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DNA-Mediated Control of Au Shell Nanostructure and Controlled 
Intra-Nanogap for Highly Sensitive and Broad Plasmonic Response 
Range  
Haemi Leea, Sang Hwan Nama, Yu Jin Junga, So-Jung Parka, Jung-Mu Kimb, Yung Doug Suha,c,* and 
Dong-Kwon Limd,* 

We report the DNA-mediated simple synthetic methods to obtain anisotropic plasmonic nanostructures with a tailorable 
intra-nanogap distance ranging from 0.9 to 4.0 nm. Anisotropic half-shell structures with sub-1.0 nm intra-nanogaps 
showed a wavelength-independent surface-enhanced Raman scattering (SERS) intensity and a highly sensitive SERS 
response to NIR light. We found that the reaction conditions such as pH and NaCl concentration are responsible for the 
resulting shell structures and intra-nanogap distances. Three noticeable plasmonic nanostructures [i.e., half-shell with sub-
1.0 nm nanogaps, closed-shell with wide nanogap (2.1 nm) and star-shaped with irregular nanogap (1.5–4.0 nm)] were 
synthesized, and solution-based and single particle-based Raman measurements showed the strong relationship between 
plasmonic structures and SERS intensity. An understanding of DNA-mediated control for nanogap-engineered plasmonic 
nanostructures and studies of SERS-activity relationships using single particle-correlated measurements can provide new 
insights into the design of new plasmonic nanostructures and SERS-based biosensing applications. 

Introduction  
DNA-mediated synthetic strategies enabled to build up 
precisely-controlled 2D or 3D plasmonic nanostructures which 
are challenging issue with a conventional chemistry.1-4 DNA-
mediated control over metallic nanoparticle shape also 
enabled to produce useful and unique nanostructures in a 
sequence specific manner.5, 6 The recently developed gold 
nanoparticles with narrow intra-nanogaps (Au-NNPs) 
composed of core AuNP (20 nm) and Au shell (~10 nm 
thickness) showed uniform and strong SERS responses in 
solution with narrow SERS enhancement factor (EF) 
distributions ranging from 1.0 × 108  to 5.0 × 109.7 The highly 
SERS-active nanoparticle because of localized Raman-dyes in 
the intra-nanogap (1.2 nm) is useful as a bright labelling 
material for SERS-based applications.8-12 Developing new 
synthetic methods for Au-NNPs9 and understanding for the Au 
shell growth mechanism including the role of DNA are of great 
interest.13 Although the sequence dependent effects of DNA in 
generating the intra-nanogap already were unveiled in several 
research papers,7, 14, 15 the reaction parameters have not been 
investigated yet.  

In this report, we focused the effect of reaction 
parameters to provide clear understanding for the synthetic 
method of Au-NNPs and also to provide new plasmonic 
nanostructures that can overcome the current limitation of 
Au-NNP structures. In spite of the strong and uniform SERS 
response of Au-NNPs, there are two limitations for practical 
SERS-based applications. First, Au-NNPs cannot detect 
molecules present in the sample solution owing to their 
closed-shell structure. Second, the spherical geometry of Au-
NNPs results in an intrinsically weak SERS response to near-
infrared (NIR) excitation, which is required in order to 
minimize the fluorescence background for SERS-based cell 
imaging applications. Gold nanoshell structures have been 
investigated extensively,16-18 and anisotropic nanostructures 
such as gold nanorods or gold nanostar have been studied in 
an effort to obtain a strong SERS response by use of the 
resonant localized surface plasmon resonance (LSPR) 
properties of these structures with an NIR excitation 
wavelength.6, 19-22 However, the absence of a nanogap in these 
nanostructures offers limited SERS intensity especially in 
solution. In this regard, NIR-sensitive anisotropic nanoparticles 
with narrow and open intra-nanogaps dispersed in solution are 
essentially required for practical SERS-based sensing or 
imaging applications.13, 23, 24  

In this work, we demonstrate the effect of reaction 
parameters such as specific pH and NaCl on the resulting Au 
shell structure and the plasmonic properties of obtained 
nanostructures. The shell structure was greatly varied by the 
reaction parameters. The intra-nanogap distance was 
tailorable on a nanoscale ranging from 0.9 nm to 4.0 nm. As a 
result, four unique nanostructures with different intra-
nanogap distances and shell structures were obtained: half- 
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Figure 1. Four unique nanostructures and characterizations. (a) High-resolution 
transmission electron microscope (HR-TEM) images and magnified images of 
selected area (red-colored box). (b) Brief sketch of resulting nanostructures. (c) 
Distributions of intra-nanogap distance (based on the TEM image analysis, N = 
50). (d) Extinction spectra of DNA-AuNP (black), HS (1) (blue line), CS-1.2 (2) (red 
line), CS-2.1 (3) (green line), and SS (4) (magenta line). Inset: solution color of 
nanostructures. 

shell structures with open, sub-1.0-nm intra-nanogaps [~0.9 
nm, HS (1)], closed-shell structures with intra-nanogaps of ~1.2 
nm [CS-1.2 (2)], closed-shell structures with wider intra-
nanogap structures [~2.1 nm, (CS-2.1 (3)], and star-shaped 
structures with irregular intra-nanogaps (1.5–4.0 nm) [SS (4)] 
(Figures 1 and S1). Solution-based measurements, single 
particle-based correlated Raman measurements, and finite 
element method (FEM) lab-based theoretical studies were 
performed to investigate the optical properties of those four 
nanostructures and their relationships to SERS activity. HS (1) 
exhibited a very strong SERS response with an NIR excitation 
wavelength of 785 nm, as well as with shorter wavelengths 
(532, 660 nm). In contrast, CS-1.2 (2), CS-2.1 (3), and SS (4) 
showed low or undetectable SERS responses with NIR 
wavelength excitation. More importantly, HS (1) is open to the 
environment, which is not the case for the closed-shell 
structures, giving chance molecules to access in the nanogap. 
The NIR-sensitive, wavelength-independent SERS responses of 
half-shell nanoparticles with sub-1.0-nm “open” nanogaps 
provide new opportunities to detect chemical species of 
interest at low concentrations, regardless of the excitation 
wavelength.  

Experimental Section 
DNA-mediated Au shell formation 
For Au shell formation reactions, Cy3-modified thiolated 
ssDNA [3′-HS-Cy3-(CH2)3-A10-PEG9-AAACTCTTTGCGCAC-5′] was 
modified on Au NPs (20 nm, 1.0 nM) using the standard salt-
aging method.7, 25, 26 For a typical preparation of Au-NNPs, 
which were closed-shell structures with a narrow intra-
nanogap (1.2 nm) in this study, a seed solution of DNA-AuNPs 
in deionized water (DW; 100 μL of a 1.0 nM solution) was 

mixed with 10 μL of 100 mM phosphate buffer (PB; pH 7.4) 
and 16.5 μL of 2.0 M NaCl to adjust to 0.3 M PBS condition and 
50 μL of a 1.0% (w/v) poly(N-vinyl-2-pyrrolidone) solution (MW: 
40,000, PVP). For a half-shell formation, the addition of the 
phosphate buffer and NaCl are not required. For a star-shaped 
nanoparticle formation, 10 μL of 100 mM PB (pH 8.0) was 
added to the seed solution without the addition of NaCl. To 
form an Au shell from each seed solution, 50 μL of a NH2OH 
solution (10 mM) and 50 μL of a HAuCl4 solution (5.0 mM) 
were subsequently added and the solution was shaken 
vigorously for 2 min. After standing solutions at room 
temperature for 2 h, it was centrifuged (5,000 rpm/15 min) to 
remove reactants and PVP in the supernatant and then 
redispersed in distilled water with 0.1% sodium dodecyl sulfate 
solution to prevent particle aggregation (See Supporting 
Information and Figure S1 for synthetic details).  

Reaction kinetics study 
For reaction parameter-dependent kinetics study, UV-vis 
spectrophotometer was used to measure the changes of the 
intensity of extinction at 520 nm during reactions.  

Solution-based Raman analysis 
For solution-based Raman analysis, three excitation 
wavelengths (532 nm, 660 nm and 785 nm) were used to study 
the SERS intensity of Cy3 molecules localized at intra-nanogap 
of resulting nanoparticle solution. The number of Cy3 
molecules on the core DNA-AuNPs was same in all 
nanostructures in this paper. The concentration of 
nanoparticle solution was 0.5 nM, the exposure time to 
acquire Raman spectra was 1.0 sec and the laser power at 
sample was 1.0 mW.  

Single particle-correlated Raman analysis 
To clearly elucidate the plasmonic properties of anisotropic 
nanostructures with different Au shell and intra-nanogap 
distances,27 we performed single particle-based correlated 
measurements between Rayleigh scattering and SERS 
responses using an atomic force microscopy (AFM)-correlated 
nano-Raman microscope equipped with a laser scanning-
assisted dark-field configuration.28 A confocal Rayleigh 
mapping with a small scan size (<1 μm) was performed prior to 
collecting the Rayleigh scattering spectrum with Xe-lamp 
excitation.28 In such cases, an accurate Rayleigh scattering 
spectrum of the selected nanoparticle of interest can be 
obtained by precisely positioning the selected nanoparticle 
onto the optic axis of the objective. 

Results and discussion  
Figures 1a and 1b show high-resolution transmission electron 
microscope (HR-TEM) images and sketches, respectively, of the 
four different unique nanostructures: HS (1) generated from 
DW, CS-1.2 (2) from neutral buffer (pH 7.4 with NaCl), CS-2.1 
(3) from basic buffer (pH 8.0 with NaCl), and SS (4) from basic 
buffer (pH 8.0 without NaCl). The intra-nanogap distances of 
HS (1) ranged from 0.5 to 1.2 nm, with a mean gap distance of 
0.9 nm. CS-1.2 (2) showed a narrow distribution between 0.9 
and 1.7 nm, with a mean gap distance of 1.2 nm. CS-2.1 (3) and 
SS (4) showed wide nanogap distributions ranging from 1.0 to 
3.2 nm (mean gap distance: 2.1 nm) and from 1.5 to 4.2 nm 
(mean gap distance: 2.9 nm), respectively (Figure 1c). CS-1.2 (2) 
and CS-2.1 (3) show the characteristic LSPR spectra of spherical 
nanostructures at ~520 nm (red color, Figure 1d).  
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Figure 2. Reaction kinetics in various pH, salt content, and solution colors, and 
TEM images of the resulting nanostructures. (a) The reaction progress monitored 
by measuring optical density (OD) at 520 nm. (b) Solution color images. (c) 
Representative TEM images of particles prepared from distilled water and 
various pH conditions  without NaCl (a–c) and with 0.3 M NaCl (d–f). (Red arrows 
in (a) and (d) indicate the addition of HAuCl4). 
 
However, much broader and red-shifted extinction spectra 
were observed for the HS (1) and SS (4) particles, whose 
solutions were blue, indicative of the anisotropic nature of 
these two nanostructures (Figures 1d and S2).  

To understand the effects of the reaction conditions on 
the intra-nanogap distance and shell structures in detail, we 
monitored the reaction progress under various pH conditions 
(5.0, 6.0, 6.5, 7.4, 8.0, and 9.0) and in DW without NaCl (Figure 
2a-2c) and with NaCl (Figure 2d-2e). The reaction progress was 
recorded every 5 s by measuring the optical density at 520 nm 
after the addition of the HAuCl4 solution (red arrows in Figures 
2a and 2d). The reaction in pure water without NaCl (Figure 2a, 
black circles) and with 0.3 M NaCl (Figure 2d, black circles) was 
very slow. The solution eventually turned a bluish color after 
1.0 h at room temperature (Figures 2b-(1) and 2e-(1)). The HR-
TEM images show the predominant formation of a half-shell 
structure (Figures 2c-(1) and 2f-(1)).  

The reaction progress in weakly acidic solutions (pH 5.0 
and 6.0) was also slow; the solutions at pH 5.0 (Figures 2c-(2) 
and 2f-(2)) exhibited almost the same reaction progress as the 
DW solution, whereas the solutions at pH 6.0 (Figures 2c-(3) 
and 2f-(3)) exhibited slightly faster reaction progress, which 
led to the formation of the half-shell structure and blue 
solution color. Although the particle solution prepared at pH 
6.5 displayed a pale red color (Figure 2b-(4)), the particle 
shapes were not complete-shell structures but rather mixtures 
of complete-shell and half-shell structures (Figure 2c-(4)).  

The reactions in weakly basic solutions (pH 8.0 and 9.0) 
were completed within 100 s after the addition of the 
precursor (HAuCl4). The main structures under these 
conditions (pH 8.0 and pH 9.0) without NaCl were star-shaped 
Au shell nanostructures (Figures 2c-(6) and 2c-(7)) with a blue 
solution color (Figures 2b-(6) and 2b-(7)). In contrast, the 
reactions in pH 8.0 and 9.0 with 0.3 M NaCl resulted in the 
formation of spherical closed-shell structures (Figures 2f-(6) 
and 2f-(7)) with a bright red color (Figures 2e-(6) and 2e-(7)). 
The reaction at pH 7.4 without NaCl exhibited a non-uniform 
Au shell structure, as shown in Figure 2c-(5), whereas with 0.3 

M NaCl, the formation of closed-shell structures was 
predominant with a strong red color (Figures 2e-(5) and 2f-(5)). 

 These results showed that low pH conditions (5.0, 6.0, 6.5) 
with DW resulted in slow reaction progress, which led to the 
predominant formation of anisotropic structures; however, 
neutral and basic pH conditions resulted in fast reaction 
progress, which led to the branched nanostructure formation. 
The presence of NaCl resulted in slow reaction progress, as 
summarized in Figure S3. To clarify the reaction rate depends 
on reaction conditions, the time-dependent solution color 
changes are also displayed in Figure S4, which is well 
agreement with the reaction progress in Figure 2d.  

The effect of pH on the reaction kinetics and shell 
structures was further investigated using citrate-AuNPs or 
mPEG-modified AuNPs instead of DNA-AuNPs as the seed 
solution. The reactions in DW and at low pH resulted in slow 
reaction progress and relatively truncated Au shell structures 
with no intra-nanogap; however, the reaction in basic pH (8.0, 
9.0) resulted in fast reaction progress and the predominant 
formation of highly branched (star-shaped) structures, as 
shown in Figures S5 and S6, which is the same phenomena 
that we observed with DNA-AuNPs at low and high pH.  

These results indicate that the reaction kinetics and shell 
structures could be governed by the pH. The experimental 
results in this work were not consistent with that of known 
results for the pH-dependent ion species of HAuCl4.29, 30 It has 
been known that reactive chlorine-rich ion species 
([AuCl2.43(OH)1.57]-, pH 5.01; [AuCl1.09(OH)2.91]-, pH 6.16) are 
more dominant in acidic pH, whereas stable OH-rich ion 
species such as [AuCl0.83(OH)3.17]- and [AuCl0.67(OH)3.33]- are 
dominant at pH 7.52 and pH 8.01, respectively.29, 31 But it 
should be noted that, in current work, the presence of excess 
PVP which is weak reducing agent and surfactant could 
significantly alter the reaction kinetics,32, 33 especially when 
using a mild reducing agent (NH2OH-HCl), which requires more 
detailed investigations.30,34  

NaCl concentration was another key parameter for the 
formation of star-shaped structures because we have 
observed that only basic pH conditions without NaCl produced 
such nanostructures (Figures 2c-(6) and 2c-(7) and Figures 2f-
(6) and 2f-(7)). The presence of NaCl could induce the 
formation of AuCl4

- ions, which would lead to slow reaction 
kinetics and the subsequent formation of uniform shell 
structures (Figures 2f-(6) and 2f-(7)). (Figure S3) 

 
Table 1. Summary of reaction parameters and nanostructures. 

 HS (1) CS-1.2 
         (2) 

CS-2.1 
 (3) SS (4) 

pH 5.0 or DW 7.4 8.0 or 9.0 8.0 or 9.0 

NaCl 0 M 0.3 M 0.3 M 0 M 
Time of 

completion* 3600 s 50 s 50 s 40 s 

Nanogap                
distributions 

0.5–1.3 
nm 

0.9–1.8  
nm 

1.0–3.2  
nm 

1.5–4.0  
nm 

Intra-nanogap     
distance (mean) 0.9 nm 1.2 nm 2.1 nm 2.9 nm 

* Indicates the time required to reach the plateau of UV-vis absorption at 
520 nm in the reaction progress (Fig. 2).  

 
Above all, the most important factor for the formation of 

intra-nanogaps is the presence of oligonucleotides on the core 
AuNPs.5 In acidic pH and pure water (pH 5.5), oligonucleotides 
prefer condensed structures.35-37  
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Figure 3. Raman responses of the nanostructures. (a) Raman intensity of all 
nanostructures prepared at various pH values without (dotted line) or with 
(black line) NaCl; the intensity of the Raman shift of Cy3 at 1200 cm-1 [λex = 660 
nm, N = 5]) was selected for comparison. (b) Representative TEM images and 
Raman spectra of the particles prepared in (i) DW without NaCl or (ii) with 0.3 M 
NaCl. (c)–(e) Raman intensity of HS (1), CS-1.2 (2), CS-2.1 (3), and SS (4) analyzed 
at excitation wavelengths of (c) 532 nm, (d) 660 nm, and (e) 785 nm. (Particle 
concentration: 0.5 nM, exposure time: 1.0 s, power at sample: 1.0 mw). 

 
The strong interactions between the adenine base and the 
gold surface are predominant in acidic pH conditions.37 Both 
lead to the formation of an efficient protective layer of DNA on 
gold,38 which can minimize the nucleation sites on the gold 
surface, subsequently inducing anisotropic shell growth to 
form a half-shell structure (Figure S7). In neutral and weakly 
basic pH (>7.0) conditions, the non-condensed conformation 
of oligonucleotides results in increased exposure of the gold 
surface, providing multiple nucleation sites for efficient 
catalytic reactions on the core gold surface, which can lead to 
relatively uniform Au shell structures with intra-nanogaps.35, 39 
The repulsion between negative ion species ([AuCl0.67(OH)3.33]-) 
and the negative charge of the phosphate backbone in basic 
pH (>8.0) conditions can result in limited catalytic reduction on 
the gold surface owing to the repulsion of the negatively 
charged ion species of the precursor. The fast reaction kinetics 
in this basic pH (>8.0) ultimately results in the formation of a 
wider nanogap distance and an irregular shell structure.  

Solution-based SERS measurements were performed to 
investigate the SERS response of the nanostructures with 
different shell structures and intra-nanogap distances. Figure 
3a shows the SERS responses for all nanostructures prepared 
from DW, acidic (pH 5.0, 6.0), neutral (pH 6.5, 7.0, 7.4), and 
basic (pH 8.0, 9.0) conditions with and without NaCl. The 
incident wavelength was 660 nm and the SERS intensity at 
1200 cm-1 was selected for comparison. HS (1) synthesized 
from DW, pH 5.0, and pH 6.0 conditions without NaCl (dotted 
line) exhibited much higher SERS intensities as compared to 
CS-1.2 (2) prepared in pH 7.4 with NaCl. However, no 
noticeable SERS intensity was measured for CS-2.1 (3) and SS 
(4) prepared from particle solutions at pH 8.0 without and with 
NaCl. The particle solutions prepared from DW and acidic pH 
(5.0, 6.0) with NaCl (open square solid line) exhibited 
considerably lower SERS intensity as compared to the particle 
solution prepared under the same conditions without NaCl 
(open circle dotted line). From the TEM images in Figure 3b,  

Figure 4. FEM-lab based simulations and AFM-correlated Raman measurement 
for single nanoparticles. (a) Finite element method (FEM)-based simulations and 
(b) line plot of electromagnetic field distributions along the center-horizontal line 
at an incident wavelength of 780 nm. (c) SERS spectra and AFM images (inset) of 
single half-shell [HS (1), blue], closed-shell with 1.2 nm intra-nanogap [CS-1.2 (2), 
red], closed-shell with 2.1 nm intra-nanogap [CS-2.1 (3), green], and star-shaped 
[SS (4), magenta] with irregular nanogap (785 nm). (d) Rayleigh scattering 
spectra and scattering images of HS (1), CS-1.2 (2), CS-2.1 (3), and SS (4). 
 
the particle solution in DW without NaCl shows more 
predominant formation of half-shell structures [red-dotted 
triangle in Figure 3b-(i)], whereas the particle solution 
prepared in DW with NaCl shows a higher fraction of spherical 
shell structures [shown as a red-dotted circle in Figure 3b-(ii)]. 
Thus, the strong SERS responses of half-shell nanoparticles 
prepared without NaCl is attributable to the high yield of half-
shell structures (Figure 3b).  

The nanoparticle solutions numbered (1)–(4) in Figure 3a 
correspond to HS (1), CS-1.2 (2), CS-2.1 (3), and SS (4), 
respectively. As shown in Figures 3c–e, HS (1) exhibited strong 
SERS responses to all three excitation wavelengths (532, 660, 
and 785 nm), whereas CS-1.2 (2) showed a strong SERS 
response only to the 532 nm excitation. No noticeable SERS 
response was observed from CS-2.1 (3) and SS (4) for any of 
the three excitation wavelengths, mainly due to the wide intra-
nanogap distance of CS-2.1 (3) and the irregular intra-nanogap 
distance of SS (4). Considering the off-resonance effect of the 
Cy3 molecules at 660 and 785 nm wavelengths, such a 
prominent SERS response of HS (1) at the 660 nm and 785 nm 
wavelengths is expected to have originated from the highly 
enhanced electromagnetic field as a result of resonant 
excitation with the multiple LSPR modes and the narrow intra-
nanogap (<1.0 nm).40 Although SS (4) also has multiple LSPR 
modes resonant with NIR, the intra-nanogap distance of SS (4) 
was wider than 2.0 nm and irregular.  

The SERS enhancement factors of HS (1) for the three 
different wavelengths were calculated to be 4.7 × 108 (532 nm), 
1.9 × 109 (660 nm), and 2.1 × 108 (785 nm). When the EM field 
distributions around nanoparticles with a 785 nm incident 
wavelength were simulated, as shown in Figures 4a and 4b, 
the EF values in the nanogaps of HS (1), CS-1.2 (2), CS-2.1 (3), 
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and HS (4) were calculated to be 1.5 × 106, 4.7 × 104, 0.2 × 104, 
0.5 × 103, respectively.7 The sub-1.0-nm nanogap and strong 
coupling of HS (1) with the 785 nm wavelength induced a 
highly enhanced and localized electromagnetic field, which 
resulted in 10 times stronger SERS responses as compared 
with CS-1.2 in the solution-state analysis.  

To clearly elucidate the origin of excitation wavelength-
dependent SERS responses,27 we performed single particle-
based correlated measurements between Rayleigh scattering 
and SERS responses using an atomic force microscopy (AFM)-
correlated nano-Raman microscope equipped with a laser 
scanning-assisted dark-field configuration (Figures 4c and 
4d).28 The AFM images of the nanostructures are well matched 
with those of the HR-TEM analysis, as shown in the Figure 4c. 
Consistent with the solution-based SERS results with 785 nm 
excitation (Figure 3e), the single HS (1) nanoparticle showed 
the most pronounced SERS intensity among the structures 
(Figure 4c). The corresponding Rayleigh scattering spectra and 
dark-field image of HS (1) were also simultaneously obtained 
(Figure 4d, blue line). The background-subtracted Rayleigh 
scattering spectra showed multiple LSPR modes in HS (1), 
which is strongly related to the wavelength-independent SERS 
response observed in the solution-state analysis (Figures 3c–e). 

 The multiple LSPR modes indicate the presence of 
diverse plasmon coupling modes in the structures. When SERS 
signals from one hundred individual HS (1) nanoparticles were 
measured, the results showed narrow SERS intensity 
distribution on the order of 101. On the other hand, a single 
CS-1.2 (2) nanoparticle showed very weak SERS response in 
this analysis, with Rayleigh scattering spectra around 540 nm 
and a green scattering color (Figures 4c and 4d, red line and 
inset). A single CS-2.1 (3) particle showed very weak SERS 
response in this analysis, with Rayleigh scattering spectra 
around 650 nm and a red scattering color (Figures 4c and 4d, 
green line and inset). In spite of the broad Rayleigh scattering 
spectra of SS (4) at 650 nm (red scattering image in Figure 4d-
inset), the single SS (4) particle showed an undetectable SERS 
response. These results confirm that multiple LSPR modes with 
sub-1.0-nm nanogaps are a critical factor for the wavelength-
insensitive strong Raman response of HS (1).  

 

Conclusions 
In conclusion, we found that two key factors in DNA-

mediated Au shell formation reactions, pH and NaCl, both 
strongly influence the DNA conformation and stability of 
precursor ion species, and thus they play a critical role in 
determining the optical properties of the resulting 
nanostructures by changing the shell structure and intra-
nanogap distance. The new half-shell nanostructures with 
open sub-1.0-nm intra-nanogaps showed much stronger NIR-
sensitive SERS responses as compared with previously 
reported closed intra-nanogap structures [CS-1.2 (2), Au-NNPs]. 
In addition, the wavelength-insensitive SERS responses with an 
open nanogap can open new opportunities for in-situ 
detection of chemical species in solution. Moreover, the sub-1-
nm gap (Sub-One-Nanometer Gap; SONG) play a critical role in 
detecting molecules   with high sensitivity based on the strong 
nanogap plasmon enhancement.41, 42 From the correlated 
measurements at a single particle level, we accurately 
elucidated the optical properties of four different 

nanostructures. Understanding the detailed reaction 
conditions in controlling intra-nanogap distance and shell 
structures can provide new insights in designing plasmonic 
nanostructures suitable for plasmon-enhanced sensing 
applications. 
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DNA-mediated simple synthetic methods enabled to obtain anisotropic plasmonic 

nanostructures with a tailorable intra-nanogap distance ranging from 0.9 to 4.0 nm.  
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