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Abstract A screening analysis of DNA hybridization and
the presence of DNA mutations using an surface plasmon
resonance (SPR) biosensor is shown. The influence of lateral
and vertical spacers, as well as several hybridization con-
ditions, was studied to optimize the differentiation between
fully complementary and mismatched DNA strands. Our
results demonstrated that SPR biosensors were able to detect
mismatch sequences related to inherited breast cancer, with
high specificity and sensitivity. Using PCR synthetic sequen-
ces as targets, mutant sequences were clearly discriminated
from fully complementary ones, and detection limits below
50 nM were achieved.

Keywords SPR biosensor- DNA hybridization -
DNA mutation - BRCA-1 - Breast cancer

L. G. Carrascosa - L. M. Lechuga
CIBER de Bioingenieria, Biomateriales y
Nanomedicina (CIBER-BBN),

50018 Zaragoza, Spain

L. G. Carrascosa (D<) - L. M. Lechuga
Nanobiosensors and Molecular Nanobiophysics Group,
Research Center on Nanoscience and Nanotechnology
CIN2-(CSIC-ICN), ETSE,

Campus UAB.

08193 Bellaterra, Barcelona, Spain

e-mail: Icarrascosa@cin2.es

A. Calle

Microelectronic Institute of Madrid (IMM-CNM-CSIC),
Isaac Newton 9, (PTM).

28760 Tres Cantos, Madrid, Spain

Introduction

Detection of DNA mutations is of crucial interest in
molecular biology. Particularly, it is a relevant tool for the
diagnosis of several diseases, like some types of cancer
related to inherited mutations. Some of the current methods
for the identification of mutations have large turn-around
times; are complex, tedious, and expensive; or require the use
of labels [1]. Other methodologies, such as microarray
technology, still present many uncertainness, like assay
reproducibility, sensitivity, correlation of signal to sample
abundance, and reliability to predict disease conditions [2,
3]. Biosensor devices, such as surface plasmon resonance
sensors (SPR), are an interesting alternative to conventional
DNA-hybridization screening methods because, in a few
minutes, they can analyze biomolecular interactions in real-
time and in a label-free way.

SPR biosensing is a widespread technique, and several
commercial devices based on this technique are available.
The sensing mechanism is based on the refractive index
changes at the interface of a gold sensor chip when bio-
molecules interact with immobilized ligands on the sensor
surface. The changes in refractive index are detected via
angle changes of a reflected laser beam and are directly related
to the amount of sensor surface-bound biomolecules [4].

Besides that SPR methodology has been used for many
different applications [5], DNA detection still has several
limitations to be overcome, particularly, those regarding
sensitivity and selectivity to clearly identify mutations [6—
15]. Usually, DNA detection by conventional SPR instru-
ments is performed in the micromolar range of target probe
[6-9, 12-16], and only a few works have reached the
nanomolar range [8, 10, 11]. There are few examples of
label-free detection in the subnanomolar range for short
DNA probes; however, when trying to analyze mismatched
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probes, the reported detection limits are considerably higher
[17].

In order to boost up SPR detection sensitivity, various
efforts have been made to reach the subnanomolar range, or
even femtomolar detection limits [18]. The strategies
implied the use of: (1) labels or amplification methods like
DNA-capped gold nanoparticles [11], samples tagged with
particles like polymer microspheres in a sandwich assay
format [19], or enzymes [20], or (2) the employment of
nonconventional SPR detection schemes [18, 21, 22].

In the case of PCR samples, it is particularly difficult to
achieve low detection limits using conventional SPR devices,
and reported values, without using amplification strategies,
are typically above 100 nM [10, 15]. Label-free approaches
have the ability to provide simple assay procedures; there-
fore, it is relevant to optimize the SPR methodology for
analyzing mutations without labeling in order to be compet-
itive with routine analysis methods, especially in the case of
PCR samples.

In order to reach such optimization for the analysis of
mutations in PCR targets, we have followed three different
strategies:

1. To control the immobilization of the oligonucleotide
probe via thiol chemistry in order to reach high probe
densities avoiding physisorption

2. To enhance the hybridization efficiency by improving
target accessibility

3. To increase target selectivity to clearly differentiate
between fully and nonfully complementary targets

Thiol chemistry is a common method for immobilizing
biomolecules on gold surfaces. Ideally, the thiol-derivatized
DNA molecules interact with the surface exclusively
through the sulfur atom, but it is also possible that the
nitrogen-containing nucleotide side chains interact directly
with the surface in a “lying flat” physisorbed configuration
if the immobilization density is not well controlled [23]. On
the other hand, if the DNA monolayer is too compact, steric
hindrance forces can prevent the target probes from
accessing the monolayer in order to reach the complemen-
tary sequence. Studies of oligonucleotides attached to gold
via thiol linkers suggest that an efficient hybridization
occurs when the DNA probe strands are laterally spaced
and when they have an upright orientation with respect to
the surface [6, 23-25].

The use of molecules acting as lateral spacers such as
mercaptohexanol (MCH) [23] or mercaptoundecanol [6]
has been proven to help control DNA immobilization
density. They avoid physisorption phenomena and increase
target accessibility by favoring an upright orientation.
These organic molecules have been frequently reported in
the literature; however, the use of spacers of a different
nature, such as DNA sequences, is less widespread. In this
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work, both MCH and DNA sequences have been tested as
spacer elements that can enhance target accessibility and
hybridization efficiency.

Another additional way to increase target accessibility is
the insertion of a nucleotidic sequence in the immobilized
probe, which acts as a vertical spacer. This spacer sequence
is not involved in the hybridization event and its role is just
to separate the specific sequence a distance away from the
surface in order to favor hybridization from a steric point of
view.

To achieve a better target selectivity, since a mismatched
duplex is not as stable as that formed by a fully paired one,
differentiation between both could be possible by controlling
experimental variables affecting the hybridization at the
transducer—solution interface. High stringency conditions
slightly destabilize duplexes, and it is a simple way to favor
hybridization of perfectly matching sequences with respect
to their imperfect counterparts, allowing a higher degree of
differentiation between both. High stringency can be
achieved using a hybridization buffer of low ionic strength
as ions are required to stabilize DNA’s negative charges.
Another way is the introduction of denaturing agents such as
formamide (H-CO-NH,) in the hybridization buffer.
Formamide competes with the nucleotide bases in the
formation of hydrogen bonds, thereby destabilizing the
duplex structure and increasing specificity and selectivity of
the detection.

All the above factors (the effect of lateral and vertical
spacers, the use of formamide and different stringency
conditions) have been studied and applied to the detection
of mutations at the BRCA1 gene, which is involved in the
development of inherited breast cancer. The BRCAI1 gene
functions as a tumor suppressor gene encoding a protein that
is involved in DNA repair. Women carrying mutations in this
gene have a dramatically increased risk of developing breast
and ovarian cancer during their lifetime. The identification of
these mutations is of relevance because interventions such as
early breast cancer screening can decrease morbidity and
mortality for these patients [26, 27].

In our experiments, short probes, 12 and 25 mer long,
were first used to optimize the immobilization and hybrid-
ization conditions, which are employed afterwards for PCR
target detection. Synthetic PCR DNA sequences are used as
models for PCR samples. This synthetic PCR samples have
been designed to be identical to DNA sequences obtained
after PCR of the BRCA1 gene from patients carrying the
selected mutation. The mutations of the BRCA1 chosen for
this work were 916delTT and R1443X. Both mutations are
involved in the inheritance of a greater susceptibility for the
development of breast cancer [28]. 916delTT implies a
deletion of two thymines causing a frame shift mutation in
BRCAI gene in exon 11, at codon 266, leading to a stop
codon at position 285 (E266fsX285). R1443X is a trans-
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version of a cytosine into a thymine, leading to a nonsense
mutation in BRCA1 gene (Argl443ter) in exon 13, codon
1443.

For biosensing detection, a commercial SPR biosensor
(SENSIA SL, Spain) has been employed. In addition, ex-situ
methods like fluorescence and radiolabeling have been used
as reference techniques for some experiments.

Experimental
DNA sequences

The DNA sequences used for the analysis are shown in
Table 1. Sequences used for immobilization bear a thiol
linker (C6-SH) at the 5’ end, whereas target sequences
employed for testing conditions by ex-situ experiments
(fluorescence or radiolabeling) are labeled with a CY3
fluorophore or **P. For detection of the mutations related to
breast cancer by SPR, synthetic PCR sequences corresponding
to the mutant and wild-type phenotype of 916delTT and
R1443X mutations were employed.

As we are only interested in identification of the mutant
phenotypes, our experiments are designed to have as the
immobilized probe the one which carries the selected
mutation. In this way, only the mutant target sequence will
be fully complementary to the immobilized one, giving, for
the optimized conditions, higher SPR signals than the non-
mutation-carrying wild-type target. Wild-type and mutant
targets are synthetic sequences that simulate the corresponding
PCR products obtained from real patients. They are identical
in the nucleotidic composition to the expected amplified
DNA, bearing a 13—15-mer region, which is involved in the

Table 1 Oligonucleotide sequences and modifications

hybridization process, flanked by two extra DNA sequences at
its 5" and 3’ sides that do not participate in the hybridization.
Experiments using these synthetic sequences ensure that our
protocol will be valid for future tests with patient samples.
Specifications of these sequences are shown in Table 2.

DNA immobilization and hybridization

Experiments were performed using a SPR biosensor and
ex-situ methods. For the biosensor, immobilization of DNA
probes was carried out in flux at a rate of 12 pl/min using a
1-uM sample prepared on a volume of 300 pl in 50 mM
phosphate buffered (PB) solution with 0.5 M NaCl, pH 7.
Hybridization was accomplished at room temperature using
a sample target volume of 300 pl in buffers of different
stringency or containing a percentage of formamide, at neutral
pH. The tested conditions were: 30 mM PB, 1x-SSC (0.15 M
in NaCl, 0.015 M in sodium citrate), 0.5x-SSC, 3x-SSC, and
5%-SSC, respectively. When a percentage of formamide was
introduced, the employed buffer was 5x-SSC.

For ex-situ measurements, 1- and 10-uM samples used for
immobilization and hybridization, respectively, were directly
dropped onto the gold surface. The chip was kept under a
humid atmosphere at 30 °C for 3 and 1 h, respectively, and
then rinsed with the immobilization or hybridization buffer,
whichever applies. Finally, the chip was rinsed with water
and air-dried under nitrogen flux.

SPR experimental set up and sensor chip preparation
The SPR sensor system (SENSIA S.L., Spain) used for the

experiments works with the Kretschmann configuration and
monitors the binding events in real time by carrying out

Name

Oligonucleotide

Ex-situ experiments
1-12T0
I-12T5
1-12T10
1-12T15
1-12T20
Comp12mer-Cy3-P32
SPR experiments (12- and 25-mer probes)
I-12mer
I-12T15mer
Comp12mer
Contl2mer
1-25mer
Comp25mer
EMM25mer
IMM25mer
Cont25mer

SH-(CH,)-3'-AACGACGGCCAG-5'
SH-(CH,),-3'-C6-TTTTTAACGACGGCCAG-5'
SH-(CH,)-3-TTTTTTTTTTAACGACGGCCAG-5'
SH-(CH,)6-3"-TTTTTTTTTTTTTTTAACGACGGCCAG-5'
SH-(CH,)-3-TTTTTTTTTTTTTTTTTTTTAACGACGGCCAG-5'
5-3p .CTGGCCGTCGTT-Cy3-3'

SH-(CH,)6-5'-GACCGGCAGCAA -3’
SH-(CH,)6-5"-TTTTTTTTTTTTTTTGACCGGCAGCAA -3’
5'- TTGCTGCCGGTC -3'

5'-AACGACGGCCAG-3'
SH-(CH,)6-5'-GACGTTGTAAAACGACGGCCAG-3'
5'-CTGGCCGTCGTTTTACAACGTC-3'

5'-GTGGCCGTC GTTTTACAACGTCGTG-3'
5"-CTGGCCGTCG TTTTAGAACGTCGTG-3'
5'-CACGACGTTGTAAAA CGACGGCCAG-3'
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Table 2 Sequences employed for the detection of breast cancer related mutations

916delTT (Del 2 T)

SH-M-916delTT: Immobilized sequence (mutant phenotype)
SH-(CH2)6-5"-TTTTTTTTTTTTTTTGTTCTGTCAAACT-3’
DNA-LI1Spacer: DNA lateral spacer
SH-(CH2)6-5-TTTTTTTTTTTTTTTAAATCTTAGTGTCC -3’
M-916delTT: Fully complementary sequence (mutant phenotype)

5'-TGCCACATGGCTCCACATGCAAGTTTGACAGAACTACCCTGATACTTTTCTGGATGCC-3’
WT-916delTT: Mismatched complementary sequence (wild-type phenotype)
5'-TGCCACATGGCTCCACATGCAAGTTTGAAACAGAACTACCCTGATACTTTTCTGGATGCC-3'

Negative control

5-TGCCACATGGCTCCACATGCATCAAACTGTCTTGTACCCTGATACTTTTCTGGATGCC-3'

R1443X (C->T)

SH-M-R1443X: Immobilized sequence (mutant phenotype)
SH-(CH2)6-5-TTTTTTTTTTTTTTTGACCTGTGAAAT-3’
DNA-L2Spacer: DNA lateral spacer
SH-(CH2)6-5"-TTTTTTTTTTTTTTTAGAATCCCCAG-3’
M-R1443X: Fully complementary sequence (mutant phenotype)

5-TTTTCTGATGTGCTTTGTTCTGGATTTCACAGGTCCTCAAGGGCAGAAGAGTCACTTATG-3’
WT-R1443X: Mismatched complementary sequence (wild-type phenotype)
5-TTTTCTGATGTGCTTTGTTCTGGATTTCGCAGGTCCTCAAGGGCAGAAGAGTCACTTATG-3'

Negative control

5-TTTTCTGATGTGCTTTGTTCTGGTAAAGTGTCCAGCTCAAGGGCAGAAGAGTCACTTATG-3'

detection at a fixed angle of incidence. The device has two
flow cells (300 nL each) and a sensing area of 3 mm?”. The
sensor chip is a microscope cover glass slide (10x10x
0.15 mm) coated with 2 nm of chromium and 45 nm of
gold. Prior to the experiments, the sensor chip surface is
cleaned using organic solvents (trichloroethylene, acetone,
and ethanol), rinsed with water, and finally treated with
piranha solution (70% H,SO4—30% H,0,) for a few seconds,
then rinsed again with water and dried under nitrogen flux.

Fig. 1 Simultaneous fluorescent
and radiolabeled detection of 12
mer targets upon a 1 uM DNA
monolayer using different verti-
cal spacer lengths and example
of the effect of lateral MCH and
the selected T15 vertical spacer
on hybridization followed by
SPR
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The liquid handling system is fully automated and
incorporated into the SPR platform. A continuous buffer-
flow is delivered onto the sensor surface at a constant speed
of 12 uL/min by using a peristaltic pump. Injection of the
samples is controlled by diaphragm pumps that load precise
volumes of 250 pL into each flow cell via its corresponding
injection valve. Samples are then pumped into the flow cell
in order to reach the sensor chip at a constant speed of
12 puL/min.

—— without MCH
—— with MCH
4| — with MCH + 15T vertical spacer
= 6,0x10
2
3
S 4,0x10™4
£
)
=2
- -4 |
8 2,0x10
-
[
o
0,04

200 400 600 800
Time (s)

o



Label-free detection of DNA mutations by SPR: Application to the early detection of inherited breast cancer 1177

The experimental detection limit was defined as a value
in the hybridization >7-10~ (3% SD of baseline) and at least
three times higher than the standard deviation of the
noncomplementary target signal. It has also been established
that mismatched targets must present a signal at least three
times lower than the standard deviation of the complementary
one to be statistically different. The ability to discriminate a
point mutation is determined by the following expression

(Eq. 1):

Ability to discriminate a mutation(%):

) % 100 1)

Indexmismatch
100 — (————™8™—
IndexComplemenmry

Ex-situ measurements using fluorescence and radiolabeling
based methods

Experiments were carried out on microscope slides coated
with 5 nm of chromium and 450 nm of gold purchased
from EMF (USA). These experiments were done to find the
optimal length of the receptor probes, giving a maximum
hybridization signal. The hybridization is detected either by
fluorescence using a Scan Array 4000 (GSI Lumonics) for
fluorescent probes or by radiography for radiolabeled
probes.

Results

The effect of vertical and lateral spacers was firstly evaluated
using 12 mer probes immobilized at 1 uM. Immobilization
and hybridization were carried out in 0.5 M NaCl-50 mM PB
and 1 M NaCl-50 mM PB respectively (Fig. 1). The aim of
vertical spacers is to separate the specific sequence from the
surface, making it more sterically available for hybridization.
This effect was evaluated ex-situ using a dually fluorescent
and radiolabeled 10 puM target probe. A thymine based
spacer sequence was chosen due to the low affinity of
thymine bases towards gold surfaces, contributing to keep
the DNA immobilized strands in an upright configuration
[25]. Different vertical spacers, ranging from 5 to 20
thymidines, were employed. Figure 1 shows that when the
length of the spacers increases, the accessibility is enhanced.
The optimal hybridization signal, either by fluorescence or
radiolabeling measurements, was achieved with the 15
thymidine spacer. Longer spacers gave rise to lower surface
coverage, reducing the availability of DNA probes in
agreement with other authors [29]. Hybridization in the
SPR sensor using a 500 nM target in a 15-T modified DNA
monolayer, showed an equivalent result, demonstrating that
this strategy successfully enhanced the hybridization signal

(Fig. 1).

To evaluate the effect of introducing a lateral spacer
among immobilized probes, ] mM MCH was added after
DNA immobilization. Figure 1 shows this effect using a
500-nM target. MCH introduction into the monolayer
considerably enhanced the hybridization signal in agreement
with previous results [23, 24, 29-31], clearly indicating that
this treatment also favors target accessibility.

Both factors, the use of MCH and the 15-T spacer, were
evaluated on larger probes of 25 mer, where an analysis of
target mutations detection was carried out. Hybridization
was done in the same buffer conditions as those established
for 12-mer probes. These conditions allowed good detec-
tion limits for complementary targets in the range of 10 nM
(Fig. 2); however, discrimination among mismatches was
extremely hard to achieve. Neither internal nor external
mismatches were clearly distinguishable from the comple-
mentary ones (data not shown). Therefore, different stringency
conditions were evaluated, by controlling ionic strength
during hybridization. Figure 3 shows that as stringency is
increased by lowering the ionic strength of the hybridization
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Fig. 2 a 25-mer hybridization signals in PB 50 mM—NaCl and b
calibration curve
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buffer, the hybridization signal is reduced, due to the duplex
destabilization. Besides this decrease of hybridization signal,
increased stringency yields a better level of selectivity
between fully matched and mismatched targets. Among the
evaluated buffers, PB buffers, even at high stringency
conditions such 30 mM PB, did not give enough selectivity
to discriminate between targets; this was only possible on
sodium saline based ones. At SSC-1x and 0.5%, differences
between fully and not fully paired targets were clearly
distinguishable; however, hybridization signal at SSC-0.5x
was dramatically low, and therefore, SSC-1x was chosen as
the ideal condition for the identification of mutations. In such
ionic strength conditions, a 100-nM limit of detection was

3,0x10™

200 nM

found. Mismatched targets were clearly distinguishable from
the fully paired ones only at target concentrations of 500 nM
and higher (Fig. 3). For this concentration range, the abilities
to discriminate point mutations were 13-36% and 21-35%
for external and internal mismatches, respectively. Differen-
tiation between internal and external mismatches, from a
statistical point of view, was not possible to achieve in these
conditions.

The above hybridization conditions were employed as a
starting point for the analysis of mutations related to breast
cancer gene when using the synthetic PCR targets carrying
the 916delTT mutation. The total length of this sequence
was 56 mer; however, the region involved in hybridization
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Fig. 3 Test of hybridization under different buffer conditions to discriminate between 1 uM fully complementary and mismatch sequences.

Calibration curve for SSC 1x condition is also shown

@ Springer



Label-free detection of DNA mutations by SPR: Application to the early detection of inherited breast cancer 1179

was only 13 mer. This length was chosen because the
optimal size of an oligonucleotide probe for effectively
detecting the presence of a single mismatched base pair is
between 11 and 15 nucleotides [32]. The hybridization
reaction was done using immobilization probes bearing the
15-T spacer at two conditions, with and without MCH
lateral spacer, as shown in Fig. 4. For both cases, results
showed a 100-nM detection limit, similar to that obtained
for 25-mer targets, which is lower than expected as PCR
targets have higher molecular weight than the 25-mer ones.
Conversely, selectivity was dramatically enhanced and the
wild phenotype was strongly distinguishable from the
mutant one. The ability to discriminate mutations was in
the range of 35% for 500 nM 25-mer targets, whereas an
ability of about 80% was found for PCR targets of the same
concentration. These results could be explained in terms of
the higher sterical hindrance of PCR targets when com-
pared to shorter probes, like 25-mer ones. In the PCR
target, only the internal region of 13 bases is involved in
hybridization, while the extra DNA sequence at both sides

a)

*x M-916delTT
4 WT-916delTT
— 1,5x10 e Control
c
NS
x
S 1,0x10"
2
[0
=
g 5
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0,0 +——— . ——
0,1 1
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o Control
S 15x10"
x
[}
©
£ -4
o 1,0x10"
=
i3
o
T 50x10°1
o
0,0 +—— .

0,1 1
Concentration (uM)

Fig. 4 Hybridization curves for 916delTT targets corresponding to
the mutant (dark blue) or wild-type (light blue) phenotypes at two
different conditions a using MCH and b without MCH treatment

would hinder hybridization from a steric hindrance point of
view. This sterical factor could decrease the hybridization
efficiency, although it might help to destabilize the not
perfectly matched duplex more dramatically than the
perfect one, thereby favoring selectivity.

The signals obtained for the MCH-treated and nontreated
monolayers presented some differences. Both conditions
gave the same detection limit, but the non-MCH-treated one
showed a slightly better selectivity towards fully and
nonfully matched targets. This could be due to the removal
effect of the DNA receptor probes after MCH treatment,
which contributes to an increase in accessibility, but on the
other hand, it decreases the number of available receptors.
As PCR targets are more inefficient to hybridize than short
targets, the decrease in the number of immobilized probes
would be more relevant than the increase in accessibility,
lowering the hybridization efficiency when MCH is used.
For that reason, the employment of MCH is not convenient
for PCR target detection, and other strategies should be
addressed. Among available ones, it has been suggested
that longer lateral spacers might act more efficiently than
the shorter ones (like MCH) [6]. Usually, organic spacers
are employed, and to our knowledge, the use of other kinds
of molecules, as DNA sequences, has only been employed
by Demmers et al. [33]. They used DNA spacers in gold
nanoparticles showing improved results in the hybridization
efficiency. We have tried this latter strategy using a DNA
sequence as lateral spacer with the 916delTT probe
(carrying the 15T vertical spacer) through a coimmobiliza-
tion procedure in order to reach lower detection limits.

Receptor and lateral spacing DNA sequences were
immobilized simultaneously in flux onto the sensor chip

I: MCH (SSC1X) in flux immobilization

II: no lateral spacer (SSC1X) in flux immobilization

11l: DNA lateral spacer (SSC 1X) in flux immobilization

IV: DNA lateral spacer (SSC 5X-5% Formamide) in flux immobilization

2,0x10™ { I M-916delTT
I WT-916delTT

Refractive index (An)

1,5x10 "

1,010
5,0x10 "
010' T T
| I Il \Y

Detection Conditions

Fig. 5 In flux SPR hybridization signals of 500 nM 916delTT target
using a lateral DNA spacer, MCH or no lateral spacer. It is also shown
that the use of formamide increased selectivity between mutant and
wild-type phenotype
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at a concentration ratio of 2:2 pM, and detection was per-
formed in SSC 1x. As it is shown in Fig. 5, for a 500-nM
target, the use of a DNA spacer sequence gave a higher
hybridization value than when MCH or no lateral spacer
was used. Besides this increase in sensitivity, the wild-type-
related signal was found to be higher with this coimmobi-
lization strategy, which lowered its ability to discriminate
between mutant and wild-type phenotypes. This lower
differentiation could be explained by the immobilization
in flux, which implies shorter times of immobilization; as a
consequence, the two DNA sequences would need higher
immobilization times to properly organize and achieve a
configuration that favors hybridization while hindering
physisorption phenomena.

The selectivity to differentiate phenotypes when using
DNA lateral spacers could be improved using : (1) higher
stringency conditions introducing agents like formamide

Fig. 6 SPR signals for different

and (2) longer immobilization times, which are demon-
strated to benefit DNA immobilization through organiza-
tion of the monolayer [34].

For the first approach, different formamide percentages
were evaluated (data not shown), being 5% in nonionic
stringent conditions, like SSC-5x%, the one which gave the
best hybridization signal. This condition produced slightly
higher SPR signals and a higher level of selectivity to
differentiate between complementary and mismatched
targets than those found when performing hybridization in
SSC 1x (Fig. 5). However, the best results were found
when the immobilization is accomplished ex-situ for 3 h
and hybridization is achieved in SSC 5x—5% formamide. In
these conditions, hybridization was greatly improved, by
one order of magnitude, and, in addition, selectivity was
very high as well. Target concentrations of 50 nM were clearly
detected, giving a refractive index signal of 1.93-10 4+
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22107, while an almost negligible signal of the mis-
matched target was obtained (2.29-10 °+2.2:10 °) (Fig. 6a),
indicating that detection limits below 50 nM could be
achieved. The mismatch discrimination degree of this
approach is around 88-92% for the evaluated concentration
range. This value is considerably high when considering
values from the literature, as those from Jiang et al., who
reported an ability to discriminate mutations of only 34% for
detection of 150 nM PCR targets [10].

Our results indicate that a sufficient immobilization time
and the use of DNA sequences as lateral and vertical spacers
to control the accessibility of target probes constitute an
excellent strategy to improve both sensitivity and selectivity
for the detection of PCR targets. The same methodology was
tested for another breast cancer-related mutation, R1443X.
As this mutation implies a change in only one sequence base,
a lower selectivity could be expected. For this sequence, the
best ratio R1443X-lateral DNA spacer was experimentally
found to be 1:0.5 uM (data not shown). Similar results to that
of 916delTT were found, with an ability to discriminate
mutations of 70—86% for the evaluated concentration range,
indicating that these conditions could be extrapolated to the
detection of mutations of different nature (Fig. 6b).

Results obtained for our synthetic PCR sequences showed
that DNA detection and screening of mutations can be easily
achieved by conventional SPR biosensors, without using
labels or target signal amplification schemes, allowing
excellent levels of sensitivity and selectivity to discriminate
between mutant and wild-type phenotypes. To our knowl-
edge, the excellent selectivity and sensitivity levels found for
PCR targets with the optimized conditions described in this
paper have not been previously reported, placing this
methodology as a very suitable platform for label-free early
detection of genetic-related diseases, as it is the case of
inherited breast cancer.

Conclusions

A new methodology for achieving direct and label-free
DNA detection and screening of mutations has been
demonstrated. Different strategies, like the use of spacers,
either lateral or vertical, were employed. The use of MCH
as a lateral spacer was found to increase sensitivity with
short DNA target sequences; however, with longer ones,
such as PCR targets, this spacer was not suitable. In this
latter case, the use of DNA sequences as lateral spacers was
found to be the best option to greatly improve hybridiza-
tion. The use of a vertical spacer of 15 thymidines was also
found to be critical in enhancing hybridization, either for
short and PCR sequences. Detection limits of 10 nM were
obtained for the detection of 25-mer targets, while for the

identification of mutations, the limit of detection was
100 nM.

It has been demonstrated that controlling the stringency
of the hybridization buffer allowed increasing the selectivity
and the differentiation between mutant and wild-type
phenotypes. Among different conditions, SSC 1x and SSC
5x—-5% formamide were found to be the best ones; however,
selectivity and sensitivity was dramatically improved with
ex-situ immobilizations using DNA lateral spacer sequences.
The optimized methodology to detect hybridization on
BRCA 1-related mutations has shown a high sensitivity with
detection levels below 50 nM, while presenting an ability to
discriminate between perfect and mismatched probes in the
range of 80%. These results allocate conventional SPR
biosensor methodology as a competitive and complementary
tool for DNA analysis.

Acknowledgements The authors gratefully acknowledge the finan-
cial support from Fundacion M. Botin.

References

1. Grann VR, Jacobson JS (2002) Population screening for cancer-
related germline gene mutations. Lancet Oncol 3(6):341-348
2. Grainger DW, Greef CA, Gong P, Lochhead M (2007) Surface
chemistry in commercial microarraying. Microarrays: methods
and protocols, methods in molecular biology, 2nd edn. Humana,
Clifton, pp 37-57
3. Ramakrishnan R, Dorris D, Lublinsky A, Nguyen A, Domanus M,
Prokhorova A, Gieser L, Touma E, Lockner R, Tata M, Zhu X,
Patterson M, Shippy R, Sendera TJ, Mazumder A (2002) An
assessment of Motorola CodeLink™ microarray performance for
gene expression profiling applications. Nucleic Acids Res 30(7):
e30—30
4. Homola J, Yee SS, Gauglitz G (1999) Surface plasmon resonance
sensors: review. Sens Actuators B-Chem 54(1-2):3-15
5. Homola J (2008) Surface plasmon resonance sensors for detection
of chemical and biological species. Chem Rev 108(2):462—493
6. Gong P, Lee CY, Gamble LJ, Castner DG, Grainger DW (2006)
Hybridization behavior of mixed DNA/alkylthiol monolayers on
gold: characterization by surface plasmon resonance and P-32
radiometric assay. Anal Chem 78(10):3326-3334
7. Gambari R, Feriotto G (2006) Surface plasmon resonance for
detection of genetically modified organisms in the food supply. J
Aoac Int 89(3):893-897
8. Wilson PK, Jiang T, Minunni ME, Turner APE, Mascini M (2005)
A novel optical biosensor format for the detection of clinically
relevant TP53 mutations. Biosens Bioelectron 20(11):2310-2313
9. Sakao Y, Nakamura F, Ueno N, Hara M (2005) Hybridization of
oligonucleotide by using DNA self-assembled monolayer. Col-
loids Surf B: Biointerfaces 40(3—4):149
10. Jiang T, Minunni M, Wilson P, Zhang J, Turner A, Mascini M
(2005) Detection of TP53 mutation using a portable surface
plasmon resonance DNA-based biosensor. Biosens Bioelectron 20
(10):1939
11. Wang R, Minunni M, Tombelli S, Mascini M (2004b) A new
approach for the detection of DNA sequences in amplified nucleic
acids by a surface plasmon resonance biosensor. Biosen Bioelec-
tron 20(3):598-605

@ Springer



1182

L.G. Carrascosa et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Feriotto G, Gardenghi S, Bianchi N, Gambari R (2003) Quantitation
of Bt-176 maize genomic sequences by surface plasmon resonance-
based biospecific interaction analysis of multiplex polymerase chain
reaction (PCR). J Agric Food Chem 51(16):4640-4646
Breveglieri G, Gardenghi S, Gambari R, Feriotto G (2003) Recent
advances in molecular diagnosis using surface plasmon resonance
and biosensor technology for detection of beta-thalassemia
mutations. Minerva Biotecnol 15(2):93-97

Feriotto G, Ferlini A, Ravani A, Calzolari E, Mischiati C, Bianchi
N, Gambari R (2001) Biosensor technology for real-time detection
of the cystic fibrosis W1282X mutation in CFTR. Human Mutat
18(1):70-81

Nilsson P, Persson B, Larsson A, Uhlen M, Nygren PA (1997)
Detection of mutations in PCR products from clinical samples by
surface plasmon resonance. J Mol Recognit 10(1):7-17

Feriotto G, Breveglieri G, Finotti A, Gardenghi S, Gambari R
(2004) Real-time multiplex analysis of four beta-thalassemia
mutations employing surface plasmon resonance and biosensor
technology. Lab Invest 84(6):796-803

Persson B, Stenhag K, Nilsson P, Larsson A, Uhlén M, Nygren P-
A (1997) Analysis of oligonucleotide probe affinities using
surface plasmon resonance: a means for mutational scanning.
Anal Biochem 246(1):34-44

Li Y-J, Xiang J, Zhou F (2007) Sensitive and label-free detection
of DNA by surface plasmon resonance. Plasmonics 2(2):79-87
Sato Y, Sato Y, Okumura A, Suzuki K, Kawaguchi H (2004)
Flow-stress-induced discrimination of a K-ras point mutation by
sandwiched polymer microsphere-enhanced surface plasmon
resonance. J Biomater Sci-Polym Ed 15(3):297-310

Lee HJ, Li Y, Wark AW, Corn RM (2005) Enzymatically
amplified surface plasmon resonance imaging detection of DNA
by exonuclease III digestion of DNA microarrays. Anal Chem 77
(16):5096-5100

Song F, Zhou F, Wang J, Tao N, Lin J, Vellanoweth RL,
Morquecho Y, Wheeler-Laidman J (2002) Detection of oligonu-
cleotide hybridization at femtomolar level and sequence-specific
gene analysis of the Arabidopsis thaliana leaf extract with an
ultrasensitive surface plasmon resonance spectrometer. Nucleic
Acids Res 30(14):e72-

Liu J, Tiefenauer L, Tian S, Nielsen PE, Knoll W (2006) PNA-
DNA hybridization study using labeled streptavidin by voltam-

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

metry and surface plasmon fluorescence spectroscopy. Anal Chem
78(2):470-476

Herne M, Tarlov MJ (1997) Characterization of DNA Probes
Immobilized on Gold Surfaces. ] Am Chem Soc 119:8916-8920
Levicky R, Herne TM, Tarlov MJ, Satija SK (1998) Using self-
assembly to control the structure of DNA monolayers on gold: a
neutron reflectivity study. ] Am Chem Soc 120:9787-9792
Opdahl A, Petrovykh DY, Kimura-Suda H, Tarlov MJ, Whitman
LJ (2007) Independent control of grafting density and conforma-
tion of single-stranded DNA brushes. Proc Natl Acad Sci USA
104(1):9-14

Lux MP, Fasching PA, Beckmann MW (2006) Hereditary breast
and ovarian cancer: review and future perspectives. J Mol Med 84
(1):16-28

Vasen HFA, Tesfay E, Boonstra H, Mourits MJE, Rutgers E,
Verheyen R, Oosterwijk J, Beex L (2005) Early detection of breast
and ovarian cancer in families with BRCA mutations. Eur J
Cancer 41(4):549-554

National Human Genome Research Institute (2007) Breast Cancer
Information Core. http://research.nhgri.nih.gov/bic/

Steel AB, Levicky RL, Herne TM, Tarlov MJ (2000) Immobili-
zation of nucleic acids at solid surfaces: effect of oligonucleotide
length on layer assembly. Biophys J 79(2):975-981

Petrovykh DY, Kimura-Suda H, Whitman LJ, Tarlov MJ (2003)
Quantitative analysis and characterization of DNA immobilised
on gold. ] Am Chem Soc 125:5219-5226

Wong E, Chow E, JJ G (2005) DNA recognition interfaces: the
influence of interfacial design on the efficiency and kinetics of
hybridization. Langmuir 21(15):6957-6965

Gotoh M, Hasegawa Y, Shinohara Y, Shimizu M, Tosu M (1995)
A new approach to determine the effect of mismatches on kinetic
parameters in DNA hybridization using an optical biosensor. DNA
Res 2:285-293

Demers LM, Mirkin CA, Mucic RC, Reynolds RA, Letsinger RL,
Elghanian R, Viswanadham G (2000) A fluorescence-based
method for determining the surface coverage and hybridization
efficiency of thiol-capped oligonucleotides bound to gold thin
films and nanoparticles. Anal Chem 72(22):5535-5541

Peterson A, Heaton R, Georgiadis R (2001) The effect of surface
probe density on DNA hybridization. Nucleic Acids Res 29
(24):5163-5168


http://research.nhgri.nih.gov/bic/

	Label-free detection of DNA mutations by SPR: application to the early detection of inherited breast cancer
	Abstract
	Introduction
	Experimental
	DNA sequences
	DNA immobilization and hybridization
	SPR experimental set up and sensor chip preparation
	Ex-situ measurements using fluorescence and radiolabeling based methods

	Results
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


