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a  b  s  t  r  a  c  t

Detection  of  unlabeled  oligonucleotides  using  surface  plasmon  resonance  (SPR)  is  difficult  because  of  the
oligonucleotides’  relatively  lower  molecular  weight  compared  with  proteins.  In  this  paper,  we  describe
a method  for detecting  unlabeled  oligonucleotides  at low  concentration  using  a  paired  surface  plasma
waves  biosensor  (PSPWB).  The  biosensor  uses  a sensor  chip  with  an  immobilized  probe  to detect  a  target
oligonucleotide  via  sequence-specific  hybridization.  PSPWB  measures  the  demodulated  amplitude  of  the
heterodyne  signal  in  real  time.  In the  meantime,  the  ratio  of the  amplitudes  between  the  detected  output
signal and  reference  can  reduce  the  excess  noise  from  the  laser  intensity  fluctuation.  Also,  the  common-
path  propagation  of  p and s  waves  cancels  the  common  phase  noise  induced  by  temperature  variation.
Thus,  a high  signal-to-noise  ratio  (SNR)  of  the  heterodyne  signal  is  detected.  The  sequence  specificity
of  oligonucleotide  hybridization  ensures  that the  platform  is  precisely  discriminating  between  target

and  non-target  oligonucleotides.  Under  optimized  experimental  conditions,  the  detected  heterodyne
signal  increases  linearly  with  the  logarithm  of the  concentration  of  target  oligonucleotide  over  the  range
0.5–500 pM.  The  detection  limit  is  0.5 pM  in  this  experiment.  In  addition,  the  non-target  oligonucleotide
at  concentrations  of 10 pM and  10 nM  generated  signals  only  slightly  higher  than  background,  indicating
the  high  selectivity  and  specificity  of  this  method.  Different  length  of  perfectly  matched  oligonucleotide

r  and
targets  at 10-mer,  15-me

. Introduction

Surface plasmons (SP), a phenomenon arising from collective
lectron oscillations on a metal-dielectric interference, is of cru-
ial interest in the field of modern optics. In view of its unique
lectromagnetic and optical properties in the near-field domain,
he effective refractive index (neff) adjacent to a gold surface can
e determined over a range of less than a few hundred nanome-
ers. Since it measures the change of neff, including the refractive
ndex and thickness of active medium close to gold surface, surface
lasmon resonance (SPR) has been applied to real-time monitoring

f biomolecular interactions, such as protein–protein (Hiep et al.,
010; Wong et al., 2008; Kuo et al., 2011), protein–DNA (Wu et al.,
007; Pollet et al., 2009; Tsoi and Yang, 2004; Majka and Speck,

∗ Corresponding author. Tel.: +886 3 2118800x3677; fax: +886 3 2118507.
E-mail address: cchou@mail.cgu.edu.tw (C. Chou).

956-5663/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2012.03.014
 20-mer  were  identified  at  the concentration  of  150  pM.
© 2012 Elsevier B.V. All rights reserved.

2007; Wegner et al., 2003; Shumaker-Parry et al., 2004; Su et al.,
2008; Luan et al., 2010), and drug–target interactions (Raz et al.,
2009; Chiang et al., 2009). In nucleic acid research, the SPR biosen-
sor has been widely applied to the quantitative detection of nucleic
acids (Nelson et al., 2001; Halpern et al., 2011; Yu et al., 2009;
Endo et al., 2010; Kick et al., 2010; Liu et al., 2008; Lin et al., 2010)
and mutations (Ananthanawat et al., 2009; Carrascosa et al., 2009;
Okumura et al., 2005; Jiang et al., 2005; Gorshkova et al., 2001;
Milkani et al., 2010; Wang et al., 2009; D’Agata et al., 2008) because
of its capability and sensitivity of dynamic detection for the study of
binding kinetics. This technique has potential uses for the diagnosis
of pathogens, metabolic pathways and genomic diseases.

Recently, the detection of DNA or RNA is becoming increasingly
important in biomedical research and clinical applications. How-

ever, when applying SPR to the detection of oligonucleotide species,
such as microRNA, the detection sensitivity is not satisfactory,
as the signal intensity of SPR is highly dependent on the molec-
ular weight of target analytes. Some post-hybridization labeling

dx.doi.org/10.1016/j.bios.2012.03.014
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:cchou@mail.cgu.edu.tw
dx.doi.org/10.1016/j.bios.2012.03.014
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esigns have been proposed to overcome this disadvantage, for
xample the use of a monoclonal antibody to bind RNA–DNA
uplexes to increase mass on the sensor chip (Šípová et al., 2010), or
ost-labeling the oligonucleotide analytes with gold nanoparticles
Wark et al., 2007; Storhoff et al., 2004; D’Agata et al., 2010; Gifford
t al., 2010). These post-hybridization labeling techniques allow
or the sensitive detection of unlabeled oligonucleotides. However,
hese techniques require additional manipulation steps during
xperimental procedures, which may  lead to increased cost, longer
urn-around time, and the introduction of non-specific signals.

In order to retain advantages of an SPR-based platform with
ts label-free direct screening of small molecular interactions in
he SPR-based platform, we propose a biosensor consisting of

 paired surface plasma waves biosensor (PSPWB) (Kuo et al.,
003; Chou et al., 2006; Su et al., 2010), which integrates an

ntensity-based SPR technique and a common-path optical hetero-
yne interferometer. This setup focuses on real-time monitoring
sing an amplitude-ratio detection mode to reduce systematic
oise and simultaneously improve the detection sensitivity out-
erforming conventional SPR biosensors. Our previous reports
ave demonstrated that PSPWB can detect sucrose at a concen-
ration as low as 0.00001% (w/v) in DI water, which is equivalent
o �neff = 1.4 × 10−8 refractive index unit (RIU). The platform has
een applied to detect total prostate-specific antigens in phosphate
uffered saline, with a detection limit of 10 fg/mL (Su et al., 2010).

In this paper, the PSPW-based platform was set up for the sensi-
ive detection of oligonucleotides. A single-strand oligonucleotide
mmobilized on the chip was used as a probe for detecting com-
lementary oligonucleotides. The ultra-sensitive PSPWB platform
llows for the detection of target oligonucleotides at a concentra-
ion of 0.5 pM without the need of labeling or post-labeling steps.

. Experimental procedures

.1. Materials

Immobilization buffer (10 mM sodium acetate, pH 5.0) and
mine coupling kit, including 1-ethyl-3-(3-dimethylaminopropyl)-
arbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
nd 1.0 M ethanolamine-HCl (pH 8.5), were purchased from
iacore (Piscataway, NJ, USA). Phosphate buffered saline (PBS),
1-mercaptoundencanoic acid (11-MUA), 6-mercapto-1-hexanol
MCH) and streptavidin (SA) were purchased from Sigma–Aldrich
St. Louis, MO,  USA). 2-Propanol was purchased from J.T. Baker
Phillipsburg, NJ, USA). Absolute ethanol and acetone were pur-
hased from Mallinckrodt Baker (Paris, KY, USA).

Synthesized single-strand oligonucleotides treated with OPC-
rade purification were purchased from Purigo (Taipei, Taiwan).

tock solution of the oligonucleotides (100 mM  in PBS) was
tored at −20 ◦C. Working solutions at various concentrations
ere diluted from the stock solution with PBS. Sequences and
odification of the oligonucleotides are described in Table 1. The

able 1
equences and modification of oligonucleotides.

Oligonucleotides Sequences (5′ → 3′)

Capture probe
Biotin probe 5′-biotin-TCC CTC TGA TTA TGT TTA TTT AT-3′

Thiol probe 5′-SH-TCC CTC TGA TTA TGT TTA TTT AT-3′

Target
T10 5′-ATA AAT AAA C-3′

T15 5′-ATA AAT AAA CAT AAT-3′

T20 5′-ATA AAT AAA CAT AAT CAG AG-3′

Non-target
NT23 5′-TCC CTC TGA TTA TGT TTA TTT AT-3
ctronics 35 (2012) 342– 348 343

detection was conducted at 25 ◦C in PBS, which contains 10 mM
sodium phosphate (pH 7.4) and 150 mM NaCl. (Table 1 is preferred
at this position)

2.2. PSPWB measurements

A single channel PSPWB (Fig.S1 in Supplementary information),
was  setup for oligonucleotide detection. PSPWB has the capability
for noise reduction based on common-path geometry and optical
heterodyne (Kuo et al., 2003; Chou et al., 2006; Su et al., 2010). The
laser beam excites a pair of highly correlated surface plasma waves
simultaneously. Two heterodyne signals (P1 + P2 and S1 + S2 waves)
of equal beat frequency are generated in a polarized common-path
interferometer. The P polarized wave (the signal beam) and S polar-
ized wave (the reference beam) are detected by two  photo detectors
simultaneously so that phase and amplitude can be obtained by
using a lock-in amplifier. In these measurements, the detection area
is 1 mm2 where we used a high quality lens with a focal length of
10 cm in order to focus the laser beam onto detector properly. The
working principle and detailed description of PSPWB are given in
Supplementary information.

2.3. Immobilization of oligonucleotide probes

SPR sensor chips were prepared by depositing
25.4 mm × 25.4 mm  × 1 mm BK7 glass slides (Schott Glass) with
a 2-nm adhesion layer of chromium followed by a 45-nm gold
layer by electron beam evaporation. The chips were consecutively
rinsed with acetone, 2-propanol and water then blown dry with
nitrogen gas before use.

For surface functionalization, two main approaches for
immobilizing oligonucleotide probes were conducted in these
measurements. The first approach involved binding 11-MUA and
streptavidin–biotin cross-linkers onto the gold surface whereas a
self-assembled monolayer (SAM) was attached by immersing the
cleaned SPR chip in a solution of absolute ethanol containing 1 mM
11-MUA for 24 h. After assembly, the chip was  washed with abso-
lute ethanol and distilled water, then dried with nitrogen gas. The
carboxyl group in 11-MUA was activated by incubation in a 1:1 (v/v)
mixture of EDC (0.2 M)  and NHS (0.05 M)  for 10 min, followed by
washing with an immobilization buffer. For absorption of SA in 11-
MUA, chips with the SAM surface were immersed in sodium acetate
buffer (10 mM,  pH 5.0) containing streptavidin at 40 �g/ml for 24 h.
Residual NHS ester groups were blocked by incubating the chips in
ethanolamine-HCl (pH 8.5) solution for 10 min. The chip was  then
incubated in PBS containing 40 �g/ml biotinylated probe for 30 min
at room temperature, followed by a rinse with PBS (Fig. 1(a)) (Su
et al., 2005).

The second approach is to immobilize the oligonucleotide
probes directly on the gold surface with thiolated oligonucleotide,
abbreviated HS-oligonucleotide, with has a HS-(CH2)6-attachment
at the 5′ end. This approach has the benefits of a shorter pro-
cessing time and has minimal effect on the surface density of the
thiolated ssDNA monolayer (Pris et al., 2010). The SAM layer was
patterned by immersing a cleaned SPR chip in a dilute solution of
HS-oligonucleotide probe (40 �g/ml in PBS) for 30 min. Then the
sensor chip was  blocked by soaking it in MCH  (5 mM  in PBS) for
1 h at room temperature, followed by a rinse with PBS (Fig. 1(b))
(Milkani et al., 2010).

2.4. The preparation of target oligonucleotide
The target oligonucleotide was  diluted in 400 �l PBS with
10-fold serial dilution from 0.5 nM to 0.5 pM.  For construction
of the basal level, PBS was  added to the reaction chamber and
retained for 3 min. The amplitude signal measured from 81 to
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ig. 1. Schema of immobilization of probe and hybridization of target oligonucleotid
robe.

80 s was extracted to represent the basal level (meanI ± S.D.I).
he analytes (diluted solutions of target oligonucleotides) were
hen applied to the reaction chamber and incubated for 30 min
t room temperature. The sensor chip was washed with PBS to
emove unbound target oligonucleotides. The amplitude during the
eriod 2601–2700 s was extracted to represent the signal respond-

ng to hybridization of the target oligonucleotide (meanF ± S.D.F).
he response was calculated according to the following formula:

esponse = (MeanF − MeanI) ± 3
√

(S.D.I)
2 + (S.D.F)2

.5. Measurement of affinity between oligonucleotides

The affinity between the probe and the target or the non-
arget oligonucleotide was measured by computer simulation and

elting analysis. Computer simulation was performed using the
oftware PerlPrimer (http://perlprimer.sourceforge.net/), which
alculates the free energy between each pair of oligonucleotides.
A melting curve analysis was performed using a LightCycler
80 instrument (Roche). A double-stranded intercalating dye,
YBR Green I (Invitrogen), was used for monitoring oligonu-
leotide denaturation. SYBR Green I binds to the minor groove of a
 using (a) the biotinylated oligonucleotide probe or (b) the thiolated oligonucleotide

double-stranded oligonucleotide and generates intensive fluores-
cence with maximal signal at 533 nm.  When the double-stranded
DNA was  denatured due to rising temperature, the fluorescence
signal decreased along with the temperature change. The melting
temperature (Tm) is defined as the temperature at which half of
the double-stranded DNA denatures in solution. The Tm of each
pair of oligonucleotides was measured by melting analysis on the
LightCycler 480 instrument (Roche). The paired oligonucleotides at
concentrations of 0.5 �M were hybridized in PBS containing 0.5X
SYBR Green I for 5 min. Temperature of the reaction mixture was
slowly increased to 95 ◦C. The intensity of SYBR green I signal was
measured along with the temperature change. The fluorescence
signal was measured along with the temperature change by the
instrument.

3. Results and discussion

3.1. Construction of sensor chip
The surface of the chip after oligonucleotide immobilization is
illustrated in Fig. 1(a). 11-MUA was assembled on the gold surface
and conjugated with SA by NHS/EDC treatment. In order to achieve
a better probe density in the sensing area, SA was immobilized

http://perlprimer.sourceforge.net/
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Fig. 2. (a) The amplitude ratio responses during surface modification. NaOAC represents sodium acetate buffer (pH 5.0); NHS, N-hydroxysuccinimide; EDC, 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride; SA, streptavidin; Eth, ethanolamine-HCl (pH 8.5); PBS, phosphate buffered saline (pH7.4). (b) The amplitude ratio
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esponses of probe immobilization. (c) Comparison of PSPWB measurements for th
mmobilization; II: oligonucleotide target and complementary probe hybridization

n the 11-MUA-modified surface via amide bonding followed by
he specific attachment of biotin-labeled probes. Because SA has a
igh affinity for biotin (Kd ∼ 10−14 M)  and one SA binds four biotin
olecules, the biotinylated probe could bind efficiently to the

treptavidin-coated surface.
The immobilization responses of SA and the probe oligonu-

leotide are illustrated in Fig. 2. Fig. 2(a) indicates the conjugation
f SA with 11-MUA after NHS/EDC treatment. Acetate buffer (pH
.0) was used as the immobilization buffer because, at low pH, the
arboxyl group of 11-MUA and the amino group of SA retain higher
ctivity, which enhanced the efficiency of the SA immobilization.
ig. 2(b) represents the binding curve of the oligonucleotide probe.
n this measurement, when the biotinylated probe was injected into
he chamber, it associated with the SA immediately and caused a
apid rise of the amplitude ratio response. PBS was  then injected
o wash away the unbound probe, resulting in a slight drop of the
ignal. The immobilization of the oligonucleotide probe therefore
ncreased the amplitude ratio response by 52.7 a.u. (arbitrary unit)
n this figure.

To demonstrate that the signals were generated from the
ybridization between the probe and the target oligonucleotide,

 sensor surface without probe (only SA layer attached on gold
urface) was used as a control chip. When the target oligonu-
leotide (2 �M)  was injected into the sensing chamber with the
ontrol chip, only a weak response (0.66 a.u.) was  generated, as
hown in Fig. 2(c)-I. After the measurement, the probe was  added

o the chip. The biotinylated probe was immobilized on the gold
urface through association with SA. When the target was  injected
gain, it generated an intense response (2.88 a.u.), whereas the
oncentration of the target was 5 pM in Fig. 2(c)-II. In Fig. 2(c)-III, no
tuations of oligonucleotide hybridizatioin. I: oligonucleotide target without probe
o oligonucleotide target with probe immobilization (PBS buffer only).

oligonucleotide binding was involved, and PBS was chosen as the
control group with a background response at 0.23 a.u. From these
results, it is obvious that PSPWB enables the detection of 15-mer
oligonucleotide target hybridization with complementary probe
at 5 pM in PBS. The signal level was  increased 10 times in relation
to the background response. As a result, a lower concentration of
oligonucleotide target hybridized with probe can be anticipated.

3.2. Determination of detection limit

To determine the detection limit of a PSPWB, the amplitude ratio
responses of a serially diluted targeted oligonucleotide were ana-
lyzed and fitted to a standard curve using a linear regression model.
During detection, the paired s wave was  monitored and used as a
reference beam to correct the intensity fluctuation noise caused
by instability of the laser beam. In these measurements, all the
signals were stable over each processing time (45 min) with the
coefficient of variation lower than 0.06%. Fig. 3 demonstrates that
a linear relationship exists between the detected SPR signals and
the concentrations of the target oligonucleotide. In order to assess
the detection limit of the hybridization processes, the 15-mer tar-
get oligonucleotides at concentrations from 0.5 pM to 500 pM were
measured for their amplitude ratio responses. The results were then
fitted to a linear model with the following formula:

LOD = x̄ +  3 · �
,

m

where x̄ and � are the mean and standard variation of the blank
sample and m is the slope of the experimental calibration curve. The
error bar of each point was defined as 3 times the standard deviation
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Fig. 3. Linearity of responses for different concentrations of analytes. The response
f
l

(
c
(
a
g
(
w

t
c
l
A
t
s
o
2
f
p
g
t
l
g
t
c
a
2

s
t
o
d
c
r
d
d

c
d
m
d
N

Fig. 4. (a) Responses showing complementary hybridization. Responses of oligonu-
cleotide target (filled bar) are compared with non-targeted oligonucleotide (open
bar). (b) Tests of affinity of target/non-target DNA towards capture DNA. Pairing
model of target-capture DNA duplex (I) and non-target-capture DNA duplex (II)
or  each concentration of oligonucleotide target is illustrated in this figure. The corre-
ation coefficient (R2) is 0.92950 and the error bar represents 3 standard deviations.

SD). In this experiment, the response of the 0.5 pM target oligonu-
leotide (1.80 ± 0.76 a.u.) was significantly higher than the blank
0.17 ± 0.59 a.u.), suggesting that analytes at concentrations as low
s 0.5 pM were detectable using this platform. According to the
uidelines from IUPAC for calculating the limit of detection (LOD)
Jiang et al., 2005; Whelan et al., 2002), the LOD of our measurement
as 0.5 pM.

It is apparent that this proposed method is more sensitive than
he conventional SPR platforms for detecting un-labeled oligonu-
leotides: without modification, the traditional SPR has a detection
imit for oligonucleotides at around 10 nM (Carrascosa et al., 2009).

 few strategies have added some physical or optical modifications
o increase the sensitivity, such as diffraction grating on the gold
urface (Šípová et al., 2010) and the measurement of phase shift
f p-polarized light (Halpern et al., 2011), with detection limits at

 pM and 50 pM,  respectively. Particle-labeling technologies may
urther increase the sensitivity for nucleic acid detection: for exam-
le, labeling with fluorescent dyes (Feng et al., 2011; Yu et al., 2009),
old nanoparticles (Storhoff et al., 2004; Bao et al., 2005) and quan-
um dots (Long et al., 2011; Han et al., 2011) can lower the detection
imits to between 10 fM and 1 pM.  However, the labeling technolo-
ies are not applicable in many situations, especially for detecting
he oligonucleotide shorter than 25 nucleotides, as the oligonu-
leotide targets in biological samples are difficult to label and they
re too short to be detected with a sandwich format (Bao et al.,
005).

Our PSPWB platform thus demonstrates superior features, con-
isting of high detection sensitivity and operational simplicity, due
o the following characteristics: (1) PSPWB enables the reduction
f noise spectrum via heterodyne interference and synchronized
etection, (2) there is less fluctuation because the detected signals
an be normalized via the algorithm of demodulated amplitude
atio of the signal and reference beams and (3) amplitude-sensitive
etection by PSPWB has a wider dynamic range than the intensity
etection used by conventional SPR biosensors.

Although PCR is still more sensitive than PSPWB for oligonu-
leotide detection, PSPWB provides an effective method for the
etection of oligonucleotides without the requirement of enzy-

atic reactions, primer designation, and fluorescent labeling. For

etecting highly abundant nucleic acid analytes, such as microR-
As, PSPWB can be a useful optical platform.
simulated by PerlPrimer are illustrated. The melting curve analysis (III) of the two
duplexes is also demonstrated.

3.3. Validation of the oligonucleotide binding specificity

In order to demonstrate the selectivity for detecting an oligonu-
cleotide with a specific sequence, a comparison between a 15-mer
complementary target oligonucleotide and non-target oligonu-
cleotide was  made. Both oligonucleotides, at concentrations of
10 pM and 10 nM concentrations were tested for their responses
after reaction with the immobilized probe (see Fig. 4(a)). The
results revealed that the reactions of the complementary target
and non-target can be clearly differentiated at 10 pM (3.37 a.u.
versus 1.07 a.u.) or at 10 nM (8.93 a.u. versus 1.41 a.u.). In both
concentrations, the non-target oligonucleotide which is not com-
plementary to the immobilized probe only generated background
signals apparently.

We also used two  methods to estimate the affinity between

the probe and the target or non-target oligonucleotides. The free
energies between the captured probe and different target oligonu-
cleotides were estimated by the software PerlPrimer (Fig. 4(b)-I
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Fig. 5. (a) Amplitude response of probe immobilization by using thiolated
oligonucleotide probe. (b) The amplitude ratio response of the binding of target
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ligonucleotides with different lengths (10-, 15-, and 20-mer, represented as T10,
15, and T20, respectively). All target oligonucleotides were added at a concentration
f  150 pM in PBS. Detection was performed at 25 ◦C.

nd II).The free energies in the probe/target-oligonucleotide
uplex and the probe/non-target-oligonucleotide duplex were
11.90 kcal/mol and −0.85 kcal/mol, respectively, indicating that

he probe forms a strong association with the target oligonu-
leotide but not with the non-target oligonucleotide. Second, this
peculation was proved by a melting curve analysis. Only the
robe/target duplex generated a melting peak with a Tm value of
0 ◦C (Fig. 4(b)-III).

.4. Length dependence of oligonucleotide target sequences

The sensitivity of PSPWB can also be demonstrated through
erfectly matched hybridization of oligonucleotides with different

ength. The shorter oligonucleotide has lower molecular mass and
ower affinity to the probe, making it more difficult to be detected.
n this experiment, we used the thiolated probe to immobilize onto
he sensor chip (see Fig. 2(b)). The binding response of oligonu-
leotide probe was depicted in Fig. 5(a). An apparently increase
n amplitude ratio response assures the efficient immobilization
f the probe. Then we proceeded the experiments by using tar-
et oligonucleotides, 10-mer (T10), 15-mer (T15), and 20-mer (T20),
inding with oligonucleotide probe sequentially. Fig. 5(b) shows
he responses of perfect-match oligonucleotide targets of 10-, 15-

 and 20-mer in length. All the targets were diluted at the same
oncentration of 150 pM concentration. From these results, we  can

ee a clear difference of the detected demodulated amplitude ratio
f SPR response. They are 2.07 a.u. (arbitrary unit), 2.66 a.u. and
.03 a.u. with respect to 10-mer, 15-mer and 20-mer of target
ligonucleotides. The magnitude of the amplitude ratio response
ctronics 35 (2012) 342– 348 347

of 10-mer is close to the level of the control (PBS buffer only),
suggesting that the 10-mer oligonucleotide might not bind to the
immobilized probe at room temperature (around 25 ◦C).

4. Conclusions

In this study, we  have established a PSPWB-based optical plat-
form for the detection of unlabeled oligonucleotides without any
post-hybridization manipulation. The detection limit at 0.5 pM for
the 15-mer oligonucleotide target indicates that PSPWB is more
sensitive than conventional SPR systems. Further validation in our
experiments demonstrates the credibility of the PSPWB responses
on immobilization and hybridization, and the detection selectivity
for discriminating complementary target and non-target oligonu-
cleotides. We  expect that PSPWB can be extended into the detection
of oligonucleotide biomarkers, such as microRNAs in the biomedi-
cal samples.
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