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High throughput near infrared screening discovers DNA-
templated silver clusters with peak fluorescence beyond 950 nm 

  

Steven M. Swasey,
a
 Stacy M. Copp,

b
 Hunter C. Nicholson,

c
 Alexander Gorovits,

d
 Petko Bogdanov

d
 

and Elisabeth G. Gwinn*
c

We use high throughput near-infrared (NIR) screening technology 

to discover abundant new DNA-stabilized silver clusters, AgN-DNA, 

that fluoresce in the NIR. These include the longest wavelength 

AgN-DNA fluorophores identified to date, with peak emission 

beyond 950 nm that extends into the NIR II tissue transparency 

window, and the highest silver content. 

 Many types of fluorophores are under development
1,2,3

 to 

exploit the near-infrared (NIR) imaging windows in biological 

tissues,
4,5

 including lanthanide complexes,
2
 organic dyes,

6,7
 

carbon nanotubes,
8
 quantum dots,

9
 thiolate gold clusters,

10,11
 

and fluorescent silver clusters templated by short DNA strands 

(AgN-DNA).
12

 With lower autofluorescence and greater 

penetration compared to the NIR I window (650-950 nm), the 

NIR II (1000-1350 nm) offers much higher imaging contrast,
7,13

 

but the impact of this advantage has been limited by a dearth 

of useful fluorescent labels compared to the profusion of 

biocompatible probes spanning the visible spectrum. This lack 

is in part due to low availability of cost-effective NIR II 

detectors, remedied in recent years by the emergence of 

commercial InGaAs detectors. As shown here, integration of 

these detectors into high throughput instrumentation enables 

rapid discovery of new AgN-DNA with fluorescence extending 

into the NIR II.  

 AgN-DNA have attracted much attention due to the 

dependence of their fluorescence properties on the choice of 

DNA template.
14

 This sequence sensitivity, together with high 

quantum yields and good solution stabilities in some cases,
15

 

has inspired diverse visible wavelength applications for AgN-

DNA
16

 that include imaging in biological tissue,
17

 screening for 

telomere binding ligands
18

 and use in molecular logic gates for 

detection of pathogenic bacterial genes.
19

 But for the NIR, 

development of AgN-DNA has been impeded by a dearth of 

known templates. Currently there are only two reported 

templates for AgN-DNA with peak emission wavelengths, em, 

above 800 nm.
12

 More templates are known for the 750-800 

nm range,
20

 but far fewer than the hundreds of templates for 

visible-emitting AgN-DNA that were identified in studies of 

large sets of candidate DNA sequences.
21

 

 Recent work has attempted to uncover the relation of 

sequence to the visible wavelength properties of AgN-DNA by 

use of machine learning algorithms applied to large data sets, 

resulting in improved ability to design template sequences for 

visible emitting AgN-DNA.
21

 One complexity of the sequence-

color problem is that a given template may produce multiple 

AgN-DNA with different fluorescence colors, corresponding to 

different silver cluster sizes. This is an advantage in the search 

for new AgN-DNA that fluoresce in the NIR, as we show below.   

 To rapidly screen candidate DNA strands as templates for 

NIR AgN-DNA, we used a fluorescence microplate reader 

(Tecan Infinite Pro 200) that was modified to include an InGaAs 

photodetector and a set of 50 nm emission bandpass filters 

spanning 700 nm -1400 nm.
22

 Data were corrected for the 

detector’s spectral responsivity. A Xenon flashlamp and UV 

bandpass filters (280-320 nm) were used for universal 

excitation of all AgN-DNA via the DNA absorbance band.
23

 

Correct spectral dependences of the NIR microplate reader 

were verified using a NIR fluorescence spectrometer (HORIBA 

Jobin Yvon Fluorolog®-3 with an InGaAs detector).  

 Three different 384 well microplates containing 844 unique 

DNA sequences, 10 -16 bases long, were studied using the 

rapid measurement capabilities of the NIR microplate reader.  

Each microplate well contained 30 µl samples of 375 (Plate A), 

374 (Plate B) or 95 (Plate C) unique DNA strands originally 

selected as candidate templates for studies of the correlation 

between sequence and visible wavelength colors of AgN-

DNA.
24

 Synthesis was performed by robotic pipetting into the 

microplates by first 
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Fig. 1 NIR emission from AgN-DNA formed in three separate 384-well 

microplates containing a total of 844 unique DNA strands. Wells for 

which <> exceeds 750 nm are marked by squares with sizes that 

indicate integrated spectral intensity (Color bar for <> is at the lower 

right). Axes denote the well location of each template by row letter 

and column number. UV excitation (280-320nm). Plates A, B and C 

contained 375, 374 and  95 DNA templates, respectively.  

 

mixing the DNA with AgNO3 in NH4OAc buffer (pH 7), then 

adding NaBH4 after 17 minutes equilibration time. Final 

solution conditions were 20 μM DNA, 0.7 AgNO3/base, 10 mM 

NH4OAc and 0.5 NaBH4:AgNO3.  We measured NIR emission 

spectra two weeks after synthesis to allow decay of unstable 

products. 

 Figure 1 summarizes the NIR results for the three 

microplates, with well location denoted by row letter and 

column number. Wells with intensity-weighted average 

emission wavelengths, <>, beyond 750 nm are marked with 

colored squares (wavelength color bar is at the lower right). 

Sizes of squares represent relative emission intensities.  

 As shown in Fig. 1, this rapid microplate format for NIR 

fluorescence characterization enabled discovery of more than 

160 new DNA templates for NIR-emitting silver clusters (Table 

S1 lists sequences and properties). Apparently fluorescent NIR 

AgN-DNA are not intrinsically rare, and relatively few have 

been discovered previously simply due to lack of NIR 

characterization. Of the templates in plate A, which were 

designed to produce silver clusters that emit at wavelengths 

longer than 660 nm,
24

 30% also (or instead) stabilize AgN-DNA 

with <> beyond 750 nm, and 8% produce <> beyond 800 

nm. In contrast, less than 2% of the templates in Plate B, which 

were designed to form clusters that emit in a shorter 

wavelength band (600-660 nm), give <> beyond 750 nm. 

Apparently NIR AgN-DNA are more likely to form on sequences 

designed as templates for clusters that emit at longer visible 

wavelengths. This finding is consistent with results for plate C, 

where the large number of NIR-emitting wells reflects 

selection of 75 templates, out of 1800 previously characterized 

at visible wavelengths,
21,24

 for which silver cluster synthesis 

produced brightest emission beyond 700 nm.  

 Prior visible wavelength studies found that in many cases 

the fluorescent products formed by silver cluster synthesis on 

DNA templates are too fragile to isolate.
14

 To identify robust 

AgN-DNA for the NIR, we selected ten candidate templates 

from the microplates in Fig. 1 based on the brightness and 

wavelengths of their NIR fluorescence, and optimized 

synthesis conditions to prepare sufficient material for 

separation by high performance liquid chromatography 

(HPLC).  (Figure S1 shows sequences and NIR spectra of the 

unpurified samples). We used ion-pairing, reverse phase HPLC 

with 35 mM triethylamine ammonium acetate in the aqueous 

and methanol running buffers, and a 1-40% methanol gradient 

for all samples. 

 To determine the HPLC elution time for NIR-emitting AgN-

DNA products, we developed a custom optical system to 

measure NIR emission in-line with the HPLC instrument, using 

a flow cell coupled to an InGaAs detector (Thorlabs, PDF10C, 

800-1700 nm) via an 800 nm longpass filter. A 270 nm UV LED 

(Ocean  

Optics) was used in pulse mode as the excitation source. A 

pulse generator (Hewlett Packard, 8116A) provided the pulse 

signal for the UV LED and a lockin amplifier (Stanford Research 

Systems, SR830 DSP) used to enhance the signal from the 

InGaAs detector. The signal from the lockin was output to an 

analog-to-digital converter (Measurement Computing, USB-

1608G), recorded on TracerDAQ software and time-aligned 

with the simultaneously monitored DNA absorbance at 260 nm 

(Hitachi L-4200 UV/Vis detector) to form absorbance and NIR 

fluorescence chromatograms. After identifying the elution 

peak of the main NIR-emitting product for each sample, a 

second round of HPLC was performed to capture the purified 

product. 

 Of the ten DNA templates tested, half produced NIR AgN-

DNA stable enough to withstand HPLC purification. Three of 

these exhibited emission peak wavelengths beyond 950 nm, 

listed in Table 1 with the template sequences and peak 

absorb- 

 

Table 1. Properties of HPLC-purified AgN-DNA with peak 

emission wavelengths, em, above 950 nm. (Spectra in Fig. 2). 
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     Name Sequence 

λem 

(nm) 

λabs 

(nm) 

AgN-DNA 953 CGCCCCCACGCGCGGC 953   2 854 

AgN-DNA 962 ACACGAACCG 962   3 687 

AgN-DNA 999 CCTGGCCGGA 999   4 685 

 

 

Fig. 2 Absorbance (black) and emission (red points) spectra for purified 

solutions of the AgN-DNA with emission maxima beyond 950 nm for a) 

AgN-DNA 953, b) AgN-DNA 962 and c) AgN-DNA 999. The emission 

spectra were excited in the UV using a Xenon flashlamp with 280-320 

nm excitation bandpass filters.22  Blue curves: Gaussian fits to the NIR 

fluorescence data points (red).  

 

ance wavelengths. Emission and absorbance chromatograms 

measured during HPLC are shown in Fig. S2. 

 These are the longest wavelength AgN-DNA fluorophores 

identified to date. AgN-DNA 953 (Fig. 2a) is the main NIR 

product for the 16 base template in Table 1 (Fig. S2). Analysis 

of the absorbance and NIR fluorescence chromatograms (Fig. 

S3) indicates that AgN-DNA 953 was isolated in 74% purity. 

AgN-DNA 962 and AgN-DNA 999 are templated by shorter, 10 

base strands (Table 1) and had much shorter elution times that 

precluded making quantitative purity estimates, though purity 

was improved by removal of slower-eluting products that were 

not fluorescent in the NIR (Fig. S2). 

 Figure 2 shows the absorbance and NIR emission spectra of 

the HPLC-purified samples AgN-DNA 953, AgN-DNA 962 and 

AgN- DNA 999. Gaussian fits (blue lines) to the emission data 

(red points, with instrumental error bars for the NIR 

fluorescence microplate reader) established the peak emission 

wavelengths in Table 1 (error bars are standard errors of the 

fit).  

 As shown in Fig. 2, these AgN-DNA have fluorescence 

extending beyond 1000 nm, into the NIR II window. For AgN- 

DNA 953 we obtain a fluorescence quantum yield (QY) of 7% 

through comparison of absorbance and NIR emission data to 

 Fig. 3  a) Mass spectrum of the HPLC purified AgN-DNA 953. Peaks 

labelled “Dz”, where z is the charge state, contain two DNA strands and 

30 Ag atoms. (The marked monomeric peaks contain one DNA strand. 

See Fig. S4 for more detail). b) ESI-MS data (red) and Gaussian fits to 

calculated isotope peak envelopes for products with various charges 

on the total silver content. Best agreement is for (DNA)2(Ag0)12 (Ag+)18. 

 

the dye IR-125.
25

 This compares favourably to other NIR 

fluorophores such as polymer-sorted single walled carbon 

nanotubes
26

 (QY 2-3%) and the FDA-approved organic dye 

indocyanine green (ICG) (QY 0.9%),
7
 and is similar to QY of 

heat optimized, thiolate gold clusters.
10

 

 Emission peak wavelengths of visible spectrum AgN-DNA 

have been found to correlate with the silver cluster size, 

specifically the number of neutral silver atoms (Ag
0
).

14,27
 Since 

little is known about composition of NIR AgN-DNA, we 

conducted electrospray-ionization mass spectrometry (ESI-MS) 

analysis on AgN-DNA 953, which was isolated in high enough 

purity to permit identification of composition and has the 

longest peak absorbance wavelength currently known for an 

AgN-DNA. Figure 3a displays the mass spectrum, which 

identifies a composition of 30 silver atoms holding two DNA 

strands together. (Such clusters that pair DNA strands are a 

common occurrence for AgN-DNA.
14,27

) By fitting the isotope 

peak envelope
14

 we determined that 18 of the silver atoms are 

cationic (Ag
+
), leaving 12 Ag

0
 available to form a metallically 

bonded cluster.  

 This is the largest silver content yet identified for an AgN-

DNA, both in neutral (Ag
0
) and total silver content, and 

extends the previously established correlation
14

 of peak 

wavelength to number of Ag
0
 deeper into the NIR, at an even 
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number of Ag
0
 consistent with the expectation for even magic 

number cluster sizes.
 27

 Apparently the formation of deep NIR 

clusters is not impeded by possible size limits that might arise 

from competition of DNA versus cluster length and energy 

scales. 

 Compared to the 99 nm Stokes shift of AgN-DNA 953, the 

much larger Stokes shifts of 275 nm for AgN-DNA 962 and 

314 nm for AgN-DNA 999 indicate that they are structured 

differently, as do their much shorter HPLC elution times (Fig. 

S2).  A large Stokes shift (211 nm) was also reported recently 

for a much shorter wavelength (em = 736 nm) NIR I AgN-

DNA.
28

 The ESI-MS spectra (Fig. S5) show products with two 

DNA strands and 18-26 Ag atoms for AgN-DNA 962; and two 

DNA strands and 10-30 Ag atoms for AgN-DNA 999. Because 

the instrument-limited chromatogram peaks for AgN-DNA 962 

and AgN-DNA 999 (Fig. S2) did not permit purity analysis, it is 

unknown whether the fluorescent silver cluster is the 

dominant product in the aliquot captured for ESI-MS, and 

therefore it is not possible to assign a composition. 

 By identifying AgN-DNA with emission extending into the 

NIR II, we have demonstrated the capabilities and importance 

of high-throughput methodology for discovery of longer 

wavelength NIR fluorophores. The narrow band, sequence-

tuned fluorescence of AgN-DNA stands in qualitative contrast 

to the broad, featureless emission of NIR organic dyes such as 

ICG.  Successful use of red-emitting AgN-DNA in earlier 

bioimaging studies
17

 suggests that the NIR I – NIR II AgN-DNA 

reported here may prove useful as fluorescent labels for 

biological imaging. The discovery of many NIR templates from 

sequences originally designed to template deep red silver 

clusters indicates that inclusion of these new NIR AgN-DNA in 

future refinements of data-driven template design should 

enable further discovery of still larger silver clusters that 

fluoresce deeper into the NIR II. 
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