
Reviewers' comments:  

 

Reviewer #1 (Remarks to the Author):  

 

The authors present an interesting report on SERS in plasmic nanoholes, enabled by trapping of Au 

nanoparticles In the holes. They demonstrate long trapping times and show a convincing equilibrium 

of optical forces, electro-phoretic and electro-osmotic forces and brownian dynamics. This indeed 

likely results in single molecule SERS. The evidence for this, however, is not convincing in the same 

way. The authors claim they used BiaSERS, which is partially true, with the caveat that the used 

molecules are chemically different, i.e. they have a different affinity to the Au surface, such that it is 

not obvious that seeing only one spectrum really means only one molecule is present. (usually 

isotopes of the same molecule are used to circumvent this). Also they use the argument that the 

orientation is resulting in shifted Raman peak positions, to plead for single molecule characteristics. 

It has been shown before in single particle SERS (also in plasmonic nanoholes - Kerman et al, 

Nanoscale, 2015,7, 18612), that this type of effects occur, and are likely related to temporal 

adsorption to the the gold surface, and the resulting stress that leads to the peak shifts (this can be 

the case too for monolayers).  

Overall: the results show interesting indications, but not real proof yet for single molecule 

sensitivity.  

In addition, they could indeed be used for SERS detection of small molecules, but the general 

applicability for a broader set of markers is questionable.  

 

 

Reviewer #2 (Remarks to the Author):  

 

The authors propose a plasmonic nanohole assisted trapping system to detect SERS signal of DNA 

bases at a single molecular level. Gold nano-stars could be trapped by the combined effect of 

electroosmotic, electrophoretic, and optical forces. Due to hot spots excited in the gap between the 

AuNU and hole sidewall, it is able to distinguish different molecules with reliable and stable results. 

However, the Raman signals in this work seem stochastic rather than controllable when multiple 

samples are mixed, and there have been many approaches to get a simple single molecular Raman 

spectrum in the plasmonic tweezers.  

My major concerns:  

1. It has widely been demonstrated that hot spots could also be excited at the tip of Au 

nanourchins even without the nanoholes (The Journal of Physical Chemistry C, 2008, 112(48): 18849-

18859; Applied Physics Letters, 2009, 94(15): 153113; J. Am. Chem. Soc. 2015, 137, 33, 10460-10463; 

etc.). As a result, the authors should provide comparable results without the plasmonic nanohole, to 

highlight its key role of the hole plays in this system.  



2. In Fig.4, the Adenine and Guanine are mixed with equal moles (also Cytosine and Thymine), 

why the measured number of G/C is almost twice of A/T? And, the concentration of C-T is much 

lower than A-G, why the detected C-T’s peak intensity is much higher?  

3. In Fig. 4a, there exhibits considerable peak shifts for AG-AuNUs, it makes sense to attribute 

to molecule reorientation on the AuNU surface. But, how to explain the two peaks shifting in 

opposite directions?  

4. The author mentioned that there will be ‘a strong fluctuation of both the peak positions and 

the baseline’ when there are multiple particles trapped, I wondered if the fluctuations of the peak 

and baseline are synchronous, as I find that there is an obvious mismatch at the time of ~670s and 

~850s in Figure S5.  

5. For the sample 9C1A in Fig.5a, I suppose the Raman peak of Cytosine will be much easier to 

be detected as there are more C than A. But I find a reversed result. The authors gave out an 

explanation that the affinity of A was the biggest in the four bases. If this is the right reason, for the 

sample of 1C9A, I think, it will be more difficult to detect the signal of Cytosine. However, in Figure 

S8, I find that the Cytosine’s signal seems even easier to be detected compared with Adenine. For 

this, I think the discussion is not strong enough to support such a conclusion.  

 

Given this, I cannot recommend its publication in Nature Communications.  

 

 

 

Reviewer #3 (Remarks to the Author):  

 

The manuscipt by Huang et al demonstrated single molecule SERS detection of DNA bases in 

oligonucleotides. The detection method was based on trapping single gold nanourchin (AuNU) into a 

plasmonic nanohole to form a greatly enhanced electromagnetic field, which facilitates the 

detection of biomolecules of small Raman Scattering cross sections. The confinement of the AuNU 

inside the nanohole was achieved through long-time electro-plasmonic trapping, which is desirable 

for flow-through SERS detection. While the manuscript is interesting and the concept advances the 

field, the authors should consider performing a few more experiments to make a compelling case.  

1. In Figure 3b, the author showed the contour map of the Raman spectra produced by a 

trapped A-AuNU. The on and off presence of the Raman signal is achieved through turning on and 

off the bias. However, a significant increase in the peak intensity is noticed consistently for the third 

and fourth ON periods. Is it possible that more AuNUs are getting trapped during those periods?  

2. In the caption of Figure 1f, the authors indicate that it is magnetic field distribution. Why did 

the authors choose to the magnetic field instead of electric field? If it is magnetic field, the authors 

have to include a color scale bar and discuss the significance of the magnetic field distribution in this 

context.  



3. It would be better to include more information related to the zeta potential of the AuNU 

before and after modifying various analytes. Since zeta potential plays a critical role for colloidal 

stability and electro-plasmonic trapping, it might be useful for the reader know the values.  

4. The author has mentioned that all the analytes are absorbed on the AuNU through physical 

absorption. Hence, more experimental evidence of the efficient co-absorption and co-presence of 

analytes (such as Adenine and Guanine) on the AuNU is needed to further support the SERS spectra 

obtained from single-molecule measurement. The electromagnetic field intensity achieved by 

trapping the AuNU is within the range that can be achieved normal electromagnetic hotspots 

formed between assemblies of nanoparticles. Maybe the authors can harness such hotspots to 

further understand the adsorbate composition.  

5. We suggest SERS measurement of AuNU alone as a negative control.  

6. Also, based on all the experiments performed, which serve as training set, it would be great 

to design and implement a few double-blinded studies to demonstrate that the SERS spectra can 

provide accurate determination of the DNA bases in unknown oligos. This will make a compelling 

case that the demonstrated approach is indeed powerful for the detection of single bases in DNA. 



Reply to referees 

 
Thank you for your comments that helps to improve our manuscript. The manuscript has been intensively 

revised. In most cases, we accepted the suggestions and made the changes accordingly. In a few cases, we 

maintained the original version for reasons reported point-by-point in the following. The details of our 

replies are reported in blue following Reviewers' comments as below: 

 

Reviewer #1 (Remarks to the Author): 

 

The authors present an interesting report on SERS in plasmonic nanoholes, enabled by trapping of Au 

nanoparticles In the holes. They demonstrate long trapping times and show a convincing equilibrium of 

optical forces, electro-phoretic and electro-osmotic forces and brownian dynamics. This indeed likely results 

in single molecule SERS. The evidence for this, however, is not convincing in the same way. The authors 

claim they used BiaSERS, which is partially true, with the caveat that the used molecules are chemically 

different, i.e. they have a different affinity to the Au surface, such that it is not obvious that seeing only one 

spectrum really means only one molecule is present. (usually isotopes of the same molecule are used to 

circumvent this).  

Reply: we thank the Reviewer for the helpful suggestions. In light of provided advices, we carried out 

additional experiments. In particular, we performed BiASERS analysis with cytosine (C) and isotope-edited 

cytosine (Ciso) molecules submonolayer adsorbed on the gold nanourchins (CisoC-AuNUs). Both C and Ciso 

have the smallest area (1.27 nm2) among the 4 nucleobases and 6181 Cytosines are needed to form a 

monolayer on a AuNU of 50 nm in diameter. Therefore, we designed the experiment by allowing adsorption 

of 2000 molecules at maximum (1000 Ciso +1000 C) on one AuNU, which was approximately 1 molecule per 

4 nm2. The SERS mode of the multilayer Ciso-AuNU at around 950 cm-1 is shifted from that of multilayer C-

AuNU at around 904 cm-1 due to the isotope atoms, as shown in Figure R1a below. This mode was chosen 

for our BiASERS analysis because it has high intensity at the concentration level of submonolayer without 

neighbouring peaks to affect fitting its position. In the SERS spectra of the trapped CisoC-AuNUs, the 

numbers of peaks at either the C range (900 – 930 cm-1 representing only C) or the Ciso range (930 – 960 cm-1 

representing only Ciso) are much larger than the number of 2 peaks appearing at both ranges. Such BiASERS 

distribution (in Figure R1d below) proved single-molecule detection by our particle trapping method.  

While the BiASERS distribution with the C and Ciso proved single-molecule sensitivity of the trapped 

CisoC-AuNUs, the BiASERS distributions based on submonolayer of mixed nucleobases (AG-AuNU and 

CT-AuNU) were even stronger evidence of single-molecule SERS. Indeed, the different nucleobase affinities 

to gold surface (A > C ≥ G > T)1 can lead to adsorption of, for example, more Adenine (A) molecules than 

Guanines (G) on the AuNU tip in the case of submonolayer AG-AuNU. Nevertheless, a hot spot at the 

AuNU tip with a size similar to either molecules becomes critical. If the hot spot covered 2 A molecules and 



exhibited 1 peak at the A range, it could also cover 1 A and 1 G molecules because they have similar sizes 

(A: 1.42 nm2, G: 1.54 nm2). Consequently, the number of spectra with 2 peaks at both A and G ranges will 

be more than the number of 1 peak at the G range. In the extreme case that all AuNU tips were occupied by 

A molecules, the numbers of 1 peak at the G range and 2 peaks at both A and G ranges will be zero. But 

neither of them are the case in our BiASERS distributions for both AG-AuNU and CT-AuNU. In fact, in Le 

Ru et al.’s seminal paper of the BiASERS method,2 statistics of more than 1000 spectra of 2 different analyte 

molecules was developed to remove the possibility that one Raman peak at the spectral range of either one of 

the 2 analyte molecules represents >1 molecules.3 However, the use of 2 different analyte molecules was 

difficult to achieve the BiASERS distributions experimentally in some cases, due to different affinities and 

Raman cross-sections of the 2 different molecules. These challenges were circumvented by using a molecule 

and its isotope-edited analog as the bianalyte pair that have the same affinities and Raman cross-sections.4-6 

Therefore, the BiASERS distributions of both different nucleobases and the cytosine isotopologues provide 

strong evidences to single-molecule detection of all 4 nucleobases by our platform. 

 

 



 

Figure R1. BiASERS analysis of SERS time series of trapped CisoC-AuNUs. (a) SERS spectra of trapped multilayer 
C-AuNU, multilayer Ciso-AuNU, single-molecule C-AuNU and single-molecule Ciso-AuNU, respectively. The 
spectra intensities were adjusted to highlight the peak positions. (b)SERS time series of submonolayer CisoC-
AuNUs trapped in gold nanoholes. (c) Representative single-molecule spectra of the C-AuNU, Ciso-AuNU and 
many-molecule spectrum of CisoC-AuNU, respectively. (d) BiASERS distribution of Ciso and C out of about 1100 
spectra.  

 

Corresponding revision in Page 12- 14 of the revised manuscript: 

“We firstly used the bi-analyte SERS technique (BiASERS) with Cytosine (C) and isotope-edited 

Cytosine (Ciso) molecules to demonstrate single-molecule capability of our platform.5, 6 In comparison to C, 

the Ciso has some carbon and nitrogen atoms replaced by their isotopes (Supplementary Table S2). 

Importantly, both C and Ciso exhibit the same surface area (1.27 nm2), Raman cross-section and affinity to 



gold surface. Due to the isotope atoms, the SERS peak of Csio at around 941 cm-1 was shifted from that of C at 

around 904 cm-1 (Supplementary Figure S8). To demonstrate single-molecule SERS, sub-monolayer of equal 

moles of C and Ciso molecules were adsorbed on the AuNU (CisoC-AuNU) with a surface coverage around 1 

molecule per 4 nm2. As shown in Figure 4b, one SERS peak appearing at the  C range (900 – 930 cm-1 ) 

represented detection of single C molecule, and the emergence of one SERS peak at the Ciso range (930 – 960 

cm-1 ) represented detection event of single Ciso molecule. If both peak appeared, it belonged to multi-

molecule events.  

The BiASERS analysis required >1000 events (SERS spectra) to statistically prove single-molecule 

SERS (see Methods for data processing details), which actually depended on a sensitive and localized hot 

spot on the AuNU tip. If the hot spot has a small size to cover only 1 molecule, the probabilities of detecting 

either one of the molecules are high. If the hot spot became large enough to cover >1 molecules, the 

probability of detecting both of them increases as well. When the former are larger than the latter in our 

case of around 1030 events, a BiASERS histogram with more single-molecule events than multi-molecule 

events (Figure 4c) was established to confirm single-molecule detection.  

 

 



 

Figure 4. BiASERS analysis of single-molecule SERS of individual nucleobases. (a) SERS time series of 
submonolayer CisoC-AuNUs trapped in gold nanoholes. (b) Representative single-molecule spectra and many-
molecule spectrum of CisoC-AuNU, respectively. (c) BiASERS distribution of Ciso and C out of about 1030 spectra. 
(d) SERS time series of the submonolayer AG-AuNUs trapped in a nanohole. (e) Typical SERS spectra of single-
molecule events and many-molecule events of AG-AuNU. (f) BiASERS distribution of A and G out of about 1200 
spectra. (g) SERS time series of the CT-AuNUs trapped in a nanohole. (h) Typical SERS spectra of single-
molecule events and many-molecule events of CT-AuNU. (i) BiASERS distribution of C and T from about 1500 
collected spectra. All color bars represent the signal-to-baseline intensity of the SERS peaks. The dotted lines 
indicate SERS peak positions of multilayer nucleobases (black for A or G, red for C or T) adsorbed on silver 
nanoparticles without bias, respectively, from Ref.7” 

 



Also they use the argument that the orientation is resulting in shifted Raman peak positions, to plead for 

single molecule characteristics. It has been shown before in single particle SERS (also in plasmonic 

nanoholes - Kerman et al, Nanoscale, 2015,7, 18612), that this type of effects occur, and are likely related to 

temporal adsorption to the gold surface, and the resulting stress that leads to the peak shifts (this can be the 

case too for monolayers).  

Reply: We thank the referee for his/her concern and suggestion. The SERS peak shifts of single 

molecules is a mixed effect due to many mechanisms, such as changes of molecule orientations on the metal 

surface8-10 and molecule diffusion on the nanoparticle surface11, 12. The effect in our case of measuring single 

molecules in the electroplasmonic and fluidic environment is even more complicated. The suggested paper 

[Kerman et al, Nanoscale, 2015,7, 18612] used a plasmonic nanohole of rectangle shape to trap, and measure 

SERS signals of, a single polystyrene nanoparticle that diffused through the rectangle nanohole.13 Although 

the molecules measured were different from our case of submonolayer nucleotide molecules on the AuNU, a 

trapped AuNU near the wall of the gold nanohole could be pulled by similar plasmonic force to touch the 

nanohole wall temporarily. We cited the paper and added more discussions. 

In the case that the AuNU was pulled closed to the nanohole wall, the electromagnetic field at the 

AuNU tip would become more localized and stronger with decreasing distance between the AuNU and the 

nanohole sidewall (AuNU-sidewall distance), as shown in Figure R2 below. The AuNU tip mimics a gold 

nanotip moving close to a gold film in tip-enhanced Raman spectroscopy (TERS) experiments that could 

induce accordingly following effects to change the SERS spectra. 1) The effect of local field gradient is 

possible that the local electromagnetic field can change intensity greatly over a few anstrong.14 The field 

gradient effect could induce electric dipole–electric quadrupole polarizability tensor of the adsorbed 

molecules. As a result, the Raman selection rule changed and Raman-inactive bands became active.9, 15, 16 2) 

The increased plasmonic force at the AuNU tip due to the increased field gradient could pull the adsorbed 

molecule and change its orientation.17 3) The local temperature at the AuNU tip could increase to allow fast 

molecule motions,18 including rotation and diffusion on the AuNU tip.10, 19 4) The adsorbed molecule can be 

deformed by the interaction between the electric double layers on the AuNU tip and the alumina layer on the 

nanohole wall, respectively. Peak shift up to 15 cm-1 of the ring-breathing mode of adenine molecules 

pressed by a gold nanotip was reported.20, 21 5) The oscillation of the trapped AuNU in the nanohole will 

change the AnNU-sidewall distance as well as induce lateral drifting. If the adsorbed molecule is pressed by 



the electric double layers, the drifting may change its orientation on the AuNU tip and lead to the SERS peak 

shifts. 

 

 

Figure R2. Simulated field intensity enhancement and distribution on the AuNU tip with different gap distance (G) 

between the AuNU tip and the alumina layer coated on the nanohole, suggesting that smaller gap leads to stronger 

and more confined electromagnetic fields. 

 

Corresponding revision of the revised manuscript: 

Page 10: “The trapping time of single AuNU was actually affected by an interplay between the AuNU 

hot spot and the trapping force. The AuNUs were not uniform in sizes and shapes, leading to slight 

difference in the distance between the AuNU tip and nanohole wall. This in return influenced the hot spot 

strength, because smaller distance gave rise to a stronger hot spot and vice versa. When the AuNU was 

pulled close to the sidewall, the coupling between the nanohole and the AuNU tip became stronger to 

enhance further the optical force. As a result of this positive cycle of the optical force, some AuNUs may be 

pulled to even touch the nanohole wall temporarily, which could induce strong interactions to affect the 

SERS spectra as well as the trapping time.13, 32” 

Page 16: “When the AuNU-sidewall distance is short enough, the AuNU tip mimics the gold nanotip 

moving close to a gold film in TERS experiments. Accordingly, following effects could be induced to change 

the SERS spectra. 1) The effect of local field gradient is possible that the local electromagnetic field can 

change intensity greatly over a few anstrong.14 The field gradient effect could even induce electric dipole–



electric quadrupole polarizability tensor of the adsorbed molecules to activate Raman-inactive bands.15, 16 2) 

The increased plasmonic force at the AuNU tip due to the increased field gradient could pull the adsorbed 

molecule.17 3) The local temperature at the AuNU tip could increase to allow fast molecule motions,18 

including rotation and diffusion on the AuNU tip.10, 19 4) The adsorbed molecule can be deformed by the 

interaction between the electric double layers on the AuNU tip and the alumina layer on the nanohole wall, 

respectively. 5) The oscillation of the trapped AuNU in the nanohole may induce lateral drifting of the AuNU 

tip. If the adsorbed molecule is pressed by the electric double layers, the drifting may change its orientation 

on the AuNU tip.” 

 

 

Overall: the results show interesting indications, but not real proof yet for single molecule sensitivity. In 

addition, they could indeed be used for SERS detection of small molecules, but the general applicability for a 

broader set of markers is questionable. 

Reply: As reported above, thanks to the new BiASERS experiments, we think that we provided a clear 

demonstration of single molecule detection. In fact, this claim is now supported by the BiASERS 

distributions of both different nucleobases and the cytosine isotopologues as suggested by the reviewer. It is 

not clear what the range of “markers” here is, but we understand the concern that the proteins seem too large 

to be covered by the hot spots on the AuNU tips. Small molecules such as amino acids with sizes and Raman 

cross-sections similar to the nucleobases can be discriminated by our platform.22, 23 On the other hand, 

structural and conformational information of proteins has been obtained by analyzing SERS spectra from 

amino acids in subdomains of the protein molecules attached on silver or gold nanoparticles.24-26 In fact, our 

platform can trap either AuNUs or gold nanospheres to obtain hot spots of different sizes to cover one or 

more amino acids of a protein molecule. Therefore, we think that our method of trapping and detecting a 

protein-adsorbed gold nanoparticle in a PBS solution will be promising to monitor the dynamic process of 

proteins in the aqueous environment. We added this discussion to the manuscript to clarify the potential 

applications of our method. 

 

Corresponding revision in Page 22 in the revised manuscript: 

“Meanwhile, structural and conformational information of proteins has been obtained by analyzing SERS 

spectra from amino acids in protein subdomains.24-26 By trapping gold nanospheres, our method can also 



obtain hot spots of different sizes to cover one or more amino acid residues of a protein molecule. Therefore, 

our method can also be a promising SERS platform to detect amino acids and proteins.” 

 

Reviewer #2 (Remarks to the Author): 

 

The authors propose a plasmonic nanohole assisted trapping system to detect SERS signal of DNA bases at a 

single molecular level. Gold nano-stars could be trapped by the combined effect of electroosmotic, 

electrophoretic, and optical forces. Due to hot spots excited in the gap between the AuNU and hole sidewall, 

it is able to distinguish different molecules with reliable and stable results. However, the Raman signals in 

this work seem stochastic rather than controllable when multiple samples are mixed, and there have been 

many approaches to get a simple single molecular Raman spectrum in the plasmonic tweezers.  

Reply: Thank you for your comments. We have prepared point-to-point replies below and included 

them in our revised manuscript for your reconsideration. In particular, we notice that the “stochastic” origin 

of the presented data relies on the single-molecule nature of the experiments. Also, we notice that indeed we 

observed sub-molecular features within a single molecule. In this kind of experiments, signal fluctuations are 

unavoidable and usually considered as a proof of single-molecule nature.9 In our opinion, the key point is not 

to prevent signal fluctuations (that are very hard be avoided due to the nature of experiment) but rather to 

achieve reliable and stable data. We thank the Reviewer for having noticed that we reached the latter point.  

 

My major concerns: 

1. It has widely been demonstrated that hot spots could also be excited at the tip of Au nanourchins even 

without the nanoholes (The Journal of Physical Chemistry C, 2008, 112(48): 18849-18859; Applied 

Physics Letters, 2009, 94(15): 153113; J. Am. Chem. Soc. 2015, 137, 33, 10460-10463; etc.). As a 

result, the authors should provide comparable results without the plasmonic nanohole, to highlight its 

key role of the hole plays in this system.  

Reply: We agree with Reviewer that there are many ways to achieve single-molecule SERS spectra 

and the use of nanourchins is one of that. For completeness, we added the suggested papers to the references. 

However, we notice that the suggested papers mainly report single-particle SERS spectra rather than single-

molecule SERS spectra. Furthermore, our flow-through systems enable the analyses of complex 

oligonucleotides with ultimate detection limits, which are generally lower than that achieved with 

nanourchins dispersed in solution. Also, our manuscript reports sub-molecular features that are very hard to 

be achieved by using only nanourchins, even though it is in principle possible. For comparison, we followed 

the suggestion of the Reviewer to carry out experiments without the use of nano-holes, as shown in Figure 

R3 below. Figure R3a shows SERS time series of 9ACTG-AuNUs diffusion in solution, which are not 



reproducible.  Although the SERS peaks can be assigned to nucleotides (Figure R3b), the changing peaks 

position and intensity can neither recognize them from one single nucleotide of the 9ACTG molecule nor be 

used for further analysis such as the molecule conformation.  

 

Figure R3. (a) SERS time series of 9ACTG-AuNUs diffusion in solution; the color bar represents the peak intensity. 

(b) SERS spectra extracted from (a); the arrows indicate the times when the spectra were collected; the dashed 

lines indicate the peak positions. 

 

Corresponding revision in Page 3 in the manuscript: 

“The AuNUs had many sharp tips that could confine electromagnetic fields for SERS detections.27-29” 

 

2. In Fig.4, the Adenine and Guanine are mixed with equal moles (also Cytosine and Thymine), why the 

measured number of G/C is almost twice of A/T? And, the concentration of C-T is much lower than A-G, 

why the detected C-T’s peak intensity is much higher? 

Reply: In common BiASERS analysis of >1000 SERS spectra of silver colloids, colloid clusters were 

instantly formed during their diffusion in solutions.2 Such >1000 SERS spectra came probably from similar 

amount of different colloid clusters, and the peak distribution in the BiASERS histogram should agree with 

the different nucleobase affinities to gold surface (A > C ≥ G > T). In strong contrast, the >1000 SERS 

spectra for the BiASERS analysis in our method came from a few single AuNUs trapped in our platform for 



tens of seconds. As a result, the fact that the measured number of G/C is almost twice of A/T can be ascribed 

to the different nucleobase affinities to gold surface as well as different trapping time of the AuNUs. As 

shown in Figure R4a below, AG-AuNU 1 and AG-AuNU 2 exhibited only 1 peak at the G range (660-700 

cm-1). The time that the Single-G peak appeared corresponds to the trapping time of the AG-AuNU. Hence, 

the trapping time of AG-AuNU 1 and AG-AuNU 2 were longer than AG-NU 3 and AG-AuNU 4 that 

exhibited only 1 peak at the A range (700-740 cm-1). This led to more single-G events than single-A events 

in the BiASERS histogram (Figure R4c). Similarly, the CT-AuNU with single-C peak was trapped in 3.1 – 

7.5 min, which was longer than the CT-AuNU with Single-T peak during 2 – 2.6 min in the case of CT-

AuNUs (Figure R4d). As a result, more single-C events than single-T events were found in the BiASERS 

histogram (Figure R4f). 

The higher C-T’s peak intensity in the “Both” spectrum in Figure R4e is probably due to the multi-

molecule events of many C and T molecules excited in a hot spot on the AuNU tip. We can approximate the 

maximum hot spot size as ≤ 2 nm2 because the BiASERS histogram of AG-AuNUs (Figure R4c) was 

achieved with a surface coverage of 1 A or G molecule per 2 nm2. The surface areas of the C (1.27 nm2) and 

T (1.42 nm2) are equal to or smaller than those of A (1.42 nm2) and G (1.54 nm2). Therefore, more C 

molecules could be covered by such hot spot. Furthermore, C adsorbed on gold surface with an angle tilted 

from the surface in solution phase,30 further increasing the number of C in the hot spot. To achieve the 

BiASERS histogram (Figure R4f), the number of the multi-molecule events was reduced by decreasing the 

surface density of C and T on the AuNU to 1 molecule per 7 nm2. 



 

Figure R4. BiASERS analysis of SERS time series of individual nucleobases. (a) SERS time series of the 
submonolayer AG-AuNUs trapped in a nanohole. (b) Typical SERS spectra of single-molecule events and mixed 
events of AG-AuNU. (c) BiASERS distribution of A and G out of about 1200 spectra. (d) SERS time series of the 
CT-AuNUs trapped in a nanohole. (e) Typical SERS spectra of single-molecule events and mixed events of CT-
AuNU. (f) BiASERS distribution of C and T from about 1500 collected spectra. All color bars represent the signal-
to-baseline intensity of the SERS peaks. The dotted lines indicate SERS peak positions of multilayer nucleobases 
(black for A or G, red for C or T) adsorbed on silver nanoparticles without bias, respectively, from Ref.7 

 

Corresponding revision in the manuscript: 

Page 15: “…The fact that more single-G events than single-A events was due to different nucleobase 

affinities to gold surface (A > C ≥ G > T)1 as well as different trapping time of the AuNUs. For example, the 

AG-AuNU 2 exhibiting only 1 peak at the G range (660-700 cm-1) was trapped longer than the AG-NU 3 that 

exhibited only 1 peak at the A range (700-740 cm-1).” 

Page 17-19: “…Yet, the surface areas of the C (1.27 nm2) and T (1.42 nm2) are smaller than those of A 

and G. Furthermore, C adsorbed on gold surface with an angle tilted from the surface in solution phase.30 As 

a result, many C and T molecules were covered in a hot spot on the AuNU tip that produced higher peak 

intensity, such as the “Both” spectrum in Figure 4h. Therefore, the BiASERS distribution of the CT-AuNUs 



(Figure 4i) was not achieved until the CT coverage on the AuNU surface was decreased to 1 molecule per 7 

nm2 in order to lower the probabilities of including >1 molecules in the hot spot. Long trapping was 

observed as the Cytosine peak intensity at around 685 cm-1 fluctuated from 3.1 to 7.5 min under a 1V bias 

and a 6 mW laser power, leading to more single-C events than single-T ones. 

… Besides, in common BiASERS detection of >1000 SERS spectra by, for example, silver colloids, 

colloid clusters were instantly formed during their diffusion in solutions.2 Such >1000 SERS spectra came 

probably from similar amount of different colloid clusters that had different field enhancement, hot spot size 

and molecule adsorption in the hot spots. In strong contrast, the >1000 SERS spectra for the BiASERS 

analysis in our method came from a few single AuNUs trapped in our platform for tens of seconds 

respectively. The resultant hot spots were formed after the molecule adsorption to ensure that the same 

molecule were excited reproducibly by the same intense hot spot with similar size.” 

 

3. In Fig. 4a, there exhibits considerable peak shifts for AG-AuNUs, it makes sense to attribute to molecule 

reorientation on the AuNU surface. But, how to explain the two peaks shifting in opposite directions?  

Reply: The shifting of the two peaks to opposite directions might be due to the fact that the A/G 

molecules were in different initial states of orientation on the AuNU tip. For example, in a recent report of 

cryogenic tip-enhanced Raman spectroscopy of single molecule dynamics at 90 K (Figure R5 below),10 the 

malachite green molecule was observed to have 3 different orientation states on a gold film (Figure R5d), 

which corresponds to different positions of the Raman peaks at 525 and 799 cm-1. These peaks blue shifted 

when the malachite green molecule was initially at the orientation state of 46 s and rotated to the state of 48 s. 

They red shifted when the malachite green changed from the state of 48 s to the state of 50 s, i.e. back to the 

same state of 46 s. Such molecular reorientations were induced by the ambient thermal energy and could 

happen faster in room temperature.10 Similarly, the A/G molecules on the AuNU could have different initial 

orientation states in the more energetic environment of the electroplasmonic trap. 

 



 

Figure R5. (a) Schematic of the cryogenic TERS experiment on single malachite green molecule on a gold film. (b) 
Contour map of 90K TERS spectra of the malachite green molecule. (c) Subset spectra (dots) from the dashed box 
in (b) with Lorentzian fits (solid) exhibit shifting of peaks at 525 and 799 cm-1 (B1 mode) versus 528 and 804 cm-1 
(A2 mode). (d) Corresponding molecular orientations at each time slice simulated by DFT. 

 

Corresponding revision in Page 17 in the manuscript: 

“Furthermore, the peaks of the AG-AuNU 2 and AG-AuNU 3 that shifted to opposite directions could be 

ascribed to different initial states of orientations on the AuNU tip. For example, rotations of non-

symmetrical molecules on a gold film at 90K were observed to shift Raman peaks in opposite directions due 

to reversible orientation states. Such molecular reorientations were induced by the ambient thermal energy 

and could happen faster at room temperature.10 Similarly, the A and G molecules on the AuNU at different 

initial orientation states in the more energetic environment of the electroplasmonic trap could give rise to 

the opposite peak shifting.” 

 

4. The author mentioned that there will be ‘a strong fluctuation of both the peak positions and the baseline’ 

when there are multiple particles trapped, I wondered if the fluctuations of the peak and baseline are 

synchronous, as I find that there is an obvious mismatch at the time of ~670s and ~850s in Figure S5.  



Reply: When 1 AuNU was trapped, the peak at 730 cm-1 and baseline at 1000 cm-1 are synchronous 

due to the stable spectra from the trapped AuNU. They had mismatch due to changes of peak intensities and 

positions (Figure R6 below). The measurements of the baseline at 1000 cm-1 and the peak height at 730 cm-1 

of a SERS spectrum of Figure S5 are shown in Figure R6b below. In comparison to the spectrum at 669.0 s, 

the baseline at 1000 cm-1 suddenly increases while the 730 peak height remains similar in the spectrum at 

672.5 s (Figure R6c), leading to the time trace mismatch during 670 to 680 s. 

 

Figure R6. (a) Magnified view of time traces of SERS signals of the trapped multilayer A-AuNUs during 655 to 
695 s in Figure S5a; At 660s, 1V bias was applied to trapped the A-AuNUs. The SERS spectra of trapped AuNUs 
at (b) 669.0 s and 672.5 s(c). 

 

Mismatches as such were used to characterize the existence of multi AuNUs. When the 1V bias was 

turned on at 660 s, multi AuNUs were driven and crowded in the nanohole. As a result, many strong gap-

based hot spots due to either inter-AuNU coupling or coupling between AuNU tips and the nanohole wall 

were generated. However, the crowded AuNUs in the nanohole were in a dynamic movement for a short 

time due to the Brownian motion. Weak modes could be enhanced randomly by those hot spots to change 

the peak intensities and positions of the spectra, such as the one in Figure R6c. Later, when the AuNUs left 

the nanohole and only 1 AuNU remained, the system reached a stable trapping of 1 AuNU. Consequently, 

only one gap-based hot spot of the trapped AuNU tip near the nanohole sidewall remained and became 

dominant, so the adenine on this tip surface were continuously excited to produce reproducible and stable 

spectra, resuming synchronous time traces. Similarly, the time trace mismatch at around 848 s in Figure S5 

can be ascribed to that fact that multi AuNUs translocated through a nanohole that already trapped a single 

AuNU in it. As shown in Figure R7 below, the spectrum at 848.3 s with changed baseline and peak 

positions suggested formation of many gap-based hot spots due to the short time that multi AuNUs moved 

in and out of the nanohole. Afterwards, the spectrum resumed reproducible and the time trace resumed 

synchronous from 848.9 s. 



 

Figure R7. (a) Magnified view of time traces of SERS signals of the trapped multilayer A-AuNUs during 815 to 
875 s in Figure S5a; During 825 and 860 s, 1V bias was applied to trap the AuNU. (b) The SERS spectra of 
trapped AuNUs at 846.8, 848.3 and 848.9 s. 

 

Corresponding revision in Page 9 in the revised manuscript: 

“If more than one A-AuNUs were driven in the nanohole, many strong gap-based hot spots were 

generated due to either inter-AuNU coupling or coupling between AuNU tips and the nanohole wall. 

However, the conformations of the adenine molecules adsorbed in these hot spots were not necessarily the 

same. Weak modes could be enhanced randomly by those hot spots to change the peak intensities and 

positions of the spectra, leading to strong fluctuation of both the peak positions and the baseline 

(Supplementary Figure S6).31 When only 1 AuNU remained stably trapped in the nanohole, only one gap-

based hot spot of the trapped AuNU tip near the nanohole sidewall remained and became dominant. Thus, 

the adenine on this tip surface were continuously excited to produce reproducible and stable spectra.” 

 

5. For the sample 9C1A in Fig.5a, I suppose the Raman peak of Cytosine will be much easier to be detected 

as there are more C than A. But I find a reversed result. The authors gave out an explanation that the affinity 

of A was the biggest in the four bases. If this is the right reason, for the sample of 1C9A, I think, it will be 

more difficult to detect the signal of Cytosine. However, in Figure S8, I find that the Cytosine’s signal seems 

even easier to be detected compared with Adenine. For this, I think the discussion is not strong enough to 

support such a conclusion.  

Reply: We thank the referee for his/her concerns. In fact, we notice that among so many SERS spectra 

of the oligonucleotides, only small part of them demonstrated single nucleobases: about 6.25% single A data 



in the 9C1A spectra and only 0.16% single C data in the 1C9A spectra, respectively. In the case of 9ACTG, 

there are 1.41% single C, 2.10% single T and 4.75% single G data, respectively. The detection probabilities 

of each nucleobases agrees partially with the nucleobase affinities to gold surface (A > C ≥ G > T)1, and the 

rest depends on the different trapping time of the AuNUs as shown in Figure R8 below. In comparison to the 

nucleobase-AuNUs, the Zeta potentials of the oligonucleotide-adsorbed AuNUs (Table S1 below) were not 

uniform, suggesting inhomogeneous adsorption presumably due to the negatively charged phosphate 

backbond.1 As a result, the optical force dominated the trapping of the oligonucleotide-adsorbed AuNUs. 

However, the AuNUs were not uniform in sizes and shapes, leading to slight difference in the distance 

between the AuNU tip and nanohole wall. This in return influenced the hot spot size because smaller 

distance gave rise to a stronger and more localized hot spot and vice versa. When the AuNU was pulled close 

to the sidewall, the coupling between the nanohole and the AuNU enhanced became stronger to enhance 

further the gradient force, which may pull the AuNU further to touch the nanohole wall temporarily.13, 32 The 

hot spot size and the trapping force thus interplayed to affect the trapping time. 

 

 

Figure R8. SERS time series 1C9A-AuNUs (a) and 9ACTG-AuNUs (b - d) to demonstrate sensing of (a, b) single 
Cytosine, (c) single Guanine, and (d) single Thymine, respectively. The color bars represent the peak intensity. 
The arrows indicate the frequency positions of the Raman peaks assigned to either A (black), C (red), T (green) or 
G (blue).7, 33 Single-base events are indicated by the long color arrows.  

 



Table S1. Measured Zeta potentials ( np) of non-functionalized, multilayer and sub-monolayer nucleobase-

AuNUs solutions. 

 np 1(mV) np 2(mV) np 3(mV) 

Non-

functionalized 
AuNU -21 -23 -23.4 

Multilayer 

A-AuNU -17.8 -20.4 -19.6 

C-AuNU -19.4 -22.5 -23.2 

Ciso-AuNU -17.2 -17.8 -16.7 

T-AuNU -18.2 -22.1 -23.4 

G-AuNU -19.9 -19.7 -20.2 

Submonolayer 

AG-AuNU -16.5 -16.1 -14.6 

CT-AuNU -24.0 -21.1 -16.9 

CisoC-AuNU -22.8 -21.0 -21.8 

1C9A-AuNU -25.8 2.48 -52.9 

9C1A-AuNU -33.4 -19.2 -51.3 

9ACTG-AuNU 1.18 -18.8 -32.7 

 

Corresponding revision in the manuscript: 

Page 10: “The trapping time of single AuNU was actually affected by an interplay between the AuNU 

hot spot and the trapping force. The AuNUs were not uniform in sizes and shapes, leading to slight 

difference in the distance between the AuNU tip and nanohole wall. This in return influenced the hot spot 

strength, because smaller distance gave rise to a stronger hot spot and vice versa. When the AuNU was 

pulled close to the sidewall, the coupling between the nanohole and the AuNU tip became stronger to 

enhance further the optical force. As a result of this positive cycle of the optical force, some AuNUs may be 

pulled to even touch the nanohole wall temporarily, which could induce strong interactions to affect the 

SERS spectra as well as the trapping time.13, 32” 

Page 21: “Among so many SERS spectra of the oligonucleotides, only small part of them demonstrated 

single nucleobases: about 6.25% single-A data in the 9C1A spectra and only 0.16% single-C data in the 

1C9A spectra, respectively. In the case of 9ACTG, there are 1.41% single-C, 2.10% single-T and 4.75% 

single-G data, respectively. The detection probabilities of each nucleobases agrees partially with the 

nucleobase affinities to gold surface (A > C ≥ G > T)1, and the rest depends mainly on the different trapping 

time of the AuNUs.” 

 

Given this, I cannot recommend its publication in Nature Communications.  



 

Reviewer #3 (Remarks to the Author): 

The manuscipt by Huang et al demonstrated single molecule SERS detection of DNA bases in 

oligonucleotides. The detection method was based on trapping single gold nanourchin (AuNU) into a 

plasmonic nanohole to form a greatly enhanced electromagnetic field, which facilitates the detection of 

biomolecules of small Raman Scattering cross sections. The confinement of the AuNU inside the nanohole 

was achieved through long-time electro-plasmonic trapping, which is desirable for flow-through SERS 

detection. While the manuscript is interesting and the concept advances the field, the authors should consider 

performing a few more experiments to make a compelling case. 

Reply: We thank the referee for the comments. We have prepared point-to-point replies below and included 

them in our revised manuscript for your reconsideration. 

 

1. In Figure 3b, the author showed the contour map of the Raman spectra produced by a trapped A-AuNU. 

The on and off presence of the Raman signal is achieved through turning on and off the bias. However, a 

significant increase in the peak intensity is noticed consistently for the third and fourth ON periods. Is it 

possible that more AuNUs are getting trapped during those periods?  

Reply: We believe that the increase of peak intensity for the 3rd and 4th ON periods at Figure 3b were 

not due to trapping more AuNUs in the nanohole. Rather, it could be probably due to trapping of a single 

AuNU with shorter gap distance between the AuNU tip and the nanohole wall than the one in the 2nd ON 

period. In fact, the simulation of the electromagnetic field distribution on the tip surface in Figure R2 below 

shows that shorter gap distance can provide larger field enhancement and thus stronger SERS signals. Hence, 

a stronger electromagnetic coupling between the nanohole wall and the AuNU can lead to variations of peak 

intensities. 

 



Figure R2. Simulated field intensity enhancement and distribution on the AuNU tip with different gap distance (G) 

between the AuNU tip and the alumina layer coated on the nanohole, suggesting that smaller gap leads to stronger 

and more confined electromagnetic fields. 

 

The fact that the SERS spectra were stable during the 3rd and 4th ON periods removes the possibility of 

trapping more than 1 AuNU in the nanohole. In the case of more than 1 AuNU were driven to the nanohole 

when the bias was turned on, the AuNUs would crowd into the nanohole to generate many strong hot spots 

due to either inter-AuNU coupling or coupling between AuNU tips and the nanohole wall. In such a 

condition, the SERS spectra of  > 1 AuNU crowding in the nanohole exhibited violent changes of peak 

positions and intensities, such as those between 660 to 690 s in Figure R9 below. When only 1 AuNU 

remained stably trapped in the nanohole, only one gap-based hot spot of the trapped AuNU tip near the 

nanohole sidewall remained and became dominant. The molecule on this tip surface were continuously 

excited to produce reproducible and stable spectra, such as those between 730 and 780 s in Figure R9 below.  



 

Figure R9. (a) Time trace of A-AuNU trapped and released in a nanopore by 1V bias and laser power 12 mW. (b) 
The contour map of the corresponding Raman spectra produced by the trapped A-AuNU. At 660s, trapped AuNUs 
produced irreproducible SERS signals as well as fluctuating baseline until 690s, which may be because there 
is >1 AuNUs in the nanohole. After 690s, the baseline became stable, suggesting only one AuNU was left trapped 
in the nanohole. 

 

Corresponding revision in Page 9 in the manuscript: 

“We notice that, among 4 trapping periods, the 3rd trapping period between 100 - 170 s exhibited higher 

peak intensity than those of the previous 2 periods. It could be due to trapping of a single AuNU with shorter 

gap distance between the AuNU tip and the nanohole wall, which provide larger field enhancement 

(Supplementary Figure S3). Furthermore, another reason could be stronger electromagnetic coupling 

between the nanohole wall and another sharper tip of the same AuNU.  



The stable and reproducible SERS spectra (Figure 3b) suggested the trapping of a single A-AuNU 

rather than more than one A-AuNU. If more than one A-AuNUs were driven in the nanohole, many strong 

gap-based hot spots were generated due to either inter-AuNU coupling or coupling between AuNU tips and 

the nanohole wall. However, the conformations of the adenine molecules adsorbed in these hot spots were 

not necessarily the same. Weak modes could be enhanced randomly by those hot spots to change the peak 

intensities and positions of the spectra, leading to strong fluctuation of both the peak positions and the 

baseline (Supplementary Figure S6).31 When only 1 AuNU remained stably trapped in the nanohole, only one 

gap-based hot spot of the trapped AuNU tip near the nanohole sidewall remained and became dominant. 

Thus, the adenine on this tip surface were continuously excited to produce reproducible and stable spectra.” 

 

2. In the caption of Figure 1f, the authors indicate that it is magnetic field distribution. Why did the authors 

choose to the magnetic field instead of electric field? If it is magnetic field, the authors have to include a 

color scale bar and discuss the significance of the magnetic field distribution in this context. 

Reply: I am afraid that it is a misunderstanding. The caption of Figure 1f was written “Magnified field 

distribution…”. To make it more clear, we changed it as “Magnified view of the intensity distribution of the 

electromagnetic field at one tip of the AuNU.” in Page 4 in the revised manuscript. 

  

 

3. It would be better to include more information related to the zeta potential of the AuNU before and after 

modifying various analytes. Since zeta potential plays a critical role for colloidal stability and electro-

plasmonic trapping, it might be useful for the reader know the values. 

Reply: We thank the referee for the advice. The Zeta potentials of the non-functionalized AuNU 

solutions below are added to Table S1 of the supporting information. 

Table S1. Measured Zeta potentials ( np) of non-functionalized, multilayer and sub-monolayer nucleobase-

AuNUs solutions. 

 np 1(mV) np 2(mV) np 3(mV) 

Non-

functionalized 
AuNU -21 -23 -23.4 

Multilayer 

A-AuNU -17.8 -20.4 -19.6 

C-AuNU -19.4 -22.5 -23.2 

Ciso-AuNU -17.2 -17.8 -16.7 

T-AuNU -18.2 -22.1 -23.4 



G-AuNU -19.9 -19.7 -20.2 

Submonolayer 

AG-AuNU -16.5 -16.1 -14.6 

CT-AuNU -24.0 -21.1 -16.9 

CisoC-AuNU -22.8 -21.0 -21.8 

1C9A-AuNU -25.8 2.48 -52.9 

9C1A-AuNU -33.4 -19.2 -51.3 

9ACTG-AuNU 1.18 -18.8 -32.7 

 

4. The author has mentioned that all the analytes are absorbed on the AuNU through physical absorption. 

Hence, more experimental evidence of the efficient co-absorption and co-presence of analytes (such as 

Adenine and Guanine) on the AuNU is needed to further support the SERS spectra obtained from single-

molecule measurement. The electromagnetic field intensity achieved by trapping the AuNU is within the 

range that can be achieved normal electromagnetic hotspots formed between assemblies of nanoparticles. 

Maybe the authors can harness such hotspots to further understand the adsorbate composition.  

Reply: We thank the referee for this concern. To be clear, by physical adsorption, we meant non-

covalent self-assembly of the analyte directly on the AuNU. Such direct adsorption of the nucleotide on gold 

nanoparticles was well studied in literature, and in our opinion should be considered well established. It 

does include chemical bonding, hydrophobic force and electrostatic force.1, 34 To be more precise, we have 

replaced “physical adsorption” by “direct adsorption” everywhere in the revised manuscript. 

We did estimate successful co-adsorption of different nucleotides on the AuNUs by comparing the 

Zeta potentials with that of non-functionalized AuNUs (Table S1) before proceeding to the SERS 

experiments. The non-functionalized AuNUs were stabilized by negatively charged citrates that were 

weakly adsorbed on the AuNUs and exhibited a Zeta potential around -22.5 mV.34 Also, the molecular 

structures and SERS spectra of both the citrate and the nucleobases are well-known: no citrate peaks are 

overlapped with those of the nucleobases in the DNA fingerprint range (500 – 1600 cm-1).7, 35 Our detection 

of a base was confirmed by successfully assigning at least 2 Raman modes, which unambiguously proved 

the presence of the base.  

 

5. We suggest SERS measurement of AuNU alone as a negative control. 

Reply: The Raman spectra of the non-functionalized AuNUs that diffused in solution are shown as the 

colored curves in Figure R10c below. They may originate from the citrates that were loosely adsorbed on 

the AuNUs for stabilization. The difference of the spectra baselines were due to the non-uniform shapes of 

the AuNUs (Figure R10a,b). In the data processing of the single-molecule SERS spectra, the baselines were 

fitted by 5th-order polynomial functions and then subtracted from the spectra. 



  

Figure R10. (a,b) TEM images of the AuNUs. (c)Measured Raman spectra of the non-functionalized AuNUs 

diffusion in solution, in which the black curve was the background of the solution. 

 

Corresponding revision in the manuscript:  

Figure R10 was added to the Supporting information as Figure S2. 

 

6. Also, based on all the experiments performed, which serve as training set, it would be great to design and 

implement a few double-blinded studies to demonstrate that the SERS spectra can provide accurate 

determination of the DNA bases in unknown oligos. This will make a compelling case that the demonstrated 

approach is indeed powerful for the detection of single bases in DNA. 

Reply: We appreciate the suggestion for improving our manuscript. However, an accurate 

determination of the DNA bases is related to quantitative SERS experiment to determine the number of the 

DNA bases in an oligonucleotide, which is beyond the scope of our current manuscript. Due to the 

foreseeable large amount of data and analysis for the double-blinded studies, we will include them in 

another manuscript devoted to practical implementations.  

On the other hand, to strengthen our manuscript, we performed additional single-molecule experiment 

with cytosine (C) and isotope-edited cytosine (Ciso) molecules submonolayer adsorbed on the gold 

nanourchins (CisoC-AuNUs) for BiASERS analysis. This kind of experiment is considered an unambiguous 

proof of single molecule.36 Both C and Ciso have the smallest area (1.27 nm2) among the 4 nucleobases and 

6181 Cytosines are needed to form a monolayer on a AuNU of 50 nm in diameter. Therefore, we designed 



the experiment by allowing adsorption of 2000 molecules at maximum (1000 Ciso +1000 C) on one AuNU, 

which was approximately 1 molecule per 4 nm2. The SERS mode of the multilayer Ciso-AuNU at around 

950 cm-1 is shifted from that of multilayer C-AuNU at around 904 cm-1 due to the isotope atoms, as shown in 

Figure R1a below. This mode was chosen for our BiASERS analysis because it has high intensity at the 

concentration level of submonolayer without neighbouring peaks to affect fitting its position. In the SERS 

spectra of the trapped CisoC-AuNUs, the numbers of peaks at either the C range (900 – 930 cm-1 representing 

only C) or the Ciso range (930 – 960 cm-1 representing only Ciso) are much larger than the number of 2 peaks 

appearing at both ranges. Such BiASERS distribution (in Figure R1d below) proved single-molecule 

detection by our particle trapping method. 

 

Figure R1. BiASERS analysis of SERS time series of trapped CisoC-AuNUs. (a) SERS spectra of trapped multilayer 
C-AuNU, multilayer Ciso-AuNU, single-molecule C-AuNU and single-molecule Ciso-AuNU, respectively. The 
spectra intensities were adjusted to highlight the peak positions. (b)SERS time series of submonolayer CisoC-
AuNUs trapped in gold nanoholes. (c) Representative single-molecule spectra of the C-AuNU, Ciso-AuNU and 



many-molecule spectrum of CisoC-AuNU, respectively. (d) BiASERS distribution of Ciso and C out of about 1100 
spectra.  

 

Corresponding revision in Page 12- 14 of the revised manuscript: 

“We firstly used the bi-analyte SERS technique (BiASERS) with Cytosine (C) and isotope-edited 

Cytosine (Ciso) molecules to demonstrate single-molecule capability of our platform.5, 6 In comparison to C, 

the Ciso has some carbon and nitrogen atoms replaced by their isotopes (Supplementary Table S2). 

Importantly, both C and Ciso exhibit the same surface area (1.27 nm2), Raman cross-section and affinity to 

gold surface. Due to the isotope atoms, the SERS peak of Csio at around 941 cm-1 was shifted from that of C at 

around 904 cm-1 (Supplementary Figure S8). To demonstrate single-molecule SERS, sub-monolayer of equal 

moles of C and Ciso molecules were adsorbed on the AuNU (CisoC-AuNU) with a surface coverage around 1 

molecule per 4 nm2. As shown in Figure 4b, one SERS peak appearing at the  C range (900 – 930 cm-1 ) 

represented detection of single C molecule, and the emergence of one SERS peak at the Ciso range (930 – 960 

cm-1 ) represented detection event of single Ciso molecule. If both peak appeared, it belonged to multi-

molecule events.  

The BiASERS analysis required >1000 events (SERS spectra) to statistically prove single-molecule 

SERS (see Methods for data processing details), which actually depended on a sensitive and localized hot 

spot on the AuNU tip. If the hot spot has a small size to cover only 1 molecule, the probabilities of detecting 

either one of the molecules are high. If the hot spot became large enough to cover >1 molecules, the 

probability of detecting both of them increases as well. When the former are larger than the latter in our 

case of around 1030 events, a BiASERS histogram with more single-molecule events than multi-molecule 

events (Figure 4c) was established to confirm single-molecule detection.  

 

 



 

Figure 4. BiASERS analysis of single-molecule SERS of individual nucleobases. (a) SERS time series of 
submonolayer CisoC-AuNUs trapped in gold nanoholes. (b) Representative single-molecule spectra and many-
molecule spectrum of CisoC-AuNU, respectively. (c) BiASERS distribution of Ciso and C out of about 1030 spectra. 
(d) SERS time series of the submonolayer AG-AuNUs trapped in a nanohole. (e) Typical SERS spectra of single-
molecule events and many-molecule events of AG-AuNU. (f) BiASERS distribution of A and G out of about 1200 
spectra. (g) SERS time series of the CT-AuNUs trapped in a nanohole. (h) Typical SERS spectra of single-
molecule events and many-molecule events of CT-AuNU. (i) BiASERS distribution of C and T from about 1500 
collected spectra. All color bars represent the signal-to-baseline intensity of the SERS peaks. The dotted lines 
indicate SERS peak positions of multilayer nucleobases (black for A or G, red for C or T) adsorbed on silver 
nanoparticles without bias, respectively, from Ref.7” 
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new data. Not all the data can be explained completely, but that is often also very hard in surface 

enhanced Raman spectroscopy, especially around the single molecule limit. The additional BiaSERS 

measurements indeed give strong indications for single molecule SERS observations. That part of the 

story is made more sound for sure. The relevance of the work for actual applications is still not 

completely clear to me though, as the technique will mainly allow to detect rather small molecules.  
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Raman spectroscopy, especially around the single molecule limit. The additional BiaSERS measurements 
indeed give strong indications for single molecule SERS observations. That part of the story is made more 
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as the technique will mainly allow to detect rather small molecules. 

Reply: we thank the Reviewer for the encouraging comments. Indeed, a mechanism is needed to 
unfold large biological molecules such as double-strand DNA so they can adsorb on a gold nanoparticles 
in a stretched manner for the single-base discrimination by our electro-plasmonic system. While such 
unfolding mechanism is already available in biological nanopores, its application to solid-state nanopores 
is being developed. Therefore, we confine our claim of single-base discrimination to oligonucleotides in 
the manuscript and remain optimistic about analyzing large molecules by integrating the unfolding 
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