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Various nanostructures for single-molecule surface-
enhanced Raman spectroscopy (SERS) have been 
fabricated through a random aggregation process using 
nanoaprticles that can stochastically generate multiple 
hotspots in the laser spot. This leads to the multiple 
molecule detection. In this study, a single gold 
nanoparticle (AuNP) dimer with a single hotspot was 
fabricated in a laser spot controlling the position and 
orientation on a silicon substrate using a nanotrench-
guided self-assembly. The Raman peaks of the DNA were 
dynamically observed, indicating a single DNA oligomer 
detection composed of adenine, guanine, cytosine, 
phosphate, and deoxyribose. © 2021 Optical Society of America

Surface-enhanced Raman spectroscopy (SERS) is a direct, label-
free, and highly sensitive analytical tool used in the detection and 
analysis of biomolecules, such as macromolecular proteins and 
DNA nucleobases, through their intrinsic Raman fingerprint [1-3]. 
In addition, this spectral technique is highly dependent on the 
physiochemical properties of the substrate materials, such as 
nanoscale plasmonic structures (e.g., gold) that realize 
electromagnetic localization and enhancement (i.e., weak Raman 
signals can be significantly enhanced). In general, SERS allows for 
single-molecule detection and identification, making it possible to 
carry out label-free DNA analysis such as DNA sequencing with 
excellent molecule identification capacity.

Next-generation sequencing of DNA using fluorescent probes 
requires polymerase chain reaction (PCR) to amplify the 
fragmented DNA, obtaining a sufficient number of DNA fragments 
for detectable signal and DNA sequence reconstruction. However, 
using PCR is expensive, time-consuming, and necessitates further 
fragmentation, resulting in the occurrence of a sequencing error 
due to shorter fragments. On the other hand, several previous 
studies have reported on the electrical detection and identification 
of DNA using nanopore [4] or nanoelectrode [5, 6], which do not 
require for the amplification and labeling of the fluorescent probes. 
This direct analytical method is a powerful tool for high-speed and 

low-cost processes. However, one of the major drawbacks of this 
method is the large variation of the electrical signal, leading to a low 
reliability of the DNA sequencing. To address this limitation, 
employing a single-molecule SERS is advantageous due to its higher 
identification capability compared to electrical methods because 
the SERS spectrum includes several Raman peaks derived from 
DNA components. Random DNA sequencing is expected by 
measuring continuous Raman peak transitions from time-series 
Raman spectra of a single DNA oligomer. Dynamic measurements 
of a single DNA oligomer with a single plasmonic hotspot is required 
for SERS-based DNA sequencing.

Several SERS studies have been conducted on DNA oligomer 
detection and identification using particle aggregates [1, 2, 7]. 
Specifically, the random aggregation of nanoparticles generates 
nanogaps with highly enhanced hotspots. A nanoparticle dimer or a 
straight nanoparticle chain is considered as a nanostructure with 
the highest Raman enhancement at the narrow nanogap between 
nanoparticles [8-11]. It results in a stochastic detection of a single 
molecule while matching the polarization direction of the incident 
laser and the connecting direction of the nanoparticles on a 
substrate [12, 13]. However, the nanostructures used in these 
studies could randomly generate multiple hotspots in the laser spot, 
because of uncontrollable positioning of particles, leading to the 
Raman measurement of multiple molecules. On the one hand, 
dynamic measurements of a single DNA oligomer by using 
nanoparticle aggregates or a nanoparticle dimer has not yet been 
reported. On the other hand, Chen et al. [14] reported about the 
dynamic SERS measurement of a single DNA oligomer through a 
gold nanoslit. The nanoslit stochastically forms nanogaps with a 
sensitivity for a single DNA oligomer detection. The stochastic 
fabrication process is considered to lead to the low probability of the 
single molecule detection and the detection of the multiple DNA 
oligomers with multiple hotspots.

In this study, we propose a nanotrench-guided self-assembly [15, 
16] to fabricate only a single gold nanoparticle (AuNP) dimer, 
controlling its position and orientation on a substrate; this allows 
for a single hotspot and higher probability of enhancement factor 



for the single molecule sensitivity than those in the nanoslit, in the 
area of the laser spot. Because the previously reported AuNP dimers 
were randomly and stochastically generated, controlling the 
number of the AuNP dimers was difficult, resulting in multiple 
hotspots on the laser spot. In addition, the connecting direction of 
the AuNPs was uncontrollable, and thus the polarization direction 
of the incident laser must be adjusted for a single-molecule 
detection sensitivity. A single AuNP dimer was fabricated on the 
laser spot to ensure molecule detection at a single hotspot. We 
performed dynamic SERS measurements using the fabricated 
single AuNP dimer to confirm the possibility of single-DNA oligomer 
detection as a challenging application such as in SERS-based DNA 
sequencing.

The AuNP dimer is composed of two AuNPs that form a nanogap 
between them. The AuNP dimers were fabricated on the Si 
substrate using the top-down and bottom-up processes. First, we 
fabricated nanoscale trenches on the Si substrate using electron-
beam lithography and subsequent reactive ion dry etching of Si 
using SF6 gas. Rectangular trenches were used as a template to form 
the AuNP dimer by a self-assembly bottom-up process. The width, 
length, and depth of the nanotrench were 86, 214, and 45 nm, 
respectively. AuNP colloids with a mean diameter of 100 nm were 
used, which were dispersed in a water suspension. The nanotrench 
on the Si substrate traps the AuNPs while the AuNP colloidal 
solution dries on the Si substrate because the water suspension 
pushes the AuNPs to the substrate surface by interfacial force. After 
the water suspension passed through the nanotrench, two AuNPs 
were held on the nanotrench and then made contact with each 
other by the water bridge force. AuNPs were modified with 
molecules such as citrate, acetonedicarboxylic acid, and acetoacetic 
acid when they are chemically synthesized by a citrate-reduction 
method [17, 18]. The molecules on AuNP surfaces were removed by 
ultraviolet ozone (UV/O3) treatment to form nanogaps, which can 
be used as hotspots for enhancing the Raman scattering light, 
between AuNPs. The nanogap was estimated to be approximately 1 
nm because the molecules on AuNP surfaces have been reported to 
be 0.5 nm in length [19]. The AuNPs were arranged along the 
nanotrench, and the nanotrench pattern determined the AuNP 
connecting direction. We can easily match the polarization direction 
of the incident laser to the connecting direction of the AuNPs.

The AuNP dimers were arrayed on the substrate with an interval 
of 5 μm to ensure that the laser light illuminated only a single AuNP 
dimer in the laser spot with a diameter of 2 μm. The AuNP dimers 
were fabricated at the designated position and arrayed on a 
substrate with a designated interval. This means that a hotspot, 
which acts as a molecular measurement point, is placed at a 
designated position, and a single hotspot is guaranteed for single-
molecule SERS measurements. Figure 1(a)–(c) show the images of 
the fabricated AuNP dimer using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). We observed 
only a single AuNP dimer in the laser spot.

The electromagnetic enhancement factor of the AuNP dimer was 
calculated using the finite differential time domain (FDTD) 
simulation. The simulation model included the AuNP dimer on the 
Si substrate with a 1-nm nanogap. The polarization direction was 
set parallel to the direction of the AuNP connection. Figure 1(d) 
shows the contour plot of the electromagnetic enhancement factor 
|EI|2 at a laser wavelength of 632.8 nm, indicating the enhanced 
electromagnetic field at the nanogap with a maximum |EI|2 of 
7.8×105.

         
Fig. 1. AuNP dimer with a mean diameter of 100 nm on the Si substrate. (a), 
(b) SEM image of isolated AuNP dimer, (c) TEM image of nanogap. (d) 
Contour plot of the electromagnetic enhancement factor at nanogap 
calculated through FDTD simulation. (e), (f) Raman spectrum and contour 
plot of Raman intensity in mapping measurement around the AuNP dimer 
before removing the attached molecule on AuNP surfaces. The unit of the 
Raman intensity is counts. 

The measurements were performed using a Raman 
spectroscopy apparatus with a 632.8-nm He–Ne laser used for 
excitation with a laser spot of 2 μm, a laser intensity of 8.2 mW, and 
a 50× objective lens (N.A. 0.5). The SERS study on DNA oligomers 
detection used 8 mW laser irradiation and reported no damage to 
DNA oligomer in Ref. [14]. The laser irradiation with 8.2 mW used 
in this study is thought to give no damage to DNA oligomers. The 
piezoactuator stage equipped in the microscope allowed for the 
alignment of the laser spot. Moreover, we determined the optimal 
position for the highest Raman intensity after performing the 
mapping measurements around the AuNP dimer. The arrayed 
AuNP dimers point in a uniform direction and allow for effective 
measurements by scanning the laser spot without matching the 
polarization angle. Figures 1(e) and (f) show the experimental 
Raman spectrum and Raman intensity distribution acquired from 
mapping the Raman measurements before removing the attached 
molecules on the AuNP surfaces, which involved citrate, 
acetonedicarboxylic acid, and acetoacetic acid. The unit of the 
Raman intensity is counts. The Raman spectrum shows a strong 
Raman intensity from the attached molecules at Raman shifts 
ranging from 1500 to 1700 cm−1, as shown in Fig. 1(e). We 
evaluated the Raman enhancement and its distribution by mapping 
Raman measurement with an integration time of 1 s and a mapping 
interval of 1 μm. This experiment was performed because the 
Raman intensity before UV/O3 treatment reflects the Raman 
intensity of the target DNA molecule after UV/O3 treatment [13]. 
Figure 1(f) shows the maximum Raman intensity in the Raman shift 
range from 1500 to 1700 cm−1. We observed locally enhanced 
points with the largest Raman intensity. The laser spot diameter 
and mapping interval were 2 and 1 μm, respectively. We confirmed 
a single enhancing site that corresponds to the position of the AuNP 
dimer and determined the measurement point using the obtained 
mapping results.



                  
Fig. 2. Fifty generated Raman spectra from the DNA oligomer solution using 
a single AuNP dimer. Intermitted Raman spectroscopy measurement was 
carried out with an integration time of 0.5 s and an interval of 1.0 s. (a) 
Stacked Raman spectra. Contour plots of the Raman spectra as a function of 
the elapsed time at the Raman shift with a range of (b) 600–900 and (c) 900–
1300 cm−1. 

                    
Fig. 3. Transition of Raman intensities in four Raman shift bands that 
indicates guanine, adenine, cytosine, and PO2−. The gray area indicates the 
background noise level. Raman intensity of PO2− increased more than 170 
counts after 45 s.

DNA samples were purchased from Fasmac Co., Ltd. (Japan). The 
sequence of the single-stranded DNA measured in this experiment 
was 5'-AGCTAGCT-3'. The DNA concentration was 100 μM in the TE 
buffer solution, which was placed in polydimethylsiloxane (PDMS) 
well. We acquired the Raman spectra at an integration time of 0.5 s 
by intermittent Raman measurements with an interval of 1.0 s. The 
total measurement time was 74 s to acquire the time-series of 50 
Raman spectra.

Figure 2(a) shows 50 Raman spectra obtained from 0 to 74 s. The 
contour plots of the Raman spectra created based on Fig. 2(a) are 
shown in Fig. 2(b) and (c), wherein the two plotting graphs are 
separated with different ranges of the Raman shifts. We confirmed 
that several Raman peaks derived from the DNA were observed 
from the single AuNP dimer with a measurement time of 0.5 s based 
on the acquired Raman spectra as shown in Fig. 2(a)-(c). We 
observed the Raman peaks of phosphate (PO2−) at 1093 cm−1 and 
deoxyribose at 1017 and 1043 cm−1, indicating the C-O stretching 
mode, as the DNA backbone [20, 21]. Furthermore, we observed the 
Raman peaks of adenine, guanine, and cytosine at around 730, 660, 
and 799 cm−1, respectively, as the DNA base [22]. The detection of 
the DNA compositions indicates that the single AuNP dimer can be 
used for single DNA oligomer detection because of the limited space 
of the single hotspot with a nanogap between AuNPs of 
approximately 1 nm. 

We observed the transition of the acquired Raman spectra, as 
shown in Figs. 2 and 3, in all 50 Raman measurements. Figure 3 
shows the time series of the Raman intensities of the selected 
Raman shift bands, indicating guanine, adenine, cytosine, and 
deoxyribose. Guanine was first detected from 0 to 22.5 s, 
disappeared from 24 to 27 s, and reappeared at 28.5 to 40 s. On the 
other hand, the Raman peak of cytosine was observed only at the 
beginning of the measurements. Meanwhile, the Raman peaks of 
adenine were observed in all spectra. The adenine band was clearly 
observed at approximately 730 cm−1, as shown in Fig. 2(b). Both the 
backbone peaks from PO2− and deoxyribose suddenly appeared at 
approximately 42 s at the same time, which is related to the 
disappearance of the guanine peak, and maintained high intensity 
until the end of the measurements. Moreover, coupled transitions 
of the guanine and backbone Raman signals were observed. The 
disappearance and appearance of guanine, cytosine, and backbone 
signals support the possibility of single DNA detection and dynamic 
measurement of a moving DNA. 



We considered that the proposed AuNP dimer detects a single 
DNA oligomer based on the Raman signal transition and limited 
space of the hotspot. Particularly, the Raman scattering cross-
section of adenine was reported to be 2.9×10−30 cm2/sr, and an 
enhancement factor of 7.1×1010 is necessary for the single-molecule 
detection of adenine [23]. The maximum Raman enhancement 
factor for the adenine peak at 730 cm−1 was calculated to be 
3.0×1011 using |EI|2×|ER|2 [24]. Here, |EI|2 and |ER|2 are the 
electromagnetic enhancement factors at the wavelengths of the 
excitation laser light and Raman scattering light of adenine (663.7 
nm corresponding to 730 cm−1), respectively. Therefore, the Raman 
enhancement factor needs to be sufficiently large to detect a single 
adenine nucleobase. 

Results show that adenine was highly detectable compared to 
other nucleobases, owing to its binding affinity to Au surfaces and 
higher Raman scattering cross-section [1, 7, 25-27]. The binding of 
the molecule to the Au surface becomes easier with the increasing 
affinity, causing a higher Raman enhancement because the highest 
Raman enhancement is generated at surfaces of the narrowest 
nanogap. The Raman peak at 730 cm−1 is apparent owing to the 
binding of adenine to the Au surface, indicating that the oligomer is 
pinned with adenine binding on the Au surface that made adenine 
readily detectable. The other parts of the oligomer, except the 
attached adenine, are considered fluctuating in the vicinity of the Au 
surface while the adenine was trapped. Initially, guanine, cytosine, 
and backbone were thought to be detected, while they 
stochastically reached the enhancing hotspot with the necessary 
enhancement factor to be detected. Results show that their peaks 
appeared and disappeared because of lower affinities than that of 
adenine [1, 25, 26], indicating the short duration of molecule 
binding on Au surfaces. On the other hand, thymine detection was 
difficult because its binding affinity to Au surfaces was the lowest 
among the four nucleobases [1, 28].

In conclusion, dynamic SERS measurements were performed to 
detect and identify single DNA oligomers and confirm the possibility 
of a single DNA oligomer detection using the isolated single AuNP 
dimer, which was fabricated on the Si substrate using the 
nanotrench-guided self-assembly, for single-hotspot detection in a 
laser spot. The nanotrench-guided self-assembly was able to control 
the position and connecting direction of the AuNP dimers. Results 
show that several Raman peaks derived from the DNA were 
observed from the single AuNP dimer with a measurement time of 
0.5 s. We observed the Raman peaks of adenine, guanine, and 
cytosine, and the peaks of PO2− and deoxyribose as the DNA 
backbone. Moreover, the transition of the acquired Raman spectra 
is apparent in all 50 measurements. The Raman peaks of adenine 
were observed in all spectra, while the peaks of guanine, cytosine, 
and backbone signals were observed to appear and disappear. The 
dynamic detection of the DNA compositions indicates that the 
single AuNP dimer has the capability to perform a single DNA 
oligomer detection, owing to the transition of the Raman signal and 
the limited space of a single hotspot with an approximately 1-nm 
nanogap between AuNPs. Finally, the results of this study support 
the possibility of performing a dynamic measurement of a moving 
DNA, and will lead to SERS-based analysis of DNA sequences with a 
single nucleobase sensitivity through the manipulation of a DNA 
oligomer. 
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