
py,

perfectly
e density of
ated. We
nt
uorescence
the type of
a single-
match was
Journal of Colloid and Interface Science 278 (2004) 44–52
www.elsevier.com/locate/jcis

Characterization of DNA immobilization and subsequent hybridization
using in situ quartz crystal microbalance, fluorescence spectrosco

and surface plasmon resonance

Yoon-Kyoung Choa,∗,1, Sunhee Kima,1, Young A Kima, Hee Kyun Lima, Kyusang Leea,
DaeSung Yoona, Geunbae Lima,2, Y. Eugene Paka, Tai Hwan Hab, Kwan Kimb

a Digital Bio Laboratory, Samsung Advanced Institute of Technology, Suwon 440-600, South Korea
b Laboratory of Intelligent Interface, School of Chemistry and Center for Molecular Catalysis, Seoul National University, Seoul 151-742, South Korea

Received 23 June 2003; accepted 5 May 2004

Available online 2 July 2004

Abstract

We have characterized the immobilization of thiol-modified oligomers on Au surfaces and subsequent hybridization with a
matched or single-base mismatched target using a quartz crystal microbalance (QCM) and fluorescence spectroscopy. The surfac
immobilized probe molecules and the hybridization efficiency depending on the type of buffer and salt concentration were investig
observed some ambiguities in surface coverage deduced from QCM measurement and adopted a complementary fluorescence displaceme
method. Direct comparison of surface coverage deduced from frequency change in QCM measurement and determined by the fl
exchange reaction revealed that QCM results are highly overestimated and the amount of overestimation strongly depends on
buffer and the structure of the film. Discrimination capability of the surface attached 15-mer probe was also examined using
base mismatched target at various hybridization temperatures. Hybridization efficiency depending on the type of single base mis
investigated using surface plasmon resonance (SPR).
 2004 Published by Elsevier Inc.
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1. Introduction

There is explosive interest regarding the use of DN
functionalized surfaces to detect complementary target D
sequences in a complex DNA mixture by using the h
specificity inherent in DNA base pairing. The applic
tions include genetic and infectious disease diagnostic
vices [1,2], miniaturized biosensor arrays[3], and DNA-
driven assembly of nanostructures[4–7].

The interaction between probes, surface-tethered sin
stranded DNA, and the complementary target DNA stra
in solution plays the most crucial role in these applicatio

* Corresponding author. Fax: 82-31-280-8277.
E-mail address:dnachip@samsung.com (Y.-K. Cho).

1 The authors wish it to be known that, in their opinion, the first t
authors should be regarded as joint first authors.

2 Current address: Department of Mechanical Engineering, Pohang Un
versity of Science and Technology, San 31 Hyoja-dong, Nam-gu, Pohan
Kyungbuk 790-784, South Korea.
0021-9797/$ – see front matter 2004 Published by Elsevier Inc.
doi:10.1016/j.jcis.2004.05.008
-

Therefore it is important to have a good understandin
the key factors influencing the efficiency and selectivity
these molecular recognition events. Among many strate
for immobilizing DNA probes on surfaces, thiol-modifie
DNA probes that are immobilized on Au surfaces throu
self-assembly have been employed by several research
a model system to obtain better physical insights into
ability of DNA monolayers to capture and discriminate com
plementary and noncomplementary target sequences in
solution[8–13].

Tarlov and co-workers estimated the surface cove
of surface-bound DNA molecules and their structure un
various conditions using a number of surface analysis t
niques, such as X-ray photoelectron spectroscopy (X
ellipsometry, radiolabeling, electrochemistry, and neu
reflectivity [8,9,11]. They could control the surface co
erage and thus maximize the hybridization efficiency
treating oligonucleotide-modified surfaces with small spac
blocking molecules, 6-mercapto-1-hexanol (MCH). Wh
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the surface is passivated by MCH, it not only prevents n
specific adsorption of target DNA in solution, but also d
places weakly adsorbed DNA strands on the substrate,
ing single-stranded probe DNA with a more extended c
formation and thus facilitating hybridization.

In addition, a recent study reported an increase of
bridization efficiency as well as a higher surface den
when a mixed self-assembled monolayer (SAM) of HS
DNA/alkanethiol was employed. The mixed SAM of HS-s
DNA/alkanethiol were prepared by sequential adsorptio
HS-ss-DNA on a freshly exposed gold surface that was
viously covered by short alkanethiols and later selectiv
desorbed from mixed length alkanethiols[14].

While most of the previous studies using surfaces t
ered with thiol-modified oligonucleotide probes focused
hybridization with oligonucleotide targets, Huang et al.
vestigated hybridization with much longer polynucleot
targets using atomic force microscopy (AFM) and a qua
crystal microbalance (QCM)[15].

The morphology of self-assembled DNA films was a
investigated using scanning probe microscopy (SPM)[16].
It was observed that the film structure was significantly
fected by a small change such as modifying the positio
the thiol group from the 5′ end to the 3′ end of DNA[16].

The kinetic characteristics of the immobilization of t
thiol-modified DNA and subsequent hybridization with
complementary oligonucleotide target have been studied
ing surface plasmon resonance (SPR) spectroscopy[17–19].
It was found that the kinetics of self-assembly of thi
modified ss-DNA has to take desorption and diffusion i
account, in addition to adsorption. It was also reported
the rate of hybridization depends not only on the degre
mismatch but also on the position at which the hybridizat
occurs along the immobilized probe strands[19].

The QCM method has been adopted by several gro
to detect the DNA hybridization reaction because of i
great sensitivity as a mass sensor capable of measuring su
nanogram mass changes. It also has the great adva
of not requiring post-treatment of target samples, such
fluorophore or radioisotope labeling, for detection[20–27].
Okahata et al. conducted a systematic study to com
the kinetic parameters under various experimental co
tions using 27-MHz QCM[24]. Hook et al. monitored the
immobilization of PNA or DNA and studied the hybridiz
tion with DNA using a QCM dissipation monitoring tec
nique[27]. To employ QCM as a DNA hybridization sen
sor, a number of studies reported techniques to enh
the sensitivity of QCM detection. QCM crystals of high
frequency can increase the sensitivity even though a h
frequency (>∼10-MHz) device may show unstable fr
quency response when operated in aqueous solutions[22].
The sensitivity could be also improved by increasing the
bridization capacity using self-assembled DNA films[14],
multilayers of DNA films[22], or DNA dendrimers[26] as
probe surfaces. Additionally, the hybridization signal co
be amplified by increasing the total mass by derivatiz
-

e

the target DNA with liposomes[21] or gold nanoparticles
[28,29].

So far, there have been a few reports using thiola
DNA-modified surfaces to understand the relationship
tween surface coverage, structure, and hybridization
ciencies and thus to provide better physical insights into
development of new DNA detection methods. However,
factors influencing the probe density and hybridization e
ciency are still far from full elucidation.

Herein we described the experimental methods for c
acterizing hybridization of thiol-modified 15-mer DN
probes with perfectly matched and single-base mismatc
target molecules. Effects of the type and concentration o
buffer on immobilized probe density and hybridization
ficiency were explored. We observed that there were s
ambiguities in surface coverage deduced from QCM m
surements, depending on the type of buffer used. In ord
quantitatively determine the surface coverage, we adop
new complementary fluorescence-based method. A d
comparison of surface coverage deduced from freque
change and fluorescence measurement was made fo
first time, to the best of our knowledge. The surface c
erage determined by fluorescence-based methods rev
that the surface density estimated by QCM measurem
was highly overestimated and the amount of overesti
tion strongly depended on the type of buffer as well as
structure of the film. We demonstrated that a fluoresce
based surface-coverage-detection method can be use
a complementary technique to semiquantitative QCM m
surement. In addition, the temperature dependence on t
amount of nonspecific adsorption during hybridization w
a single-base mismatched target was investigated u
QCM. Finally, SPR was utilized to investigate the effect
the type of mismatch on the hybridization efficiency.

2. Materials and methods

2.1. Chemicals

Tris(hydroxymethyl)aminomethane hydrochloride (Tr
HCl), ethylenediaminetetraacetic acid (EDTA), mercapto
hexanol (HS(CH2)6OH), 3-mercaptopropanol (MPA
NaH2PO4, and NaOH were purchased from Aldrich a
used as received. All oligonucleotides were purchased f
Genotech (Daejeon, Korea). Sequences are as given iTa-
ble 1. The sequences were chosen because they are be
to be a part of the iduronate-2-sulfate (IDS) coding reg
whose mutation is suspected to be one of the main caus
Hunter syndrome.

2.2. QCM crystals and instrumentation

The QCM crystals used were 10-MHz AT-cut cryst
(International Crystal Manufacturing Co. Inc., OK). T
quartz crystal was mounted onto a QCM cell, made
Teflon, and 30 ml of the buffer solution was introduced. T
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Table 1
Nomenclatures and sequences of oligonucleotides

Name Sequence (5′ to 3′)
Probe HS(CH2)6-5′-GTTCTTCTCATCATC-3′
F-Probe HS(CH2)6-5′-GTTCTTCTCATCATC-3′-Fluorescein
B-Probe 5′-Biotin-GTTCTTCTCATCATC-3′
TA–PM-Target 3′-CAAGAAGAGTAGTAG-5′
TT–SPM-Target 3′-CAAGAAGTGTAGTAG-5′
TG–SPM-Target 3′-CAAGAAGGGTAGTAG-5′
TC–SPM-Target 3′-CAAGAAGCGTAGTAG-5′
D-Target 3′-GCAAGAA____TAGTAGCA-5′

solution was agitated with a small magnetic stirrer throu
out the measurement. The experimental setup allows tem
atures in the range 15–60◦C. The QCM cell was designe
so that only one gold-coated side of the quartz disk
in contact with the solution. A detailed description is giv
elsewhere[30].

The measured frequency change in QCM experime
�F (Hz), is approximately related to the mass change
adsorption,�m (g), on the quartz crystal by the Sauerb
equation,

(1)�F = − 2F 2
0 �m

A
√

µqρq
,

where F0 is the fundamental frequency of the QC
(10 MHz),A is the electrode area (0.2 cm2), µq is the shea
modulus of quartz (2.947× 1011 dyn cm−2), andρq is the
density of quartz (2.648 g cm−3). The frequency change o
1 Hz corresponds to a mass change of 0.883 ng.

2.3. Procedure of immobilization and hybridization

The experimental scheme is as sketched inFig. 1. A bare
Au electrode on a quartz crystal was cleaned with piranha
lution (3:1 H2SO4:30% H2O2). (Note: This is a dangerou
cleaning solution and care must be taken in solution han
dling.) After thorough rinsing with H2O, the quartz crysta
was mounted on the QCM cell, aqueous buffer solution
introduced, and the temperature was set to 23◦C. Once a sta
ble frequency baseline was established, probe solution
a concentration of 0.58 µM in 1 M PBS (1 M NaH2PO4 at
pH 5.7) or in TE–1 M NaCl (10 mM Tris-HCl, 1 mM EDTA
1 M NaCl, pH 7.6) was injected and the frequency decre
was monitored until it reached an equilibrium value. T
concentration of the probe solution was chosen based o
literature[11], which used 0.5–1 µM. Our preliminary e
periments showed there was no significant difference w
we used 0.2–1 µM of the probe solution. To reduce non
cific adsorption of target DNA and enhance the degre
hybridization, 1 mM mercaptohexanol, HS(CH2)6OH, was
introduced after the QCM cell was cleaned with buffer a
rinsed with deionized water. The QCM cell was filled w
TE–1 M NaCl buffer and the target oligomer was injec
to be 0.58 µM; we then waited until a stable baseline
obtained. Finally this setup was rinsed with TE–1 M Na
-

e

Fig. 1. Schematic diagram of thiol-modified oligonucleotides on QCM crys
tals and the experimental setup for QCM measurements of DNA imm
lization and hybridization. Only one face of the quartz disk is faced on
liquid.

followed by a deionized water rinse. Frequency respo
was reset to zero after stabilization each time the liquid
exchanged.

2.4. Quantification of surface density and
hybridization efficiency

Gold thin film was prepared on slide glasses (2.3 ×
3.8 cm) using the same method as was used to prepar
gold layer on QCM crystals was prepared. A 1-nm-th
adhesive layer of Cr was sputtered on glass surfaces
lowed by sputtering of 500 nm of Au. A close examinat
using AFM study showed little difference between the p
pared Au thin-film surface on glasses and QCM cryst
The surface of the gold thin film was cleaned with piran
solution and then rinsed several times with deionized
ter. The method of quantification method of oligonucleoti
immobilized on gold surfaces followed that of a previo
report [31]. Fig. 2 summarizes the schematics of our e
perimental procedure. A fluorescence-attached DNA p
(shown as the F-probe inTable 1) immobilized on a gold
substrate was placed in 20 mM 3-mercaptopropanol in
buffer solution at room temperature for 20 h, which w
a sufficient concentration and time to reach the equ
rium of the replacement reaction of the adsorbed spe
and 3-mercaptopropanol. The fluorescein-labeled oligo
cleotides desorbed from the gold surface were collected
a washing solution and the fluorescent signal of the solu
was measured and converted to surface coverage usin
standard curve previously prepared. The fluorescence in
sity was measured at 520 nm using an FP 750 fluorom
(JASCO).

3. Results and discussion

3.1. Direct monitoring of DNA immobilization
and hybridization

QCM was utilized for in situ monitoring and quantific
tion of immobilized probe oligonucleotide on Au surfa
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Fig. 2. Schematic diagram of quantification of surface coverage by disp
ment of F-Probe adsorbed on Au surfaces using 3-mercaptopropanol.

Fig. 3. Typical time dependence of frequency decrease of QCM upo
troduction of (A) 0.58 µM probe DNA in 1 M PBS, (B) 1 mM merca
tohexanol, (C) 0.58 µM target DNA in TE–1 M NaCl. Arrows indicate
the time when the sample was injected. The second and third arrow
(C) indicate the times when the buffer solution was introduced to wash
nonspecifically adsorbed molecules. Immobilization and adsorption of me
captohexanol were done at 25◦C and the hybridization was done at 38◦C.

and subsequent hybridization with target molecules.Fig. 3
shows a typical time course of frequency change upon
introduction of 0.58 µM probe DNA (Fig. 3A), 1 mM mer-
captohexanol (Fig. 3B), and 0.58 µM target DNA (Fig. 3C).
Arrows in the figure indicate the times when the sample
rinsing buffer solutions were injected. CV% in frequen
drop in QCM measurements was about 10–15% dep
ing on the conditions.Fig. 3 is a typical example of the
time course of the reaction and the calculation of the
Fig. 4. Frequency changes responding to the addition of 0.58 µM p
oligonucleotides in 1 M PBS (down triangles), 0.2 M PBS (up triangles
0.01 M PBS (squares), and DI water (circles).

face coverage based on frequency drop was done using
independent experimental data.

In Fig. 3A, the concentration of the probe DNA (Prob
was 0.58 µM in 1 M PBS and a frequency drop of 80 Hz w
observed. Assuming the Sauerbrey equation and a sen
ity of 0.883 ng/Hz, the surface coverage was calculated to
4.7×1013 molec/cm2. The first drop of frequency occurs a
the adsorption of thiol-attached probe DNA begins, follow
by slow rearrangement, which has been also observed p
ously and reported as a characteristic of thiol adsorption
gold surfaces[32].

In Fig. 3B, the frequency decrease responding to the
dition of 1 mM mercaptohexanol, HS(CH2)6OH, is shown.
Mercaptohexanol was used because it is known that it
impede nonspecific adsorption of target DNA and enha
the hybridization reaction[8,33]. Additional adsorption of
mercaptohexanol gave a frequency drop of as much as 8
which corresponds to an additional adsorbed mass of 3.1 ×
1014 molec/cm2. Levicky et al. reported that hybridizatio
efficiency was less than 10% without the postadsorptio
mercaptohexanol[11]. Our preliminary experiments showe
that hybridization efficiency was increased up to 30% by
ing postadsorption of mercaptohexanol.

Fig. 3Cshows the frequency response when 0.58-µM
get oligomer solution in TE–1 M NaCl was introduced. T
last two arrows denote the time when TE–1 M NaCl buf
was injected to rinse out nonspecifically adsorbed m
cules. After rinsing with buffer twice, the frequency dr
was stabilized at about 25 Hz. Assuming the Sauerbrey e
tion, additional mass increase was 1.5 × 1013 molec/cm2

and therefore it is estimated that 31% of probe molec
participated in the hybridization.

In order to investigate the effects of ionic strength
the immobilized probe density, frequency drop upon inj
tion of probe solution at various concentrations of phosph
solution was measured. As shown inFig. 4, the frequency
drop due to probe immobilization gradually increased
the concentration of phosphate solution increased. By
ple estimation from frequency drop, the surface density
the probe DNA was 4.7 × 1013 molec/cm2 (∼frequency
drop of 80 Hz) when 1.0 M PBS was used, while it w



48 Y.-K. Cho et al. / Journal of Colloid and Interface Science 278 (2004) 44–52

onu-

n
sity
ex-

n

nds

l ra-

ac-
ef-

ater
Au
s the
u-

be
m

en
in

ed,
for

wer.
t
re
the

ea

-
BS

ion
on-

we
niqu
De

e-

dis-
mall
de-
en-
sity
e be-

and

ents.
was

CM
he
ffer,
ge
ted.
nge

y the
mes

lso
oly-

was
ow-
for

the
ad-
ore
her

ou-

esti-
use
pH
a-
salt

bes
have
the
con-
dif-
ring
on-
rces
Fig. 5. Frequency responses upon addition of 0.58 µM probe olig
cleotides in 1 M PBS (squares) and TE–1 M NaCl (circles).

9.3 × 1012 molec/cm2 (∼frequency drop of 16 Hz) whe
0.01 M PBS was used. The increase of surface den
at higher concentrations of phosphate solution can be
plained by the decrease of electrostatic repulsion betwee
anionic DNA chains.

The surface coverage of close-packed ss-DNA stra
can be simply estimated as 6× 1013 to 9× 1013 molec/cm2

from the assumption of 0.6 to 0.7 nm of cross-sectiona
dius of each ss-DNA chain[10]. This simple calculation
tends to be overestimated, since it does not take into
count the electrostatic repulsion and steric hindrance
fects of the surrounding counterions and hydrating w
molecules. Surface density of thiol-modified ss-DNA on
surface varies with measurement techniques as well a
immobilization conditions and the length of the oligon
cleotides. Nonetheless, the measured probe density of 4.7×
1013 molec/cm2 when 1 M PBS was used seems to
highly overestimated compared to the estimated maximu
of 6× 1013 to 9× 1013 molec/cm2.

Frequency drops upon DNA probe immobilization wh
two different types of buffer were used are compared
Fig. 5. When TE–1 M NaCl instead of 1 M PBS was us
the frequency drop was only 36 Hz, compared to 80 HZ
1.0 M PBS. Furthermore, the adsorption was much slo
We expected to obtain similar results from two differen
types of buffers because the ionic strengths of the buffers a
similar. This nonintuitive result led us to the next topic,
quantification of surface coverage using fluorescence m
surements, described inSection 3.2.

3.2. Quantification of surface coverage and
hybridization efficiency

As discussed inSection 3.1, QCM measurement sug
gested about two times larger probe density when 1 M P
instead of TE–1 M NaCl was used as an immobilizat
buffer. The salt concentration and other experimental c
ditions were similar. In order to dissolve this ambiguity,
adopted a separate surface coverage measurement tech
a fluorescence-based method originally suggested by
mers et al.[31] for thiol-modified oligomers immobilized
-

e,
-

Table 2
Comparison of the surface densitymeasured by QCM and fluorescenc
based method

Immobilization
buffer

QCM:�f (Hz) Probe density (×1012 molec/cm2)

QCM Fluorescence

TE–1 M NaCl 36 20.9 4.3
1 M PBS 80 46.5 4.0
0.2 M PBS 51 29.7 1.2
0.01 M PBS 16 9.3 0.3
DI water 6 3.5 0.1

on gold nanoparticles. This technique is based on the
placement of fluorescence-tagged probe molecules by s
alkanethiol molecules, 3-mercaptopropanol (MPA). The
tailed experimental technique is described in the Experim
tal section. Direct measurement of the fluorescent inten
of fluoropore tethered on metal surfaces was not accurat
cause of the fluorescence quenching effect.

Probe densities estimated from QCM measurements
fluorescence-based methods were compared inTable 2. The
data were the average of three independent measurem
Increase of the surface density as the salt concentration
increased is not surprising. However, in contrast to the Q
measurements, fluorescence measurements showed that t
surface densities did not depend on the type of bu
TE–1 M NaCl or 1 M PBS. Moreover, the surface covera
measured by the QCM technique was highly overestima
The surface density estimated by QCM frequency cha
was about 5 times larger than the density measured b
fluorescence-based method for TE–1 M NaCl and 10 ti
larger for 1 M PBS.

The overestimation of the QCM experiments were a
reported using X-ray photoelectron spectroscopy with p
electrolytes with different charge density[34]. The overesti-
mation of the adsorbed mass from QCM measurements
a factor of 4.4 higher than that measured using XPS for l
charged polyelectrolytes, while it was about the same
highly charged polyelectrolytes. This is possibly due to
difference in the structure of the adsorbed layer. If the
sorbed layer has a conformation such that structure is m
extended and nonrigid, the overestimation could be hig
because of the contribution from the hydrodynamically c
pled buffer within the layer.

Based on our experimental observations, the over
mation was higher for the PBS buffer. One possible ca
for the overestimation could be that the difference in
(pH 5.7 for PBS, pH 7.6 for TE) could produce conform
tional differences in adsorbed probes even though the
concentration was high, 1 M. At low pH, the adsorbed pro
could be more balanced in charge and apparently could
more extended and less rigid conformation. In addition,
viscoelastic properties of the adsorbed layer due to the
formational differences of the layer and also due to the
ferences in densities or viscosities of the buffer could b
about the differences in overestimation. Investigation of c
formation and viscoelastic properties using a surface fo
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Table 3
Hybridization efficiency measured by fluorescence-based method

Immobilization buffer Probe density

(×1012 molec/cm2)

Hybridization buffer Hybridized DNA density

(×1012 molec/cm2)

Hybridization efficiency (%)

TE–1 M NaCl 4.3 TE–1 M NaCl 2.6 60

1 M PBS 4.0 1 M PBS 3.1 75
TE–1 M NaCl 2.6 65
TE–0.2 M NaCl 1.1 28
TE–0.01 M NaCl 0.5 13
DI water 0.1 3
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Fig. 6. Surface density measured by fluorescence-based method v
estimated from frequency drop of QCM measurements. For ss-DNA m
cules (squares), the surface coverage estimated from frequency change w
more than 10 times overestimated for 1 M PBS buffer (closed squares)
overestimation was smaller for TE–1 M NaCl buffer (open squares). Fo
bridized DNA (circles), the overestimation was less than for single-stran
DNA. Hybridization buffers were TE–1 M NaCl (open circles) and 1 M P
(closed circle). Dashed line indicates that the surface densities measu
two independent methods are the same. The overestimation of QCM
surement was smaller for the double-stranded DNA.

apparatus as we did previously[33] or QCM study with dis-
sipation factor analysis would be more useful to study
phenomena.

Fluorescent displacement measurement was once
utilized to quantitate the hybridization efficiency. Hybridized
double-stranded DNA tethered on an Au surface was
placed by MPA and the fluorescent concentration of the
lution was measured. Theresults are summarized inTable 3.
As one can expect, the hybridization efficiency was stron
affected by the salt concentration and little by the type of
buffer.

Fig. 6 shows the comparison of surface coverage e
mated by a fluorescence-based method and by direct de
tion from the frequency drop in QCM measurements. I
worthwhile to note that the overestimation was smaller
double-stranded DNA than for single-stranded probe DN
This may imply that the structure of double-stranded D
film is more rigid and therefore less water is bound co
pared to relatively flexible and bulky single-stranded DN
t

y

-

Fig. 7. Frequency responses when perfectly matched target (circles) an
single-base mismatched target (squares) were introduced. Temperatu
at 38◦C.

In conclusion, quantitative measurement of surface d
sity was accomplished as we introduced fluorescent-b
displacement technique. In situ monitoring of the surface
action was possible using QCM measurements, while q
titative information on the final surface coverage was
tained using a complementary fluorescence displaceme
technique.

3.3. QCM study of hybridization with single-base
mismatched target

In order to investigate the possibility of nonspecific a
sorption, hybridization experiments with single-base m
matched targets (TC–SPM-target inTable 1) were con-
ducted. The melting temperature,TM, of probes hybridized
with a perfectly matched sequence was predicted to
58◦C using the nearest-neighbor model[35]. TheTM of the
oligomer hybridized with a single-base mismatched ta
(TC–SPM) was 48◦C. As shown inFig. 7, there was hardly
any change when the single-base mismatched target wa
troduced, while 25 Hz of frequency drop was observed w
the perfectly matched target was used. The hybridization
done at 38◦C.

One can expect that the amount of hybridization wo
increase as the hybridization temperature decreased, w
the selectivity with which the probe can discriminate p
fectly matched and single-base mismatched seque
would decrease due to increased nonspecific hybridiza
In order to decide the optimum hybridization temperat
at which the hybridization signal is large enough to de
while the discrimination capability is not lost, we conducte
a series of hybridization experiments at various temp
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Fig. 8. Frequency responses upon hybridization with perfectly matched ta
gets (squares) and single-base mismatched targets (circles) at variou
peratures.

tures. The result is shown inFig. 8. The nonspecific hy
bridization increased under the hybridization temperatur
38◦C, whereas the amount of hybridization did not decre
significantly above 38◦C.

3.4. SPR study of hybridization with various kinds of
single-base mismatched target

A Biacore 3000 instrument (Biacore AB) was utiliz
to investigate the hybridization efficiency, depending on
type of base pair mismatch. SA-5 sensor chips (rese
grade, precoated with approximately 4000 RU streptavi
and HBS buffer (10 mM HEPES pH 7.4, 0.15 M NaC
3.4 mM EDTA, 0.005% Surfactant P20) were purcha
from Biacore AB. The SA chip has four independent flu
channels (FC). The detailed optical configuration is sho
elsewhere[36]. All experiments were done at 38◦C and the
flow rate was 30 µl/min. The HBS buffer was adjusted
have 0.5 M NaCl and used as a running buffer.

The bare chip was first washed three times with a 1
NaCl+ 50 mM NaOH solution before each experiment
remove any residual noncovalently bound streptavidin.
probe immobilization, 30 µl of probe solution with a co
centration of 100 fmol/µl was introduced to FC2 of th
sensor chip surface. We used the bare chip surfaces, s
tavidin (FC1), as a reference to calibrate any nonspe
bindings. A signal change of 581 RU was monitored for
mobilized probes. Since 1000 RU (Resonance Unit) co
sponds to approximately 1 ng/mm2 and the area of the flui
channel is 1.2 mm2, the adsorbed amount is about 0.7
corresponding to 149 fmol. When we repeated the exp
ments, the CV% of the adsorbed amount (RU) was less
0.5%. Meanwhile, the maximum adsorbed amount, 707
was obtained when we introduced 330 µl of probe solut
which corresponded to 182 fmol, 9× 1012 molec/cm2.

After probe immobilization was done, 45 µl of the ru
ning buffer was introduced to wash out the nonspec
binding. For each hybridization experiment, 45 µl of eac
target solution with concentrations of 100, 50, 25, a
12.5 fmol/µl, respectively, was injected and then 45 µl
running buffer was flowed to rinse possible nonspecific b
ings.
-

-

Fig. 9. Hybridization kinetics with perfectly matched target (Panel
TA–PM-target) and single-base-pair mismatched target (Panel B:
SPM-target) were compared. A slower dissociation constant was obs
for the perfectly matched target. A sample of 45 µl of target solution w
concentration of 100, 50, 25, or 12.5 fmol/µl from top to bottom lines, re
spectively, was introduced on the SA-5 chip immobilized with probe DN
Broken lines are for fitted data for the analysis of the kinetic constant.

Table 4
SPR binding kinetics data

Targets Ka (1/Ms) Kd (1/s) KA ((1/M) × 104)

TA–PM 754 0.00236 32
TG–SPM 1200 0.0595 2.0
TT–SPM 1290 0.0208 6.2

Fig. 9shows the real-time monitoring data for hybridiz
tion with perfectly matched target (Panel A: TA–PM-targ
and single-base mismatched target (Panel B: TT–S
target). For kinetic analysis, experiments with different
get concentration were done. The kinetic constants w
evaluated and are summarized inTable 4. As expected
the binding amount at equilibrium is higher when a highe
concentration of target was introduced. Binding affinity for
perfect matched hybridization (T–A binding) was about fi
times higher than that of T–T mismatched binding a
15 times higher for T–G mismatched binding. For ot
kinds of mismatches, T–C and deletion mutations, the b
ing amount were too small to evaluate kinetic data.

In Fig. 10, the binding data with different mutation typ
were compared. As expected, the perfectly matched ta
T–A, showed the highest binding affinity; T–G and T
mismatch showed some binding affinities, while T–C a
deletion mutation showed smallest binding affinity. This t
dency may be due to the stability of the mismatched
plexes and SPR is sensitive enough to distinguish these
of single-base mismatched duplexes. The results show
Fig. 10is very consistent with the prediction from the ne
est neighbors model. The melting temperature predicte
the nearest neighbor model was 58, 53, 50, and 48◦C for



Y.-K. Cho et al. / Journal of Colloid and Interface Science 278 (2004) 44–52 51

ed
T–T:
t

-

ly.
ith
h-

so-
the
only
the
tant
ood
-

y to
d
-
s
sed

ed
ven
or-
sult
den
k

s we
d th
ith
PR
-
ent
re-

and
ting
ur-

han
ely
hy-

rget
find
dis-
s
nt
gle
nifi-

of
ing
hbor
m-
of
lop-
ry
).

-

er,
00)

2

1

75.

9

oc.

.
7

m.

122

122

.
7)

00)

al.

i,
Fig. 10. Real-time monitoring of the hybridization with perfectly match
target (T–A: squares), single-base mismatched targets (T–G: circles;
up triangles; T–C: down triangles),and (deletion mutation: diamond). No
only was the hybridization efficiency different, but also very distinctive dif
ferences in dissociation constant were observed during the washing step.

TA–PM, T–G SPM, T–T SPM, and T–C SPM, respective
We report these preliminary results now; further study w
different kinds of mismatchesconsidering the nearest neig
bors are under progress.

It is also worthwhile to note that the differences in dis
ciation constant are much more significant than those in
association constant. Therefore, one can conclude not
that the hybridization affinity is strongly dependent on
type of mismatches but also it might be even more impor
to have stringent washing conditions in order to have g
sensitivity and selectivity for single-base-pair mutation de
tection.

4. Summary

We have used QCM and fluorescence spectroscop
characterize the immobilization of single-stranded DNA an
the subsequence hybridization reactions with fully comple
mentary or single-base mismatched sequences of DNA. A
expected, the amount of DNA probe adsorbed increa
when the salt concentration was high because of the reduc
electrostatic repulsion between anionic DNA strands. E
though QCM is an indispensable tool for in situ monit
ing of minute hybridization reactions on surfaces, the re
can be affected by various factors for accurate surface
sity measurement due to an inherent mechanism. This wea
point of the QCM measurement was compensated for a
adopted the fluorescence-based method and quantifie
amount of DNA adsorbed. This could be also done w
other experimental techniques such as ellipsometry, S
and XPS. The results showed that the surface density de
duced from the frequency change in QCM measurem
for the case of 1 M PBS was highly overestimated. P
sumably this is due to the differences in conformation
viscoelastic properties of the adsorbed layer with hydra
buffer solution. Furthermore, the overestimation of the s
face density was smaller for the double-stranded DNA t
for the single-stranded DNA probe, which can be tentativ
attributed to the structural differences. In addition, the
-

e

,

bridization experiments with single-base mismatched ta
DNA were conducted at various temperatures in order to
the hybridization temperature that gives the maximum
crimination capability. A preliminary study with SPR wa
conducted to investigate the binding affinities for differe
kinds of mismatched pairs. Depending on the type of sin
mismatched base pair, the dissociation constant was sig
cantly varied.
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