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Hybridizations between labeled or label-free targets and corresponding 21-base oligonucleotide
probes, concentrations of which range from 0.39 to 50 M, are detected by oblique-incidence
reflectivity difference 共OI-RD兲 method and fluorescence detection. The experimental results
demonstrate that the OI-RD method can be utilized to not only distinguish whether the hybridization
of oligonucleotides happened but also directly tell the different concentrations of the labeled and
unlabeled oligonucleotides on the microarrays. The analysis with a classical three-layer model
suggests that single-strand DNA tends to lie on epoxy-functionalized glass slide while the
double-strand DNA prefers to have a tilted angle with respect to the slide in our experimental
situation. The label-free detection of hybridization of oligonucleotides declares that OI-RD is a
promising method for label-free and high-throughput detection of the biological microarrays.
© 2010 American Institute of Physics. 关doi:10.1063/1.3327447兴
I. INTRODUCTION

The field in biomolecular microarrays and microarray
analysis has blossomed immensely since the first paper in
1995.1 Oligonucleotide microarray, based on specific hybridization between target molecules and corresponding oligonucleotide probes, has become the reference technique to
monitor the expression of thousands of genes in a single
experiment simultaneously.2,3 There are many detection
schemes for oligonucleotide microarrays based on optical or
electrochemical detection.4,5 Fluorescence detection is the
most widely used optical method for its high sensitivity and
high throughput.6 However, the whole procedures including
labeling and detecting are very time consuming and costly.
Meanwhile, the labeling procedures may often cause some
damages to the structure or modifications in the biological
activity of the sample.7,8 For this reason, label-free detection
represents an attractive alternative approach for microarray
detection. So far, surface plasmon resonance 共SPR兲 is the
most widely used technique that has been applied successfully to the detection of label-free biological samples.9–11
Though SPR has adequate sensitivity to detect low concentrations of biomolecules, the need for high-quality gold film
coated on the surface unavoidably increases the difficulty of
high throughput detection. Generally, SPR has not been considered to be a high-throughput method yet. Up to now, it is
still a big challenge to obtain a label-free and highthroughput detection method for biological microarrays.
Landry et al.12 reported the label-free detection of oligonucleotide microarray of 60 nt 共nucleotide兲 probes using
a兲

Authors to whom correspondence should be addressed. Electronic addresses: yanggz@aphy.iphy.ac.cn and kcruan@sibs.ac.cn.

0021-8979/2010/107共6兲/063109/4/$30.00

oblique-incidence reflectivity difference 共OI-RD兲 recently.
However, this kind of oligonucleotide microarray is not suitable for the profiling of microRNA 共miRNA兲, a kind of noncoding tiny RNA of about 21 nt in length, which is a rapidly
emerging field in life science in recent years.13,14 In miRNA
oligonucleotide microarray, much shorter probes are required
due to the small size of miRNA. In this paper, we further
detected the synthesized model miRNA with oligonucleotide
microarrays of about 30 nt short probes by OI-RD method.
The experimental results show that OI-RD can successfully
detect oligonucleotide microarray of short probes which is
suitable for the miRNA profiling in a label-free and highthroughput manner.
II. EXPERIMENTS

In our early work, OI-RD has been used to in situ monitor the growth of oxide films as a particular form of optical
ellipsometry.15,16 The experimental results show that the detection sensitivity for the difference in reflectivity change
⌬R / R between s- and p-polarized light can reach 2 ⫻ 10−5,17
indicating OI-RD is a high-sensitivity detection technique.
The experimental setup shown in Fig. 1 is similar to
those used in film detection, except that the substrate is replaced with a biological microarray lying on a twodimensional motorized stage. The probe beam from a He–Ne
laser is initially p polarized. It first passes through a photoelastic modulator 共PEM100兲 that induces the resultant beam
to oscillate between p- and s-polarization with the modulated
frequency ⍀ = 50 kHz. An adjustable phase difference between p- and s-polarized components can be introduced by a
phase shifter, typically by rotating the half-wave plate along
the optical axis. Subsequently, the laser is focused on the
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FIG. 1. Sketch of OI-RD system for the detection of oligonucleotide microarrays. The microarray is mounted on a motorized stage that can be
driven along x and y direction, respectively. Laser: He–Ne polarized laser;
PEM: Photoelastic modulator.

surface of microarray at an incident angle of 60°. The reflected beam passes through a polarization analyzer and the
intensity is detected with a biased silicon photodiode. We
monitor the ac component I共⍀兲 of the reflected beam intensity at the modulation frequency.
Briefly, let r p0 = 兩r p0兩exp共i⌽ p0兲 and rs0 = 兩rs0兩exp共i⌽s0兲 denote the respective reflectivity from the functionalized glass
surface for p- and s-polarized light at the wavelength 632.8
nm, and r p = 兩r p兩exp共i⌽ p兲 and rs = 兩rs兩exp共i⌽s兲 be the respective reflectivity from oligonucleotide molecules on surface.
The changes of reflectivity are defined as ⌬ p = 兩共r p
− r p0兲 / r p0兩 and ⌬s = 兩共rs − rs0兲 / rs0兩. The difference of fractional
reflectivity change is ⌬ p-⌬s. In the experiments, we directly
measure I共⍀兲, which is just proportional to Im兵⌬ p-⌬s其. The
entire OI-RD detection system was mounted on an optical
table and covered by a black box to minimize the effects of
stray light, dust, and airflow. The experiments were all performed in an ultraclean room.
We chose a PAGE-purified oligonucleotide as a model
miRNA 共target兲, whose sequence 共3⬘ CCT TTA GGG ACC
GTT ACA CTA 5⬘兲 is consistent with rno-miR-23a. Two
different oligonucleotide DNA probes were also designed.
5⬘-amino-共A兲10 CTT CAG GTC ATG AGC CTG AT 3⬘ is
designed as a negative control probe and named as Probe-I,
which would not hybridize with the model miRNA.
5⬘-amino-共A兲10 GGA AAT CCC TGG CAA TGT GAT 3⬘ is
a perfect match to the model miRNA, named as Probe-II.
There are 10 deoxyadenosines 共Linker兲 in the 5⬘ terminus for
the probes to minimize the spatial obstacle in hybridization.
The model miRNA modified at the 5⬘ terminus with Cy5
fluorescence label was named as Target-III; the one without
fluorescence label was named as Target-IV. In order to detect
the specific binding between probes and targets with OI-RD
method and fluorescence scanner, and to compare the results
from them, different microarrays were designed. First,
Probe-I and Probe-II were both printed in triplicate on one
slide in a series of concentrations decreasing sequentially by
a factor of 2 from 50 to 0.098 M. The distribution of the
spots is shown in Fig. 2共a兲. The left three columns are
Probe-I molecules, and the right three columns are Probe-II
molecules. The concentrations are decreasing from top to
bottom for every column. The space between probe spots is
400 m, and the diameter of each spot is about 150 m.
Second, the targets were captured by oligonucleotide probes
on the microarray surface in hybridization. In this step, one

FIG. 2. 共Color online兲 共a兲 Im兵⌬ p-⌬s其 image of labeled microarray M1 after
hybridization. 共b兲 Fluorescence image of labeled microarray M1 after hybridization. Probe-I area is in the left, Probe-II area is in the right. 共c兲 Left
image: Gray scale image of Im兵⌬ p-⌬s其 for Probe-I and Probe-II averaged
from each three columns. Right curves: Im兵⌬ p-⌬s其 and fluorescence intensities over the printed triplicate spots area vs the concentration.

microarray named as M1 was hybridized with 10 nM Cy5
labeled Target-III at 47 ° C 共near the melting temperature兲
overnight. Moreover, in order to try a detection of binding
between probes and targets in a label-free fashion by OI-RD,
another microarray named as M2 was prepared in a similar
way except that the Target-III was replaced by unlabeled
Target-IV. The preparation details of oligonucleotide microarrays can be referred to Ref. 3.
III. RESULTS AND DISCUSSION

At first, the microarray M1 was scanned with both fluorescence scanner 共LuxScan 10K, CapitalBio Corporation,
China兲 and the OI-RD system to compare the results of specific binding between probes and targets. Figures 2共a兲 and
2共b兲 show the Im兵⌬ p-⌬s其 and fluorescence images of microarray M1 after hybridization with labeled Target-III, respectively. From Fig. 2共b兲, we can see that the images of
Probe-I area and Probe-II area are different because the
Target-III would only hybridize with Probe-II, which reveals
the hybridization of the Cy5-labeled Target-III and the
complementary Probe-II other than Probe-I. In Fig. 2共a兲,
similarly, the Im兵⌬ p-⌬s其 intensities of spots in Probe-II area
are also different from those in Probe-I area. What OI-RD
detected is consistent with the results from fluorescence image, which well demonstrates that OI-RD method has the
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ability to tell whether specific binding occurs. However, the
images of Probe-I areas in Figs. 2共a兲 and 2共b兲 show that the
fluorescence method is incapable of detecting unlabeled molecules mounted on surface. The unhybridized Probe-I molecules 共without fluorescence label兲 can only be detected by
OI-RD method.
To make a better contrast, the corresponding quantitative
data of OI-RD and fluorescence signals in Figs. 2共a兲 and 2共b兲
are presented in Fig. 2共c兲. We spatially averaged Im兵⌬ p-⌬s其
data for Probe-I and Probe-II from each three columns and
made an average of them, then we drew a gray scale image
in the left side of Fig. 2共c兲 with the Im兵⌬ p-⌬s其 data. The
averaged Im兵⌬ p-⌬s其 and fluorescence intensity over the
printed spot area versus the concentration are also plotted in
the right side of Fig. 2共c兲. The error bars are standard deviations. From Fig. 2共c兲, we can see that the averaged intensities
of Im兵⌬ p-⌬s其 and fluorescence have a nearly linear relation
in Probe-II area for higher concentrations. For unhybridized
Probe-I molecules, the concentrations can also be distinguished by Im兵⌬ p-⌬s其.
We now present a quantitative analysis of the OI-RD
signals in Fig. 2. Similar to the analysis of OI-RD signals in
the oxide film growth,15 to relate the structural information
of a biomolecular layer on a glass slide to the experimentally
measured ⌬ p-⌬s, we use the Eq. 共1兲 deduced from a classical
three-layer model to describe the optical response,18
⌬ p-⌬s = − i
⫻

冋

4 s共tan inc兲2cos inc
1/2
0 共s

− 0兲关s/0 − 共tan inc兲2兴

冉冊

共d − s兲共d − 0兲 d
.
d


册

共1兲

In this case, inc is the incidence angle; 0, d, and s are the
optical dielectric constants of the ambient, the biomolecular
layer and the glass slide, respectively; d is the thickness of
biomolecular layer; and  is the wavelength of incident laser.
Noting that the thickness, d, is really its “effective thickness”
共d should be replaced by deff兲, i.e., average thickness. The
effective thickness of oligonucleotides in the microarray M1
before and after hybridization can be determined by Eq. 共1兲.
After hybridization, single-strand DNA 共ssDNA兲 oligonucleotides in Probe-II area changed into “linker+ double-strand
DNA 共dsDNA兲” while unhybridized ssDNA oligonucleotides
in Probe-I area remained to be ssDNAs. The highest concentration 50 M we used in M1 is near the saturation concentration. It is reported that near the saturation density, the
dielectric constant of the ssDNA is expected to be d1
= 2.14, and the dielectric constant of the dsDNA is d2
= 2.35.19 Using Eq. 共1兲 with  = 60°, 0 = 1.0, and s = 2.30 for
the glass slide, it is easy to predict that OI-RD signals of
oligonucleotide spots should be changed after hybridization.
For 50 M concentration, the Im兵⌬ p-⌬s其 intensity before
hybridization is ⫺0.004 for ssDNA, we then obtain that the
effective thickness of ssDNA d1eff is about 0.65 nm from Eq.
共1兲. After hybridization, the Im兵⌬ p-⌬s其 intensity is 0.01 for
dsDNA, which means d2eff is about 5 nm. It is known that the
length for 21 bases is about 7.1 nm. Plus the length of the
linker 共about 3.4 nm兲, the whole hybridized DNA should be
about 10.5 nm long. The d1eff is much less than the length of

FIG. 3. Top image is the two-dimensional scan image of Im兵⌬ p-⌬s其 for
unlabeled microarray M2 after hybridization. Bottom curve is the intensity
profile taken along the dotted line in the top image.

a single stranded oligonucleotide, which means the ssDNAs
most lie flat on the glass slide. However, d2eff is much larger
than d1eff, which indicates that the thickness of oligonucleotides after hybridization increases greatly. The increased
thickness declares that the oligonucleotides no longer lie flat
on the surface since the parts of the oligonucleotides not
crosslinked to the glass slide are free to stretch in the direction perpendicular to the glass slide.20 Meanwhile, d2eff is
only about 5 nm which is still less than the length of a whole
hybridized DNA, which suggests that the dsDNA tends to
have a tilted angle with respect to the epoxy-functionalized
glass.
In addition to the detection of hybridization on microarray M1 between oligonucleotide probes with fluorescence
labeled targets, we further detected the hybridization on microarray M2 between oligonucleotide probes with label-free
targets using OI-RD, as shown in Fig. 3. The top image in
Fig. 3 shows the two-dimensional scan image of Im兵⌬ p-⌬s其
for microarray M2 after hybridization. The concentrations of
probes from left to right decrease sequentially by a factor of
2 from 50 M to 0.098 M. The intensity profile in the
bottom of Fig. 3 is taken along the dotted line in the top
image of Fig. 3. The result of M2 in Fig. 3 is in accord with
that of M1 in Fig. 2, indicating that the OI-RD method can
be used to detect not only the hybridization of labeled oligonucleotides but also the hybridization of label-free oligonucleotides. Furthermore, the good intensity profile below
Fig. 3共a兲 demonstrates that we can make OI-RD detection
much faster by one-dimensional line scan instead of twodimensional scan as the spots of the biological sample in the
microarray are uniform. It will make the detection of oligonucleotide microarray by OI-RD at least ten times faster.
Anyway, the experimental results here have demonstrated
that OI-RD method can detect the hybridization of short oligonucleotides in a label-free manner.
Top image in Fig. 4 shows the gray scale image from
spatially averaged Im兵⌬ p-⌬s其 intensities over every sample
area of top image in Fig. 3. It is obvious that the reasonable
data treatment makes a better contrast. The bottom of Fig. 4
is the average value of the three rows which also clearly
shows a gradual change.
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FIG. 4. Gray scale image drew with Im兵⌬ p-⌬s其 averaged over every sample
area from top image in Fig. 3. The bottom is the further averaged value of
the top three rows.

IV. CONCLUSION

In summary, we have successfully detected the model
miRNA microarrays by OI-RD method. The experimental
results show that the OI-RD method can detect not only the
hybridization reactions of short oligonucleotides, but also the
different concentrations of labeled and unlabeled oligonucleotide on the microarrays. We can get some structure information about oligonucleotide molecules from the analysis of
OI-RD experimental results. It is possible to achieve higher
throughput detection of biological microarrays by onedimensional line scan. The successful detections of short oligonucleotides, similar size of miRNA, demonstrate that the
OI-RD is a promising method for label-free and highthroughput detection of the biological microarrays. Further
investigations on the detection sensitivity, high-throughput
detection and real-time detection in a DNA hybridization reaction are being planned.
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