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ABSTRACT: Locked nucleic acid (LNA) is a conformationally
restricted nucleic acid analogue, which is potentially a better
alternative than DNA for application in the nucleic acid based
biosensor technologies, due to its efficient and sequence-specific
DNA/RNA detection capability and lack of molecule−surface
interaction on solid surfaces, compared to DNA. We report, for
the first time, a straightforward way (based on simple immersion
method) of generating an ordered self-assembled LNA
monolayer, which is bioactive, onto a gold(111) surface. This
layer is capable of giving rise to a stronger DNA recognition
signal (4−4.5 times) than its DNA counterpart, and importantly,
it can differentiate between a fully complementary DNA target and that having a single base mismatch, where the mismatch
discrimination ratio is almost two times compared to the ratio relevant in case of DNA-based detection. We have presented high-
resolution atomic force microscopy (AFM) topographs of the well-defined one-dimensional LNA molecular ordering (few
hundred nanometers long) and of the two-dimensional ordered assembly formed over a large area (7 μm × 7 μm) due to parallel
positioning of the one-dimensional ordered arrangements. The effects of different parameters such as LNA concentration and
incubation time on LNA self-assembly have been investigated. Further, reflection absorption infrared (RAIR) spectroscopy has
been applied to obtain information about the orientation of the surface-immobilized LNA molecules for the first time. It has been
found that the LNA molecules undergo an orientational transition from the “lying down” to the “upright” configuration in a time
scale of few hours.

■ INTRODUCTION
The self-assembled monolayers (SAMs) of biomolecules,
especially nucleic acids, onto solid surfaces have drawn much
attention during the past decade due to their applicability in
many areas of science, especially biosensor development,1−4

bioelectronics applications,5,6 and interdisciplinary areas such as
nanoscience and nanotechnology.7−10 Self-assembly provides a
fast and straightforward way to produce biomolecular films with
tailored properties, particularly those required for development
of biosensors. Systematic designing of such films requires
molecular level understanding of the structural and functional
properties of these films, since it is often found that the nature
of the molecular organization can influence the film’s capacity
of being bioactive.11

There have been several studies that report DNA SAM
formation on a gold(111) surface using the thiolated ssDNA
molecules.12−15 However, though the DNA films can be
routinely generated by immobilizing the thiolated ssDNA
molecules onto a gold surface, these films are usually disordered
or the ordering can be observed over a very small length scale
of 10−50 nm.16 Poorly ordered DNA layers show reduced
bioactivity due to DNA−surface interactions through relatively
exposed nucleobases.12,16,17 Construction of mixed monolayers
through the coimmobilization of spacer thiols may also be

required for successful DNA-based biosensing.12 An alternative
nucleic acid analogue that least interacts with the substrate
surface is necessary to grow bioactive SAMs with efficient DNA
recognition capability. Locked nucleic acid (LNA) is a
conformationally restricted nucleotide analogue containing a
modified ribose moiety in which the 2′-oxygen and 4′-carbon
are linked by a methylene bridge, locking the sugar in a RNA
mimicking sugar conformation (N-type).18,19 LNA is capable of
sequence-specific binding with complementary DNA/RNA
obeying the Watson−Crick base pairing rule with higher
affinity and capability compared to DNA, which is reflected in
the higher Tm value for LNA−DNA/LNA−RNA duplex
compared to that for DNA−DNA/DNA−RNA duplex.18,19

In addition to that, LNA is stable against nuclease mediated
cleavage,20,21 its higher structural rigidity may prevent
interactions with the solid substrate surface,22 and it can have
multiple water bridges that provide it with extra stability
compared to DNA or RNA.23 Also, LNA is a suitable molecule
for the analysis of single nucleotide polymorphism (SNP) in
solution medium.24 These properties of LNA make it
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potentially a better alternative than DNA in nucleic acid based
detection technologies. Though the applications of DNA SAMs
in the microscale as well as nanoscale nucleic acid sensing
experiments have been reported,25−28 more sensitive and
robust detection is required that we expect to be achieved using
LNA.
Herein, we report the formation of an ordered self-assembled

monolayer of ssLNA molecules over a large area (7 μm × 7
μm) on a gold(111) surface, which is stable at ambient
conditions and is bioactive. High-resolution atomic force
microscopy (AFM), reflection absorption infrared (RAIR)
spectroscopy, and fluorescence spectroscopy were employed
for structural and functional characterization of the self-
assembled structures. To our knowledge, this is the first report
on the formation of an ordered LNA SAM, where the LNA
molecules can be oriented upright, and where the layer can
produce a DNA recognition signal 4−4.5 times stronger than
the signals obtained from a DNA-based assay. Moreover, single
base mismatch in the target DNA sequences could be
discriminated at a ratio almost two times higher than the
ratio relevant in the case of DNA-based detection.

■ MATERIALS AND METHODS
Preparation of LNA Solution. We employed 12-mer ssLNA

sequences, having a −(CH2)6SH group at the 5′-end to immobilize the

molecule onto the gold(111) surface (Figure 1). The LNA (Exiqon,
Denmark) solutions were prepared in phosphate buffer (20 mM
sodium phosphate, 100 mM sodium chloride, pH 7.0). The buffer
solution was always prepared using filtered autoclaved Milli-Q water
(resistivity: 18.2 MΩ cm). The actual concentration of the prepared
LNA solution was determined by UV−visible spectroscopy at room
temperature (24 ± 1 °C), considering the absorbance value at 260 nm

(ε260 (L/(mol × cm)) for LNA-1 to be 112700, for LNA-2 to be
118100, and for LNA-3 to be 111100).

The following fully modified LNA oligonucleotides were employed
in this study:

5′- SH-(CH2)6-CTA TGT CAG CAC-3′ (LNA-1)
5′- SH-(CH2)6-CTA TGT AAG CAC-3′ (LNA-2)
5′- SH-(CH2)6-CGA TCT GCT AAC-3′ (LNA-3)

LNA-1 and LNA-2 were the sensor probes - LNA-1 being the probe
for complete match situation and LNA-2 being the probe for single
base mismatch situation. LNA 3 was a fully noncomplementary probe
used for control experiments.

Preparation of DNA Solution. Thiolated DNA (alpha DNA,
Canada) and Cy3 tagged DNA (IDT, Canada) solutions were
prepared in phosphate buffer (20 mM sodium phosphate, 100 mM
sodium chloride, pH 7.0). The buffer solution was prepared using
filtered autoclaved Milli-Q water (resistivity: 18.2 MΩ cm). The actual
concentration of the prepared DNA solution was determined by UV−
visible spectroscopy at room temperature (24 ± 1 °C), considering the
absorbance value at 260 nm (ε260 (L/(mol × cm)) for DNA-1 to be
123020, for DNA-2 to be 131350, and for Cy3-DNA to be 124400).

Cy3 is a water-soluble fluorescent dye of the cyanine dye family and
is widely used in biomedical applications. Cy3 dye can be excited
maximally at ∼550 nm, with peak emission at ∼570 nm.29,30 In our
case, the maximum absorption/excitation wavelength of the Cy3 dye
was found to be 530 nm and emission observed at 563 nm.

The following DNA oligonucleotides were employed in this study:

5′- SH-(CH2)6-CTA TGT CAG CAC-3′ (DNA-1)
5′- SH-(CH2)6-CTA TGT AAG CAC-3′ (DNA-2)
5′- Cy3-GTG CTG ACA TAG-3′ (Cy3-DNA)

DNA-1 and DNA-2 were the sensor probes, with DNA-1 being the
probe for complete match situation and DNA-2 being the probe for
single base mismatch situation. Cy3-DNA was the target probe.

Preparation of Gold(111) Surface. Gold on mica (Phasis,
Switzerland) substrate (thickness of gold layer: 200 nm) was flame
annealed until a reddish glow appeared. This procedure was repeated
7−8 times and after a short period (1−2 s) of cooling in air the
substrate was subjected to further modification steps or imaging. The
generation of clean and triangular terraces of high quality gold(111)
surface due to flame annealing was checked by AFM imaging at
ambient conditions.

Sample Preparation for AFM. Freshly annealed gold on mica
substrate was immersed in 150 μL of LNA solution of desired
concentration (0.05/0.1/0.25/0.5 μM) and incubated for 4 h for the
concentration dependence study. For the incubation time dependence
study, freshly annealed gold on mica substrate was immersed in 150
μL of LNA solution of 0.1 μM concentration and incubated for few
minutes to few hours (10 min/30 min/1 h/4 h). Sample preparation
was always performed at room temperature (24 ± 1 °C). After the
incubation step was over, the substrate was first washed with 1 mL (2
× 500 μL) of buffer solution (20 mM sodium phosphate, 100 mM
sodium chloride, pH 7.0) followed by 2 mL (4 × 500 μL) of filtered
autoclaved Milli-Q water and then dried under gentle nitrogen jet and
imaged by AFM at ambient conditions (room temperature 24 ± 1 °C
and humidity value of 40−45%).

AFM Data Acquisition and Analysis. All the images were
recorded at ambient conditions. AFM experiments were performed
using the picoLE AFM equipment of Agilent Corp. with a 10 μm × 10
μm scanner. Imaging was performed in the intermittent contact mode
(acoustic alternating current or AAC). The cantilevers (μmasch,
Estonia) having the backside coated with Al, frequencies within 150−
232 kHz, and force constant values 3.5−12.5 N/m were used for all
the imaging experiments. The AFM tips were cleaned in a UV-ozone
cleaner (Bioforce, Nanosciences) immediately before imaging. The
scan range was made zero during the tip engage step to avoid tip
contamination. The amplitude set point was 85−90% of the free
oscillation amplitude (7.5−8.0 V). Scan speed was typically 0.5−4.0
lines/s. The AFM images were taken at least from five different areas
of each sample to check for reproducibility of the features observed.

Figure 1. Design of the ssLNA sensor probe.
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All the images presented here are topographic and are raw data except
for minimum processing limited to third order flattening. The length
of the LNA ribbons was obtained by measuring contour length along a
segmented line through the long axis of the ribbon. The width values
were measured as full width at half-maximum (fwhm) of the cross-
sectional profile drawn along the short axis of the LNA ribbon or along
the central region of the LNA molecule, as the case may be. The height
values were measured as the difference between highest point of the
cross-section diagram and the average baseline representing the
substrate surface. All the cross-sectional analyses and processing were
made using Picoscan 5.3.3 and SPIP 4.8.1 software. The dimensional
analyses were performed on 100 molecules from different images.
Sample Preparation for RAIR Spectroscopy Experiments. All

the four samples (for four incubation time periods, i.e., 10 min/30
min/1 h/4 h) were prepared by immersion incubation method as
described before (see section 4).
RAIR Spectroscopy Data Acquisition and Analysis. All the

RAIR spectroscopic data were recorded on a commercial Nicolet
Magna-IR system 750 Series II spectrometer equipped with a liquid
nitrogen-cooled MCT detector, at ambient conditions at room
temperature (24 ± 1 °C). The external beam was focused on the
sample, with a mirror, at an optimal incident angle. The light reflected
at the sample was then focused onto a detector. The spectra were
recorded within 3200−800 cm−1.
Target Hybridization and Fluorescence Intensity Measure-

ment. Two pieces of gold on mica substrate (from the same stock and
of same size) were freshly annealed, and one piece each was immersed
into each of 150 μL of 0.1 μM LNA-1 and LNA-2 solutions and kept
at ambient conditions for 4 h. After incubation, each of the LNA-
modified gold pieces was taken out and washed with 1 mL (2 × 500
μL) of sodium phosphate buffer followed by 2 mL (4 × 500 μL) of
filtered autoclaved Milli-Q water in order to remove the nonspecifi-
cally adsorbed molecules and dried under gentle nitrogen jet. Then,
each of the LNA-modified gold pieces was subjected to hybridization
step by incubating into 150 μL of 1 μM Cy3-DNA solution for 1 h at
room temperature (24 ± 1 °C). Next, the gold pieces were taken out
from the hybridizing solution and washed thoroughly with 1 mL (2 ×
500 μL) of sodium phosphate buffer followed by 2 mL (4 × 500 μL)
of filtered autoclaved Milli-Q water to remove the nonspecifically
bound target molecules and dried under mild nitrogen jet. Then, the

fluorophore labeled oligonucleotides (Cy3-DNA) were dehybridized
by placing each of the gold pieces into 450 μL of sodium phosphate
buffer and heating the buffer solution to 70 °C (we found this
temperature to be considerably higher than the melting temperatures
of the surface-confined LNA−DNA duplexes, which are ∼50 and ∼29
°C for the fully matched and the singly mismatched duplexes,
respectively, in one of our recent ongoing work) for 15 min. After 15
min, the gold piece was taken out from the buffer solution and
complete removal of the target DNA strands from the surface was
confirmed by fluorescence imaging with Olympus IX61 fluorescence
microscope. Then the fluorescence intensity of the dehybridized target
DNA solutions was measured by excitation at 530 nm using a Hitachi
F-2500 fluorescence spectrometer. Determination of differences in
fluorescence intensities of the dehybridized target DNA samples
obtained from the LNA−DNA fully matched duplexes and the singly
mismatched duplexes was made on the basis of the intensity of the
emission maximum. Exactly same protocol was applied for assessing
the hybridization efficiency of a DNA-based sensor setup where the
DNA-1 and DNA-2 were taken as the sensor molecules.

■ RESULTS

In the present work, the formation of ordered self-assembled
LNA structures on gold(111) surface with efficient DNA
recognition capability, has been achieved. High-resolution AFM
was employed to obtain molecularly resolved information on
how the LNA concentration (0.05 μM, 0.1 μM, 0.25 μM, 0.5
μM) and the incubation time (10 min, 30 min, 1 h, 4 h) could
affect the characteristics of the LNA film. RAIR spectroscopy
was used in order to obtain an idea about how the molecular
orientation changed with increase in incubation time period.
Fluorescence spectroscopy was applied to assess the degree of
hybridization efficiency of the LNA layer and its capability of
single base mismatch recognition, compared to a DNA layer.
Three 12-mer thiolated ssLNA sequences, named as LNA-1,
LNA-2 and LNA-3, were employed as the sensor probes. LNA-
1 and LNA-2 were the fully complementary and the single base
mismatch sequences, respectively. LNA-3 was the fully
noncomplementary sequence and was used as a control. A

Figure 2. AFM topographs of the LNA-coated gold surface for different LNA concentrations, at room temperature (24 ± 1 °C) and for 4 h
incubation time: (a, b) 0.05 μM, (c) 0.1 μM, (d) 0.25 μM, (e) 0.5 μM. Scale bar for (a−e) is 50 nm and Z-range for (a) 0−2.2 nm, (b) 0−2.1 nm,
(c) 0−2.4 nm, (d) 0−1.9 nm, (e) 0−2.0 nm. (f) Cross-sectional diagrams are for sections taken (i) across the parallel LNA ribbons, (ii) along the
long axis of one LNA ribbon. A region showing initiation of the molecule-by-molecule ordering of LNA is highlighted in (b).
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12-mer 5′-Cy3 tagged ssDNA (Cy3-DNA) sequence, which was
fully complementary to LNA-1, was employed as the target
strand. Two DNA sequences DNA-1 and DNA-2 having the
same base sequence as LNA-1 and LNA-2, respectively, were
applied as the DNA counterparts of the LNA probes. In all the
sensor molecules, a hexyl spacer [−(CH2)6−] was introduced
at the 5′-end, which helps to keep the nucleic acid part away
from the gold surface so that nonspecific adsorption via
nucleobases can be avoided to a considerable extent. Since
cleanliness of the gold substrate is an absolute requirement for
effective anchoring of the LNA molecules via thiol (−SH) ends,
the gold pieces were always freshly annealed prior to LNA
modification.31 In all cases, the samples were prepared by
immersion incubation method due to it is effectiveness over
droplet contact and droplet deposition methods that has been
shown previously.32 All the AFM experiments were performed
at ambient conditions, and in the intermittent contact mode
using acoustic AC signal.

Effect of LNA Concentration. In order to investigate the
concentration dependence of LNA self-assembly on gold
substrate, freshly annealed gold substrates were immersed
into LNA solutions of various concentrations (0.05 μM, 0.1
μM, 0.25 μM, 0.5 μM) and incubated at room temperature (24
± 1 °C) for 4 h uninterrupted. For the lowest employed LNA
concentration of 0.05 μM, generally scattered LNA molecules
were observed all over the surface (Figure 2a). Rarely, the
initiation of the molecule-by-molecule ordering could be
observed (Figure 2b). This linear arrangement of the LNA
molecules that we termed as “LNA ribbon” could be detected
in great numbers for the concentration 0.1 μM (Figure 2c).
The LNA ribbons were found to be few hundred (100−300)
nm in length and they usually formed well-ordered parallel
arrangements producing two-dimensional ordered monolayer
over a large area (7 μm × 7 μm) of gold surface. The ordered
monolayer, where individual molecular identities could be
resolved, was not observed when the concentration was raised
to 0.25 and 0.5 μM. A highly dense molecular layer, most likely

Figure 3. Long range ordering of LNA molecules on gold(111) surface showing change of direction. LNA concentration of 0.1 μM and incubation
time of 4 h were applied in both cases (a) and (b). Scale bar for (a) 100 nm, (b) along X-axis 100 nm and along Y-axis 100 nm. Z-range for (a) 0−2.4
nm, (b) 0−2.5 nm.

Figure 4. AFM topographs of LNA-modified gold surface for different incubation time periods: (a) 10 min, (b, c) 30 min, (d) 1 h, (e) 4 h. LNA
concentration was 0.1 μM in each case. Scale bar for (a−e) is 50 nm. Z-range for (a) 0−1.9 nm, (b) 0−2.0 nm, (c) 0−2.1 nm, (d) 0−2.3 nm, (e) 0−
2.5 nm. (f) Cross-sectional diagrams are for (i) across the parallel ribbons at 30 min, when the ribbon formation starts, (ii) across the parallel ribbons
at 4 h, the highest applied time of incubation.
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formed as a result of an increased molecular coverage and
multilayer formation on gold substrate, was observed at these
concentrations (Figure 2d and e). Accordingly, the optimal
LNA concentration for monolayer formation is between 0.1
and 0.25 μM. The average height value of the LNA ribbons was
found to be about 1.3 nm (see the cross section profiles in
Figure 2f). Though changes in the direction of the ordered
patterns could be observed, no clearly distinguishable domains,
which were separated by clear domain boundaries, could be
identified (Figure 3).
Effect of Incubation Time. The effect of incubation time

was monitored by incubating freshly flame annealed gold
substrates into LNA solution of 0.1 μM concentration at room
temperature (24 ± 1 °C) for the time periods of 10 min, 30
min, 1 and 4 h. For the incubation period of 10 min, generally
isolated LNA molecules, scattered all over the surface, were
observed, along with initiation of very small range ordering at a
few places (Figure 4a). After incubation of 30 min, a greater
number of LNA molecules were found to be adsorbed on the
gold surface. Long range molecular ordering, leading to
formation of long LNA ribbons (100−300 nm in length),
was observed at this stage of incubation. Furthermore, the
ribbons were found to be positioned almost parallel to each
other resulting in formation of a two-dimensional ordered
arrangement (Figure 4b and c). The minimum incubation time
in order to achieve an ordered LNA SAM over a large area of
gold surface was therefore found to be 30 min. The two-
dimensional ordered patterns were observed for the incubation
time periods of 1 and 4 h (Figure 4d and e). At higher
magnification, it could sometimes be resolved that each ribbon
consisted of the LNA molecules, positioned one after another,
along the long axis of the ribbon (one such situation is shown
in the highlighted region in Figure 3b). The average AFM
height value of the ribbons changed from 0.72 to 1.3 nm as the
incubation time was increased from 30 min to 4 h (Figure 4f).
The increase in the height value might be associated to a
change in the orientation of the LNA molecules from the “lying
down” to the “upright” one as the incubation time increased.
Since the real height of an adsorbed molecular arrangement on
a surface can hardly be measured by AFM due to sample
deformation (deformations up to 50% of the nominal value are
reported for soft material12,16), the AFM height value could
only be a fraction of the real height. Due to this reason, a direct
correlation between the change in the AFM height value and
the change in the molecular orientation cannot be drawn.
We applied RAIR spectroscopy, a widely used technique for

acquiring information on the orientation of surface-immobi-
lized molecules,33,34 for developing an idea about the change in
orientation of the sensor LNA probes with increasing
incubation time. The RAIR spectra of the LNA layers on
gold(111) surface for different incubation time periods 10 min,
30 min, 1 h, and 4 h are shown in Figure 5. In general, the peak
intensities increased with increase in incubation time, which is
not unexpected since the surface coverage increased as the
incubation time was increased. However, consistent to the
selection rule of RAIR spectroscopy, which states that “only
vibrational modes with a dipole moment change normal to the
surface will be active”, clear changes in terms of the new bands
appearing and some other bands disappearing, or bands
becoming strikingly more intense, indicating LNA backbone
reorientation with increase in incubation time, were observed.
Five main absorption regions could be identified (a) the region
2997−2879 cm−1 for the C−H stretching frequencies,35 (b) the

region 1733−1500 cm−1 for the nucleobase vibrations,36 (c)
the region 1500−1250 cm−1 for base-sugar vibrations, sensitive
to glycosidic bond rotation, backbone conformation, and sugar
puckering modes,36 (d) the region 1250−1000 cm−1 for sugar−
phosphate vibrations along sugar−phosphate chain, sensitive to
nucleic acid backbone conformation,36 (e) the region 1000−
800 cm−1 for sugar vibrations, particularly sensitive to sugar
puckering modes (N- and S-type).36 The detail assignments of
the bands are shown in Table 1. The absence of the S−H
stretching frequency at ∼2550 cm−1 37,38 indicates that there
was no S−H linkage present in the system, meaning that LNA
molecules were effectively immobilized onto gold substrate via
gold−thiol bond formation. The relative changes in the band
intensities/broadness were found to be generally correlative to
the chemical structure of the LNA molecule. For example, the
intensity of the 2940−2937 cm−1 band (for −CH2− groups)
was found to be almost double than the intensity of the 2969−
2968 cm−1 band (for −CH3 groups) for all the incubation
periods, which correlates to the presence of a greater number of
−CH2− groups, compared to the −CH3 groups. Also, the
increase in the broadness of the −CH2− band could be
correlated to the different −CH2− stretching modes from
different sources (hexyl spacer/locked sugar) getting active as

Figure 5. RAIR spectra obtained from the LNA SAM formed onto
gold(111) surface. The concentration of LNA solution applied was 0.1
μM and four different incubation time periods were tested. The bands
that undergo major changes indicating reorientation of LNA molecules
are shown by arrows.
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the molecule reoriented more upright with increasing
incubation time.
The spectral observations that most unambiguously indicated

a major reorientation of the LNA molecules to the more
upright one with increasing incubation times, especially 1 h
onward, are highlighted in Figure 5. New bands in the regions
2997−2995 cm−1 and 1614−1611 cm−1 appeared and the
bands in the region 2969−2968 cm−1 and 2940−2937 cm−1

became noticeably stronger from 1 h onward. The observations
that a new peak appeared at 1045 cm−1 at the end of incubation
of 4 h, and that the band in the region 991−977 cm−1 became
strong only at this terminal stage of incubation, indicate that
significant change of orientation toward the surface normal was
achieved at the final stage of incubation. This is further
supported by the observations that the bands/peaks in the
regions 1733−1724 cm−1, 1647−1638 cm−1, 1275 cm−1 and
1085−1084 cm−1 all became significantly stronger at the end of
4 h incubation. Indications of a change toward more upright
orientation at longer incubation times could be obtained also
from the disappearance of the peak at 1598 cm−1 from 1 h
onward.
Assessment of Hybridization Efficiency. To investigate

the applicabilitiy of the LNA self-assembled monolayers as
nucleic acid sensor films, the LNA-1 and LNA-2 modified gold
substrates were subjected to treatment with the Cy3 labeled
target DNA molecules (Cy3-DNA). After hybridization, the
target DNA molecules were dehybridized by heating the gold
pieces to 70 °C in sodium phosphate buffer solution. Then the
gold pieces were taken out and the fluorescence intensity of the
solutions containing the dehybridized Cy3-DNA probes was
measured (for full experimental details, see Materials and
Methods section). Complete removal of the labeled target
DNA probes from the surface was checked by fluorescence
imaging of each sample. It was observed that the fluorescence
intensity of the target DNA solution, obtained from the fully
matched duplex (LNA-1/Cy3-DNA), was significantly higher
(50%) compared to that of the target DNA solution obtained
from the duplex having single base mismatch (LNA-2/Cy3-
DNA) (Figure 6a). Since in both cases, exactly same

experimental protocol was applied, the difference in the
fluorescence intensities observed could be attributed to the
different amounts of the dehybridized target DNA strands
obtained from the fully matched LNA-DNA duplexes and the
duplexes having single base mismatch. This difference in the
amount of the dehybridized target DNA probes indicate that
the amount that was originally hybridized to the LNA sensor
probes could be different for the fully matched and the singly
mismatched situations. Previously, it has been shown by mass
sensitive detection strategy that the amount of target molecules
bound to the sensor molecules differed significantly between
the fully complementary and singly mismatched situations.50 In
fact, a similar strategy as ours was earlier applied in a
fluorescence-based study for assessment of the hybridization
capacity of adsorbed oligonucleotides by Demers et al.51

When performance of the LNA SAM was compared to that
of a DNA SAM by carrying out the exactly same kind of
experiment and using the same base sequence as that of the
LNA strands, the fluorescence intensity ratio complete
match:single base mismatch was found to be about 1.5, in
case of the LNA SAM, while it was 1.2 in case of the DNA SAM
(Figure 6). This clearly indicated enhanced single base
mismatch discrimination capability of the LNA layer compared
to the DNA layer. The differences in the fluorescence
intensities were determined on the basis of the intensity of
the emission maximum and the percentage of fluorescence
intensity increase for the complete match situation with respect
to the single mismatch situation was estimated as about 50% in
case of LNA whereas it was about 26% in case of DNA. The
single base mismatch discrimination was therefore found to be
enhanced about two times when LNA SAM was used. Since the
absolute intensity values were also considerably higher (about
4−4.5 times) in case of the LNA SAM (Figure 6a) compared to
those obtained from the DNA SAM measurements (Figure 6b),
it is further indicated that the LNA SAMs could be more
suitable for sensitive detection of nucleic acid targets, compared
to the DNA SAMs.

Table 1. Interpretation of the Primary IR Frequencies, Obtained from the RAIR Spectra of LNA SAM on Gold(111) Surface,
with a Description of the Changes and the Incubation Times When the Changes Occura

wavenumbers (cm−1) interpretation with notable changes time when this change is observed

2997−2995 ν(CH)aromatic, present in nucleobases,35 appears and becomes stronger from 1 h onward
2969−2968 νasym(CH3), present in thymine bases,35 becomes distinct and stronger from 1 h onward
2940−2937 νasym(CH2), present in hexyl spacer and locked sugar moieties,35 broadened and becomes stronger from 1 h, particularly at 4 h
2883−2879 νsym(CH2),

35 broadened and becomes stronger from 1 h onward
1733−1724 ν(CO), present in thymine and guanine,39,40 becomes stronger from 1 h, particularly at 4 h
1647−1638 ν(CO), present in cytosine and adenine,39,40 becomes stronger from 1 h, particularly at 4 h
1614−1611 δ(−NH2), ν(CN), present in nucleobases,41 appears from 1 h onward
1598 chemisorbed thymine,42 disappears from 1 h onward
1545−1543 ν(CC), ν(CN), present in nucleobases,41 becomes stronger from 1 h, particularly at 4 h
1459−1458 purine imidazolic ring vib.,41 appears and becomes stronger from 30 min, particularly at 4 h
1418−1416 sugar vib. (C3′- endo),46−48 becomes stronger from 1 h onward
1385−1380 glycosidic bond vib. of adenosines,41 appears and becomes stronger from 30 min, particularly at 4 h
1275 thymidine (N3−H bending vib.),43 appears and becomes stronger from 30 min, particularly at 4 h
1191−1186 sugar phosphate backbone vib. and N-type sugar conformation,49 appears from 30 min onward
1085−1084 νsym(PO2

−),44 becomes stronger from 1 h onward
1045 ν(C−O)backbone,45 appears at 4 h
991−977 sugar−phosphate backbone vib.,45 becomes stronger particularly at 4 h
922−919 δ(N−H)oop, present in nucleobases,41 becomes stronger from 1 h onward

aThe relevant references are shown in superscript against each interpretation.
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■ DISCUSSION

In this study, we have shown that LNA molecules can self-
assemble over a large area (7 μm × 7 μm) on gold(111) surface
leading to formation of a two-dimensionally ordered bioactive
monolayer. It is further shown that formation of such ordered
LNA film depends on the choice of concentration of LNA
molecules and incubation time. We did not observe an ordered
arrangement in case of the DNA molecules (see Figure 1 in
Supporting Information) under similar conditions as applied for
LNA SAM formation. In fact, ordering of DNA molecules was
not even expected, since electrostatic repulsion between the
negatively charged ssDNA strands would prevent development
of strand−strand proximity, which is an essential criterion for
formation of a close-packed structure. However, in case of
LNA, reproducible formation of a well-ordered arrangement of
the molecules was observed, in spite of the fact that the LNA
backbone is also negatively charged. The rigidity of the LNA
backbone, introduced by the methylene bridge, which connects
the 2′-oxygen and 4′-carbon of the sugar moieties, in effect
resulting in a locked 3′-endo conformation and thereby
reducing the conformational flexibility of the ribose units and
increasing local organization of the phosphate backbone,52

possibly somewhat compensated for the effects of electrostatic

repulsion between the LNA strands. Nonspecific interaction
between the adsorbate and the substrate, which is thought to be
one of the primary reasons behind the difficulties in order
formation, since random defects can be formed in the
molecular layer due to nonspecific adsorption, could also be
less in case of LNA compared to DNA, due to the structural
rigidity of LNA backbone.22 Other factors like presence of a
large number of water bridges in the LNA strands,23 compared
to the DNA strands, could contribute in forming a barrier
between the LNA nucleobases and the gold(111) surface,
thereby lessening nonspecific adsorption (via gold−nitrogen
interactions) of the LNA strands onto gold surface further. Two
types of ordering of the LNA molecules were observed in the
present study. First, one-dimensional molecule by molecule
ribbonlike arrangement and second, two-dimensionally ordered
assemblies formed due to parallel positioning of the ribbons.
Though isolated molecules could be observed within the first
10 min of incubation (Figure 4a) and formation of the ordered
SAMs took place within the first 30 min of incubation (Figure
4b and c), the upright orientation could be reached at an hours
scale as evident from the RAIR spectra (Figure 5). This is in
agreement to the fact that self-assembled monolayer formation
occurs in two steps: an initial fast step of adsorption and a
second slower step of monolayer organization.53 Isolated
features observed for the 10 min incubation stage might be
due to the single LNA molecules. These features were of similar
shapes and sizes having the AFM deconvoluted width value of
2.52 nm, which is in good agreement with the dimension of 2.6
nm of the energy minimized configuration of a LNA molecule
(see Figure 2 and other relevant details in Supporting
Information). The undeconvoluted size of the individual
isolated LNA molecule was found to be about 14 nm, which
was the same as the width of the ribbons, indicating that the
ribbons were formed by molecule by molecule arrangement.
One of the high-resolution images confirming this type of
arrangement is shown in Figure 3b. It is likely that the basis of
ribbon formation remained fixed throughout the study, since
the width value of the LNA ribbons was found to be the same,
that is, about 14 nm, always. The size of the individual
molecular species also remained the same, i.e., 14 nm,
throughout the study. The formation of the LNA ribbons
and their parallel positioning could be a surface phenomenon,
since had the ordered structures been formed in solution phase
prior to LNA adsorption onto gold(111) surface, some ordered
structures would have been observed at the initial stage of
incubation, that is, for 10 min incubation. The LNA molecules
were however observed in largely disordered manner at 10 min
incubation stage (see Figure 4a) supporting the proposition of
on-surface ordering. The ordered LNA SAM structures and a
large degree of coverage of the SAM on gold(111) surface, as
observed in the AFM images, might be related to application of
a relatively flat and defect-free gold(111) substrate. In addition,
the immersion incubation method that we applied for sample
preparation, could offer additional advantage since the
immersion method would not allow even partial drying of
the sample and therefore would prevent nonspecific attachment
of molecules on the surface to a significant extent. An
obstruction to the thiol-specific adsorption of the other
molecules, which is posed due to presence of the nonspecifi-
cally adsorbed molecules, could therefore be minimized. Events
like intermolecular reorientation and arrangement, which are
essential for ordering, are also possible only when the substrate
surface is well-solvated and some extent of reversibility in

Figure 6. Fluorescence signals acquired from dehybridized target Cy3-
DNA samples, where (a) LNA SAMs and (b) DNA SAMs are the
relevant sensor layers. In both (a) and (b), the solid curves correspond
to the signals acquired from the dehybridized Cy3-DNA, obtained
from the fully complementary duplexes, while the dashed curves
correspond to the signals acquired from the dehybridized Cy3-DNA,
obtained from the singly mismatched duplexes.
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chemisorption can be ensured. The advantage of immersion
method, in comparison to other sample deposition methods
where partial drying or complete drying may take place, has
been exemplified in one earlier study.32 Most importantly, the
LNA film that was produced under the optimized preparation
condition, reproducibly exhibited an enhanced single base
mismatch discrimination capability in comparison to a DNA
film formed under similar conditions (Figure 6). It has been
observed earlier, in the solution phase experiments, that single
base mismatch discrimination can be performed better using
the LNA strands, compared to the DNA strands.18,24 This
superior discrimination capability of LNA has been attributed
to the fact that LNA modifications enhance base stacking of
fully matched base pairs and decrease stabilizing stacking
interactions of mismatched base pairs.54 This trend that is
observed in the solution phase experiments has been reflected
in case of the immobilized LNA strands onto gold(111) surface
as shown in the present study. The trend could be reproduced
on surface because the structural rigidity of the LNA backbone
can result in reduced nonspecific interactions with the surface22

helping the LNA strand to adopt more upright orientation and
therefore making it least susceptible to the surface effects. The
upright orientation also makes the LNA strand more accessible
to the target DNA strand, ensuring greater fidelity in sequence
recognition, therefore superior single base mismatch discrim-
ination. On the other hand, the DNA sensor strands would be
more susceptible to surface effects and at the same time, less
accessible to the target strands since the DNA strands would lie
close to the surface due to the nonspecific interactions. Lee et
al. have in fact shown that the fluorescence of end-labeled DNA
probes on gold substrate gets quenched by the surface, verifying
that the strands lie close to the gold surface.55 The fluorescence
signal became stronger only when a mixed monolayer, using
11-mercapto-1-undecanol (MCU), was formed, prompting an
upright orientation of the ssDNA strands, and moving the
terminal fluorophore away from the substrate surface.
Recently, Wackerbarth et al. have shown that a duplex

formed between thiol-DNA and LNA strands in solution, can
significantly dissociate upon immobilization onto gold(111)
surface, suggesting that significant unzipping of the duplexes
can occur in order to achieve a high density of gold−sulfur
bonds.56 It seems that a better strategy to trap the duplexes
onto the gold(111) surface could be to form a thiol-LNA SAM
first and then expose the SAM to the target DNA molecules for
hybridization to occur, as shown in the present study. More
studies are however required to more precisely address the
stability issues of the LNA-DNA duplexes on gold(111) surface.
Our recent ongoing experiments (on the basis of melting point
measurement of the surface-confined duplexes) indicate that
formation of duplexes on the surface, rather than in solution,
may be more advantageous, especially for single base mismatch
discrimination, using thiol LNA compared to thiol DNA.

■ CONCLUSION
In conclusion, we report for the first time an investigation on a
bioactive LNA SAM, which is prepared by simple immersion
method and that consists of both one-dimensional and two-
dimensional ordered arrangements of LNA molecules on
gold(111) surface, by combined use of high-resolution AFM,
RAIR spectroscopy, and fluorescence spectroscopy. The LNA
molecules reached a suitably upright orientation at an hours
scale. When compared to a DNA SAM prepared under similar
conditions, the LNA SAM exhibited much superior detection

ability in terms of target DNA detection and, especially, single
base mismatch discrimination. Our findings suggest that LNA
molecules can become a better candidate for simple and
straightforward development of surface-based nucleic acid
sensor assays, compared to DNA.
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