiple assays for
gene and protein expression to establish definitive mechanistic links
between cell-surface interactions and cell differentiation.

It is known that substrate stiffness can direct mesenchymal stem
cells to differentiate into specific lineages: a soft substrate induces a
neurogenic phenotype, while increasingly stiffer substrates induce
myogenic and osteogenic phenotypes accordingly, because it is easier
for the cells to develop a higher cytoskeletal tension on a stiffer substrate
[23]. Taken together, the observations from microtopography-induced
and stiffness-directed differentiation suggest that physical interactions
between the cells and the extracellular environment, either in the form
of topography or stiffness, or the combination thereof, can modulate
cell function and stem cell growth behavior.

Conclusions

In bone tissue engineering applications, the incorporation of
micro-scale surface topography and optimal stiffness levels at the
cell-substrate interface might provide an attractive approach to
enhancing specific cellular responses without destabilizing the delicate
biochemical environment. For the first time, this work provides a
comparison of the combined influences of varying substrate stiffness
and precise topographical features on bone marrow derived human
CTP behavior. Although these are preliminary results that must
be interpreted with care, it has been shown that culturing CTPs
under osteogenic conditions on stiffer post microtextures enhances
proliferation and osteogenic differentiation when compared to cells on
more compliant smooth surfaces. This study demonstrates a simple,
yet powerful in vitro model, based on varying substrate stiffness with
the precise and reproducible patterning capabilities of microfabrication
techniques, in which to explore the relationship between mechanical
and topographical features of bone tissue engineering scaffolds and the
likely response of human adult stem cells and progenitor cells in the
setting of bone repair in vivo.
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