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Blue fluorescent gold nanoclusters were prepared in the 

presence of poly-cytosine DNAs at low pH and poly-adenine at 

neutral pH using citrate as the reducing agent; various buffer 

conditions affecting the synthesis have been explored. 

 Few atom noble metal nanoclusters (NCs) have emerged as a 

useful class of materials for biosensing, imaging and catalysis.1 

These NCs possess discrete energy states similar to molecular 

fluorophores. Compared to semiconductor quantum dots, Au and 

Ag NCs have fewer toxicity concerns. Their 15 synthesis usually 

requires strong polymeric or chelating ligands to avoid the growth 

of larger nanocrystals. AuNCs have been prepared in the presence 

of thiol compounds,2 dendrimers,3-5 peptides,6 and proteins.7 Many 

AgNCs were obtained using cytosine-rich DNAs. Taking 

advantage of the binding interaction between silver and cytosine,8  

a diverse range of emission colors have been achieved using 

different DNA sequences.9 DNA templated synthesis has a number 

of advantages. First, in addition to serving as a template, DNA 

possesses functional roles for molecular recognition (e.g. 

aptamers).10 With appropriately designed DNA sequences, it is 

possible to directly couple analyte binding with fluorescence 

signaling.11 Second, since DNA is much smaller compared to 

proteins, the associated NCs are not deeply shielded, allowing 

more effective energy transfer to other fluorophores and 

quenchers. Third, chemical synthesis of DNA allows for a large 

degree of versatility in DNA sequence and modification, 

facilitating fundamental studies and practical applications. Finally, 

unlike many synthetic polymers, DNA is non-toxic with good 

biocompatibility.  

Compared to AgNCs, AuNCs might be more stable since 

gold is less easily oxidized.12 However, DNA-templated AuNCs 

have not been reported. Based on current knowledge, DNA needs 

to bind strongly to gold precursors and AuNCs (Figure 1A). The 

most commonly used gold source is HAuCl4. Since DNA, AuCl4 

and gold nanoparticles are negatively charged, we reason that a 

favorable interaction might be achieved at low pH.13 In addition, 

the ratio between gold and DNA may also be important.  

Since there is almost no information on the interaction 

between DNA and AuNCs, we first tested several DNA 

homopolymers; A30, T30 and C30 were chosen for this purpose. The 

reaction was carried out using 100 μM HAuCl4 and 50 μM DNA 

at pH 3-7 using citrate as buffer and reducing agent. After 

overnight incubation, C30 produced blue fluorescent AuNCs under 

245 nm UV light excitation (Figure 1B). The fluorescence was 

more intense with lower pH and the fluorescence excitation 

spectrum shows two peaks at 275 nm and 360 nm (Figure 1D). 

Since exciting either peak generated the identical emission spectral 

shape, both wavelengths should excite the same electronic 

transition of the AuNC. Since the absorption maximum of poly-C 

DNA is at 275 nm, it is likely that the 275 nm excitation peak is 

due to energy transfer from cytosine to AuNC,14 which also 

suggests that the AuNCs were associated with the DNA. 

Therefore, the direct excitation wavelength should be 360 nm, 

yielding a Stokes shift of ~80 nm for the 440 nm emission peak, 

which is consistent with the literature reported value for blue 

emitting AuNCs.3 Its UV-vis absorption spectrum also shows a 

strong peak at 360 nm due to AuNC absorption (see Figure S1 of 

ESI). There is also a very weak surface plasmon band at ~540 nm. 

Transmission electron microscopy data showed that the maximal 

Au size is ~2 nm (Figure S2), consistent with the weak surface 

plasmon peak. Blue emitting AuNCs are too small to be resolved. 

Using 275 nm excitation, the emission spectra from 

different DNA sequences at pH 3 were collected (Figure 1E). A30 

produced very weak fluorescence whose intensity was only ~10% of 

that with C30, while T30 produced almost no fluorescence. The 

samples were also observed under ambient light and we found that 

some of the T30 samples were red (Figure 1C, e.g. from pH 4-6), 

indicating the formation of relatively large AuNPs exhibiting the 

surface plasmon effect. In the absence of DNA, no fluorescent 

AuNCs were produced while purple Au nanoparticles were found to 

stick to the tubes (see arrow heads of Figure 1C). Therefore, DNA 

sequence and pH are important for producing fluorescent AuNCs. 

Poly-A DNA is known to interact with the AuNP surface 

strongly.15,16 Although A30 failed to produce fluorescent AuNCs in 

this case, a careful optimization of the ratio between Au and DNA 

yielded highly fluorescence AuNCs (vide infra).
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To quantitatively test the effect of pH, we diluted the AuNCs in 

Figure 1B with water and the highest fluorescence was observed at 

pH 3 (Figure 1F). Reducing pH further to 2 showed slightly reduced 

emission. Fluorescence dropping and emission peak broadening were 

observed at higher pH. C-rich DNAs have been often used to prepare 

fluorescent AgNCs at neutral pH since Ag+ can tightly bind to the N3 

nitrogen of cytosine.8 Crystallographic data also showed a similar 

binding between AuCl4
- and 1-methylcytosine.17 Since the pKa of 

cytosine is 4.2, the N3 position is protonated at pH 3 and is unlikely 

to contribute to gold binding. Binding of copper by the keto oxygen 

of cytosine at low pH was observed,18 which  may also explain the 

binding of gold in our work (Figure S3). The above fluorescence 

measurements were performed at the pH where AuNCs were 

synthesized. We next diluted AuNCs from the same stock sample 

into buffers at various pH (Figure 1G). The fluorescence intensity 

barely changed from pH 3 to 6, and a drop was observed at higher 

pH, indicating that these C30 templated AuNCs are highly stable at 

acidic conditions. 

 
 

Figure 1. (A) A scheme of DNA templated AuNC synthesis. Fluorescence 

(B) and optical (C) graphs of DNA/HAuCl4 mixture at various pH citrate 

buffer after overnight incubation. The arrow heads in (C) point to AuNPs 

sticking to the tube surface. (D) Fluorescence emission and excitation 

spectra of AuNCs templated by C30. The feature at ~390 nm of the 

excitation spectrum is from water Raman scattering. Fluorescence spectra 

of AuNCs templated by various DNAs at pH 3 (E) or by C30 at various pH 

(F). (G) AuNC fluorescence as a function of pH.  

 

For most previous work, NaBH4 was used as the reducing agent, 

which is unstable and needs to be freshly prepared. Alternatively, 

the native reducing property of proteins have also been harnessed.7 

In this work, citrate was used and the kinetics of fluorescence 

generation was monitored. In the first 2 hrs, the signal reached 

~70% of the final intensity and it took ~8 hrs to reach stable 

fluorescence (Figure S4). Next we studied the effect of citrate 

concentration (Figure 2A), where fluorescence decreased at lower 

citrate concentrations. Since citrate was used also as a buffer, to 

compensate the possible pH change, we tested another sample with 

20 mM phosphate buffer (pH 3) and 1 mM citrate, which produced 

a stronger fluorescence intensity than the sample with just 1 mM 

citrate, but the intensity was still weaker than that with 50 mM 

citrate. Therefore, to achieve high fluorescence, a high citrate 

concentration is needed. 

In the above work, the C30:Au ratio was 1:2, which means 

that the cytosine:Au ratio was 15:1. To further optimize the 

synthesis, we fixed the HAuCl4 concentration and varied the DNA 

added (Figure 2B). The higher the C30 concentration, the stronger 

the fluorescence. This is different from the case of using C-rich 

DNA for AgNC synthesis, where a DNA:Ag+ ratio of 1:6 is often 

used (cytosine:Ag+ ≌ 2:1). Our experiment suggests that the 

binding between cytosine and gold at pH 3 might be weaker than 

that with Ag at neutral pH. We next prepared AuNCs and AgNCs 

using C30 separately and the AuNCs were more resistant to 

photobleaching (Figure S5).   

 
 

Figure 2. AuNC fluorescence spectra as a function of citrate 
concentration (A) and C30 DNA concentration (B). (C) Photograph of 

AuNCs synthesized by various C-rich DNAs under UV excitation. 

Since AgNCs with various emission colors were produced using 

different DNA sequences, to test whether this is true for 

AuNCs, we tested a number of C-rich DNAs that were 

reported to produce different AgNCs (Figure 2C).9 However, 

only DNA2 with its sequence being C12 produced bright 

fluorescence (Figure S6), which was even stronger than that with 

C30. This study shows that the optimal DNA should be short poly-

cytosine. 
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Since A30 also showed weak fluorescence in Figure 1E, next we aim 

to optimize its synthesis condition. Using 50 mM pH 7 citrate buffer, 

we fixed HAuCl4 to be 150 μM and varied A30 from 0.5 to 8 μM. The 

highest fluorescence was observed with 4 μM A30 (Figure 3A), where 

the ratio between adenine and HAuCl4 was around 1:1. Therefore, the 

reason for the failure to observe fluorescent AuNCs using A30 in 

Figure 1B was due to the too high DNA concentration. This binding 

stoichiometry suggests the high affinity between adenine and gold. 

We next fixed A30 at 4 μM and varied HAuCl4 concentration. The 

highest fluorescence was observed with 100-150 μM HAuCl4 (Figure 

3C). A further increase of HAuCl4 produced red/purple colored 

nanoparticles. Next the effect of pH was tested and the highest 

fluorescence was observed using an A30:HAuCl4 ratio of 1:30 at pH 

6 (Figure 3B), where adenine was not protonated. The decreased 

fluorescence at lower pH suggests that gold binding might involve 

the N7 position of adenine (Figure S3), whose pKa is ~3.5. The 

optimal citrate concentration was determined to be 50 mM or higher 

(Figure S7). A photograph was also taken for the pH samples (Figure 

3D). Interestingly, we observed a slight red fluorescence at pH 4. The 

synthesis of AuNCs at various pH in the presence of pepsin was 

recently reported, where a broad range of emission colors were 

obtained.19 

The AuNCs prepared with A30 has a slightly longer 

emission peak centered at ~480 nm (Figure 3E). The 5 excitation 

spectrum shows a peak at 280 nm, which is 20 nm longer than the 

absorption peak of poly-A DNA. To understand this, we measured 

the absorption spectra of the sample and the absorption maximum 

was at 270 nm (Figure S8), similar to the excitation peak. The small 

peak 413 nm was mainly due to the water Raman scattering, where 

water alone can generate the same feature.    

  
 

Figure 3. Fluorescence spectra of AuNCs synthesized using various 

concentrations of A30 at pH 7 (A) and using different pH (B).  [HAuCl4]=150 

M for all the samples. Photographs of AuNCs synthesized with increasing 

HAuCl4 concentration (C) and at various pH (D). (E) Fluorescence emission 

and excitation spectra of AuNCs templated by A30.  

  While DNA has been used to control the synthesis of AuNPs,20,21 

this is the first report on making fluorescent AuNCs. This study has 

revealed the binding interaction between gold and cytosine at low  

 

 

pH. This interaction is weaker than that between silver and cytosine 

but still strong enough to allow controlled reduction of HAuCl4. 

Poly-A DNA requires a more strict control of the ratio with HAuCl4 

and it works better at around neutral pH, where adenine is not 

protonated. These AuNCs can receive energy from nucleobases to 

boost their emission intensity. The resulting AuNCs could be used 

for various analytical and biomedical applications. Future work will 

be focused on optimizing DNA sequences and synthesis conditions 

to further improve quantum yield and to achieve other emission 

colors.  
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