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ABSTRACT: Tip-enhanced Raman scattering (TERS) is
a promising optical and analytical technique for chemical
imaging and sensing at single molecule resolution. In
particular, TERS signals generated by a gap-mode
configuration where a silver tip is coupled with a gold
substrate can resolve a single-stranded DNA (ssDNA)
molecule with a spatial resolution below 1 nm. To
demonstrate the proof of subnanometer resolution, we
show direct nucleic acid sequencing using TERS of a
phage ssDNA (M13mp18). M13mp18 provides a known
sequence and, through our deposition strategy, can be
stretched (uncoiled) and attached to the substrate by its
phosphate groups, while exposing its nucleobases to the
tip. After deposition, we scan the silver tip along the
ssDNA and collect TERS signals with a step of 0.5 nm,
comparable to the bond length between two adjacent
DNA bases. By demonstrating the real-time profiling of a
ssDNA configuration and furthermore, with unique TERS
signals of monomeric units of other biopolymers, we
anticipate that this technique can be extended to the high-
resolution imaging of various nanostructures as well as the
direct sequencing of other important biopolymers
including RNA, polysaccharides, and polypeptides.

Tip-enhanced Raman scattering (TERS) provides an
effective technique at the forefront of the chemical

imaging.1 TERS can effectively enhance Raman signals by
localized plasmon resonance on a nanoscale tip, increasing
Raman signals by a factor of 106.2,3 In addition, the near-field
effects caused by nanoscale tips overcome the optical
diffraction limit to allow high-resolution imaging of target
molecules. Previous studies illustrated that TERS enables a
resolution of near or less than 1 nm under ambient and
cryogenic conditions for both STM and AFM based
systems,4−9 which may be due to the localization effects of
atomic-scale structures on tips.10,11 Furthermore, the gap-
mode configuration generated in the plasmonic cavity formed
between the silver tip and the gold substrate can further boost
the enhancement factor of TERS to 1013-fold within the gap.12

These advantages make TERS an ideal technique for chemical
identifications of single molecules.
Deoxyribonucleic acid (DNA) is an essential and

information-rich biological molecule carrying the genetic
information on all living organisms. The DNA molecule
contains a linear sequence encoded by four nucleobases with
prominently different Raman signals which provide a powerful
tool for the determination of DNA nucleobase sequences.13,14

To date, heroic progress has been made in single molecule
sequencing (SMS). Among this progress, a nanopore-based
sequencing method, a representative of the third-generation
sequencing methods that focus on single molecule sequencing
(SMS), is limited by the incredibly short dwell times of DNA
in the nanopore and the poor resolution of the individual
nucleobase signals,15,16 resulting in sequencing errors. As a
technology of high-resolution imaging, TERS provides an
alternative application to analyze nucleobases without
requiring the amplification of nucleic acids or labeled reagents
and is not limited by the same factors that limit nanopore
technology. So far, TERS has been demonstrated capable of
distinguishing nucleobases13,17 as well as enabling the
exploration of DNA sensing,18,19 hydrogen bonds20 and
aggregation effects.21 For pure nucleic acids, a spatial
resolution of 0.9 nm was obtained by using TERS to scan
across the boundary of pure nucleobase networks.17 A practical
solution for reading nucleotides sequences along DNA bundles
requires DNA with very simple sequences and careful scans
along a DNA strand.1

Although TERS can distinguish individual nucleobases,
imaging the single ssDNA molecule remains very challenging
since stable alignment of the single DNA molecule is difficult
and required to read nonoverlapping nucleotides. As further
elaborated below, in this report for the first time we have
demonstrated the success of single ssDNA imaging and using
TERS to directly sequence multiple segments of the known
M13mp18 bacteria phage ssDNA with at least 90% accuracy.
Our success relies on (1) TERS imaging that leads to mapping
DNA molecules and identifying sequences with a single-base
resolution and (2) a unique DNA deposition method we have
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developed for effectively minimizing DNA coiling as well as
maximizing the exposure of nucleobases to the AFM tips
(Figure 1).

We show a tapping-mode AFM image in Figure 2 and
estimate the thickness of a ssDNA strand at approximately 0.6
nm. Because the thickness of the M13mp18 ssDNA was
reported to be 0.3 ± 0.1 nm,22 it is reasonable to assume that
this represents a planar bundle of one to two nucleobase
height. However, it is noted that AFM cannot precisely
measure the width of a ssDNA molecule because its lateral
resolution is limited by the tip broadening effects.

Compared to AFM, TERS provides a superior, subnan-
ometer resolution of the bundle edges. We performed a TERS
scan along the blue arrow as indicated in Figure 2b with a step
size of 0.5 nm. We set the acquisition time as 4 s to attenuate
the effects of spectral fluctuations for achieving stable
measurements. Shown by the red curve in Figure 3a, the
integrated intensities of the Raman signal peaks from 1630 to
1650 cm−1 can refer to DNA nucleobases cytosine (C),
guanine (G) and thymine (T). The width of the DNA bundle

is estimated to be 2.5 nm. Similarly, in Figure 4a, we imaged
the sample based on the same peaks. The high contrast map
highlights a single DNA strand (spot 1 to 24). Moreover, the
one-step spectral changes from the red to blue parts in Figure
3b and the distinguishable on-strand and off-strand signals in
Figure 4b prove that TERS was able to reach a spatial
resolution of 0.5 nm.
In this study, we chose the scanning step of 0.5 nm to be

comparable to the base-to-base distance, which was reported as
0.4 to 0.6 nm.23−25 A choice of step size larger than 0.6 nm
would be inadequate for sequence mapping. In contrast, a step
size smaller than 0.4 nm can lead to difficulties in
distinguishing homogeneous sequences such as “AAAAA”
from “AAAA”. Moreover, when the step size is comparable to
the base interval, the tip apex could possibly “push”
nucleobases and rearrange these at each step. Although the
distances between bases are initially varied due to the random
rotation of nucleotides, the tip may shift them to a certain
degree, so that these distances become approximately equal to
the step size of TERS scanning, which may lead to the
capability of detecting one base in one step. Moreover, DNA
strands were possibly pushed by the tip apex and showed
themselves as a line along the horizontal direction. It has been
reported that the AFM tip, operating in the contact mode, can
move carbon nanotubes.26 In our case, although the AFM was
operated in the tapping mode, the TERS scanning could

Figure 1. (a) The DNA deposition method. We used forced-air to
align the ssDNA on the gold surface to stretch the DNA for evading/
minimizing DNA coiling during the deposition. Furthermore, we
added Mg2+ cations in the DNA buffer solution (pH 7.5) during the
deposition to preferentially facilitate the adhesion of highly negatively
charged DNA phosphate backbone to negatively charged gold surface.
This will help to maximize the exposure of nucleobases to AFM tips
for the downstream sensing and sequencing. Each ‘+’ sign indicates a
Mg2+ ion, and ‘−’ sign indicates the negative charge carried by DNA
phosphate backbone or the gold surface. (b) Schematic for tip-
enhanced Raman scattering of ssDNA molecules. The diameter of the
silver tip is 20 to 40 nm. An objective (100×, NA 0.7) focuses the 532
nm incidence light on the tip at 45°. TERS signals are collected by the
same objective. Gap-mode TERS is formed by reducing tip−substrate
distances to less than 1 nm.

Figure 2. DNA sensing by AFM. (a) AFM image of DNA clusters and
(b) a zoom-in image of the red dash-line squared region in panel a.

Figure 3. (a) AFM (yellow) and TERS (red) signals collected along
the blue arrow in panel b. We use AFM and TERS to estimate the
width of a DNA bundle. The AFM curve exhibits a full-width at half-
maximum (fwhm) of 10 nm based on a Gaussian fitting. The TERS
curve, which is the integrated intensity of the Raman signal from 1630
to 1650 cm−1, exhibits a fwhm of 2.5 nm, far narrower than AFM. (b)
TERS spectra taken along the blue arrow in Figure 2b. The scanning
step is 0.5 nm. The red curves represent the spectra on the DNA
bundle.
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resemble a contact procedure and realign the strands.
Meanwhile, because the vibration frequency of the cantilever
is close to the oscillation resonance, the tip will still perform
strong tapping force toward the ssDNA molecules.27 The
lateral pressure may also cause the ssDNA realignment.
We then identify the characteristic peaks of each nucleobase

used to identify the nucleobases sequences. Summarized in
Table S1, Raman peaks at 735 to 737 cm−1 (A1), 1467 to 1492
cm−1 (A2), 799 to 801 cm−1 (C1), 1235 to 1270 cm−1 (C2),
954 to 958 cm−1 (G1), 1545 to 1554 cm−1 (G2), and 778 to
782 cm−1 (T1), 1366 to 1373 cm−1 (T2) are utilized to
distinguish adenine (A), cytosine (C), guanine (G) and
thymine (T).1,13,28−31 Four spectral references were then built
according to the modes A1, A2, C1, C2, G1, G2, T1 and T2
(Figure S3). Moreover, Figure S4 and Figure S5 display these
identifiable modes in our measurement. Baseline correction by
a third order polynomial fitting was applied to TERS spectra.
The linear correlation between the scanning spectra and the
templates was based on the discrete Pearson correlation
function.32 The normalized correlation coefficient can be
found to evaluate probabilities Pi of four nucleobases. As
described below, repeating the calculations (see Supporting
Information) for all spots, we determined the sequences of
each scanned DNA segment. Then, by comparing these data
with the actual sequence of M13mp18 DNA through
approximate string matching,33 we proved the credibility of
our TERS sequencing results.
Identified DNA sequences are shown in Figure 4c,d. We

used the same tip as in Figure 3. Because interferences of

adjacent bases result in multicomponent signals, we label the
most possible bases below the bar charts. The multicomponent
spectrum occurs due to the interference of adjacent bases.
Mistakes may happen when the surrounding signals overwhelm
the target base. Therefore, in Figure 4c, spot 7 and spot 11
were misread due to the strong signals of guanine and thymine.
The accuracy shown in Figure 4c is 91.7% (22/24). Six
repeated measurements in Figure S1 and Table S2 show the
sequencing accuracy, using different tips and different
deposited samples, is better than 90.9%.
To prove that the measured sequences of each segment truly

matched the actual M13mp18 sequence, we constructed a
random 24-base trial sequence as a comparison and applied
approximate string-matching algorithm for 10 million times.
Under the best matching conditions between a 24-base
random sequence and any 24-base long segment of
M13mp18, the average number of mismatching errors was
9.4. The probability of 2 errors for a random trial is less than
1/10,000,000. The distribution of mismatching errors for trials
using random sequences are shown in Figure S2. This
negligible probability proves that our sequencing result is
authentic, and the sequence from spot 1 to spot 24 belongs to
a specific fragment of the M13mp18 DNA. The similar
comparison was repeated for each repeating result in Table S2.
In conclusion, by displaying ssDNA imaging and sequencing

at room temperature, we have demonstrated the subnanometer
resolving ability of TERS and have shown the repeatability of
using different tips and ssDNA molecules. As a straightforward
optical sensing technique, TERS has the potential of becoming

Figure 4. DNA sequencing of sample 1 containing 1.0 pmol of M13mp18 DNA. (a) TERS image of a single ssDNA segment with a step size of 0.5
nm. The acquisition time for each step is 4 s. The plots show the integral intensities of the spectrum from 1630 to 1650 cm−1. The numbers
marking the map indicate the order of the sequences. (b) The “on strand” TERS spectrum of the pixel 7 and the “off strand” spectrum one step
above the pixel 7 in panel a. The substantial difference proves the 0.5 nm resolving capacity along the cross section. (c) A bar chart shows the
probabilities Pi from the spot 1 to 24 labeled in panel a. The most probable bases are labeled at the bottom. Compared to the real DNA sequence
GTGGTTCGTTCGGTATTTTTAATG, two errors are found at the spot 7 (G→ C) and spot 11 (T→ C). (d) The probabilities Pi from the spot
25 to 31. Two strands in panel a are 1 nm separated. The different sequences of spots 13 to 19 and spots 25 to 31 provides an evidence that TERS
imaging can distinguish two parallel DNA molecules only separated by 1 nm.
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a next generation sequencing method for DNA/RNA as well as
other important biological polymers such as polysaccharides,
polypeptides, and even glyco-peptide conjugates.
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