
Notes

Notes Bull. Korean Chem. Soc. 2006, Vol. 27, No. 1     111

Chemical Modification of Si Nanowires for Bioconjugation

Woo Kyung Cho, Young Hwan Jung, Kyung-Bok Lee, Hyung Ju Park, 

Yongseong Kim,† Dongmok Whang,‡,* and Insung S. Choi*

Department of Chemistry, KAIST, Daejeon 305-701, Korea. *E-mail: ischoi@kaist.ac.kr
†Division of Chemistry and Chemical Engineering, Kyungnam University, Masan, Gyeongnam 631-701, Korea
‡School of Advanced Materials Science and Engineering, Sungkyungkwan University, Suwon 440-746, Korea

Received October 4, 2005

Key Words : Si nanowires, Surface modification, Self-assembled monolayers, Biotinylation, Biotin-streptavi-

din interactions

One-dimensional nanomaterials, such as nanotubes and

nanowires, have been investigated in detail for numerous

applications due to their extraordinary optical, mechanical,

and electrical properties.1 In the context of both processing

and properties of nanowires (NWs), a detailed understanding

of their surface chemistry is required to meet the techno-

logical applications of NWs. For example, the chemical and

electronic stability of the surface of NWs is particularly

important for applications including nanowire-based logic

elements and chemical and biological sensors, which require

direct interfacing with their surrounding environment.2

While there have been many efforts to chemical modifi-

cations of carbon nanotubes,3 there have been a few reports

on chemical modifications of NWs.4

Silicon nanowires (SiNWs) have recently attracted a great

deal of attention because silicon (Si) is of technological

importance in microelectronics. Many successful synthetic

strategies have now been developed to obtain bulk quantities

of SiNWs using both gas-phase and condensed-phase

techniques5 with or without metal catalysts. The chemical

nature of the Si surface has also been studied in detail. Si

forms a very stable oxide and can be chemically passivated

with a number of organic species. The reaction mechanisms

have extensively been investigated for solution-phase and

vapor-phase oxidation, metallization, nitridation, and organic

monolayer-based passivation of both Si surfaces of single-

crystal substrates and surfaces of porous Si.6 Therefore,

SiNWs are a very good candidate for studying chemical

modifications of NW surfaces, and in this Note we report the

chemical modification of SiNWs by a combination of the

formation of covalently bonded, organic monolayers on the

surface of SiNWs and successive surface organic reactions.

Boron-doped, single-crystal SiNWs were synthesized by

gold nanocluster-catalyzed chemical vapor deposition with

SiH4/B2H6 (1000 : 1 or 4000 : 1) as a vapor-phase reactant

by following the reported procedure.5e The average diameter

of SiNWs was ~40 nm and the length of SiNWs was 3-6 μm

(Figure 1). The gradual bending of SiNWs may be due to

elastic strains on the very small diameter of the wires.

Figure 1. FE-SEM image of synthesized boron-doped Si nano-
wires.

Scheme 1. Surface modification of boron-doped Si nanowires
(SiNWs).
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Scheme 1 briefly depicts our approach to the chemical

modification of the surface of SiNWs. We applied the

“common intermediate method”7 to chemically modify SiNWs

because the method enables us to introduce functionalities

onto SiNWs without any cumbersome synthesis of com-

pounds of interest. Self-assembled monolayers (SAMs) of

10-undecenyl trichlorosilane were formed on the surface of

SiNWs. The terminal vinyl groups on the surface of SiNWs

were oxidized to carboxylic acid groups by KMnO4, K2CO3,

and NaIO3.
8 The carboxylic acid groups were then activated

with N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide

hydrochloride (EDC) and pentafluorophenol (PFP).9 The

formation of the SAMs on SiNWs and the successive

reactions were confirmed by polarized infrared external

reflectance spectroscopy (PIERS). The IR spectrum of the

vinyl-terminated SAMs of 10-undecenyl trichlorosilane

showed characteristic peaks at 3078 cm−1 (=C-H stretching)

and 1639 cm−1 (C=C stretching) (Figure 2a). After the

oxidation of the terminal vinyl groups to carboxylic acid

groups, the IR peaks from the vinyl groups disappeared and

a new peak from C=O stretching was observed at 1718 cm−1

(Figure 2b). The successful PFP-activation was confirmed

by characteristic IR peaks at 1650 cm−1 and 1523 cm−1

(benzene ring, C=C stretching; Figure 2c). After the PFP

activation, any molecules with amine functional groups can

be anchored onto the surface of SiNWs through an amide

bond. Because our ultimate goal of the study was to achieve

bio-inspired, directed assembly of electronic nanocircuits

made of semiconductor NWs and to construct electronic

devices or biological sensors, we selected amine-containing

biotin as a model of amine compounds in order to investi-

gate the feasibility of our approach to bioconjugation. In

addition, the biotin-(strept)avidin interactions were recently

utilized to make the connection between metal gold nano-

rods or nanowires.10 To attach a biotin moiety onto SiNWs,

the PFP-activated SiNWs were immersed in an ethanol

solution of (+)-biotinyl-3,6,9-trioxaundecanediamine (“bio-

tin-amine”)8d,9,11 for 30 min and washed thoroughly with

ethanol several times. After the attachment of biotin-amine,

we observed new IR peaks from N-H bending (1547 cm−1)

and C=O stretching (1650 cm−1 and 1701 cm−1) (Figure 2d).

The stretching mode of C=O amide bond of alkyl chains was

shown at 1650 cm−1.

The chemical modification and subsequent attachment of

biotin onto SiNWs was also verified by fluorescence con-

focal microscopy after a complexation of the biotin-attached

SiNWs with rhodamine (TRITC)-conjugated streptavidin.

The biotin-avidin interactions are one of the strongest

biological interactions (KD = 10−15 M−1) and stable over a

broad range of pH. Streptavidin has two pairs of binding

sites on opposite sides, and therefore the multivalency of

streptavidin could be used for the directed assembly of

SiNWs in solution as well as the directed deposition of

SiNWs on biotin-functionalized surfaces. We functionalized

“as grown” SiNWs on a silicon wafer without detachment of

SiNWs from the wafer (see the Experimental Section): when

we detached SiNWs from the wafer and then functionalized

free-standing SiNWs in solution, the sonication processes

greatly shortened SiNWs. In addition, SiNWs had a ten-

dency for aggregation in aqueous phase. After the modifi-

cation, SiNWs were washed with phosphate-buffered saline

(PBS, pH 7.4) containing 0.1% (w/v) bovine serum albumin

(BSA) and 0.02% (v/v) Tween 20 in order to minimize non-

biospecific adsorption of streptavidin, and complexed with

TRITC-conjugated streptavidin in PBS containing BSA and

Tween 20 for 1 h. Figures 3a and b show the fluorescence

and optical micrographs of SiNWs before and after the

complexation with TRITC-conjugated streptavidin, respec-

tively. We did not observe any fluorescence from the biotin-

attached SiNWs before the complexation (Figure 3a), but

observed a clear red fluorescence after the complexation

(Figure 3b), which clearly confirms the successful attach-

ment of biotin onto SiNWs.12

Figure 2. PIERS spectra of SiNWs at each step: (a) formation of
SAMs of 10-undecenyl trichlorosilane, (b) oxidation to carboxylic
acid groups, (c) PFP activation, and (d) amide coupling with biotin-
amine.
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Although we used BSA and Tween 20 to minimize the

non-biospecific adsorption of streptavidin, we did not con-

firm that the observed red fluorescence resulted from

biospecific interactions between biotin and streptavidin. To

prove that the red fluorescence was derived from the specific

biotin-streptavidin interactions, a control experiment was

performed: TRITC-conjugated streptavidin was pre-saturat-

ed with soluble biotin and hence the binding sites of the

streptavidin were blocked. The biotin-attached SiNWs were

then immersed in a PBS solution containing the pre-treated

streptavidin. We did not observe any red fluorescene from

the SiNWs (Figure 3c). Therefore, we believe that the

observed red florescence resulted from the specific biotin-

streptavidin interactions.

In summary, we demonstrated that SiNWs were chemi-

cally modified to present biologically active biotin, using a

combination of the formation of vinyl-terminated SAMs on

SiNWs and the successive surface reactions. The procedure

described herein could be generalized to the attachment of

other biologically active molecules onto SiNWs (“bioconju-

gation”), and the control over surface chemistry of SiNWs

for bioconjugation would be a key requirement for many

applications, such as nano-electronic devices, biological

sensors, and nanoscale superstructures.

Experimental Section

Materials. 10-Undecenyl trichlorosilane (Gelest, Inc.),

absolute toluene (99.9%, Merck), potassium permanganate

(KMnO4, 99+%, Aldrich), sodium periodate (NaIO4, 99%,

Aldrich), potassium carbonate (K2CO3, 99+%, Aldrich),

sodium hydrogensulfite (NaHSO3, A.C.S. reagent, Aldrich),

hydrochloric acid (HCl, 35%, Junsei), N-(3-dimethylamino-

propyl)-N'-ethylcarbodiimide hydrochloride (EDC, com-

mercial grade, Aldrich), pentafluorophenol (PFP, 99+%,

Aldrich), absolute ethanol (99.8%, Merck), (+)-biotinyl-

3,6,9-trioxaundecanediamine (Pierce), phosphate buffered

saline (PBS, pH 7.4, Sigma), bovine serum albumin (BSA,

Sigma), Tween 20 (Aldrich), and rhodamine (TRITC)-

conjugated streptavidin (Pierce) were used as received.

Ultrapure water (18.3 MΩ/cm) from the Human Ultra Pure

System (Human Corp., Korea) was used.

Synthesis of Boron-Doped Si Nanowires (SiNWs).

Boron-doped, single-crystal silicon nanowires (SiNWs) were

synthesized by gold nanocluster-catalyzed chemical vapor

deposition.5e At first, growth substrates were prepared by

depositing 0.1% poly-L-lysine (Ted Pella) and 30-nm gold

nanoclusters (Ted Pella) on oxidized silicon wafers. The

negatively charged nanoclusters stuck to the positively

charged poly-L-lysine. The substrates were cleaned in an

oxygen plasma cleaner, and then placed in a quartz reactor at

the center of the furnace. The reactor was evacuated to less

than 100 mTorr and heated to 460 °C under Ar flow, and

then SiNWs were grown for 20-30 min with a 15-30 sccm

flow of SiH4/B2H6 ratio of either 1000 : 1 or 4000 : 1 (10%

in He).

Surface Modification of SiNWs. All processes were

performed with SiNWs on a Si wafer as synthesized. Prior to

the formation of SAMs, SiNWs were oxidized by an oxygen

plasma cleaner (Harrick PDC-002, medium setting) for 1

min to generate -OH groups. Vinyl-terminated SAMs were

formed by immersing the oxidized SiNWs in a 0.5% toluene

solution of 10-undecenyl trichlorosilane for 30 min. After

the formation of SAMs, the SiNWs were washed carefully

with toluene several times. The terminal vinyl groups were

then oxidized to carboxylic acid by immersing the SiNWs in

a solution of 0.5 mM of KMnO4, 19.5 mM of NaIO4, and 1.8

mM of K2CO3 for 24 h.8 The SiNWs were removed from the

oxidant and washed carefully with NaHSO3 (0.3 M), water,

0.1 N HCl, water, and ethanol.8a Carboxylic acid-terminated

surfaces were activated by immersing the SiNWs in an

ethanol solution of EDC (0.1 M) and PFP (0.2 M) for 30

min.8d,9 The PFP-activated SiNWs were washed carefully

with ethanol several times. The sample was then immersed

in a solution of biotin-amine (10 mM in ethanol) for 30 min

and washed carefully with ethanol several times. By

sonication, the SiNWs were then separated from the Si wafer

and dispersed in ethanol. The dispersed SiNWs were spun

off by using centrifugation and washed with phosphate-

buffered saline (PBS, pH 7.4) containing 0.1% (w/v) BSA

and 0.02% (v/v) Tween 20 several times. A solution of

TRITC-conjugated streptavidin (0.1 mg/mL) in PBS

Figure 3. Fluorescence and optical micrographs of biotin-attached SiNWs (a) before and (b) after a complexation with TRITC-conjugated
streptavidin. (c) Fluorescence and optical micrographs of biotin-attached SiNWs after incubation with TRITC-conjugated streptavidin that
was pre-treated with soluble biotin. The scale bar is 3 μm.
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containing 0.1% BSA and 0.02% Tween 20 was then

injected into a micro-centrifuge tube containing the biotin-

attached SiNWs. After 60 min, the SiNWs were spun off by

centrifugation, washed several times with PBS containing

0.1% BSA and 0.02% Tween 20, and dispersed in PBS

solution containing 0.1% BSA and 0.02% Tween 20.

Fluorescence confocal microscopy was used to examine the

streptavidin-bound SiNWs. As a control experiment,

TRITC-conjugated streptavidin (1 mg; 10 mM) was

incubated with soluble biotin (40 mM) in PBS for 60 min.

The biotin-attached SiNWs were then immersed in a PBS

solution (containing 0.1% BSA and 0.02% Tween 20) of the

pre-treated TRITC-conjugated streptavidin for 60 min and

washed with PBS containing 0.1% BSA and 0.02% Tween.

Instrumentation. Field-emission scanning electron micros-

copy (FE-SEM) image of boron-doped SiNWs was obtain-

ed with a scanning electron microscope (FEI, Sirion-400).

All fluorescence and optical images were obtained with an

LMS 510 laser scanning confocal microscope (Carl Zeiss,

Germany). PIERS spectra were recorded on a Thermo

Nicolet Nexus Fourier transform infrared spectrometer in a

SAGATM mode. 
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