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SUPPLEMENTARY INFORMATION FOR PUBLICATION 
This document supports the methods described in the main text, providing additional 
results pertaining to buffer screening and flattening gold surfaces. 
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1. BUFFER PREPARATION FOR LARGE-SCALE BUFFER SCAN 
1.1. Buffer recipes for bulk screening 

In order to scan a large number of buffer salt combinations and pH levels, stock solutions 
were created to facilitate quickly mixing diverse buffer species. Stock solutions of Tris, 
sodium acetate, potassium phosphate and MOPS buffers were mixed into 100 mL 
nuclease-free water, as well as 10x solutions of sodium nitrate and magnesium sulfate in 
200 mL nuclease-free water (Supplementary Table 1). These solutions were mixed to 1x in 
nuclease-free water and were adjusted to the desired pH using sulfuric acid and sodium 
hydroxide (Supplementary Table 2). 
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1.2. Thermodynamic modelling 

In order to understand the effect of counterion species on the thermostability of annealed 
oligonucleotides, we implement a Matlab (Mathworks) simulation of the two sequences 
used in buffer analysis, C30 and AT24 (Fig S1). This model is based on nearest neighbor 
thermodynamics, most completely described by Peyret et al [24], and buffer species 
contribution, elucidated by Owczarzy and colleages at IDT DNA [25]. Simulations 
assumed a non-genomic oligonucleotide concentration of 2.5 µM and neutral aqueous 
buffer of pH 7.0. No thorough analysis has been performed on the effect of the C-Ag+-C 
bond on nearest neighbor or counterion thermodynamics, and thus the model implemented 
here assumed that the 30 nt polycytosine C30 was bound to 30 nt polyguanine G30. The 
model suggests that C30 should be stabilized only by Na+, while AT24 will be stabilized 
by both Na+ and Mg2+ cations. Experimental data show that [dC-Ag+-dC]30 is instead 
stabilized by Mg2+ and not Na+, underscoring the need for a new thermodynamic model to 
account for orthogonal ion pairing.  

 
Figure S1: Calculated melting temperatures based on [24, 25] for various concentrations of 
Na+ and Mg2+. Thermostability can be a predictor of reaction favorability as it indicates 
strength of duplex formation and the resistance of a particular state to denaturation. A) C30 
melting temperatures for 5’-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC-3’ and 5’-
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGG-3’ are based on canonical pairing 
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models and do not include effects of the C-Ag+-C bond. Based on Watson-Crick models, 
Mg2+ does not have a strong stabilizing effect on dissociation temperature, generating an 
increase from 93.3 °C (100 nM) to 95.2 °C (125 mM); while Na+ is modeled to have a 
strong effect on thermostability, increasing the melting temperature from 93.3 °C (100 nM) 
to 105.0 °C (1 M). B) AT24 melting temperatures for 5'-
AACAATACATACTAAAACCAAAAT-3', 5'-ATTTTGGTTTTAGTATGTATTGTT-3' 
show a strong stabilizing effect with both Na+- and Mg2+ in the model. Na+ infusion 
generates an increase from 48.6 °C (100 nM) to 64.5 °C (1 M); while Mg2+ is modeled to 
increase the melting temperature from 48.6 °C (100 nM) to 61.5 °C (100 mM). 
Experimental buffer analysis is carried out at 12.5 mM Mg2+ and 100 mM Na+, within the 
range of prediction of this model. 

1.3. Buffer analysis of control sequence AT24 

In order to assess whether the Ag+- and Mg2+-mediated results in Figure 4 are, in fact, the 
result of orthogonal ion pairing, control sequence AT24 was also subjected to the same 
battery of tests (Fig S2). In nearly all cases, annealing with Ag+ caused negative FRET 
efficiency, or the enhancement of fluorescence due to the lack of proximity between 
terminal fluorophores. This suggests that annealing in the presence of excess Ag+ actually 
degrades the thermostability of cytosinated-depleted oligomers. In most cases, this effect is 
not repeated in the lack of Ag+ condition. As an outlier, Tris buffer seems to support the 
quenching of terminal fluorophores in the absence of aqueous Mg2+ (Fig S2G-I), 
suggesting that Ag+ may, in fact, be acting as a counterion to stabilize duplex formation on 
the exterior of the helix. 
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Figure S2: Control sequence 24 nt cytosine-depleted “AT24”—5'FAM-
AACAATACATACTAAAACCAAAAT-BHQ1-3', 5'-
ATTTTGGTTTTAGTATGTATTGTT-BHQ1-3' is assayed for FRET quenching 
efficiency during annealing across various buffer species both with and without excess 
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Ag+. Three different counterion concentrations are performed for each buffer and pH 
concentration and are denoted on the X-axes, where (+)(-) denotes 100 mM Na+; (-)(+) 
denotes 12.5 mM Mg2+, and (+)(+) indicates 100 mM Na+ and 12.5 mM Mg2+. Error bars 
show standard deviation for FRET efficiency (n=3). Experiments on MOPS buffers of 
various conditions: A) MOPS buffer pH 6.5, B) MOPS buffer 7.0, C) MOPS buffer pH 
8.0, demonstrate that these conditions promote fluorescence enhancement, rather than the 
suppression associated with duplex formation, especially in the presence of excess silver 
cations. The same can be said of all potassium phosphate buffers: D) KH2PO4 pH 6.0, E) 
KH2PO4 pH 7.0, and F) KH2PO4 pH 8.0; as well as sodium acetate buffers: J) NaAc pH 
4.0, and K) NaAc pH 5.5. In this experiment, Tris buffers: G) Tris pH 7.2, H) Tris pH 8.0, 
and I) Tris pH 9.0, appeared to promote some quenching, especially in the presence of 
Na+, Ag+, but not Mg2+ ions. Error was minimal in these trials, suggesting that Ag+ is 
acting as a counterion in otherwise inhospitable annealing conditions for a duplex at high 
pH. Unlike for C30, no FRET quenching is observed in acetate buffers, with or without 
Ag+, underscoring an i-motif mechanism for quenching in Figure 4K. 

2. SURFACE ROUGHNESS ANALYSIS OF GOLD FILMS 
2.1. Feature quality and overall roughness 

A more complete analysis of 21 processing methods can be found in Figure S3 and 
Supplementary tables 3-6. 
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Figure S3: Surface roughness from 4 µm2 AFM scans on thin gold films. Detailed process 
notes can be found in Supplementary Tables 3-6. A) Percent difference in surface area 
from idealized atomically-flat result, 4 µm2. B) Average surface roughness parameter Ra 
and C) maximum feature height, Rmax. 
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2.2. Manually cut samples 

Samples in this section are prepared without the use of a dicing saw. Mica discs are affixed 
to metal discs using double-sided tape and cleaved until optically uniform using single-
sided tape. Si/SiO2 samples are cut from a 3” wafer using a diamond knife and cleaned in 
piranha solution, washed in deionized water and ethanol, and sterilized in oxygen plasma 
prior to deposition. Gold is deposited using electron-beam evaporation in high vacuum at a 
rate of 0.5 Å/s to a total height of 100 nm. Detailed process notes can be found in Table 
S3. AFM images of the surfaces after processing can be found in Figures S4-S9. 
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2.2.1. Si/SiO2 100 nm Au/Ti; no anneal 

Titanium (1 nm) and gold (100 nm) are deposited on clean Si/SiO2 and imaged directly 
after (Fig S4). Surface exhibits node-like behaviour. 

 
Figure S4: Representative AFM images of the surface. A) 500 nm with autoscaling (±7.0 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±10.0 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.2.2. Si/SiO2 100 nm Au/Ti; 300 °C 2 h in Ar/H2 

Titanium (1 nm) and gold (100 nm) are deposited on clean Si/SiO2 , annealed at 300 °C for 
120 min, and imaged directly after (Fig S5). Surface exhibits grain-like behaviour. 

 
Figure S5: Representative AFM images of the surface. A) 500 nm with autoscaling (±8.5 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±8.5 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.2.3. Si/SiO2 100 nm Au/Ti; 400 °C 30 min in Ar/H2 

Titanium (1 nm) and gold (100 nm) are deposited on clean Si/SiO2 ,annealed at 400 °C for 
30 min, and imaged directly after (Fig S6). Surface exhibits grain-like behaviour, but is not 
suitable for imaging due to large-scale corruption of the surface during annealing. 

 
Figure S6: Representative AFM images of the surface. A) 500 nm with autoscaling (±6.5 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±6.5 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.2.4. Si/SiO2 100 nm Au/Ti; 700 °C 30 min in Ar/H2 

Titanium (1 nm) and gold (100 nm) are deposited on clean Si/SiO2 ,annealed at 400 °C for 
30 min, and imaged directly after (Fig S7). Surface exhibits grain-like behaviour, but is not 
suitable for imaging due to large-scale corruption of the surface during annealing. 

 
Figure S7: Representative AFM images of the surface. A) 500 nm with autoscaling (±13.0 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±13.0 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.2.5. Cleaved mica 100 nm Au; no anneal 

Gold (100 nm) is deposited on cleaved mica and imaged directly after (Fig S8). Surface 
exhibits node-like behaviour. 

 
Figure S8: Representative AFM images of the surface. A) 500 nm with autoscaling (±5.4 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±5.4 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.2.6. Cleaved mica 100 nm Au/Ti; no anneal 

Titanium (1 nm) and gold (100 nm) are deposited on cleaved mica and imaged directly 
after (Fig S9). Surface exhibits node-like behaviour. 

 
Figure S9: Representative AFM images of the surface. A) 500 nm with autoscaling (±8.0 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±8.0 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
 
 

2.3. Diced samples with basic cleaning. 

Samples in this section are diced  from a 3 inch Si/SiO2 wafer with a cleanroom dicing 
saw and processed with basic cleaning protocols. Detailed process notes can be found in 
Table S4.  
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2.3.1. Si/SiO2 200 nm Au/Ti; dicing saw; no anneal 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, and imaged directly after (Fig S10). Surface exhibits node-like behavior. 

 
Figure S10: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±11.0 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±11.5 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
  



 18 

2.3.2. Si/SiO2 200 nm Au/Ti; dicing saw; sonication 20 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, placed in a 40 mL glass beaker and sonicated at room temperature for 20 min, 
and imaged directly after (Fig S11). Surface exhibits node-like behavior. 

 

 
Figure S11: Representative AFM images of the surface. A) 500 nm with autoscaling (±9.5 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±17.5 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.3.3. Si/SiO2 200 nm Au/Ti; dicing saw; HCl 24 h 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, placed in hydrochloric acid for 24 h, and imaged directly after (Fig S12). 
Surface highly corroded and unsuitable for imaging. 

 
Figure S12: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±45.0 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±45.0 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.3.4. Si/SiO2 200 nm Au/Ti; dicing saw; piranha 5 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, cleaned in aged piranha (1.5 h old) for 5 min, and imaged directly after (Fig 
S13). Surface highly corroded and unsuitable for imaging. 

 
Figure S13: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±10.5 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±8.5 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.3.5. Si/SiO2 200 nm Au/Ti; dicing saw; O2 plasma 5 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, cleaned in a tabletop plasma cleaner for 5 min, and imaged directly after (Fig 
S14). Surface exhibits flattened nodes. 

 
Figure S14: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±10.5 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±10.5 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.3.6. Si/SiO2 200 nm Au/Ti; dicing saw; O2 plasma 30 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, cleaned in a tabletop plasma cleaner for 30 min, and imaged directly after (Fig 
S15). Surface exhibits flattened nodes. 

 
Figure S15: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±13.7 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±10.0 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 

2.4. Diced samples processed with flame annealing 

Samples in this section are diced  from a 3 inch Si/SiO2 wafer with a cleanroom dicing 
saw and processed with flame annealing protocols per Nogues and Wanunu [29]. General 
flame annealing, as described there, means samples are held  2.5 cm above tabletop flame 
for 2.5 min, and then at a distance of 7 cm for 2.5 min. Detailed process notes can be found 
in Table S4.  
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2.4.1.  Si/SiO2 200 nm Au/Ti; dicing saw; flame anneal 5 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, annealed in a two-stage process over a tabletop flame for 5 min, and imaged 
directly after (Fig S16). Surface exhibits grain-like behaviour. 

 
Figure S16: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±26.1 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±26.1 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.4.2. Si/SiO2 200 nm Au/Ti; dicing saw; flame anneal 5 min with N2 stream 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, annealed in a two-stage process over a tabletop flame for 5 min with a constant 
nitrogen gas stream throughout, and imaged directly after (Fig S17). Surface exhibits 
grain-like behaviour. 

 
Figure S17: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±26.1 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±26.1 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.4.3. Si/SiO2 200 nm Au/Ti; dicing saw; O2 plasma 30 min; flame anneal 5 min; N2 
post 30 s 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, annealed in a two-stage process over a tabletop flame for 5 min, cooled in a 
nitrogen gas stream for 30 s, and imaged directly after (Fig S18). Surface exhibits grain-
like behaviour. 

 
Figure S18: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±26.1 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±26.1 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.4.4. Si/SiO2 200 nm Au/Ti; dicing saw; 5x [flame anneal 5 min; N2 post 30s] 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw. Samples were then subjected five times to annealing in a two-stage process 
over a tabletop flame for 5 min and cooling in a nitrogen gas stream for 30 s. Samples 
were imaged directly after (Fig S19). Surface exhibits grain-like behaviour. 

 
Figure S19: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±25.0 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±14.5 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
  



 28 

2.4.5. Si/SiO2 200 nm Au/Ti; dicing saw; O2 plasma 5 min; 5x [flame anneal 5 min; N2 
post 30s] 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, and cleaned in a tabletop oxygen plasma cleaner for 5 min. Samples were then 
subjected five times to annealing in a two-stage process over a tabletop flame for 5 min 
and cooling in a nitrogen gas stream for 30 s. Samples were imaged directly after (Fig 
S20). Surface exhibits grain-like behaviour. 

 
Figure S20: Representative AFM images of the surface. A) 500 nm with autoscaling 
(±30.0 nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling 
(±23.0 nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 

2.5. Diced samples with slow anneal in forming gas 

Samples in this section are diced from a 3 inch Si/SiO2 wafer with a cleanroom dicing saw 
and annealed at 300 °C in forming gas for 21 h. Samples are additionally processed, as 
indicated, with oxygen plasma either before annealing, after, neither, or both. Detailed 
process notes can be found in Table S5.  
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2.5.1. Si/SiO2 200 nm Au/Ti; dicing saw; 300 °C anneal in Ar/H2 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, and annealed in forming gas at 300 °C for 21 h. Samples were imaged directly 
after (Fig S21). Surface exhibits grain-like behaviour. 

 
Figure S21: Representative AFM images of the surface. A) 500 nm with autoscaling (±6.5 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±5.5 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.5.2. Si/SiO2 200 nm Au/Ti; dicing saw; O2 plasma 5 min; 300 °C 21 h in Ar/H2 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, cleaned for 5 min in a tabletop oxygen plasma tool, and annealed in forming 
gas at 300 °C for 21 h. Samples were imaged directly after (Fig S22). Surface exhibits 
grain-like behaviour. 

 
Figure S22: Representative AFM images of the surface. A) 500 nm with autoscaling (±3.5 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±7.5 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 
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2.5.3. Si/SiO2 200 nm Au/Ti; dicing saw; 300 °C 21 h in Ar/H2; O2 plasma 5 min 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, annealed in forming gas at 300 °C for 21 h, and cleaned afterward for 5 min in 
a tabletop oxygen plasma tool. Samples were imaged directly after (Fig S23). Surface 
exhibits grain-like behaviour. 

 
Figure S23: Representative AFM images of the surface. A) 500 nm with autoscaling (±3.3 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±4.3 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm). 

 

2.5.4. Si/SiO2 200 nm Au/Ti; dicing saw; 300 °C anneal in Ar/H2; O2 plasma 5 min 
before and after anneal 

Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a 
dicing saw, annealed in forming gas at 300 °C for 21 h, and cleaned both before and after 
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annealing for 5 min in a tabletop oxygen plasma tool. Samples were imaged directly after 
(Fig S24). Surface exhibits grain-like behaviour. 
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Figure S24: Representative AFM images of the surface. A) 500 nm with autoscaling (±3.8 
nm); B) 500 nm with 2.5 nm thresholding (±10.0 nm); C) 2 µm with autoscaling (±4.8 
nm); D) 2 µm with 2.5 nm thresholding (±10.0 nm); E) 10 µm with autoscaling (±4.3 nm); 
F) 10 µm with 2.5 nm thresholding (±10.0 nm)  


