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In Vitro Biocompatibility of n-Type and Undoped Silicon
Nanowires**
By Bora Garipcan [+], Sedat Odabas [+], Gokhan Demirel, Joan Burger,
Stephen S. Nonnenmann, Michael T. Coster, Eric M. Gallo, Bahram Nabet,
Jonathan E. Spanier* and Erhan Piskin*

The biocompatibility of undoped and n-type silicon nanowires (SiNWs), synthesized by metalcatalyzed chemical vapor deposition, was investigated in vitro, and compared with that for SiO2coated silicon wafers. In cell interaction studies, L929 mouse fibroblast cells were used, in which MTT
assay, AO/PI dye staining, cell proliferation/growth, and changes in cell adhesion/morphology on the
surfaces were applied and investigated. Heamocompatibility of these materials were also tested. No
significant cytotoxic effects were observed for either the undoped or for the n-type phosphorus-doped
SiNWs. The cells on the nanowires exhibit high viability, normal nuclear, and morphological structure.
They have shown no considerable negative blood response with respect to the control.

Silicon nanowires (SiNWs) have found a wide range of
applications in the field of electronics and optics due to their
unique chemical and physical properties.[1–3] The amorphous
SiOx sheath on single crystalline silicon core allows various
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chemical modifications on SiNWs that are relevant for
chemical and biological sensor applications.[4–6] Apart from
the application of SiNW-based transistors for the selective
detection of biomolecules, relatively little has been reported
on the biocompatibility of SiNWs that is necessary for
evaluating potential applications of SiNWs as a biomaterial.
SiNWs can be considered as a biomaterial because it possesses
advantages over other inorganic materials such as polycrystalline metals[7] and significantly, the degradation products of Si
nanomaterials are metabolically tolerant in vivo and are found
mainly in the form of Si(OH)4.[7,8] Nagesha et al.[7] have shown
SiNW surface under influence of an electrical bias exhibits an
interfacial behavior that promotes calcification in stimulated
plasma and have demonstrated non-cytotoxic behavior using
human kidney fibroblast cells. Popat et al.[9] have investigated
improved osteoblast performance by using controlled SiNW
structures. Also, Kim et al.[10] demonstrate in vitro proliferation of mammalian cells on SiNW surfaces. However, Qi
et al.[11] have demonstrated cytotoxic effect of SiNW suspensions on HepG2, human hepatocellular carcinoma cell line.
Tunable dopant-induced carrier transport properties of
SiNWs may allow the usage of doped SiNW nanostructures
as cell guidance and cell adhesion for neurons and osteoblasts
where electrical activity has an important role.[12–14] Also,
these structures consisting of arrays of nanowire field-effect
transistors integrated with the individual axons and dendrites
of live mammalian neurons can be used for spatially resolved,
highly sensitive detection, stimulation, and/or inhibition of
neuronal signal propagation.[13] In addition, Hällström et al.[15]
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have investigated the interaction of GaP nanowires with
mammalian neurons. On the other hand, with the increasing
interest of using these materials in the field of clinic,
researchers are also studying on in vivo biological systems.
Linsmeier et al.[16] have investigated the brain-tissue response
to nanowire implantations on rat model. In this study
the in vitro biocompatibility properties of SiNWs (both
undoped and n-type phosphorus-doped) prepared by Au
nanocluster-catalyzed chemical vapor deposition (CVD) were
investigated.
Experimental
Synthesis of Silicon Nanowires
The SiNWs were grown in a flowing precursor furnace via
Au-catalyzed CVD on Si(100) possessing a 200-nm thick SiOx
layer. Here, 20 nm diameter Au colloids (Ted Pella, USA) were
cast on poly-L-lysine-functionalized (in order to promote
adhesion of the metal colloid in part due to its electrostatic
charge and to reduce the agglomeration) SiOx-coated Si(100)
substrates, and the substrates were subsequently exposed to
flowing precursor of 10% SiH4 in H2 (50 sccm) and carrier gas
of N2 ( 50 sccm) at 500 8C under  75 Torr in a quartz tube
furnace for 5 min. The furnace temperature was then briefly
reduced to 480 8C and synthesis continued at the same
parameters for another 20 min. In selected sets of SiNWs,
introduction of phosphorus in the SiNWs as an n-type dopant
was achieved with phosphine (PH3): After synthesis of
undoped SiNWs as described above, the SiNW-coated
substrates were exposed to flowing precursor of 100 ppm
PH3 in H2 (10 sccm) and carrier gas of N2 ( 50 sccm) at 575 8C
under  75 Torr for 10 min. Finally, the post-doped SiNWcoated substrates were then annealed by increasing
the temperature to 850 8C in the presence of carrier gas of
N2 ( 50 sccm) under  75 Torr. The resulting postphosphorus-doped and plain SiNWs were characterized by
scanning electron microscopy (LEO-435 VP, England and
Amray 1850FE).
In order to confirm the incorporation of dopant within the
SiNWs, electrical contacts to randomly selected sample of
undoped and doped SiNW growth product (dispersed on
200-nm thick SiO2 film as gate oxide on a p-type Si(100)
substrate) were produced via electron-beam lithography,
thermal evaporation of an adhesion layer of Ni( 5 nm) and a
capping layer of Au ( 200 nm), and subsequent rapid thermal
annealing. Transconductance of undoped and doped SiNWs
were measured with source-drain voltages ranging from
5 V < Vsd < 5 V and gate voltages from 0 < Vg < þ25 V at
room-temperature in vacuum (Lakeshore Cryotronics TTP4).
Cellular Interactions
MTT Assay.
The cytotoxicity of the SiNWs synthesized in the previous
step was investigated by MTT assay using L929 mouse
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fibroblast cells [17]. Briefly, 1  104 cells well1 were seeded on
96-well plates containing DMEM-F12, 10% FBS and 0.5%
penicillin/streptomycin antibiotic solution. Cells were
exposed to the Si wafer and to wafers containing undoped
and doped SiNWs for  48 h at 37 8C in 5% CO2. In order to
determine the cell viability with respect to the control group
(tissue culture flask), freshly prepared 13 ml sterile MTT
solution and 100 ml fresh medium were added to each well.
Following 3 h incubation at 37 8C in 5% CO2, the medium was
discarded and 100 ml fresh acidic isopropanol (0.04 N HCL)
added to each well and mixed gently in order to solubilize the
formazan crystals. The absorbencies were measured at 570 nm
with a microplate reader (Biotek Instruments, USA).
AO/PI Dye Staining.
The assessment of the cytotoxicity by means of cell viability
was made by using two florescent dyes, namely Acridine
Orange (AO) and Propidium Iodide (PI).[18] Briefly,
5  104 cells well1 were seeded on six well plates containing
DMEM-F12, 10% FBS, and 0.5% penicillin/streptomycin
antibiotic solutions. Cells were exposed to the Si wafer, and
to the undoped and post-doped SiNWs for about 48 h at 37 8C
in 5% CO2 and the results are evaluated against control (tissue
culture flask). For the staining, the medium was discarded and
the cells were washed with sterile PBS. AO (25 mg ml1) and PI
(25 mg ml1) solutions were prepared 1:1 v/v and interacted
with the cells for 20 s. Subsequently, cells were washed with
PBS for 10 s and mounted in PBS/Glycerol 1:1 v/v. Cells were
observed under a fluorescence microscope (Olympus IX70,
Japan).
Cell Proliferation/Growth.
Cell proliferation/growth was investigated by a trypan
blue dye exclusion test in order to compare the growth of cells.
Here, 1  104 L929 mouse fibroblast cells were seeded on the
plates containing DMEM-F12, 10% FBS, and 0.5% penicillin/
streptomycin antibiotic solutions and incubated at 37 8C in 5%
CO2 up to 5 d, in which they exposed to the Si wafer, as well as
to undoped and doped SiNWs, and the results were evaluated
against the plain tissue culture flask as control.
Cell Adhesion and Morphology.
Cell adhesion and morphology on the Si wafers and on
undoped and doped SiNW-coated surfaces were investigated
by using scanning electron microscopy (SEM). Using a
procedure modified from Desai and coworkers [9], samples
were placed into six-well plates and were sterilized under
ultraviolet light in a laminar flow hood for 30 min. Cells were
seeded at a concentration at 37 8C in 5% CO2 for 24 h. Before
imaging, the cells were fixed and dehydrated on Si wafers, and
wafers containing doped, and alternately undoped SiNWs.
Surfaces were rinsed twice in PBS, and then immersed in 3%
glutaraldehyde (50% v/v, Sigma–Aldrich, USA) in PBS as a
primary fixation solution. The cells were then dehydrated
with increasing concentrations of ethanol (30, 50, 70, 90, and
100%) for 2 min in each solution. After dehydration of cells
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Heamocompatibility Tests.
Prothrombin time (PT), activated partial thromboplastin
time (APTT), and thrombin time (TT) and fibrinogen
adsorption are well-known coagulation assays to determine
the heamocompatibility of the material [19–21]. The anticoagulant activity of the Si wafer, and the undoped and doped
SiNWs were evaluated by performing these assays using a
semi-automatically START4 compact blood coagulation
analyzer (Diagnostica Stago, France). All assays were tested
using citrated human plasma from a healthy donor. PT, APTT,
TT, and fibrinogen adsorption tests were performed as the
following procedures: (i) PT test: the Si wafer, and the
undoped and doped SiNWs were incubated with 50 ml
citrated human plasma and 100 ml of prothrombin reagent
for a minute (neoplatin1CI plus, Diagnostica Stago) in a
transparent plastic tube at 37 8C; (ii) APTT test: 50 ml citrated
human plasma was incubated with the Si wafer, and the
undoped and doped SiNWs at 37 8C for 3 min. Fifty microliters
of APTT reagent (C. K. Prest, Diagnostica Stago) was added,
and the reaction mixture was incubated for another 3 min. The
reaction was initiated by adding 50 ml of 0.025 M CaCl2; (iii) TT
test: 100 ml citrated human plasma was incubated with the Si
wafer, and the undoped and doped SiNWs at 37 8C for 1 min,
followed by the initiation of the reaction by adding 100 ml
STA1Thrombin reagent; (iv) fibrinogen adsorption test: 100 ml
citrated human plasma (diluted with PBS, 1:20) was incubated
with the Si wafer, and the undoped and doped SiNWs at 37 8C
for 1 min. Fifty microliters of fibrinogen reagent (Fibri-Prest1,
Diagnostica Stago) was added, and fibrinogen adsorption was
measured in mg ml1.

introducing dopant species and selective patterning of the
doped SiNWs.[23] In our study we have applied the post-doping
method and investigated the biocompatibility of the resulting
doped SiNWs as compared with the as-grown undoped
SiNWs. Our reasons for choosing post-doping and PH3 as a
dopant gas are the following: (i) to deposit higher amount of
dopant on the outer SiOx sheath of the SiNW which actually
would interact with the surrounding environment (e.g.,
biological medium); and (ii) to evaluate the effects of elemental
phosphorus especially on the cells, which is a toxic element
itself, however a constituent of DNA, ATP, and many other
[27]
biochemical molecules in the form of phosphates (PO3
4 ).
Electronic Properties of n-doped Si Nanowires
Electronic carrier dopant type was verified and carrier
concentration doping levels was determined for the post-doped
SiNWs using room-temperature three-terminal electronic
transport measurements. Plotted in Figure 1 is a representative
family of traces of source-drain current versus source-drain
bias voltage for an electrically contacted and doped SiNW at
selected gate bias voltages (0 < Vg < þ25 V). Carrier concentration n is obtained using n ¼ 1/(remn), where r ¼ (IL/VA)1 and
where the electron mobility was found through the equation for
transconductance, dI/dV ¼ mn(C/L2). Here the capacitance
C ¼ (2peeo L)/[ln(2h/r)], and e is the relative dielectric constant
of Si; L the wire length; h the thickness of the gate SiO2 layer
(¼200 nm), and r the wire radius,[28] resulting in an estimated
value for n of 1.51  1017 cm3, and an estimated mobility of
mn ¼ 0.232 cm2 (V s)1.
Interaction with Cells
The degree of possible cytotoxicity of the SiNWs was
investigated by MTT assay and AO/PI dye staining. The data
in Figure 2 indicate that percent cell viabilities were quite high

Results and Discussion
There are a number of factors that influence the electronic
and photonic properties of SiNWs that can be controlled,
including, e.g., control of nanowire diameter and wire
morphology, crystal orientation, and impurity concentration.
Specifically, introduction of hole acceptor and/or electron
donor impurity atoms to SiNWs, resulting in p-type and
alternatively, n-type conduction, is important for applications
of SiNWs in nanoelectronics, and chemical and biochemical
detection, and sensing.[22] Doping of SiNWs can be performed
in several ways, including introduction during nanowire
growth (in situ), or following growth (post-doping).[23]
Diborane, trimethylboron, and PH3 are gaseous compounds
commonly used as dopants in a gas-phase synthesis of doped
SiNWs through the so-called vapor–liquid–solid (VLS)-CVD
method.[23–26] The post-doping process has advantages such as
flexibility in the selection of the vapor-phase precursors for
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Fig. 1. Transconductance of PH3-doped SiNW exhibiting n-type behavior. Plotted is the
source–drain current as a function of source–drain bias, at selected values of gate bias
voltage (0 < Vg < þ25 V). The inset is a scanning electron micrograph image of the
electrically contacted nanowire traversing an insulating gap between two Au contacts.
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with ethanol, the cells were dried and immersed in
hexamethyldisilazane solution (Sigma–Aldrich, USA) for
5 min. The hexamethyldisilazane was removed, and the
samples were air dried for 5 min. Samples were sputter-coated
with gold and SEM imaging was performed on the LEO-435
VP SEM (UK).
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Fig. 4. Cell (i.e., L929 mouse fibroblasts) proliferation/growth on the control (tissue
culture flask), silicon wafer, on undoped, and n-type doped SiNW-coated substrates.

Fig. 2. Results of the MTT assay: Cell viabilities on the Si wafer, undoped, and n-type
doped SiNW-coated substrates after 48 h exposure.

Cell proliferation and growth was also examined in which
L929 mouse fibroblast cells were allow to proliferate/grow on
the test materials for up to 5 d. Changes of the cell counts in
on all surfaces comparing to the control, in which the exposure
time on these surfaces are shown in Figure 4. We note that
time was 48 h. The highest viability was observed for the Si
there were no significant adverse effects observed on the cells,
wafer, which was about 92%. Percent viabilities for the
and cells in all groups exhibited similar healthy proliferation
undoped and doped SiNWs were somewhat lower, at 80.04
patterns. We also note that slow proliferation rates because of
and 81.10%, respectively.
insufficient free space or nutrients during the incubation are
In the AO/PI dye staining assay a mixture of AO and PI
also an expected result when we compare Tissue culture flask
were used. Note that AO is a nucleic acid selective
as control with Nanowire surfaces.
metachromatic stain useful for cell cycle determination and
Morphological differences of cells on the Si wafer, and
interacts with DNA and RNA by intercalation or electrostatic
undoped and doped SiNW surfaces were studied by SEM.
attraction, respectively. PI also binds DNA and the RNA by
Selected representative micrographs are presented in Figure 5.
intercalation. Both dyes have fluorescence and can be
On the Si wafer surface, cells tend to spread on the smooth
observed under fluorescein and rhodamine filters. Represenwafer surface and started to produce lamellae and numerous
tative images of the cells on the surfaces after 48 h of exposure
filopodia to adhere to the surface [Fig. 5(a)][29] On the
are shown in Figure 3. No significant cytotoxic features were
observed and almost all cells have a normal nuclear
undoped SiNW surfaces, cells have shown normal fibroblastic
morphology on the control and the materials that investigated
morphology and adherence [Fig. 5(b)]. On the surface coated
here (i.e., Si wafer, and undoped and doped SiNWs).
with doped SiNWs, cells are seen to have started to spread and
possess a more flattened morphology as
compared with those on the undoped SiNW
surface [Fig. 5(c)]. However, cells were still
attaching to the surface by producing filopodia. The increased charge density of the
doped SiNWs may result in instability of the
charge distribution of the cell surface,
thereby altering the morphology of the cells
during adhesion.[22] Another factor is the
influence of random topographies during the
nanowire growth process.[30] Each SiNWcoated surface has randomly located nanowires and nanowire ensembles were prepared without precise control of nanowire
diameters or their orientation with respect to
the substrate. However, differences in the
morphology of cells grown on surfaces
possessing n-type doped SiNWs as compared with undoped SiNWs suggest that
subtle differences, the different surface
Fig. 3. Representative pictures of AO/PI dye stained of L929 mouse fibroblasts after 48 h exposure: (A) on the
chemistry, and/or increased charged density
control; (B) on the silicon wafer; (C) on the undoped SiNWs; (D) on the n-type doped SiNWs.
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Fig. 5. Representative SEM images showing adhesion and morphology of L929 mouse fibroblasts: (A) Si wafer; (B) undoped SiNWs; (C) n-type SiNWs; (D) Effects of nanowire
density on undoped SiNW surface (lower magnification); (E) Effect of nanowire density on undoped SiNW surface (higher magnification); (F) Interaction of n-type doped SiNWs
with Fibroblast’s filopodia.

can play an important role in controlling the nature of cell
growth.
The effect of SiNW number density can be seen by the cell
growth in a region where SiNWs have been dislodged and
removed. This is obtained by scratching the substrate prior to
and following the synthesis of the undoped SiNWs, resulting
in higher and lower SiNW number densities, respectively,
compared with the unscratched area (the rest of the substrate).
Due to the increased number of interaction points with cells on
high density areas, cells attached on the SiNW surface
throughout their filopodia and kept their fibroblastic morphology. However, on the areas having a lower density of
SiNWs, cells tended to spread more easily and possess
more flattened morphologies [Fig. 5(d) and (e)]. On the
nanotopographic surface of the doped SiNW surface, strong
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interactions between nanowires and the cell’s filopodia were
observed clearly in Figure 5(f).
Heamocompatibility
Fibrinogen adsorption, APTT, PT, and TT tests were widely
used coagulation assays to determine the heamocompatibility
of materials.[20,21] In this study, summarized in Table 1, these
tests were performed to demonstrate the heamocompatibility
of the undoped and doped SiNWs, where the bare Si wafer
was also used for comparison. Note that coagulation times
give the information about the heamocompatibility through
intrinsic and extrinsic coagulation pathways.[31] As seen in
Table 1, Si wafer and SiNWs have slightly higher coagulation
times from the control.
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Table 1. Heamocompatibility of the Si wafer, undoped, and doped SiNW-coated substrates

Control[a]
Si Wafer
Undoped SiNWs
n-type doped SiNWs

PT [s]

ATTP [s]

TT [s]

Fibrinogen
[mg ml1])

18.4  0.2
18.8  0.4
19.2  0.3
19.0  0.3

53.0  0.5
55.0  0.4
56.4  0.5
53.5  0.3

15.0  0.3
15.9  0.2
14.4  0.4
15.4  0.2

325.4  0.8
16.8  0.3[b]
14.1  0.3[b]
16.1  0.4[b]

considered as potential materials for biomedical applications,
and that introduction of dopants, altering surface chemistry,
and/or charge density may confer additional control in the
growth and morphology of cells.
Received: November 5, 2009
Final Version: July 23, 2010

[a] Control: Tissue culture polystyrene flask.
[b] The amount of fibrinogen adsorbed on the substrates.

Fibrinogen adsorption onto biomaterials surface is
believed to play a major role in determining the heamocompatibility of the interested material because of its role in
coagulation, and its ability to promote platelet adhesion.[32,33]
Adsorption of fibrinogen from the blood is known to
accelerate platelet adhesion and formation of thrombosis on
foreign surfaces which show low binding amounts for
fibrinogen are more biocompatible.[34–36] According to our
results, the silicon wafer, the undoped, and the doped SiNWs
have quite low fibrinogen adsorption values, demonstrating
that they are quite heamocompatible. We note that on the
fibrinogen column, first line is the amount of free fibrinogen in
the plasma and others indicate the amount of adsorbed
fibrinogen on the Si wafer, the undoped, and doped SiNW
surfaces.
Conclusions
Silicon nanowires have found a wide range of applications
in the field of electronics and optics due to their unique
properties. Recently, researchers have started to attempt using
these novel materials in biomedical applications, which
brought questions about the biocompatibility concerns in
sight. Here, in this study we synthesized SiNWs (both
undoped and doped, following growth) and investigated their
biocompatibilities in vitro by a series of tests. We tested also Si
wafer as a substrate with a similar chemical composition for
comparison. For the cell–material interaction studies, L929
mouse fibroblast cells were used and we investigated MTT
viability, cell proliferation, AO/PI dye staining, and cell
adhesion and morphology. The cells exhibited a very high
viability and no significant cytotoxic features were observed
as well as the control. The cells also showed relatively high
fibroblastic morphology changes on the doped SiNW surface
when compared to undoped SiNW surface. However, this
morphological change does not adversely affect the viability,
proliferation, and adhesion of the cells. Classical coagulation
assays were performed to determine the preliminary heamocompatibility study of the doped and undoped SiNW
surfaces. Surfaces have demonstrated no considerable negative blood response with respect to control group and have
low fibrinogen adsorption properties. According these in vitro
biocompatibility test results, we conclude that SiNWs may be
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