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Heat, pH, and salt: synthesis strategies to favor formation of near-

infrared emissive DNA-stabilized silver nanoclusters 

Rweetuparna Guha,a Malak Rafik,a Anna Gonzàlez-Rosell,a Stacy M. Copp, a,b,c* 

We present chemical synthesis strategies for DNA-stabilized silver 

nanoclusters with near-infrared emission in the biological tissue 

transparency windows. Elevated temperatures can significantly 

increase chemical yield of near-infrared nanoclusters. In most 

cases, basic pH favors near-infrared nanoclusters while micromolar 

amounts of NaCl inhibit their formation.  

DNA-stabilized silver nanoclusters (AgN-DNAs) are promising 

emitters for biosensing and bioimaging applications.1, 2 These 

ultrasmall nanoparticles consist of only 10 to 30 silver atoms 

encapsulated by one to three single-stranded DNA oligomer 

templates.3, 4 AgN-DNAs are reported to exhibit remarkable DNA 

sequence-encoded excitation and emission wavelengths5, 6 as 

well as high Stokes shifts,7 quantum yields,8 and 

photostabilities.9-11 The large combinatorial space of DNA 

sequence has enabled researchers to design a diverse set of 

AgN-DNAs with emission wavelengths ranging from 400 nm to 

1,200 nm, far into the near-infrared (NIR).12-17 The sequence-

encoded, tunable properties of AgN-DNAs and their spectral 

sensitivity to analytes have led to chemical sensing, biosensing, 

and imaging applications of AgN-DNAs.1, 2 
 We used high-throughput experiments combined with 

machine learning to discover thousands of new AgN-DNAs.12-16 

These approaches enabled the successful design of DNA ligand 

sequences that stabilize AgN-DNAs with specific visible and NIR 

emission colors. NIR-emissive AgN-DNAs are of particular 

interest as novel biocompatible emitters because biological 

tissues and fluids scatter, absorb, and emit far less light in the 

tissue transparency windows.18 The photophysical properties 

and atomic structures of NIR AgN-DNAs discovered in high-

throughput experiments have since been reported in the 

literature.7, 19-26 Recent work by Mastracco, et al. has 

dramatically expanded the space of known NIR-emissive AgN-

DNAs, with over 100 10-base DNA sequences that stabilize AgN-

DNAs with peak emission > 800 nm.12 This large data set holds 

promise for rapid development of NIR-emissive AgN-DNAs for 

bioimaging applications in the tissue transparency windows. 

 This study is motivated by two challenges we identified 

regarding chemical synthesis of NIR-emissive AgN-DNAs. First, 

we and others have observed that NIR-emissive AgN-DNAs often 

take several days to a week after chemical reduction to form in 

appreciable quantities; in contrast, visibly emissive AgN-DNAs 

typically form within hours and up to one day.8, 19, 24 Second, we 

observe discrepancies between the emission spectra of NIR 

AgN-DNAs prepared in microwell plates during high throughput 

experiments versus when individually synthesized in single 

microcentrifuge tubes. Many brightly emissive NIR-emissive 

AgN-DNAs identified in high-throughput experiments form with 

exceptionally low chemical yield or are even undetectable when 

prepared in single microcentrifuge tubes. In some cases, 

formation of visibly emissive AgN-DNAs by the same DNA 

template sequence appears to compete with formation of the 

NIR-emissive AgN-DNA of interest. To advance NIR-emissive 

AgN-DNAs for bioimaging applications, this study identifies the 

causes of discrepancies between microplate synthesis and 

microcentrifuge tube synthesis, thereby establishing chemical 

synthesis procedures to scale up NIR-emissive AgN-DNAs. 

 We first investigate how synthesis of NIR-emissive AgN-

DNAs differs between microplate and microcentrifuge tube. 

Past work details how the robotic liquid handling routines for 

high-throughput AgN-DNA synthesis were designed for good 

agreement with “by-hand” synthesis of visibly emissive AgN-

DNAs12-16 (ESI, Section 1.2) We observe one key difference 

between these two methods: AgN-DNA samples synthesized in 

single microcentrifuge tubes are stored at 4 °C immediately 

following NaBH4 reduction, except during periodic and brief 

fluorimetry to assess product formation. Microwell plates are 

exposed to room temperature for much longer periods 

following NaBH4 reduction because fluorimetry of an entire 

384-microwell plates takes ~4 hours, and plates are scanned 

one day and one week after reduction. Moreover, the microwell 

plate can rise above room temperature in the unrefrigerated 

plate reader. Thus, we hypothesized that heating above 4 °C 

favors formation of NIR-emissive AgN-DNAs. 

a Department of Materials Science and Engineering, University of California, Irvine, CA 

92697, USA 
b Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA 
c Department of Chemical and Biomolecular Engineering, University of California, Irvine, 

CA 92697, USA 

*Email: stacy.copp@uci.edu 

Electronic Supplementary Information (ESI) available: Experimental details, full 

absorbance and emission spectra at various experimental conditions. See DOI: XXX 







COMMUNICATION Journal Name 

4 | J. Name., 2012, 00,  1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

emitters that brighten at 250 µM NaCl, whereas visible emissive 

species from DNA-1, 2 and 3 require higher NaCl concentrations 

(750 or 1000 µM) for significant increase. These results support 

that variations in residual chloride-containing reagents in 

commercial oligomers could contribute to discrepancies 

between AgN-DNA batches, possibly favoring formation of 

visible AgN-DNAs over NIR AgN- DNAs. Our ongoing research is  

focused on the chemical synthesis process for AgN-DNAs with 

chlorido ligands, which is beyond the scope of this study. 

 We hypothesize that changes in nucleobase pKa with 

temperature and pH account are partly responsible for the 

observed changes in formation of NIR AgN-DNAs between 

microwell plate and single tube synthesis, with additional 

effects caused by variations in residual salts. Since the change 

in nucleobase pKa with temperature and pH depends on 

oligomer length and the neighboring nucleobases,33 these 

effects will be sequence specific and may be complex. Such 

sensitivity of AgN-DNAs to pH and halide ions could be exploited 

to develop novel biocompatible sensors. Future studies may 

determine why NIR-emissive products tend to favor basic pH 

and elevated temperature.  

 In summary, we showed how storage temperature, solution 

pH, and small amounts of NaCl can influence chemical yield of 

visible and NIR-emissive AgN-DNAs. Increasing the storage 

temperature of AgN-DNAs post-reduction can significantly 

increase emission intensity of far red and NIR AgN-DNAs, and in 

some cases is crucial to form measurable amounts of NIR-

emissive AgN-DNAs. Basic pH promotes formation of NIR-

emissive DNAs, whereas near-neutral pH favors red and far-red 

AgN-DNAs. Lastly, the presence of NaCl can significantly increase 

brightness of red and far-red AgN-DNA species. The synthesis 

strategies presented here are critical for the study of NIR-

emissive AgN-DNAs, which may expedite development of 

promising fluorophores for NIR fluorescence bioimaging. 

Researchers making use of recently reported libraries of DNA 

template sequences for NIR AgN-DNAs12, 16 should employ these 

synthesis methods, rather than conventional AgN-DNA synthesis 

methods which often favors smaller, visibly emissive AgN-DNAs. 
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