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In this study, silicon nanowire (SiNW)/polycaprolactone composites with different surface
topographies were fabricated by straightforward embedding or printing methods and their
cytocompatibility was evaluated with a bone-relevant cell line derived from mouse stroma. The
incorporation of biocompatible polymers with semiconducting SiNWs can ideally provide an
enhanced environment to support proliferation and differentiation functions of bone cells.
Cell/composite interactions were assessed with suitable assays including viability and alkaline
phosphatase activity, while scanning electron microscopy characterization was used to study the
morphology of cells grown on composites. Such results suggest that for nanowires in a vertical
array, the presence of the polymer improves cellular attachment and overall viability relative
to the nanowire-only system.

I. INTRODUCTION

In the nanoscale regime, cell properties—viability,
proliferation, differentiation—have been sensitive to sur-
face topography of the biomaterial scaffold, as exemplified
in the case of nanoposts,1 nanotubes,2 and nanoislands.3

For the particular case of bone-related functions, it is
widely accepted that an ideal orthopedic biomaterial
must possess suitable surface features to allow the initial
attachment and osteogenic differentiation of osteoproge-
nitor cells in vitro and in vivo.4 Surface composition and
associated energetics are also critical to ultimate tissue
engineering functions.5,6

Silicon nanowires (SiNWs) are an intriguing candidate
as a component in such structures, given their proper-
ties emerging from fundamental studies relevant to
biosensors,7,8 photonics,9 and field-effect transistors.10

More recently, considerable experiments have been under-
taken to evaluate the role of SiNWs in affecting cellular
functions or delivering biomolecules into cells,11–15 in-
cluding the role of surface chemistry.16 Early work from
our group suggested that SiNWs are cytocompatible (to
fibroblasts),17 readily functionalized to accommodate acel-
lular calcification (through a calcium ion seed layer), with
more recent studies demonstrating that sensitive changes
in surface chemistry strongly influence the extent of
proliferation of bone precursor cells.18 Taking into
account the fact that silicon has a major contributor to

bone growth and early stages of mineralization,19,20 we
hypothesized that the integration of SiNWs in the devel-
opment of novel composite biomaterials could provide
a suitable environment to support bone cell functions
and bone growth, thereby being potentially useful in bone
tissue engineering applications.
Generally, a desirable tissue engineering scaffold

should be adaptable to irregular wound sites.21 Given
the fact that SiNWs are usually grown on rigid and bioinert
substrates (such as silicon wafers), the fabrication of
SiNW devices on flexible and bioactive substrates is
necessary for the manipulation of nanowire devices in
a physiological environment. Recently, several approaches
emerged to fabricate nanowire devices on flexible sub-
strates. One strategy is referred to as the wet transfer
method, in which single-crystalline nanowires were pre-
pared and cast from solution onto plastic materials.22 This
method, however, is primarily used to fabricate two-
dimensional devices for high-performance electronics
such as SiNW-based transistors.23 The other approach
is referred to as the dry transfer method involving the
relocation of SiNWs from original substrates to flexible
substrates using poly(dimethylsiloxane) stamps or soluble
glues.24 Dry transfer has been used to prepare a variety
of semiconductor nanowire devices onto plastics,25,26

although these techniques generally involve complicated
fabrication processes and their evaluation in a biological
environment have not been reported.
In this approach, we begin with a baseline study to

establish (i) the cytocompatibility of such composites,
(ii) the role of nanowire orientation on the in vitro prop-
erties of these materials, and (iii) the ability of the
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as-formed nanowire composites to impact cellular differ-
entiation. For this purpose, SiNW/polycaprolactone (PCL)
composites with different topographies were fabricated
using two techniques. The first method, referred to as an
embedding method, produces scaffolds with a horizontal
network of nanowires embedded in a polymeric matrix.
The second method, referred to as a printing method,
generates a vertical nanowire array inserted in polymer
substrates. PCL is selected as a substrate due to its slow
degradation rate that is likely required for bone regener-
ation.27 Such a composite material, therefore, is a promising
candidate for implantable devices if a long-term therapeutic
presence is desired.

In terms of experiments performed, the acellular
calcification of calcium-seeded composites was investi-
gated by immersion in simulated body fluid (SBF) at
physiological temperature. To test the biocompatibility of
these fabricated composite materials in vitro, mouse
stromal cells (MSCs) were used to investigate the ability
of different types of SiNW/PCL composites to support
proliferation and differentiation of bone precursor cells.
MSCs are derived from bone marrow and capable of
differentiation into osteoblasts, chondrocytes, and adipo-
cytes under the appropriate stimulus and environment.28

Furthermore, realizing that cell attachment and spread-
ing on a biomaterial are essential for regulating cell func-
tions, scanning electron microscopy (SEM) imaging was
used to evaluate the morphology of MSCs attached to
SiNW/PCL composites.

II. EXPERIMENTAL

A. Synthesis of SiNWs

SiNWs were prepared by either a vapor–liquid–solid
(VLS) method,17 using gold as the catalyst and dilute silane
(SiH4) as silicon source, or an oxide-assisted VLS route,29

using silicon monoxide as the precursor. Briefly, a Si
wafer was cut into 7 � 10 mm pieces and coated with
a 20-nm-thick layer of Au by radio frequency sputtering.
In the VLS growth method, Au-coated substrates were
heated to 600 °C and kept at this temperature for 1 h under
helium (as carrier gas) at a flow rate of 300 standard cubic
centimeters per minute (sccm). Diluted SiH4 (0.5% in He,
Voltaix, LLC, Branchburg, NJ) was then introduced into
the reactor at a flow rate of 40 sccm for 20 min. In the
oxide-assisted VLS growth method, 150 mg of SiO (Alfa
Aesar, Ward Hill, MA) powder was loaded into an
alumina boat located in the middle region of a tube fur-
nace, with the Au-coated substrate located downstream
at the edge of the tube furnace. A constant He flow of
40 sccm was introduced as an inert transport gas. The SiO
was then heated to 1125 °C and kept at this temperature for
5 h, while the temperature of the growth region for the
SiNWs is measured to be ;900 °C.

B. Fabrication of SiNW/PCL composites

Figure 1 shows a schematic illustration of the basic
steps associated with the embedding and printing fabrica-
tion methods.

C. Printing method

SiNWs synthesized by the VLS method were used
to fabricate composites by the printing method. A PCL
(60 kDa, Aldrich, St. Louis, MO) platelet with a thickness
of 0.2 mm was heated in the oven at 110 °C until the PCL
platelet became transparent. Meanwhile, SiNWs (on a Si
substrate) were heated at 110 °C for 30 min. Both PCL and
SiNWs were then allowed to cool down in air simulta-
neously until the transparent PCL platelet just started to
become opaque. The PCL film was then placed on top of
the SiNWs and peeled off from it after cooling.

D. Embedding method

SiNWs used in this method were synthesized by
the oxide-assisted VLS route. One piece of a PCL film
(1 � 1 cm) with thickness of 0.07 mmwas placed on top of
a SiNW sample and 0.5 mL of chloroform was dropped
on top of a PCL film at a rate of 1 drop per 2 s. After
the complete evaporation of chloroform, another piece of
PCL film was added and etched with the same amount
of chloroform again at the same dropping rate. In total, up
to four pieces of PCL film (per SiNW/Si substrate sample)
were incorporated with SiNWs by this method.

E. Acellular calcification assay of
SiNW/PCL composites

Calcification assays of SiNW/PCL composites were
carried out by an electrochemical method reported pre-
viously.17,18 Briefly, SiNWs were seeded with Ca21 by a
cathodic bias process in SBF as the electrolyte. SBF is
composed of ions commonly present in plasma, without the
serum proteins. The SBF solution contained the following
salt concentrations: CaCl2, 2.5 mM; Na2SO4, 0.5 mM;
NaCl, 135.8mM;KCl, 4.0mM;MgCl2, 1.5mM;NaHCO3,
4.2 mM; K2HPO4, 1.0 mM. The pH value of SBF was
adjusted to be 7.25–7.35 by Trizma base and 0.7 M HCl
solution. The applied current density was 5 mA/cm2 and
the bias duration was 120 min. After bias, SiNWs were
incorporated with PCL by either the printing method or
the embedding method. The SiNW/PCL composites were
then soaked in SBF at 37 °C for 6 wk. In control experi-
ments, as-prepared SiNWswithout being seeded with Ca21

ions were incorporated with PCL by embedding/printing
methods and soaked in SBF at 37 °C afterward.

F. Attachment of MSCs on SiNW/PCL composites

Prior to cell attachment experiments, SiNW/PCL
composites were soaked in 70% ethanol for 24 h,
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followed by immersion in sterilized deionized water for
5 min. After drying, samples were further sterilized by
exposure to ultraviolet light for 2 h. MSCs (D1-ORL-
UVA, ATCC number CRL-12424) were seeded at
a density of 35,000 cells or 10,000 cells onto each
composite prepared by the embedding method or the
printing method, respectively, in 12-well cell culture
plates. The cells were fed every 3 days using complete
growth medium [Eagle’s minimal essential medium
(DMEM), 10% Fetal Bovine Serum, 1% Penicillin/Strep-
tomycin]. Cell attachment was characterized by SEM
imaging (JEOL JSM-6100, Tokyo, Japan) after being
cultured for 7 days. SiNWs grown on Si wafers by either
the VLS method or the oxide-assisted VLS route were
used as controls.

Before SEM characterization, samples were washed by
phosphate buffered saline (PBS) to remove the dead cells
before fixation. The fixative was prepared by mixing 30 mL
of 8% glutaraldehyde, 30 mL of 6% paraformaldehyde,
and 30 mL of phosphate buffered solution, which was
prepared by mixing 19 mL of 0.2 M NaH2PO4 solution
and 81 mL of 0.2 M Na2HPO4 solution and diluting to
200 mL with DI water. Composites were then soaked in
the fixative for 2 h at room temperature and dehydrated
by passing through a series of ethanol solutions with
increasing concentrations (30%, 50%, 70%, 85%, 95%,
and 100%) and then two more portions of 100% alcohol,
followed by soaking in pure hexamethyldisilazane over-
night. After air drying, the dehydrated samples were
sputter-coated with a 20-nm-thick gold layer before
SEM characterization.

G. Viability assays

The viability of MSCs was studied by a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT, Sigma, St. Louis, MO) assay in the
presence of SiNW/PCL composites. SiNWs were used
as controls. After sterilization of composites, 10,000
MSCs were cultured on each sample in 12-well cell
culture plates and 1 mL of complete growth medium
was added into each well. At designated time points (3, 5,
and 7 days), growth medium was aspirated from each well,
followed by rinsing with 1 mL sterilized PBS. 0.5 mL of
MTT working solution (1 mg/mL) in serum-free medium
(DMEM) was added to each cell culture well. The cell
culture plate was incubated at 37 °C, 5%CO2 for 4 h. After
removal of supernatant, 1 mL of dimethyl sulfoxide
(DMSO) was added into each well and allowed to dissolve
the precipitate for 5 min. After a 10-fold dilution with DI
water, the optical density of each solution was measured by
a spectrophotometer (Beckman, DU-64, Brea, CA) at
a wave length of 540 nm. Pure DMSO was used as the
blank. The experiments were performed in triplicate.

H. Alkaline phosphatase assays

The differentiation of MSCs was measured by quan-
tifying the alkaline phosphatase (ALP) activity of cells
cultured on SiNW/PCL composites. SiNWs were used as
controls. After sterilization of the selected materials,
MSCs were plated onto the composites in a 12-well cell
culture plate at a density of 10,000 cells/well. The MSCs
cultured in all wells were fed with complete growth

FIG. 1. Schematic illustration of (a) Printing and (b) Embedding methods for SiNW/PCL composite structures.
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medium on day 0. Half of the wells for each type of
samples were then switched to differentiation medium on
day 1, and the cells in the other half of the wells were
continued to be fed by complete growth medium. The
differentiation medium was DMEM supplemented with
10 mM b-glycerol phosphate, 0.05 mM ascorbic acid
2-phosphate, 100 nM dexamethasone, 10% fetal bovine
serum (FBS), and 1% penicillin/streptomycin. At the
designated time point, the medium was aspirated and
1 mL PBS was added into each well to wash the cells. A
volume of 500 lL lysis buffer (5 mMMgCl2, 1% Triton in
DI water) was added to each cell culture well before being
placed onto a shaker on ice for 10 min. p-nitrophenyl
phosphate (pNPP) solution (1 mg/mL) was prepared by
dissolving one pNPP tablet and one Tris buffer tablet from
a pNPP kit (Sigma-Aldrich, St. Louis, MO) into 20 mL of
DI water. 100 lL of such solution was added to 80 lL
lysate and stirred via vortex mixing. The solution was then
incubated in a water bath at 37 °C for 2 h. 100 lL of 0.2 M
NaOH solution was added into the incubated solution to
stop the reaction. The solution was mixed again with
vortex mixing followed by measuring the absorbance at
405 nm spectrophotometrically. DI water was used as a
blank. The experiments were performed in triplicate.

III. RESULTS AND DISCUSSION

A. Morphology of SiNWs and SiNW/PCL
composites

Under the conditions utilized, SiNWs prepared by a
VLS method with silane as the Si source have an average
diameter of 166 6 48 nm [Fig. S1(a)], as evaluated by
SEM imaging [Fig. 2(a)]. This type of SiNWs is suitable

for making composites by the printing method since most
nanowires have one end exposed and can easily be
inserted into another soft substrate through that exposed
end. On the other hand, the oxide-assisted VLS route
generates SiNWs of a dense, curved, entangled morphol-
ogy [Fig. 2(b)] with an average diameter of 85 6 21 nm
[Fig. S1(b)]. It is challenging for this latter type of
nanowire to be inserted vertically into a polymer sub-
strate and thus is better suited for making horizontal NW
arrays by the embedding method. The morphology of
SiNW/PCL composites fabricated by the printing method
is shown in Fig. 2(c). Most SiNWs (with lengths up to tens
of micrometers) are vertically aligned on the PCL platelet
due to the nature of this printing transfer method. In
contrast, composites fabricated by the embedding method
consist of a web-like morphology of PCL and horizontally
aligned SiNW bundles at the bottom of the open areas of
the film [Fig. 2(d)]. A layer of SiNW/PCL composites can
be peeled off from the underlying silicon wafer to form
a freestanding composite material (see Supplementary
Material).

B. Acellular calcification of SiNW/PCL composites

As shown in Fig. 3, calcium-seeded SiNWs induced sig-
nificant calcification on both types of SiNW/PCL compo-
sites (printing and embedding methods) after soaking in
SBF at 37 °C for 6 wk. The surfaces of SiNW/PCL
composites are fully covered by a thick layer of calcium
phosphate, which is confirmed by the energy-dispersive
spectroscopy analysis. In control experiments, non-Ca21-
seeded SiNWs did not induce the growth of detectable
amounts of calcium phosphate on SiNW/PCL composites
(data not shown). Such observations are consistent with
earlier measurements on the individual components, the
as-prepared SiNWs as well as the PCL substrate. As in the
case of the SiNWs, it is necessary to form initial calcium
phosphate nucleation sites on a given nanowire surface
via a brief cathodic bias step in the presence of a dilute
aqueous solution of Ca21 to induce the uniform formation
of the target calcified phase.17 Nevertheless, as expected,
extensive calcification takes place throughout the exposed
surface of the composite.

C. Attachment of MSC on SiNW/PCL composites

Figure 4 shows the morphology of MSCs after being
cultured for 7 days on selected materials. When cultured
on SiNWs alone synthesized by either VLS or oxide-
assisted VLS methods, MSCs showed a rounded shape
and restricted spreading [Figs. 4(a) and 4(b)]. In contrast,
MSCs on SiNW/PCL composites fabricated by the em-
bedding method showed elongated shapes with multiple
filopodia stretching out and attaching to the composite
underneath [Fig. 4(c)]. For MSCs grown on SiNW/PCL
composites fabricated by the printing method [Fig. 4(d)],
the penetration of SiNWs through cells is clearly visible.

FIG. 2. (a) SiNWs synthesized by the VLS method; (b) SiNWs
synthesized by the oxide-assisted VLS method; (c) SiNW/PCL compo-
sites fabricated by the printing method; and (d) SiNW/PCL composites
fabricated by the embedding method.
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The shape of the cell was distorted and apparently affected
by the presence of the surrounding SiNWs. It should also
be pointed out that in the case of composites prepared by
the embedding method, long-range alignment of cells is
observed upon extended periods of exposure (3 wk) (see
Supplementary Material).

Attachment of cells on these materials likely takes
place through formation of specialized supramolecular
protein complexes called focal adhesions.30 Such adhesions
not only serve as the mechanical linkages to the surface
of biomaterial but also as a biochemical signaling hub
to concentrate and direct numerous signaling proteins
at sites of integrin binding and clustering. Variations
in nanoscale topography of the substrate can modulate
adhesion assembly,31–33 resulting in the regulation of cell
behavior by altering signaling pathways.30 In our experi-
ments, SiNWs with no PCL content greatly restricted
the cell spreading, due presumably to a lack of focal ad-
hesion and filopodia formation, thereby limiting MSC
attachment and migration. It would appear that the poly-
mer material fused with SiNWs provides a necessary
basement for cells to attach and migrate.

While embedded SiNWs in a PCL matrix can (not
surprisingly) successfully support cell adhesion and
spreading, vertically aligned SiNWs on flat PCL sub-
strates can also support cell growth without inducing
significant cell death by penetration. These results are
consistent with those reported previously by Yang et al.,34

who showed that the engulfment of vertically oriented
SiNWs (on Si surfaces) by cells did not induce cell death;
rather DNA immobilized on SiNWs could be delivered
into cells with the nanowire acting as a vector. Other
studies have shown that vertical SiNWs can be used to
guide neuronal progenitor growth, knock down transcript
levels, inhibit apoptosis, and introduce targeted proteins

to specific organelles by impaling and delivering biomo-
lecules into living cells.35

D. Viability of MSCs on SiNW/PCL composites

The viability of MSCs on SiNW/PCL composites was
investigated by the MTT assay, a simple and accurate
colorimetric assay for measuring cell viability in vitro.36

As shown in Fig. 5, cells grown on SiNW/PCL composites
exhibited increased viabilities as the culturing time
increases. The viability of MSCs on SiNW/PCL compo-
sites is higher than those grown on SiNW surfaces, with

FIG. 3. (a) Calcification of SiNW/PCL composite fabricated by the printing method; (b) calcification of SiNW/PCL composite fabricated by the
embedding method. SiNWs were coated with Ca21 seeds by a cathodic bias process for 120 min at a current density of 5 mA/cm2. Composites with
Ca21-seeded SiNWs were soaked in SBF at 37 °C for 6 wk under zero bias. Insets show the energy dispersive x-ray spectroscopy (EDX) spectra,
confirming the presence of calcium and phosphorous.

FIG. 4. SEM images of MSCs cultured on (a) SiNWs synthesized by
the oxide-assisted VLS method; (b) SiNWs synthesized by the VLS
method; (c) SiNW/PCL composite fabricated by the embedding
method; (d) SiNW/PCL composite fabricated by the printing method.
Scale bar 5 20 lm.
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composites fabricated by the printing method exhibiting
a higher viability than those grown on composites fabri-
cated by the embedding method.

The observed lowest viability of cells cultured on
SiNW surfaces is consistent with cell attachment experi-
ments in which stromal cells generally showed rounded
shapes as a sign of their unhealthy status. It is unclear that
why MSCs grown on the vertical SiNWs exhibit higher
viability than those grown on horizontal SiNW/PCL
surfaces. As reported previously, the transcript levels of
five common housekeeping genes of HeLa S3 cells and
human fibroblasts cultured on vertical SiNWs are similar
to those in cells cultured on multiwell plates, indicating
that perturbations of cell growth induced by vertical
SiNWs might be negligible.35 Although the observed
deviations might be attributed to a cell-dependent manner
or high sensitivity of cells to changes of external surface
features, details of cell physiology response to nanowire
penetration are a topic of future investigation.

E. Differentiation of MSC on SiNW/PCL
composites

Osteogenic differentiation of MSCs cultured on
SiNW/PCL composites was assessed by an analysis of
ALP activity.37 As shown in Fig. 6, the ALP activity of
MSCs cultured on SiNW/PCL composites increased
steadily with increasing culturing time, and there is a
small but statistically insignificant greater level of ALP
expression for stromal cells interacting with SiNW/PCL
composites prepared by the printing method. Based on
chemical similarities between platforms, similar differen-
tiation behavior is anticipated.

In the future, additional refinement of differentiation
behavior in these nanowire composites can possibly be

achieved by additional chemical modifications such as
coupling of synthetic biomimetic peptides38 or bone
morphogenetic protein39–41 onto composite surfaces.

IV. CONCLUSIONS

The results described above clearly demonstrate
straightforward routes to the fabrication of SiNW/PCL
composites with either horizontally or vertically aligned
SiNW arrays, which provides opportunities for the facile
generation of composite nanoscale biomaterials for pos-
sible tissue engineering applications. Acellular calcifica-
tion, along with stromal cell attachment and proliferation,
is readily observed in such composites. Future opportu-
nities will likely entail more detailed studies on the impact
of chemical modification on the cell specific in vitro re-
sponse, as well as fabrication of three-dimensional com-
posite scaffolds with appropriate porosities and mechanical
characteristics.
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