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Abstract

In this study, the osteogenic differentiation of murine pre-osteoblasts cultured on patterned silicon was
investigated. Specifically, micropatterns were fabricated in <100> orientation silicon wafers to create linear gratings
with a width of either 2 µm (2 µm depth, 10 µm pitch) or 20 µm (2 µm depth, 30 µm pitch). Two subclones (4, 24) of
the MC3T3-E1 osteoblast-like cell line were seeded on the micropatterns and cultured in osteogenic induction
medium for 28 days. Cells cultured on planar silicon served as the controls. Apatite formation was examined using
synchrotron X-ray diffraction. Deposition of [002] and [211]/[112] apatite-like material was clearly observed in
subclone 4 (strongly mineralizing) osteoblasts cultured on both micro patterns.
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Introduction
The development of successful bone implants rests on a full

understanding of cell-adhesion mechanisms under physiologically
relevant conditions. This bottom-up approach focuses on the ability of
material properties to guide the initial adsorption of extracellular
matrix (ECM) proteins and, subsequently, cell proliferation,
migration, differentiation and tissue morphogenesis [1]. The complex,
intercalated pathways that are involved are still not completely
understood, however the ECM is now recognized as a critical
component in guiding complex cell-cell interactions in addition to
being a structural scaffold [2].

In the last decade, synthetic implant technologies have been greatly
improved by advancements in the field of bioMEMS (bio-
microelectromechanical systems). First developed for computer
microprocessors, MEMS have contributed to the progress of
fundamental biological research as well as the development of medical
devices [3,4]. Micropatterning techniques can greatly enhance the
biocompatibility of synthetic biomimetic scaffolds and stimulate cell
attachment and growth. Cells can be cultured either on the original
micropatterns fabricated using standard photolithography followed by
a dry etching process, or on elastomeric materials containing the
inverse of the micro patterns transferred via soft lithography. These
topographical features mimic those that would be present on the ECM
and represent surface dimensions relevant to cell behavior in vivo.
Several instances have shown that patterned ridges and grooves can
promote cell adherence in fibroblasts and skeletal stem cells [5-13].

Micropatterned surfaces (ridges/grooves, dots) can also promote
the adherence of osteoblasts and periodontal cells [6,7,9,12-16],
however the extent of biomineral formation in these cell culture
models has not been examined extensively. To the best of our
knowledge, previous studies of osteoblast development on biomimetic
substrates have been limited to the use of hydroxyapatite (HA)-
containing bioactive ceramic coatings [17,18]. Because

microtopography can induce contact guidance [19], which is one of
the critical steps in determining cytoskeletal development and gene/
protein expression, we were motivated to investigate whether the
manipulation of surface dimension alone is able to promote osteoblast
differentiation without an a priori coating of bioceramic material.
Increased understanding in the mineralization capacity of osteoblasts
in response to external physical cues would help to devise strategies to
increase the longevity of orthopaedic implant materials and improve
tissue integration, while at the same time minimizing scar tissue
formation and implant rejection [20].

Materials and Methods

Substrate preparation
To pattern the silicon substrates, a positive photo resist, S1811

(Rohm and Haas), was first spin coated at 4000 RPM for 45 seconds
onto a clean silicon wafer (<100> orientation, Silicon Quest
International Inc., Santa Clara, CA). After prebaking at 110°C for 2
minutes, micro patterns were transferred onto the substrate using a
chrome photo mask and a UV mask aligner (Figure 1). The exposed
photo resist was developed using a 1:1 mixture of DI water: MF 312
developer (Rohm and Haas) for 30 seconds. Development was stopped
by rinsing with DI water and drying with a gentle stream of nitrogen
gas. A deep reactive ion etch (DRIE) was performed at 25°C for 4
minutes on an Oxford Instruments Plasma lab 100 (Oxfords hire, UK)
until a depth of 2 µm was achieved. The remaining unexposed resist
was removed with acetone, followed by DI water rinse and drying with
nitrogen (Figure 1).

Cell culture and development
Strongly mineralizing (sub clone 4) and weakly mineralizing (sub

clone 24) MC3T3-E1 osteoblast-like cells were maintained in MEM-α
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were kept in an incubator at 37°C with 5% CO2,
95% relative humidity. The silicon samples were first sterilized by
autoclaving and cooled to room temperature before being transferred
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aseptically to a sterile 24-well tissue culture plate. The substrate was
then either directly exposed to cell culture medium or functionalized
with a sterile 10 µg/mL solution of fibronectin for 30 minutes at room
temperature, followed by rinsing with phosphate-buffered saline (PBS)
and blocking with a solution of bovine serum albumin. Cells were then
seeded at 50,000 cells/cm2 and incubated for 24 hours at 37°C (5%
CO2, humidified) to attach completely and to reach confluency. To
induce differentiation, medium was supplemented with 4 mM glycerol
2-phosphate and 50 μg/mL sodium L-ascorbate. Fresh induction
medium was given every 2-3 days.

Figure 1: Schematic depicting the silicon micropatterning process.

Scanning electron microscopy (SEM)
After 28 days of incubation, cellularized wafer samples were rinsed

twice with phosphate-buffered saline (PBS) and DI water, fixed with
70% ethanol and air dried. Images were collected using a JEOL 7600
analytical SEM (15keV accelerating voltage) at the Center for
Functional Nanomaterials, Brookhaven National Laboratory.

Synchrotron X-Ray diffraction (XRD)
Samples after 28 days of cell culture were fixed as described above

for SEM. Synchrotron grazing incidence X-ray diffraction (GIXD)
experiments were conducted at beam line X6B at the National
Synchrotron Light Source (Brookhaven National Laboratory, Upton,
NY) using focused X-ray beam at 0.65255Å wavelength (spot size: 0.25
mm high, 0.4 mm wide). Samples were mounted in air 150 mm from
the detector screen. Grazing incidence diffraction patterns with

incident angle 0-2° were recorded using an X-ray CCD detector and
calibrated using a standard Al2O3 powder plate. Two-dimensional false
color images were collected from a CCD camera and converted to
intensity profiles using the Data squeeze software. The volume-
weighted size of [002] crystallites was measured using the Scherrer
equation [21].

Results and Discussion
SEM images of both mineralizing (subclone 4) and non-

mineralizing (subclone 24) MC3T3-E1 cells showed very dense
cultures after 28 days of exposure to induction medium (Figure 2).
The cells appeared more rounded than expected, particularly on the
flat substrates (Figure 2B and 2C). This could be because only a mild
fixative, ethanol, was used to avoid artifacts in the XRD data. On the 2
μm micropatterned Si, the osteoblasts appeared to have a larger
spreading area, with numerous filopodia extending from many of the
cells (Figures 2E and 2F). Clusters of biomineral were also observed in
the subclone 4, but not subclone 24, cells, similar to previous reports
[21]. On the 20 μm micropatterned Si, more cells were observed to be
firmly attached on the ridges than in the valleys (arrowheads in
Figures 2H and 2I).

Figure 2: SEM images of flat and micro patterned silicon substrates
before (A,D,G) and after (B,C,E,F,H,I) cell culture. Scale: 25 μm (A-
C), 10 μm (D-F), 50 μm (G-I).

Synchrotron XRD data showed that there was a very noticeable
presence of both [002] and [211]/ [112] apatite peaks in the strongly
mineralizing subclone 4 cultures on either the narrow (2 µm) or wide
(20 µm) silicon micropatterns (Figure 3). For the weakly mineralizing
subclone 24 cells, there was a complete absence of the [002] peak and a
small [211]/[112] composite peak (Figure 3). These data differ from
our previous results, which showed that subclone 24 cells failed to
produce any mineral on planar silicon [21]. Because the substrates in
the previous study were not functionalized with a fibronectin (Fn) pre-
coating, we also investigated the role of Fn treatment in the current
study. Our results showed that mineralizing subclone 4 cells cultured
on planar silicon that is only functionalized with fibronectin produced
no discernible XRD peaks associated with apatite deposition (Figure
3). Similarly, planar silicon that is not functionalized with Fn also did
not induce mineralization in these cells after 28 days and produced a
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nearly identical XRD spectrum (Figure 3). This can most probably be
attributed to the fact that the cell culture medium contains ample
amount of Fn that eventually adsorbs onto the silicon during the
course of the experiment. Computed areas under the peaks confirmed
that there was no apatite deposition in subclone 4 cells on flat silicon
or in subclone 24 cells on the wide (20 µm) micropatterns. A very low
amount of [211]/[112] HA was seen in the subclone 24 cells cultured
on the narrow (2 µm) micropatterns. In contrast, subclone 4 cells
deposited remarkably much more apatite on both micropatterns
(Figure 4). Crystallite size calculated from the full-width-half-
maximum of the [002] peak in the XRD spectra of subclone 4 cells was
found to be 6.0 nm for apatite deposited on the wide (20 μm)
micropatterns and 4.3 nm for apatite deposited on the narrow (2 μm)
micropatterns.

Figure 3: Synchrotron X-ray diffraction data for MC3T3-E1
subclone 4 and 24 osteoblasts cultured on narrow (2 µm width, 10
µm pitch, 2 µm depth) and wide (20 µm width, 30 µm pitch, 2 µm
depth) micro patterned silicon, as well as planar silicon. Grazing
incidence x-ray scattering was done using a λ=0.65255 Å and beam
energy of 19 keV.

Figure 4: Areas under the XRD peaks calculated using a Lorentzian
fit.

These results suggest that micro topography can indeed enhance
the osteogenic differentiation of murine osteoblasts without an a priori

coating of bioceramic material. In the case of silicon, osteoblast
mineralization does not appear to be modulated by the addition of a
functionalized Fn coating. This may be partly due to the hydrophilic
nature of native silicon oxide, and as such, the outcomes may be
different if silicon is first treated with a hydrophobic polymer thin film
such as sulfonated polystyrene, which has previously been shown to
stimulate fibrillogenesis of ECM proteins [21]. Fibronectin supports
cell adhesion and spreading, and affects the integration of tissue with
orthopedic implants [22]. The early-stage protein-material
interactions depend on the exposure of cell adhesive domains related
to cell differentiation and greatly influence osteoblast mineralization
[23-26]. For example, osteoblasts cultured on Fn physisorbed onto –
NH2 functionalized surfaces show favorable differentiation and
mineralization [23-25], whereas on –COOH functionalized surfaces
Fn inhibits differentiation and mineralization in osteoblasts [23,27,28].
Therefore, the (un)folding of Fn is extremely sensitive to minute
changes in surface chemistry [29-31] and its self-association can be
significantly perturbed by changes in wettability. An interesting
question is whether or not surface microtopography and hydrophobic
modification of the substrate surface have any additive effect on
osteoblast differentiation, for which further research is needed to
evaluate. Moreover, the inability of subclone 24 cells to mineralize may
not only be dependent on disruptions in mechano transduction-
associated pathways. To the best of our knowledge, this is the first
observation of apatitic production in an osteoblast cell culture on
micro patterned silicon using synchrotron XRD.

Conclusions
This study demonstrated the effect of micro patterning alone on

apatite formation in an osteoblast cell culture. Our results show that
deposition of an apatite-like material was possible without seeding the
cells onto an a priori bioceramic layer. By varying the surface
dimension of the silicon patterns, the osteogenic capacity of MC3T3-
E1 murine osteoblasts was altered. This suggests that physical
modulation of materials may be optimized to enhance the integration
of bone tissue to silicon-based orthopaedic implants.
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