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Oligonucleotides whose 5′ ends are linked to mercaptohexyl tether groups (HS-ss-DNA) are attached
onto gold regions freshly exposed by reductive desorption of the mercaptopropionic acid (MPA) in a mixed
MPA/hexanethiol (HT) or MPA/mercaptohexanol (MCH) self-assembled monolayer (SAM). The size of the
bare Au region was shown to be controllable by using various MPA/HT solution compositions during the
fabrication of the mixed SAMs. Atomic force microscopy shows that the size of the segregated gold regions
has a profound effect on the surface density and orientation of the subsequently immobilized HS-ss-DNA
molecules. The DNA surface density begins to increase when the bare gold domain (12-19 nm wide,
prepared by stripping MPA off a mixed SAM formed from a solution with an alkanethiol molar ratio of
øMPA/øΗΤ ) 1/4) approaches the size of the HS-ss-DNA (ca. 5-6 nm for a 17mer). The surface density of
the HS-ss-DNA in the mixed HS-ss-DNA/HT SAM or the mixed HS-ss-DNA/MCH SAM is slightly greater
than SAMs containing only the HS-ss-DNA, but the orientation of the HS-ss-DNA in the mixed SAM is
more favorable for DNA hybridization. The quartz crystal microbalance (QCM) responses for the DNA
hybridization at the DNA SAMs and mixed SAMs of HS-ss-DNA and alkanethiol formed using various
adsorption methods were compared. The mixed HS-ss-DNA/HT formed using the new method resulted in
a QCM signal amplification by almost 1 order of magnitude over SAMs containing only the HS-ss-DNA,
with a much improved hybridization efficiency (ca. 96%).

1. Introduction

Mixed self-assembled monolayers (SAMs) composed of
alkanethiols of different chain lengths offer a controllable
route for constructing moieties containing different chemi-
cal functionalities.1-5 Mixed SAMs are model systems for
studies of adsorption,6 wetting,7 and heterogeneous elec-
tron transfer8-10 and have led to important applications
in the development of biosensors11,12 such as heterogeneous
DNA/RNA sensors13-31 and preparation of biologically

important surfaces.32 It has been well established that
coadsorption of two alkanethiols of different chain lengths
on gold is thermodynamically controlled, and the resultant
two-component monolayers do not phase-segregate into
macroscopic islands (islands of submicrometers).3,4 Recent
studies based on scanning probe microscopy, however,
have revealed that domains rich in individual components
can be observed in the range of several tens of nano-
meters.33-36 One of the consequences of the nanometer-
sizedphaseseparation is thatalkanethiols ofvaryingchain
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lengths can be electrochemically desorbed in alkaline
media at different potentials.34,37-40

Selective desorption of one component in a mixed SAM,
therefore, should be a viable means to form nanometer-
sized gold regions dispersed in the matrix of the other
alkanethiol component. If a different species can be
attached onto the freshly exposed gold region at a rate
faster than the surface diffusion of the remaining al-
kanethiol, the newly formed hybrid system should also
possess phase separation with similar domain sizes. Since
surface diffusion of alkanethiols to defects41 or patterns
created by scanning probe lithography42 was shown to
take many hours, the reattachment of a different species
into these nanometer-sized domains is possible so long as
the immobilization process is facile. For example, Hobora
et al. have shown that the domain sizes after the selective
replacement of 3-mercaptopropionic acid are approxi-
mately equal to that of the initial phase-separated
1-undecanethiol and 3-mercaptopropionic acid mixed
SAM. We envisioned that the attachment of DNA into
such nanometer-scaled domains may offer certain unique
surface features and should shed light on the fundamental
understanding of SAMs of DNA20-22,43-47 and their possible
applications as sequence-specific heterogeneous DNA
sensors.13-19,24,25,27-31,43-54 Moreover, the surface orienta-
tion of the mercaptohexyl tether groups (HS-ss-DNA)
might be tunable by carefully controlling the size of the
segregated gold regions and judiciously choosing an
alkanethiol suitable to organize the HS-ss-DNA probes.
When properly designed, one would expect that mixed
HS-ss-DNA/alkanethiol SAMs can be produced with a high
surface density and an ordered structure.20-22,43 Both
aspects are known to be important factors affecting the
DNA hybridization at the surface/solution interface. The
consideration of reorienting these surface-confined oli-
gonucleotides with an alkanethiol is inspired by the work
of Tarlov and co-workers who utilized an alkanethiol to
competitively replace those nonspecifically adsorbed HS-
ss-DNA molecules.20-22,43,48 The competitive adsorption
step was deemed necessary since many of the HS-ss-DNA
molecules tend to be nonspecifically adsorbed via the
interaction of the DNA bases with the gold surface.

In this work, we explored the possibility of selectively
desorbing an alkanethiol in a mixed SAM for subsequent

oligonucleotide probe immobilization and target hybrid-
ization. We examined the effect of the composition of the
mixed SAMs on the dimensions of the segregated gold
regions. Emphasis was placed on the examination of the
HS-ss-DNA surface coverage and orientation in the gold
region whose dimension becomes comparable to the size
of the HS-ss-DNA probe. Cyclic voltammetry, magnetically
alternating current atomic force microscopy (MAC-AFM),
and flow injection quartz crystal microbalance (FI-QCM)
were used in tandem to study the selective desorption
process and the subsequent HS-ss-DNA attachment to
the freshly exposed gold regions. We also attempted to
delineate the relationship between the extent of DNA
hybridization/hybridization efficiency and the surface
coverage/orientationof theHS-ss-DNAinthemixed SAMs.
The advantages of the mixed HS-ss-DNA/alkanethiol SAM
prepared with our method were compared to SAMs
containing only HS-ss-DNA and mixed HS-ss-DNA/
alkanethiol SAMs prepared through immersing the HS-
ss-DNA-covered Au surface in an alkanethiol solution for
the replacement of the nonspecifically adsorbed HS-ss-
DNA molecules (referred to as the competitive alkanethiol
replacement procedure for the remainder of the text).

2. Experimental Section

Materials. Hexanethiol (HT), mercaptopropionic acid (MPA),
and mercaptohexanol (MCH) were all obtained from Aldrich
Chemicals. HClO4, NaOH, and NaCl (Fisher Scientific) were used
as received. EDTA and Tris‚HCl were purchased from Sigma.
Water used for solution preparation was treated with a Millipore
water purification system. A thiolated 17mer probe (SH-(CH2)6-
5′-GTAAAACGACGGCCAGT-3′), a thiolated 15mer probe (SH-
(CH2)6-5′-GCGCGCGCGCGCGCG-3′), and the target with a
sequence complementary to the 17mer probe were all acquired
from Integrated DNA Technologies, Inc. (Coralville, IA).

Solution Preparation. TE buffer solutions (10 mM Tris‚
ΗCl and 1 mM EDTA) had a pH of 7.0, and the TE/NaCl (TNE)
solutions had a NaCl concentration of 0.1 M. The probe and target
solution preparation followed our published procedure.52 MPA,
MCH, and HT solutions were prepared by diluting stock solutions
with water to different molar ratios with a total alkanethiol
concentration of 2 mM.

Electrodes and Substrates. Gold(111) films evaporated on
mica were either purchased from Molecular Imaging Inc.
(Phoenix, AZ) or generously provided by Dr. N. Tao (Arizona
State University). A Pt wire was used as the counter electrode,
and a Ag wire coated with AgCl was employed as a quasi reference
electrode for the electrochemical AFM experiments. The Au-
coated QCM crystals had a fundamental frequency of 7.995 MHz
(5 mm in diameter, ICM Technologies, Oklahoma City, OK).

Instrumentation. AFM images were collected with an AFM
equipped with a MAC mode and a bipotentiostat (both from
Molecular Imaging Inc.). Cyclic voltammetry and QCM mea-
surements were performed using a CHI 440 electrochemical
quartz crystal microbalance (EQCM, CH Instrument, Austin,
TX). The flow injection quartz crystal microbalance (FI-QCM)
and the experimental protocol have been described in our previous
work.52,55

Procedures. (a) AFM. The mixed MPA/HT or MPA/MCH
SAMs were prepared by soaking the clean substrate into the
MPA/HT solution overnight. Three different molar ratios between
MPA and HT (øMPA/øHT ) 4/1, 1/1, and 1/4) and the molar ratio
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of øMPA/øMCH ) 1/4 for the MPA/MCH system were examined. To
strip MPA off the substrate, 0.5 M NaOH solution was used as
the electrolyte solution. Desorption of MPA was performed with
the substrate potential held at -1.0 V for 10 min and monitored
simultaneously by AFM. For in-situ monitoring of oligonucleotide
immobilization onto the bare gold regions distributed within the
HT SAMs, the substrate was rinsed thoroughly with water and
mounted onto the AFM liquid cell containing 350 µL of TNE
solution. After an AFM image of the MPA-free substrate was
collected, 150 µL of a 10 µg/mL probe solution was either carefully
pipetted into the cell or injected through a homemade AFM liquid
flow cell. The immobilization process was followed continuously
for 4 h.

(b) QCM. Mixed MPA/HT or MPA/MCH SAMs on QCM
crystals were formed in the same procedure described above.
Upon stripping MPA, the crystal containing HT or MCH and
freshly exposed gold regions was immersed in 3.21 µg/mL HS-
ss-DNA for 4 h. Crystals covered with the newly formed mixed
HS-ss-DNA/alkanethiol SAMs were then mounted onto the QCM
flow cell for DNA hybridization experiments.

For comparison, hybridization experiments were also per-
formed on mixed HS-ss-DNA/alkanethiol films produced via HS-
ss-DNA chemisorption, followed by the competitive alkanethiol
replacement procedure. In this procedure, a Au-coated QCM
crystal was first soaked in the HS-ss-DNA solution for 4 h,
followed by immersion in a given alkanethiol (MCH or HT)
solution for 1 h.

3. Results and Discussion

3.1. DNA Immobilization Scheme. Figure 1 shows
schematically the steps involved in the selective desorption
of an alkanethiol, the attachment of the HS-ss-DNA probe,
and the final DNA hybridization experiment. By choosing
a stripping potential, Estripping, at a value between the
reduction potential of the shorter alkanethiol (e.g., MPA)
and that of the longer alkanethiol (e.g., HT), the shorter
alkanethiol can be stripped, and segregated bare gold
regions can be created. Crooks and co-workers have shown
that diffusion of the alkanethiol molecules from a densely
packed region to a bare Au region created by scanning
tunneling microscopic patterning41 or to an area where
fresh Au was exposed by electrocorrosion42 was slow (e.g.,
96 h or longer). Thus the attachment of the HS-ss-DNA
probes into the segregated Au regions (which takes only
4 h to densely cover the bare gold regions22) will form
phase-separated HS-ss-DNA/alkanethiol mixed SAMs. If
the bare gold regions have domains that approach the
size of the HS-ss-DNA probes, the oligonucleotides would
tether onto the surface during the HS-ss-DNA im-
mobilization. It has been noted that the HS-ss-DNA
strands can be propped up by the adjacent alkanethiols
that are adsorbed after the HS-ss-DNA immobilization,
resulting in a HS-ss-DNA surface orientation that is more

favorable for the subsequent DNA hybridization.20-22,43,48

Our approach differs in the order of putting the HS-ss-
DNA and the “replacing” alkanethiols onto the surface.
In the competitive alkanethiol replacement proce-
dure,20-22,43,48 the HS-ss-DNA was first attached to the
gold surface, followed by soaking the HS-ss-DNA-modified
surface in an alkanethiol (e.g., MCH) for a predetermined
amount of time (e.g., 1 h). A potential problem is that an
extensive soaking of the HS-ss-DNA-covered Au surface
in the “replacing” alkanethiol solution (which is necessary
for a complete elimination of the nonspecifically adsorbed
HS-ss-DNA molecules) can cause indiscriminate substi-
tution of some covalently attached HS-ss-DNA molecules,
owing to the stronger affinity of the alkanethiol toward
the Au surface. Consequently, the total number of DNA
hybridization events per unit area could decrease owing
to the partial loss of useful HS-ss-DNA probes. In our
methodology, the possible loss of HS-ss-DNA probes is
avoided, since the HS-ss-DNA was immobilized in a later
step.

Note that in the above scheme, the longer alkanethiol
has the same length as the tether group on the oligo-
nucleotide. Matching the lengths of the tether groups has
been shown to result in a HS-ss-DNA surface orientation
morefavorableforthesubsequentDNAhybridization.20-22,47

Recently Demers et al. also showed that extending the
tethered DNA probes into the solution with an elongated
DNA strand can enhance the DNA hybridization ef-
ficiency.44 In this work, for the purpose of comparing our
immobilization scheme to other reports based on al-
kanethiol-tethered oligonucleotides, we did not investigate
the influence of the DNA strand length on the probe surface
density and target hybridization efficiency.

The possibility of selectively desorbing an alkanethiol
in a binary SAM was first examined using cyclic volta-
mmetry (CV). In the first potential scan (Figure 2a),
components of different chain lengths undergo reductive
desorption at different potentials (MPA at -0.86 V, MCH
at -1.02 V, and HT at -1.13 V). These potentials are
essentially identical to the reduction potentials at SAMs
of individual alkanethiols. This suggests that there is a
high degree of phase separation in the binary SAM.34,39,56

During the reversal scan of the first cycle, a small amount
of desorbed HT or MCH (but not MPA) can be redeposited
(Figure 2b). Porter and co-workers have reported similar
phenomena in connection with the electrochemical de-
sorption of alkanethiols in alkaline solutions.37,38,40 Ap-
parently desorption of the more hydrophilic MPA is a faster
process.Thenewreductionpeakthatappearedat ca. -0.47
V in the second scan is ascribed to the reduction of dissolved
oxygen at the freshly exposed Au regions. This peak
decreased upon degassing the solution with N2.

In the mixed SAMs, HT was found to be present at a
higher percentage than MPA even if the films were soaked
in a øMPA/øHT ) 1/1 solution for 12-16 h. This higher
percentage of HT is evident in the mass loss shown in
Figure 2b. Using the cumulative mass loss estimated from
a continuous EQCM monitoring for 15 cycles, the molar
ratio between the amount of desorbed MPA and that of
desorbed HT was calculated to be around 1/4. This is in
line with many other published results,4,34,37,39,57 which
indicated that a longer soaking time favors the adsorption
of the longer alkanethiol.

The gold areas freshly exposed can be deduced on the
basis of the amount of MPA desorbed and the surface
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Figure 1. Schematic representation of selective desorption of
an alkanethiol in a mixed SAM for subsequent oligonucleotide
immobilization and hybridization.
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density of a closely packed alkanethiol. Using 7.6 × 10-10

mol/cm2 expected for the (x3 × x3)R30° packing,58 the
gold areas exposed from the three MPA/HT films were
calculated to be 0.097 cm2 (øMPA/øHT ) 4/1), 0.079 cm2 (øMPA/
øHT ) 1/1), and 0.043 cm2 (øMPA/øHT ) 1/4), which are all
smaller than the total area of the substrate (0.259 cm2).

We performed an electrochemical AFM experiment to
monitor the reductive desorption of MPA. Two AFM
images of an area that was originally covered with a mixed
SAM prepared from a øMPA/øHT ) 1/4 solution were shown
before (Figure 3a) and after (Figure 3b) the MPA desorp-
tion. The difference in the cross-sectional contours between
these images shows that reductive desorption of MPA
resulted in the disappearance of many small and isolated
“islands”. The size of these islands, which corresponds to
the dimension of the area originally occupied by the MPA
molecules, ranges from 12 to 19 nm. The height variation
in Figure 3a is about 6-8 Å, whereas that in Figure 3b
is about 12-15 Å. These values are in good agreement
with the length difference between MPA and HT (4.623
Å if 1.541 Å is used as the C-C bond length59) and that
between HT and the underlying gold surface (11.06 Å if
1.81 Å is used as the C-S bond length), respectively. The
size of the MPA-rich region within a mixed MPA/HT SAM
was found to vary with the MPA/HT compositions. These
values are comparable to those of the phase-separated
1-hexadecanethiol/MPA39 and 1-undecanethiol/MPA (10-
20 nm) SAMs.34 On the basis of the consistency between
the CV and AFM findings and the agreement of our values
with those of other reports, we conclude that phase

separation exists in the mixed MPA/HT SAMs at the
nanometer scale, and the MPA domains can be altered by
varying the soaking solution composition.

3.2. Immobilization of Oligonucleotide Probes
onto Gold Regions Dispersed in HT SAMs. We studied
the immobilization of HS-ss-DNA onto the freshly exposed
gold regions intermixed with HT molecules using FI-QCM.
Figure 4 depicts the QCM responses to the immobilization
of the HS-ss-DNA probes onto the crystals containing
interdispersed gold regions and HT-rich domains. For the
4-min exposure of the Au surface to the injected probe
solution, the amount of HS-ss-DNA immobilization in-
creased with the area of gold available. HS-ss-DNA surface
densities of 2.64 × 10-12 mol/cm2 (at films prepared with
øMPA/øHT ) 4/1), 2.69 × 10-12 mol/cm2 (at films prepared
with øMPA/øHT ) 1/1), and 3.56 × 10-12 mol/cm2 (at films
prepared øMPA/øHT ) 1/4) were obtained. Exposure of the
surface composed of segregated gold and HT regions to
the DNA probe solution for 4 h typically increased the
amountofHS-ss-DNAimmobilizedandthesurfacedensity
by 5-6 times (2.12 × 10-11 mol/cm2 was observed at a film
originally prepared from øMPA/øHT ) 4/1). Such a value is
in excellent agreement with the surface density of a
thiolated 16mer in a mixed SAM containing MCH (about
2.0 × 10-11 mol/cm2 estimated from Figure 3 in ref 20) and
slightly greater than values reported from other QCM
measurements (e.g., ∼1.5 × 10-11 mol/cm2 in ref 60 and
7.4 × 10-12 mol/cm2 in ref 14). It is also greater than the
value reported by Noy et al. who formed a mixed
16-mercaptohexadecanol/thiolated 14mer using a solution
containing both the alkanethiol and the thiolated DNA.47

Although oligonucleotide surface densities in films created
by various immobilization methods cannot be directly
compared owing to the differences in the preparative
parameters, the types of covalent bonds, and the lengths
of oligonucleotides,20,44,61 the relatively high surface
densities suggest that our immobilization scheme is
effective. Interestingly, the HS-ss-DNA surface density
was the highest when the gold domain was the smallest.
This suggests that the steric hindrance caused by the
neighboring HT molecules plays an important role in the
HS-ss-DNA immobilization. As the gold domains become
comparable to the lengthof theHS-ss-DNA, thenonspecific
interactions between the bases on the HS-ss-DNA with
the exposed Au regions are most likely minimized. The
HS-ss-DNA molecules packed in such a spatially congested
area should adopt an orientation in which the DNA strands
extend into the solution. This configuration is essentially
the same as that in the mixed HS-ss-DNA/MCH SAMs
fabricated by the competitive alkanethiol replacement
procedure.20-22,43,48

To understand the surface orientation of HS-ss-DNA
distributed within the HT matrix, we used AFM to monitor
the probe immobilization process. Figure 5a depicts an
AFM image of a surface covered by a mixed HS-ss-DNA/
HT SAM. This surface was produced by exposing a
substrate with segregated Au regions distributed in a HT
medium in a HS-ss-DNA solution for 4 h. The average
HS-ss-DNA surface density, deduced by counting the
molecules across a unit area from three different mea-
surements, was 1.22 × 10-14 mol/cm2.

While it is conceivable that the distribution of the
segregated gold regions governs the uniformity of the probe
immobilization, the influence of the domain size of the
gold region on the probe orientation is not obvious.

(58) Wildrig, C. A.; Alves, C. A.; Porter, M. D. J. Am. Chem. Soc.
1991, 113, 2805-2810.

(59) Leung, T. Y. B.; Gerstenberg, M. C.; Lavrich, D. J.; Scoles, G.
Langmuir 2000, 16, 549-561.

(60) Okahata, Y.; Kawase, M.; Niikura, K.; Ohtake, F.; Furusawa,
H.; Ebara, Y. Anal. Chem. 1998, 70, 1288-1296.

(61) Huang, E.; Zhou, F.; Deng, L. Langmuir 2000, 16, 3272-3280.

Figure 2. Cyclic voltammograms of a mixed MPA/HT SAM (a)
and the frequency changes (b) simultaneously recorded at a
Au-coated quartz crystal in a 0.5 M NaOH solution. The first
potential cycle is shown as the solid line curve and the second
is presented as the dotted line. Arrows indicate the scan
directions. The scan rate was 0.05 V/s. The crystal was immersed
in a øMPA/øHT ) 1/1 solution overnight to form the mixed SAM.
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Fortunately, this issue can also be addressed conveniently
by AFM. Table 1 summarized the HS-ss-DNA surface
densities and the diameters and heights of the surface-
confined HS-ss-DNA molecules in different types of HS-
ss-DNA SAMs or mixed SAMs. We should note that the
discrepancy in the values deduced from the AFM and QCM
measurements has been attributed to the difference in
the gold grain sizes between the AFM substrate and the
QCM crystal.52 Other researchers have also observed that
a surface containing smaller Au grains facilitates the

adsorption of a larger number of alkanethiol molecules.62

Shown in Figure 5b is an AFM image of the probes
distributed within a SAM of a higher HT surface coverage
(using a øMPA/øHT )1/4 solution). While Figure 5a and b
shows uniform probe distributions, the average height
difference between the HS-ss-DNA probes and the un-
derlying HT molecules in Figure 5b (3.5-5.5 nm) is much
greater than that in Figure 5a (1.7-2.5 nm). The 17mer,
if completely extended, should have a length of 5.78 nm.63

Therefore, it is clear from Table 1 that the oligonucleotide
probes are extended to a greater extent in a more sterically
restricted area. The HS-ss-DNA surface density in a HS-
ss-DNA/MCH mixed SAM fabricated using our method
((2.0 ( 0.3) × 10-14 mol/cm2, image not shown) is
comparable to that in the HS-ss-DNA/MCH SAM, but the
average height is less (∼4 nm). This is not surprising
considering that other studies have demonstrated that
OH-terminated SAMs are more defective and less well-
ordered than the CH3-terminated SAMs.64 In other words,
the more densely packed HT molecules would prop up the
HS-ss-DNA molecules more significantly.

We should note that, while the MAC-AFM mode is very
gentle for imaging biological molecules, some compression
of these surface-confined oligonucleotide molecules might
have occurred. Thus the actual heights might be higher
than those listed in Table 1. Moreover, the molecules in
the more loosely packed domains, which experience a
smaller steric hindrance than those in the more densely
packed areas, could be more compressed by the AFM tip.
Nevertheless, this effect is probably not large enough to
account for the obvious height difference shown in Table
1.

(62) Thomas, R. C.; Yang, H. C.; DiRubio, C. R.; Ricco, A. J.; Crooks,
R. M. Langmuir 1996, 12, 2239-2246.

(63) Lehninger, A. L.; Nelson, D. L.; Cox, M. M. Principles of
Biochemistry; Worth Publishers: New York, 1993.

(64) Chidsey, C. E. D.; Loiacono, D. N. Langmuir 1990, 6, 682-691.

Figure 3. Topographical AFM images of a mixed MPA/HT SAM formed from a øMPA/øHT ) 4/1 solution (a) and the same area after
the MPA had been desorbed at -1.0 V for 10 min in a 0.5 M NaOH solution (b).

Figure 4. QCM responses to the injections of 100 µL of TE
solutions containing 3.21 µg/mL HS-ss-DNA into a flow cell
housing Au-coated crystals covered with different amounts of
HT prepared from solutions of øMPA/øHT ) 4/1 (dashed line curve),
øMPA/øHT ) 1/1 (solid line curve), and øMPA/øHT ) 1/4 (dotted line
curve).
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Figure 5. Topographical AFM images showing the immobilization of HS-ss-DNA probes at surfaces with different HT coverages.
Image a was collected 4 h after a surface containing freshly exposed Au regions segregated in a HT SAM (from a solution of øMPA/øHT
) 1/1) had been exposed to a HS-ss-DNA solution. Image b shows a mixed HS-ss-DNA/HT SAM prepared similarly to image a,
except that a øMPA/øHT ) 1/4 solution was used. Images c and d are the mixed HS-ss-DNA/HT and HS-ss-DNA/MCH SAMs prepared
by immersion of the Au substrates for 4 h in a HS-ss-DNA solution, followed by 1 h of soaking in 1 mM of the respective alkanethiol
solutions.
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We contrasted the probe coverage and orientation in
Figure 5b to that immobilized via simple chemisorption.
Previously, we have estimated a thiolated 17mer surface
coverage to be 1.83 × 10-14 mol/cm2 with a large size
variation52 (19-42 nm in Table 1). Based on the model
proposed by Tarlov and co-workers, while some of the
probes are tethered, many others will lean toward the
substrate.20-22,43,48 This is in sharp contrast to the narrow
range in Figure 5b (12-28 nm). The steric congestion in
a highly localized area thus reduces the variation of the
cross sections of the DNA strands.

Finally, we compared the surface coverage and orienta-
tion of the HS-ss-DNA molecules in the mixed SAMs
prepared using our method to that fabricated by the
competitive alkanethiol replacement procedure. Figure
5c is an image of a HS-ss-DNA/HT SAM, and Figure 5d
shows a HS-ss-DNA/MCH SAM. The HS-ss-DNA surface
density estimated from Figure 5c (1.40 × 10-14 mol/cm2)
and that deduced from Figure 5d (5.5 × 10-15 mol/cm2)
are both smaller than the value in Figure 5b (1.90 × 10-14

mol/cm2) and that associated with the 17mer SAM (1.83
× 10-14 mol/cm2),52 suggesting that a large number of HS-
ss-DNA molecules have been substituted by the “replacing”
alkanethiol in the solution. This observation is in line
with the QCM results described in the following section.

3.3. DNA Target Hybridization with HS-ss-DNA
Probes in Various Mixed SAMs. To demonstrate that
the mixed HS-ss-DNA/alkanethiol SAMs prepared by our
method are useful for DNA hybridization, we carried out
several DNA hybridization assays. The resolution of our
AFM tips is not high enough to resolve ds-DNA from ss-
DNA. Therefore, we relied on FI-QCM, since it can gauge
the hybridization process across the entire sensing surface.
It is known that QCM is not very sensitive for the detection
of oligonucleotide hybridization without signal amplifica-
tion, when the number of probes at the surface is limited
and the target in the solution is of a low concentration.28,65

As shown below, the mixed HS-ss-DNA/alkanethiol SAMs
with a denser surface coverage and a more favorable probe
orientation help enhance the QCM detection of DNA
hybridization.

Figure 6 shows a series of QCM frequency decreases
(mass increases) to target hybridization at crystals covered
with different types of mixed HS-ss-DNA/alkanethiol
SAMs. Curve a, acquired at a binary HS-ss-DNA/HT SAM
prepared with our method, yielded the highest frequency
decrease (17 Hz). This is in contrast with the response in
curve c obtained at a mixed HS-ss-DNA/HT SAM produced
by the competitive alkanethiol replacement procedure (ca.
7 Hz). Similarly, the frequency decrease at the mixed HS-
ss-DNA/MCH SAM prepared with the present method
(9.6 Hz in curve b) was also found to be greater than that
at its counterpart fabricated by the competitive alkanethiol
replacement procedure (about 3 Hz in curve d). Clearly,
all the frequency decreases in curves a-d were greater
than that recorded at the SAM of only HS-ss-DNA (1.8 Hz

in curve e), suggesting that our method and the competitive
alkanethiol replacement procedure both produce surfaces
with more HS-ss-DNA probes adopting the orientation
favorable for hybridization. Considering that the DNA
surface densities at films for curves a and c are similar
(see the AFM results presented in section 3.2), the greater
QCM frequency decrease at the HS-ss-DNA/HT SAM
(curve a) must result from the more favorable HS-ss-DNA
surface orientation.

The QCM signal enhancements at the mixed HS-ss-
DNA/HT SAMs prepared using solution compositions of
øMPA/øHT ) 1/1 and øMPA/øHT ) 4/1, on the other hand, are
not significant. The average frequency changes at mixed
HS-ss-DNA/HT SAMs from øMPA/øHT ) 1/1 and from øMPA/
øHT ) 4/1 were about 3.3 and 2.4 Hz, respectively.

To verify the absence of nonspecific adsorption of DNA
targets at the various surfaces, we performed a control
experiment, and the result is shown as curve f in Figure
6. The introduction of the target into the cell housing the
crystal covered with a mixed SAM of HT and a non-
complementary HS-ss-DNA did not produce any discern-
ible frequency change, suggesting that nonspecific DNA
adsorption did not take place at the binary HS-ss-DNA/
HT SAMs.

The hybridization efficiencies at some of these films
can be estimated. The immobilization of the 17mer HS-
ss-DNA onto a Au surface typically yielded a frequency
decrease of about 12.5 Hz (2.5 pmol).52 To verify whether
all of the useful probes on the entire sensing surface had
been fully hybridized with the target, we carried out
another injection after acquiring curve e in Figure 6 and

(65) Han, S.; Lin, J.; Satjapipat, M.; Baca, A. J.; Zhou, F. Chem.
Commun. 2001, 609-610.

Table 1. Averaged Surface Density, Diameters, and Heights of HS-ss-DNA in Different SAMs Measured by AFMa

SAMs

parameters HS-ss-DNA HS-ss-DNA/MCH HS-ss-DNA/HT
HS-ss-DNA/HT
øHT/øMP

c ) 4/1
HS-ss-DNA/HT
øHT/øMPA ) 1/1

HS-ss-DNA/HT
øHT/øMPA ) 1/4

density
(×10-15 mol/cm2)

18.3 ( 5.0 5.5 ( 0.1 14.0 ( 4.0 19.0 ( 9.0 8.2 ( 0.4 6.2 ( 0.4

height (nm)b 1.8 ( 0.5 2.2 ( 0.4 2.1 ( 0.2 4.5 ( 1.0 2.1 ( 0.4 1.8 ( 0.4
diameter (nm) 19-42 28-39 15-33 12-28 17-34 23-42

a Average of three measurements. b Weighted average of different heights. c Solution composition for the mixed SAM formation.

Figure 6. QCM responses to the injections of 100 µL of a 3.35
µg/mL target solution at various HS-ss-DNA SAMs or HS-ss-
DNA/alkanethiol mixed SAMs: (a) a HS-ss-DNA/HT SAM
prepared with the present method (the original soaking solution
had a composition of øMPA/øHT ) 1/4), (b) a mixed HS-ss-DNA/
MCH prepared as in (a) except that MCH, instead of HT, was
used, (c) a mixed HS-ss-DNA/HT produced by the competitive
alkanethiol replacement procedure, (d) a mixed HS-ss-DNA/
MCH, also formed by the competitive alkanethiol replacement
procedure, (e) a Au surface covered with only the HS-ss-DNA
probes, and (f) a mixed SAM-containing HT and a thiolated
15mer whose sequence mismatches the target sequence, formed
using the present method.
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observed a frequency decrease of ca. 0.5 Hz (data not
shown). The third injection did not yield any signal above
the baseline. The cumulative target hybridized was then
calculated to be 0.49 pmol. Thus the overall hybridization
efficiency should be (0.49 pmol/2.5 pmol) × 100% ) 19.6%.
Since AFM revealed that about 17% of the probes were
tethered in the HS-ss-DNA SAM (heights greater than 2
nm), it appears that only these probes had been utilized
during the DNA hybridization. The hybridization ef-
ficiency at the mixed HS-ss-DNA/HT SAM prepared with
our method, on the other hand, is much higher. As
mentioned above, the 4-h exposure of the segregated gold
regions to a HS-ss-DNA solution resulted in an averaged
frequency change of about 20.8 Hz (4.25 pmol). As for the
target hybridization, the cumulative frequency decrease
and the total hybridized target from three consecutive
injections were 19.1 Hz or 4.06 pmol, respectively (aver-
aged from three measurements). Therefore, the overall
hybridization efficiency at the mixed HS-ss-DNA/HT
SAMs prepared with our method is (4.06 pmol/4.25 pmol)
× 100% ) 95.5%. A high overall hybridization efficiency
(∼80%), which is consistent with that reported by Tarlov
and co-workers,20-22,43 was also observed for the HS-ss-
DNA/MCH binary SAM system.

The hybridization efficiencies associated with curves c
and d, on the other hand, are difficult to estimate because
QCM only measures a net mass change at the surface.
The attachment of HT or MCH increases the mass change
while the loss of the replaced HS-ss-DNA reduces the mass
at the crystal surface. Therefore, the actual amount of
HS-ss-DNA present at the surface cannot be measured.
Unfortunately, the surface densities of HS-ss-DNA/HT or
HS-ss-DNA/MCH deduced from the AFM experiments are
not applicable because of the aforementioned morphologi-
cal difference between the AFM gold substrate and the
gold film on the QCM crystal.52 The validity of the
Sauerbrey equation for the quantitative interpretation of
the QCM results might also be an issue.66-68 Although the
tethered HS-ss-DNA molecules are short and do not extend
beyond the surface acoustic wave launched at the crystal
surface (typically a few micrometers68), they cannot be
simply regarded as rigidly bound molecules. Furthermore,
DNA molecules are highly solvated.63 Therefore, the
viscoelastic effects cannot be completely ignored, making
the results calculated by the Sauerbrey equation semi-

quantitative at best. Nevertheless, QCM is a technique
complementary to AFM for the purpose of studying probe
immobilization and target hybridization, since it can
provide a descriptive and semiquantitative interpretation
about the extents of the probe immobilization and the
DNA hybridization across the entire sensing surface.

4. Conclusion

A method for immobilizing HS-ss-DNA probes with a
high surface density and a surface orientation optimal for
DNA hybridization has been developed. Gold regions
freshly exposed by selective desorption of a shorter
alkanethiol in a mixed SAM can be used as sites for
attaching HS-ss-DNA. CV and AFM indicate that the gold
regions are segregated from the remaining alkanethiol
molecules of a longer chain length (e.g., hexanethiol, HT).
The sizes of these sites can be varied by altering the
solution composition initially used to form the mixed
SAMs. The surface density of HS-ss-DNA begins to
increase when the domains of the segregated gold regions
become comparable to the size of the HS-ss-DNA. This
increase in surface density (a decrease in the number of
nonspecifically adsorbed HS-ss-DNA and an increase in
the total amount of tethered HS-ss-DNA) is ascribed to
the surface reorientation of the HS-ss-DNA probes. The
tethered HS-ss-DNA molecules are known to be more
favorable for DNA hybridization. The surface density of
HS-ss-DNA in the mixed HS-ss-DNA/alkanethiol SAMs
prepared via the sequential adsorptions of HS-ss-DNA
and a “replacing” alkanethiol, on the other hand, is several
times smaller. Our immobilization method avoids the
indiscriminate replacement of the DNA probes by the
“replacing” alkanethiol, an aspect inherent in the com-
petitive alkanethiol replacement procedure, and makes
the FI-QCM detection of the oligonucleotide target more
sensitive. The QCM signal intensity was amplified by
almost 1 order of magnitude when compared to that at
SAMs containing only the HS-ss-DNA probes and by 2-3
times when compared to that at mixed SAMs formed with
the competitive alkanethiol replacement procedure. The
overall hybridization efficiency was estimated to increase
from 19.6% at the HS-ss-DNA SAMs to 95.5% at the mixed
HS-ss-DNA/HT SAMs prepared with our method.
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