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ABSTRACT: In developing novel designs for semiconductor-
based biosensors and for biofunctionalization of semi-
conductors in general, it is extremely important to be able to
block the reaction sites present on a surface following the
biomodification from further chemical transformations. This
procedure is required both to protect the surface from
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oxidation and to allow for molecular-level control of the biomolecular interactions at the topmost layer. In this work, the
biosensor model system is designed based on a single-strand biotin-modified thiol-DNA attached to the silicon substrate. The
binding of this thiol- DNA to the surface is performed through the cross-linker sulfosuccinimidyl-4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SSMCC) attached to the 11-amino-1-undecene monolayer on Si(111) surface. Streptavidin-coated
gold nanoparticles are used to test the reactivity of the surface and to examine the role of passivation in the entire scheme. The
passivation of the remaining surface reactive sites is achieved via a reaction with 1-octadecanethiol (ODT). This approach tests
both the stability of the silicon/organic layer interface and the passivation of the biofunctionalized surface on top of the organic
layer. Microscopy and spectroscopy studies are combined to interrogate this model system before and after surface passivation.

1. INTRODUCTION

In recent years, biosensors based on field effect and utilizing
semiconductor substrates have become one of the most sought-
after devices to detect DNA—protein interactions.'™> The
growing interest toward these detection schemes originates
from the fact that this approach is inexpensive, label-free, and
allows for an all-electronic detection. Among the platforms for
the biosensing field-effect transistor (FET) design, silicon has
been targeted because of its attractive electronic properties that
can be incorporated in most microelectronic devices.*”°
Despite its propensity for oxidation, robust functionalization
schemes for silicon can be designed to provide a stable and, if
needed, oxygen-free interface if the surface of this semi-
conductor is modified with covalently attached monolayers.””
The monolayers of functionalized alkyl groups can be grown on
silicon to create the necessary barrier that can also serve for
further surface modification.'’”"® Although the structure and
mechanism of growth for these monolayers are very different
from what is normally referred to as self-assembly, the resulting
layers can be very well-ordered because of intermolecular
interactions, despite the fact that the “head”-group covalently
bound to the surface is not mobile,'*'* which is different from
common self-assembly on gold, for example. Thus, we will also
refer to these layers and self-assembled monolayers (SAMs) as
is accepted in the field of semiconductor modification.

The covalent attachment of the desired biomolecule to the
functionalized SAMs is commonly achieved via a reaction with
organic cross-linkers.'®'*'¢ For example, thiol-modified DNA
can utilize such cross-linker molecules as sulfosuccinimidyl-4-
(N-maleimidomethyl)-cyclohexane-1-carboxylate (SSMCC) or
N-hydroxysuccinimide (NHS). A variety of biomolecules have
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been successfully attached to silicon substrate, including nucleic
acids,' ' §lyoxylyl—modiﬁed peptites,"® phospholipids,'® and
saccharides.””*' However, regardless of the efficiency of any of
these reactions, there are always remaining surface reactive sites
following the biomodification step.”* These reactive sites can
lead to oxidation of the underlying silicon substrate and
interfere with the selective binding of the target biomolecules
on top of the organic layer and thus the entire detection
process. Thus, an effective chemical functionalization pathway
has to be developed to neutralize these sites or to block them
from participating in any other surface chemical processes
following biofunctionalization.

In this work, we will use 1-octadencanethiol (ODT) as a
passivating reagent. It has been used previously in this role as
applied to III-V semiconductor surfaces. For example, InAs>®
and GaAs™ can react with ODT directly via thiol chemistry and
this process results in negligible oxidation while the materials
retain exceptional electronic properties, as the electron mobility
of the substrates has been shown to increase.”> We will use a
similar approach to passivate the surface of SAM-covered
silicon following its reaction with a biomolecule to prevent
further binding events.

This work employs a model system based on the Si(111)
surface. It utilizes previously developed schemes to deposit a
functionalized SAM on this substrate and to modify this
functionalized surface with a cross-linker molecule amenable to
a reaction with thiol-DNA.'”'*'” A single-strand DNA

Received: July 12, 2012
Revised:  September 27, 2012
Published: October 1, 2012

dx.doi.org/10.1021/1a302819j | Langmuir 2012, 28, 15521-15528


pubs.acs.org/Langmuir

Langmuir

molecule (ssDNA) 10 nucleotides in length with its 3’-end
modified with thiol group and 5’-end modified with biotin was
covalently anchored to this surface. Further, the resulting
surface was exposed to the streptavidin-coated gold nano-
particles to probe the reactivity of the surface adsorption sites
based on the binding of biotin with streptavidin. Finally, we
passivated this biosensor model system with ODT. The order
of the last two steps has also been investigated for potential
practical applications. Every step of the way, surface properties
were characterized by Fourier transform infrared (FTIR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).

It is most important to realize that there are two main
interfaces created during the surface modification procedure
outlined here: between SAM and the silicon crystal, and
between the modified SAM and the biological molecules. While
we will mainly focus on the possibility to passivate the topmost
functional layer for biochemical modification, we will also have
to maintain the integrity of SAM/silicon interface and prevent
silicon oxidation.

2. EXPERIMENTAL SECTION

2.1. Materials. 1-Amino-10-undecene (AUD) (sigma Aldrich), di-
tert-butyl dicarbonate (Sigma Aldrich, 99%), sodium chloride (Fisher,
Certified ACS), trifluoroacetic acid (TFA) (Aldrich, 99%), methylene
chloride (Fisher,99.9%), petroleum ether (Fisher, Certified ACS),
ethyl ether (Fisher, Laboratory grade), methanol (Fisher, 99.9%),
ammonium hydroxide (Fisher, 14.8 N), hydrogen peroxide (Fisher,
30% Stabilized with Sodium Stannate, Certified), hydrochloric acid
(Fisher, 37%), buffer-HF improved (Transene Company, Inc.),
ammonia fluoride solution (Aldrich, 40% in water), sulfosuccinimid-
yl-4-(N-maleidomethyl)-cyclohexane-1-carboxylate (SSMCC)
(Pierce), S'-biotin-DNA-3'thiol (Integrated DNA Technologies),
streptavidin gold from Streptomyces avidinii ~10 nm nominal
(Sigma-Aldrich, ~2.5 Ag,, units/mL), streptavidin gold from
Streptomyces avidinii 20 nm particle size (Sigma-Aldrich, absorption/
520 nm, <3.0), dithiothreitol (DTT) (Fisher Biotech, Molecular
Biology grade), triethanolamine (TEA) (Fisher, Certified >99%),
ethyl acetate (EtOAc) (Fisher Scientific, Certified ACS), tris base
(Fisher Scientific, Molecular Biology grade), glacial acetic acid (Fisher
Scientific, Certified ACS, PLUS), disodium ethylenediaminetetraace-
tate (EDTA) (Fisher Scientific, Certified ACS), magnesium acetate
tetrahydrate (Sigmaultra, minimum, 98%), bovine serum albumin
(Sigma, electrophoresis grade), monosodium phosphate (Fisher,
Certified ACS), disodium phosphate (Acros, >99%), and TWEEN
20 (Fisher, enzyme grade) were used as received. Double-polished p-
type Si(111) crystals (>0.1 Q cm, S00 pym + 25 um, Virginia
Semiconductor) were used as semiconductor platforms. DI water
(Resistance 18mQ) from a Milli-Q water system (Millipore) available
at the University of Delaware was used to rinse the crystals and as a
solvent.

2.2. Synthesis of the t-Butyloxycarbonyl (t-BOC) Protected
AUD. Five grams of 1-amino-10-undecene was dissolved in 60 mL of
chloroform followed by adding a solution of 3 g of NaHCO; in 50 mL
of water. Amounts of 6.45 g of sodium chloride and 7.90 g of di-tert-
butyl dicarbonate were dissolved in a few milliliters of chloroform and
then added to the mixture. The mixture was refluxed for 90 min
followed by double extraction with 50 mL of ether. MgSO, was used
to dry the organic extracts and then removed by filtration. Ether was
removed by rotary evaporation. The obtained -BOC protected AUD
was purified by vacuum distillation.'>*® The yields similar to the
literature data were obtained, and the identity of the target compound
was confirmed by NMR.

2.3. Preparation of Amine-Terminated SAM on Si(111).
Si(111) wafer was cleaned by a modified RCA procedure.26 At the final
step, in order to form a uniform hydrogen terminated Si(111) surface,

the wafer was immersed in HF buffer for 1 min and 40% ammonium
fluoride for 6 min.

The preparation of an amine-terminated SAM is illustrated in
Scheme 1.7°7*% Immediately after the etching step, the hydrogen

Scheme 1. Preparation of 1-Amino-10-undecene SAM on
Hydrogen Terminated Si(111) Substrate
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terminated silicon wafer was placed in a flask with about 2 mL of ¢
BOC-protected AUD, which has been deoxygenated with dry nitrogen
for at least 30 min. The flask was then immersed in an oil bath with the
temperature of 110 °C, and the solution was refluxed for 2 h under the
nitrogen flow. Following this reaction, the silicon wafer was rinsed with
petroleum ether, dichloromethane, and methanol. The surface was
then treated with 25% TFA in dichloromethane for 1 h to remove the
protecting group, followed by rinsing with methylene chloride,
methanol, and 10% ammonium hydroxide. The surface was finally
rinsed with Milli-Q water and dried with nitrogen.

2.4. Preparation of Biotin DNA-Modified Surfaces Based on
Amine Terminated SAM. The pre_/paration of biotin DNA-modified
surface is illustrated in Scheme 2.>”?® The freshly prepared amine-

Scheme 2. Preparation of Biotin DNA Modified Surface
through SSMCC Cross-Linker on Amine-Terminated
Si(111) Substrate
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terminated surfaces were incubated with 1.5 mM SSMCC in 100 mM
triethanolamine (TEA) buffer (pH = 7) for 1 h. After that, the surfaces
were rinsed with Milli-Q water and dried with nitrogen. The 10
nucleotides in length biotin-modified ssDNA solution of ~10 or ~50
UM (referred thereafter as low and high-concentration solutions,
respectively) in TAE buffer (40 mM Tris, 1 mM EDTA, 20 mM acetic
acid and 12.5 mM magnesium acetate) with 3’-end modified with
disulfide and S’-end modified with biotin was reduced by 100 mM
DTT for 2 h. Extra DTT was removed by washing with ethyl acetate.
DNA solution in TAE buffer was then spotted on the wafers and held
overnight in a home-built humidity-controlled chamber. Then the
surfaces were rinsed with Milli-Q water and dried with nitrogen.
2.5. Preparation of Surfaces with Immobilized Gold Nano-
particles. The reaction of biotin-DNA-coated surfaces with
streptavidin-coated gold nanoparticles is summarized in Scheme 3.
The streptavidin-coated gold nanoparticle solution was first diluted 10
times with 0.01 M phosphate buffer solution (pH = 7, 0.15 M NaCl,
0.01 M sodium phosphate, S mg/mL albumin, and 1.1 g/mL TWEEN
20). The diluted solution was spotted on the biotin DNA modified
surfaces for 2 h followed by rinsing with deionized water and drying
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Scheme 3. Preparation of Streptavidin-Coated Gold
Nanoparticles on a Modified Si(111) Surface with Biotin-
Labeled DNA
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with nitrogen. The conditions were altered for the experiments with 10
and 20 nm gold nanoparticles, as described in the Supporting
Information.

2.6. Passivation of the Surfaces with ODT. The surface
passivation following the deposition of gold nanoparticles is shown in
Scheme 4. The surface labeled with gold nanoparticles was incubated
with 10 mM ODT in methanol solution overnight. The surface was
then washed twice with methanol and dried with nitrogen.

Scheme 4. Passivation of the Surface Prepared According to
Scheme 3 with 1-Octadecanethiol
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2.7. Characterization Techniques. 2.7.1. Fourier Transform
Infrared Spectroscopy. FTIR spectra were collected on Nicolet
Magna-IR 560 spectrometer with a liquid-nitrogen-cooled external
MCT detector. Silicon wafer was located at 60° with respect to the
incoming infrared beam. All the spectra were collected in the range of
650—4000 cm ™" with 256 scans per spectrum at resolution 8 cm™.

2.7.2. Atomic Force Microscopy. AFM images were collected in a J-
scanner tapping mode in air on a scanning probe microscope
(Multimode, NanoScope V). Silicon AFM probes (Budget Sensors)
with a force constant of 40 N/m and resonant frequency of 300 kHz
were used. The AFM images were analyzed by using Gwyddion and
NanoScope V software packages.

2.7.3. X-ray Photoelectron Spectroscopy. The XPS spectra were
collected on VG ESCALAB 220i-XL electron spectrometer (VG
Scientific Ltd., U.K.) with a monochromatic Al Ka X-ray source in a
vacuum chamber with a background pressure of 107 Torr. Casa
software was used to analyze the data.

2.7.4. Time-of-Flight Secondary-lon Mass Spectrometry. Static
ToF-SIMS spectra were collected on a ToF-SIMS IV instrument
(ION-TOF, Miinster, Germany) using the following conditions: (i)
primary ion: Bi’*, 25 keV; (ii) primary ion current: ~2.5pA in bunched
mode; (iii) prebunched pulse width: 25 ns; (iv) analysis area: 500 X
500 um?; (v) raster resolution: 128 X 128 pixels; (vi) mass resolution:
m/Am = 10000. Only the negative portions of the spectra are
presented in this paper to follow the sulfur signal.

3. RESULTS AND DISCUSSION

3.1. X-ray Photoelectron Spectroscopy. The XPS
investigation aims at evaluating chemical identities of the
surface functionalities following different modification steps.
This technique can also be used for quantification of surface
elements, such as, for example, carbon, oxygen, and nitrogen;

however, this information is more difficult to extract in these
studies, since the samples are prepared in ambient and can
adsorb water, hydrocarbons, and so forth, upon transfer and
mounting in the experimental setup. The XPS studies of
selected systems discussed in this work are summarized in
Figure 1. Spectrum la corresponds to the Si(111) surface
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Figure 1. High-resolution C 1s and N 1s XPS of (a) DNA modified
Si(111) surface; (b) gold nanoparticle labeled DNA modified Si (111)
surface; and (c) ODT passivated gold-nanoparticle-labeled Si(111)
surface.

modified with biotin-DNA. For C 1s spectra, the major peak is
located at 284.6 eV which is attributed to C—C bond in the
AUD monolayer on the silicon surface.***” The peak at 285.8
eV is assigned to C—N, C—O, and C—S from the organic layers
as well as DNA bases and backbones.”” The C=0 peak
predominantly originating from the SSMCC cross-linker and
DNA bases is located at 288.4 eV.'%'”*” For N 1s spectra, the
major peak is found at 400.3 eV and assigned to the mixture of
secondary amine functionalities from organic monolayers and
DNA bases.””?°~*

The middle set of spectra (Figure 1b) presents gold-
nanoparticle-labeled DNA-modified surfaces. In C 1s spectra,
the C—C major peak is located at 284.6 eV, the C—N, C-0,
C—S peak is located at 286.0 eV, and the C=0 peak is at 288.0
eV.”” For N s spectra, the major peak is located at 400.0 eV
and the intensity is increased compared to spectra in Figure
1a.*” The binding energy for C—N, C—0O, C-S§, and C=0 is
slightly shifted comparing to the DNA modified surface, which
may be caused by changes in chemical environment as well as
the inhomogeneous broadening.””** The intensity of the peaks
for the N 1s region is doubled, and peaks corresponding to C—
N, C-0, C-S, and C=0 are also increased in intensity, which
is consistent with the addition of gold nanoparticles modified
with streptavidin, a tetramer protein.

The spectra in Figure 1c correspond to the gold-anoparticle-
labeled Si(111) surface following ODT passivation. All the
major peaks remain the same as in Figure 1b with minor
deviation in intensity likely due to the screening by the ODT
molecules that form a monolayer and an increase in a transition
indicative of the C—C bond in ODT.

For all the surface modification steps, we also followed the Si
2p spectral region to confirm the integrity of the SAM/silicon
interface. These studies are presented in the Supporting
Information (Figure S1) and show only very minor silicon
surface oxidation manifested by the SiO, peak around 103 eV
even after the multiple modification steps are performed.

Thus, chemical and semiquantitative information obtained
with XPS is consistent with the successful preparation of gold
nanoparticles on modified silicon surface via a biochemical
modification. It also suggests that passivation with ODT
following the entire procedure does not show substantial
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chemical changes on the surface that already has attached gold
nanoparticles.

3.2. Fourier Transform Infrared Spectroscopy. The
primary focus of the vibrational spectroscopy investigation is
the C—H stretching region that will indicate the order of the
surface monolayers produced, specifically by ODT, and also
will allow us to estimate the portion of the surface covered by
this passivating agent following biofunctionalization. Figure 2
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Figure 2. IR spectra of (a) high concentration of biotin-DNA-modified
Si(111) surface following passivation with ODT; (b) low concen-
tration of biotin-DNA-modified Si(111) surface following passivation
with ODT; (c) ODT-passivated Si(111) surface; (d) biotin-DNA-
modified Si(111) surface; (e) biotin-DNA-modified Si(111) surface
labeled with gold nanoparticles (incubated with methanol solvent).

compares the FTIR spectra corresponding to the different steps
of surface modification with gold nanoparticles. For all the
spectra, Si(111) surface modified with AUD is used as a
background. Spectrum (a) corresponds to the high concen-
tration (~S0 uM) of biotin-DNA exposed to gold nanoparticles
and passivated with ODT. Spectrum (b) is analogous to (a) but
with lower concentration (~10 yM) of DNA. Spectrum (c)
follows the surface prepared the same way as in (b) but without
the steps involving DNA or nanoparticle exposure; in other
words, it shows the modified silicon surface with all the
SSMCC functionalities on top passivated with ODT. The
common feature for all three surfaces is the presence of
symmetric and antisymmetric CH, stretching vibrations at 2850
and 2920 cm™. It is expected that for a well-ordered monolayer
of alkyl chains v,(CH,) would be located between 2851 and
2850 cm™', and v,(CH,) between 2920 and 2918 cm™ 12534736
For a disordered alkyl monolayer, both symmetric and
antisymmetric stretching vibrations should be shifted to higher
wavenumbers: v (CH,) is expected to be located at
approximately 2856—2855 cm™', and 1,(CH,) is expected
around 2928—2925 cm™'.****7%” Thus, the monolayers formed
following the ODT exposure in all three cases correspond to
well-ordered alkyl chains within a monolayer. In addition, the
intensity of the absorption peaks corresponding to the
monolayers produced can give an indication of the surface
concentration for ODT. Assuming that the maximum surface
concentration of ODT can be obtained for a completely
unmodified surface terminated with the SSMCC cross-linker,
the intensity of the CH, absorption features can be taken as
100%. Compared to this intensity, the surface with low

concentration of DNA yields the absorption intensity for the
CH, features, which is 66% of the saturation. For high
concentration DNA, this number is 27%. Thus, approximately
34% of the surface SSMCC linker groups are blocked by DNA
and gold nanoparticles in a low concentration DNA sample and
73% are blocked if high-concentration of DNA is used. As
expected for this type of complex system, the dependence on
the DNA concentration in solution is not linear and it is likely
that the exact comparison of the intensity of the infrared signal
is hindered by multiple factors. However, it is clear that the
high concentration of DNA leads to larger number of gold
nanoparticles being adsorbed on a surface.

3.2. Atomic Force Microscopy. Figure 3 is the complete
set of AFM images collected following each step of surface
modification. This set of studies confirms the presence of
nanoparticles, evaluates their apparent heights before and after
passivation with ODT, and helps to eliminate the role of
nonchemical factors in this passivation approach. Images (a)
and (b) in Figure 3, hydrogen terminated Si(111) surface and
amine-terminated SAM, respectively, showed a ~0.3 nm atomic
steps similar to the previously reported studies.***” After
further modification with SSMCC cross-linker, the surface steps
are not visible anymore but the RMS roughness is still around
~0.3 nm in image (c). Image (d) is ODT-passivated surface
after the cross-linker modification, showing basically unchanged
surface roughness. Images (e), (f), (g), and (k) were control
experiments; no gold nanoparicles were observed on the
surface either because no biotin group was available on a
surface before exposure to streptavidin-coated gold nano-
particlaes (e, g, k) or because no gold nanoparticles were
incorporated (f). Figure 3h follows low concentration of DNA-
modified surface (~10 uM) before exposure to gold nano-
particles. The average height of each gold nanoparticle is 8.5 +
0.8 nm. After passivation with ODT (Figure 3i), the average
height decreased to 7.5 + 0.9 nm due to the formation of SAM.
Of course, this is expected since the thickness of the passivatin%
monolayer is expected to be on the order of a nanometer.”
Figure 3j summarizes the studies of high concentration of
DNA-modified surface (~50 yM) followed by exposure to gold
nanoparticles and ODT passivation. The average nanoparticle
height was approximately 7.5 nm which is the same as for low
concentration of DNA on the surface. The average concen-
tration of gold nanoparticles was also found to be
approximately five times higher on the surface with high
concentration of DNA compared to that for the low
concentration experiment (Figure 3i), which corresponds to
the S-fold difference in DNA concentration on the surface.
Further studies of the apparent height of the nanoparticles
deposited onto reactive semiconductor substrates are necessary
to fully understand the role of chemical interaction in the
formation of nanoparticle—surface bond and the relationship
between the sizes of the nanoparticles and the length of the
passivating thiols. Finally, the experiments followed in the
image in Figure 3] show the system that is equivalent to that in
image (j). However, in this case, attachment of DNA was first
followed by passivation with ODT, and only then the surface
was exposed to gold nanoparticles. As the comparison of
images (j) and (1) clearly shows, the biotin DNA retains the
ability to bind with streptavidin coated gold nanoparticles
despite being surrounded by a passivating ODT layer. The
average height of the gold nanoparticles was still approximately
7.5 nm. This last observation is especially important because it
confirms that the unreacted surface sites can be effectively
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Figure 3. AFM investigation of (a) hydrogen-terminated Si(111) surface; (b) amine-terminated SAM on Si(111) surface; (c) SSMCC cross-linker
based on amine-terminated SAM on Si(111) surface; (d) 1-octadecanethiol-passivated cross-linker-modified Si(111) surface; (e) sample (c) treated
with streptavidin-coated gold nanoparticles; (f) biotin-DNA modified cross-linker-covered Si(111) surface; (g) control DNA-modified Si(111)
surface after exposure to streptavidin-coated gold nanoparticles; (h) low concentration of biotin-DNA-modified Si(111) surface after exposure to
streptavidin coated gold nanoparticles, followed by passivation with ODT; (i) (h) after passivation with 1-octadecanethiol; (j) high concentration of
biotin-DNA-modified Si(111) surface after exposure to streptavidin-coated gold nanoparticles; (k) control DNA after passivation with ODT and
then treated with streptavidin-coated gold nanoparticles; (1) high concentration of biotin-DNA after passivation with ODT and then treated with

streptavidin-coated gold nanoparticles.

blocked by a passivating reagent without diminishing the ability
of the adsorbed biological molecule to interact with incoming
biomarkers. Thus, the chemical passivation approach can be
used in realistic practical applications. That is, the desired
biosensing platform can be prepared and the remaining surface
sites can be passivated without decrease in activity for a target
biochemical reaction.

We have also performed surface modification described
above for extended time, up to several days, and it is clear that
the saturation coverage of gold nanoparticles does not change
on OTD-passivated surface. Nor do we observe any nonspecific
binding as confirmed by the AFM studies in Figure 3g and k. It
is also important, however, to evaluate how robust the specific
binding scheme is in our system. We have performed a set of
preliminary studies that compared the reactions of 20 and 10
nm gold nanoparticles presented in Figure S2 in the Supporting
Information. The surface prepared as described above but with
20 nm gold nanoparticles coated with streptavidin exhibits the

15525

same number of particles per unit area as the surface prepared
with 10 nm nanoparticles, passivated with ODT and then
exposed to the 20 nm gold nanoparticles coated with
streptavidin for 4 days. We do observe the exchange of 10
nm nanoparticles to 20 nm nanoparticles; however, the total
number of gold nanoparticles does not seem to change to
within our experimental uncertainty. The kinetics of this type of
process is a subject of further investigation. It will depend on a
number of factors including steric interaction of streptavidin-
coated nanoparticles with the surface.*’ Of course, the kinetics
of binding biotin and streptavidin are related to the surface
coverage of the biotin group*” and there is also a competitive
reaction between surface-bound 10 nm streptavidin coated gold
nanoparticles and the streptavidin on 20 nm gold nano-
particles.”

3.4. Time-of-Flight Secondary-lon Mass Spectrome-
try. The chemical identity of sulfur-containing functionalities
and the quantification of the sulfur-containing groups on a
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surface should be extremely helpful in understanding the
passivation process described here. However, due to low
sensitivity of the sulfur in XPS as well as to the overlap of the S
2p signal with Si 2s signals,** we chose to use a very sensitive
technique, time-of-flight secondary-ion mass spectrometry
(ToF-SIMS), to obtain information about this element.
Figure 4 displays the negative ion spectra following main
modification steps of the Si(111) surface. Figure 4a is the

CNO~

-’42
15000 (42) a)

30 40 50 60 70 80 90 100
m/z

[so00 |-t 52+ b)
PO2" PO3” H2PO4
( ® (79
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_CNO™ S037
15000 " (42)  (80) c)
s PO2” PO3’ H2PO4

(63) (79)
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m/z
Figure 4. TOF-SIMS studies of (a) +BOC-protected AUD monolayer
on Si(111) calibrated by oxygen peak; (b) biotin-DNA-modified
Si(111) surface; (c) biotin-DNA-modified Si(111) surface after
passivation with ODT. Only negatively charged ions are shown.

spectrum of t-BOC protected AUD on silicon. This spectrum
provides the starting point for comparison with biofunctional-
ized surfaces. Compared to Figure 4a, the spectrum in Figure
4b, taken following the attachment of thiol- DNA molecules (at
low concentration, ~10 M) to the surface shows the presence
of S~ (m/z = 32), PO,” (m/z = 63), and PO, (m/z=79) ions,
which indicates the presence of DNA molecules. After
passivating the rest of the reaction sites with ODT, PO,~
(m/z = 63) and PO;™(m/z = 79) signals are still present in the
spectrum shown in Figure 4c. Sulfur (m/z = 32) signal
increased dramatically, which corresponds to ODT reaction.
Figure S zooms in on the sulfur spectral region. Using O,
signature as a comparison, it is easy to see that sulfur is virtually
absent from the surface covered with the protected AUD
monolayer. Sulfur signal increases dramatically following
attachment of thiol-DNA. Finally, as the surface is further

oo
_
};’o
Nn

a)

31.90 31.95 32.00 32.05 32.10
m/z

Figure S. TOF-SIMS investigation of sulfur region: (a) +-BOC AUD
monolayer on Si(111); (b) biotin-DNA-modified Si(111); (c) biotin-
DNA-modified Si(111) after passivation with ODT. Negatively
charged ions are shown.

exposed to ODT for chemical passivation, sulfur signal further
increases by a factor of 2.7 compared to the spectrum in Figure
Sb. Although ToF-SIMS results can only be treated as
semiquantitative, this increase corresponds perfectly to the
XPS and infrared analyses presented above. In particular, this
observation is in excellent agreement with the infrared data that
suggested that 34% of the surface participates in a reaction with
biotin-DNA and further with streptavidin-coated gold nano-
particles, which leaves about 66% of surface reactive sites to be
modified with ODT.

4. CONCLUSIONS

In this work, l-octadecanethiol was used to passivate the
unreacted surface sites for the biosensor model system. The test
system was built on a Si(111) surface modified with AUD,
further reacted with a chemical linker and then with a thiol
biotin-DNA. This model surface was reacted with streptavidin-
coated gold nanoparticles to confirm the binding efficiency and
the role of alkyl thiol as a passivating reagent was explored.
Because of the complexity of the systems produced, we had to
employ a number of analytical spectroscopic and microscopic
techniques following each step in surface modification. XPS
study proved the successful labeling of the DNA-modified
surface with streptavidin-coated gold nanoparticles, as the
intensities of the indicative N 1s and C 1s peaks increased. In
infrared spectroscopy studies, we observed increasing inten-
sities of CH, symmetric and antisymmetric stretching
vibrations at 2850 and 2920 cm™', respectively, following
passivation of the surface with ODT. The positions of these
bands indicated that the reaction of ODT resulted in a well-
ordered monolayer and the intensity of these spectral features
allowed for quantification of the surface sites that were
unreacted following DNA binding and gold nanoparticle
exposure. The AFM images confirmed the integrity of the
nanoparticles following their binding to the surface, eliminated
nonchemical reasons for binding, and followed the 1 nm
decrease of apparent height of the nanoparticles after surface
passivation with ODT. Finally, ToF-SIMS investigation focused
on the role of sulfur in chemical bonding both for the
biochemical sensing element and for passivation reagent and
allowed for a semiquantitative analysis of the coverage, which
appeared to be fully consistent with XPS and IR studies. The
XPS studies that followed Si 2p spectral region in XPS
confirmed that during all the steps described above only minor
oxidation at the Si/SAM interface is observed. Thus, we
successfully passivated the biosensor model system with organic
ODT molecules and confirmed that in the case studied the
process of passivation does not inhibit the ability of
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biofunctionalized surfaces to interact with incoming biological
molecules, making this approach useful for practical applica-
tions.

B ASSOCIATED CONTENT

© Supporting Information

XPS analysis of the Si 2p spectral region for all the silicon
surface modification steps described in this paper and a
comparison of the AFM studies of 20 nm gold nanoparticles
coated with streptavidin on a surface modified with biotin-DNA
with the silicon surface modified with biotin-DNA, saturated
with 10 nm gold nanoparticles coated with streptavidin,
passivated with ODT and exposed to 20 nm gold nanoparticles
coated with streptavidin for 4 days to follow saturation/
exchange reaction. This material is available free of charge via
the Internet at http://pubs.acs.org.
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