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Clicking DNA to gold nanoparticles:
poly-adenine-mediated formation of monovalent
DNA-gold nanoparticle conjugates with nearly
quantitative yield

Guangbao Yao1,2,4, Hao Pei2,4, Jiang Li2,4, Yun Zhao1, Dan Zhu2, Yinan Zhang2, Yunfeng Lin3, Qing Huang2

and Chunhai Fan2

Monovalent DNA–gold nanoparticle (mDNA–AuNP) conjugates hold great promise for widespread applications, especially the

construction of well-defined, molecule-like nanosystems. Previously reported methods all rely on the use of thiolated DNA to

functionalize AuNPs, resulting in relatively low yields. Here, we report a facile method to rapidly prepare mDNA–AuNPs using a

poly-adenine (polyA)-mediated approach. As polyA can selectively bind to AuNPs with high controllability of the surface density

of DNA, we can use a DNA strand with a sufficiently long polyA to wrap around the surface of an individual AuNP, preventing

further the adsorption of additional strands. Based on this observation, we obtained mDNA–AuNPs with a nearly quantitative

yield of ~ 90% using 80 As, as confirmed by both gel electrophoresis and transmission electron microscope observation. The

yields of mDNA–AuNPs were insensitive to the stoichiometric ratio between DNA and AuNPs, suggesting the click chemistry-like

nature of this polyA-mediated reaction. mDNA–AuNPs exhibited rapid kinetics and high efficiency for sequence-specific

hybridization. More importantly, we demonstrated that AuNPs of fixed valences could form well-defined heterogenous oligomeric

nanostructures with precise, atom-like control.
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INTRODUCTION

Thiolated DNA functionalized gold nanoparticles (DNA–AuNPs) have

been popularly used to develop new tools for numerous applications,

including bioassays, bioimaging and nanomedicine.1–8 In a different

line, DNA–AuNP conjugates hold great promise as the building blocks

for bottom-up construction of functional nanosystems that exploits

both the highly specific DNA base-pair interactions and the unique

optical and electronic properties of AuNPs.9–13 During the past two

decades, we have witnessed dramatic advances in such functional

nanosystems, including the formation of molecule-like crystal struc-

tures and the assembly of dynamic nanodevices.14–18 Despite the rapid

progress, most of these applications used polyvalent DNA–AuNP

conjugates without knowing the exact number of loaded DNA strands.

Although polyvalent DNA–AuNPs possess unique merits, such as

signal amplification and cellular internalization;19–21 such inaccuracy

may introduce potential imperfectness in the artificially constructed

nanosystems.

There have been many efforts to develop DNA–AuNP conjugates of

fixed valences,16,22,23 in particular, monovalent DNA–AuNPs (mDNA–

AuNPs, Figure 1a).4,9,10,24–33 In a straightforward approach, AuNPs are

titrated with DNA of different ratios, and then, the resulting conjugates

are purified using gel electrophoresis to obtain mDNA–AuNPs.10,24,32

The yield of this approach is usually very low. Improvement of the yield

was realized using special chemical modification and/or double-stranded

DNAs.30,33 More recently, Tang, Liu and coworkers reported a dual

steric hindrance strategy for the synthesis of mDNA–AuNPs, which led

to a remarkably high yield of 70%.30 However, this method requires

multiple steps and lacks generality.

In this work, we report a single-step and purification-free method

for the preparation of mDNA–AuNPs with nearly quantitative yield by
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exploiting a conceptually new strategy of poly-adenine (polyA)-

mediated functionalization of AuNPs (Figure 1a). We previously

found that unmodified diblock DNA strands bearing consecutive

adenines could strongly bind to AuNPs with the polyA block, whereas

the other block lifted up at the surface for sequence recognition.34

Significantly, polyA not only possesses similar affinity to the thiol

group but also offers greater control of DNA assembly on AuNPs. The

surface density of DNA can be facilely modulated by simply varying

the length of polyA.34 Inspired by this study, we propose that a single

AuNP can accommodate only one strand of DNA when the polyA

length is sufficiently long.

MATERIALS AND METHODS

Reagents and materials
All oligonucleotides were synthesized and purified by Life Technologies Corp.

(Shanghai, China), and the sequences are presented in Supplementary Table S1.

Bis(p-sulfonatophenyl) phenylphosphine dihydrate dipotassium salt (BSPP)

was from Sigma-Aldrich (St Louis, MO, USA). AuNPs of 5 or 10 nm were

obtained from Ted Pella Inc. (Redding, CA, USA) Citrate-HCl buffers were

prepared using the protocol reported in Pellegrino et al.35

Preparation of BSPP-protected AuNPs
BSPP (3mg) was added to a 10-ml solution of AuNPs (10 or 5 nm), and the

mixture was shaken overnight at room temperature. NaCl was added slowly to

this mixture while stirring until the color changed from deep burgundy to light

purple. The resulting mixture was centrifuged at 8000 r.p.m. for 5 min, and the

supernatant was then removed. AuNPs were then resuspended in 0.5ml of

BSPP solution (2.5mM) and mixed with 0.5 ml methanol. The mixture was

again centrifuged, the supernatant was removed and the AuNPs were

resuspended in 100 μl of BSPP solution (2.5mM). The concentration of

the ~ 100-fold concentrated AuNPs was estimated from the optical absorbance

at 520 nm.

PolyA-mediated synthesis of mDNA–AuNPs
For preparing mDNA–AuNPs, 100 nM of BSPP-AuNPs was mixed with DNA

strands with different polyA lengths (presented in Supplementary Table S1, for

example, polyA80) of appropriate concentrations (typically 500 nM). After 1

min, citrate-HCl buffer (500mM, pH 3.1) was rapidly added to the DNA/

AuNPs mixture to a final citrate concentration of 10mM. This mixture was

incubated for 15min at room temperature. For preparing bivalent and trivalent

DNA–AuNPs, the protocol was similar, except that a different polyA-DNA

(typically polyA40-DNA) was chosen.

Agarose gel electrophoresis separation and recovery of DNA–

AuNPs
Two percent agarose (Bio-Rad, (Hercules, CA, USA) dissolved with 0.5×TBE

buffer) was used for gel electrophoresis. Ten microliters of DNA–AuNP

conjugates containing 50% sucrose was added to each lane, and the gel was

run at 100 V for at least 40min. The running buffer was also 0.5 ×TBE buffer.

The images of gels were recorded using a digital camera. To recover DNA–

AuNP after electrophoresis separation, we cut the desired band out from the gel

and immersed it in an electro-elution buffer (30% sucrose, 0.5 ×TBE).

Subsequently, the red-colored products were recollected and then centrifuged

(12 000 r.p.m., 30min) to remove the sucrose solution, which was subsequently

resuspended in 0.05 M sodium phosphate buffer (0.05M NaCl, 5mM PB, pH

7.4). The yields of DNA–AuNPs were calculated by analyzing the color

intensities of bands in gel via the software ImageJ.

PolyA adsorption kinetics
FAM-labeled polyA oligonucleotide (FAM-polyA, see Supplementary Table S1,

1 μM) was mixed with citrate-AuNPs or BSPP-AuNPs at either pH 7 or pH 3.

The fluorescence intensity (FI) of FAM (emission at 515 nm) at each timepoint

was recorded by using a fluorescence spectrometer (F-4500, Hitachi, Tokyo,

Japan) and was normalized to the initial FI (F0). In the case of acidic pH, the

resulting mixture was re-adjusted to neutral pH using PBS before performing

the fluorescence measurement to avoid the effect of pH on the FAM

fluorescence.

Figure 1 (a) Scheme showing polyA-mediated formation of mDNA–AuNPs. (b) Gel electrophoresis and (c) TEM characterization of mDNA–AuNPs and the

dimer of two types of mDNA–AuNPs with complementary sequences. Inset: the magnified image of a dimer.
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DNA hybridization
PolyA-probe and SH-probe (Supplementary Table S1) were used for preparing

mDNA–AuNPs and pDNA–AuNPs. pDNA–AuNPs were prepared by using a

‘salt-aging’ protocol, and the number of immobilized DNA strands was

quantified by using a displacement-based fluorescent assay.36 Thiol-mediated

mDNA–AuNPs were prepared using a strand displacement strategy.37 Next,

FAM-labeled target DNA (Supplementary Table S1, 5 nM) was mixed with

polyA mDNA–AuNPs (5 nM), thiol mDNA–AuNPs(5 nM), or DABCYL-labeled

free probe (5 nM). The FI of FAM at each timepoint was recorded and was

normalized to the initial fluorescence intensity (F0). The hybridization

efficiencies were determined according to the previously reported protocol.34

The FAM-labeled target DNA (2 μM) was reacted with either polyA mDNA–

AuNPs (5 nM) and thiol pDNA–AuNPs (5 nM) under hybridization conditions

(0.1M NaCl, 10mM PB, pH 7.4) for 2 h. Non-hybridized DNA strands were

then removed via centrifugation (12 000 r.p.m., 30min). Subsequently, the

FAM-labeled DNA was dehybridized with addition of NaOH (final concentra-

tion 50mM, pH 11–12, 2 h). Finally, the dehybridized DNA was separated via

centrifugation, neutralized by addition of 1M HCl, and then quantified with

fluorescent measurement. The fluorescence intensities were converted to molar

concentrations of the target DNA by interpolation from a standard linear

calibration curve.

Assembly of DNA–AuNPs
DNA–AuNPs with complementary sequences (polyA80-DNA and polyA80-

cDNA in Supplementary Table S1) were mixed at a proper ratio (typically 1:1),

and the concentration of NaCl was then increased to 100mM by adding 1M

sodium phosphate buffer (1M NaCl, 100mM PB, pH 7.4). The mixture was

then annealed overnight.

Transmission electron microscopy
The sample solution (5 μl) was deposited on the grid for 5 min, after which, the

excess solution was wicked away with filter paper. Imaging was performed

using a Tecnai TF20 microscope (FEI, Hillsboro, OR, USA) operated at an

acceleration voltage of 200 kV.

RESULTS AND DISCUSSION

The DNA strands used for functionalization of AuNPs contain a polyA

block of various lengths and a block of designed sequences for DNA

hybridization.34 In our previous work, this diblock DNA was

incubated with citrate-stabilized AuNPs of 10 nm using the ‘salt-aging’

protocol that lasts 1–2 days.3 Nevertheless, the protocol requires

excessive amount of DNA strands to stabilize AuNPs against salt-

aging, which is not suitable for the preparation of mDNA–AuNPs

because of the low-DNA/AuNP ratios. Indeed, we found that AuNPs

easily aggregated in our experimental settings (DNA/AuNPs ratioo20,

data not shown). To avoid this problem, we first stabilized AuNPs

with BSPP, so that they were stable in solutions of high ionic strength.

Importantly, polyA can effectively displace BSPP and bind to AuNPs.

When the diblock DNA was incubated with BSPP-protected AuNPs,

we found that the resultant conjugates were hybridizable with the

complementary sequence, suggesting the successful formation of

DNA–AuNP conjugates (Figure 1). Agarose gel electrophoresis was

used to purify these conjugates.35 We observed a ladder of red-color

bands in the gel that corresponded to the DNA–AuNP conjugates with

different numbers of DNA strands. The red color arises from the

plasmonic adsorption of 10-nm AuNPs at 519 nm. Previous studies

Figure 2 Gel images and the yields of different products from AuNPs treated with (a) polyA80-DNA under different pH conditions; (b) DNA strands of

different polyA lengths; and (c) polyA80-DNA of different DNA/AuNPs ratios. ‘N/A’ denotes untreated BSPP-AuNPs. The dashed frame represents the highest

yield of mDNA–AuNPs.
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have shown that the number of DNA strands on AuNPs is generally

inversely related to their migration rate in gel electrophoresis.24,38 We

reasoned that the band (b1) located right above the band of non-

functionalized AuNPs (b0) corresponded to mDNA–AuNPs, given

that the migration of mDNA–AuNPs should be least retarded by the

attached single DNA strand. The conjugate in b1 was recovered via

electroelution. To confirm that this conjugate was mDNA–AuNPs, we

performed a hybridization assay by using two types of mDNA–AuNPs

that had complementary sequences in the recognition blocks. As

shown in Figure 1b, the two mDNA–AuNPs exhibited single bands

(b1) that migrated approximately the same distance in the gel, which

were slightly slower than non-functionalized AuNPs (b0). After

hybridization, gel electrophoresis indicated the presence of two bands,

one at the position of b1 and the other with slower migration (b2).

The recovered conjugates from b2 were characterized using a

transmission electron microscope, which showed (Figure 1c) that

the majority of DNA formed dimers with AuNPs. Hence, we

confirmed that the conjugates in b1 were mDNA–AuNPs, whereas

b2 corresponded to the one-to-one hybridsized product of two

complementary mDNA–AuNPs. Given these findings, we conclude

that polyA can effectively mediate the anchoring of DNA on BSPP-

protected AuNPs.

The adsorption of polyA on BSPP-protected AuNPs was much

slower than that on citrate-stabilized AuNPs at near-neutral pH

(Supplementary Figure S1a). Interestingly, we found that this process

could be greatly accelerated at acidic pH, a phenomenon similar to

that in the case of thiolated DNA.39,40 To systematically investigate the

pH effect on polyA-mediated functionalization of AuNPs, we prepared

a series of buffer solutions with various pH values, which were mixed

with the solution of DNA and AuNPs. As the presence of AuNPs in

solution perturbs precise measurements of the solution pH, the pH

values hereafter indicate the pH of the buffer solutions instead of the

mixed solutions. We found that a diblock DNA with 80As (polyA80)

could be readily assembled on AuNPs within 15min when the

solution pH was below 4, whereas AuNPs were hardly functionalizable

within a short period at pH 4–8 (Supplementary Figure S1b).

Therefore, the low pH-assisted assembly strategy facilitates the

preparation of DNA–AuNPs without using the tedious salt-aging step.

Further analysis in the pH range of 2–4 (Figure 2a and Supplementary

Table S2) revealed that an extremely high yield of~ 90% was realized

with the buffer of pH 3.1. This nearly quantitative yield suggests that

polyA80 can be ‘clicked’ onto AuNPs and that wrapping of polyA80

occupies the surface of AuNPs, such that the adsorption of additional

DNA strands is prevented.

We next explored the length effect of polyA on DNA functionaliza-

tion of AuNPs. The pH value of the buffer solution was fixed at the

optimal level of 3.1. We used 100-base diblock DNA strands, with the

length of the polyA block in the range of 10–80. Our previous studies

indicated that nearly all As could be directly adsorbed onto Au,

making polyA lying flat on the AuNP surface.34 Consistently, we found

that the yield of mDNA–AuNPs was improved along with the length

increase when the polyA length exceeded 40, which reached a

maximum of~ 90% with polyA80 (Figure 2b and Supplementary

Figure 3 (a) Gel images for AuNPs treated with different polyA-DNAs (from left to right in each gel: untreated AuNPs, AuNPs treated with DNA strands

containing polyA0~polyA70) with different pH buffers. (b) The heat map of mDNA–AuNPs yields derived from (a).

Figure 4 Gel images for two types of unpurified mDNA–AuNPs with

complementary sequences and their hybridized conjugates.
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Table S3). Noticeably, we obtained a large portion of divalent or

trivalent DNA–AuNPs with polyA of shorter lengths (40–70), suggest-

ing that the surface occupation is the driving force for the preparation

of mDNA–AuNPs. Interestingly, we also note that the synthesis yield

was decreased when the polyA length was below 40. In particular, we

obtained a mDNA–AuNPs yield of 62% with polyA10, leaving ~ 36%

of unmodified AuNPs. We ascribe this counter-intuitive phenomenon

to the kinetic effect. Because this low-pH-assisted strategy is largely a

kinetic process instead of the thermodynamic one for salt-aging over

1–2 days, longer polyA should have stronger tendency to bind to

AuNPs with faster speed. Regardless, we conclude that low-valence

DNA–AuNPs including mDNA–AuNPs can be rapidly prepared with

high yields by simply varying the length of polyA.

We further studied the effect of the stoichiometric ratio between

DNA and AuNPs (DNA/AuNPs) on the functionalization of polyA80

onto AuNPs. Significantly, we found that the yield of mDNA–AuNPs

was insensitive to the ratio of DNA/AuNPs when the ratio exceeded

one (Figure 2c and Supplementary Table S4). This result suggests that

polyA80 provides sufficient affinity and steric hindrance to wrap the

surface AuNPs, thereby preventing the adsorption of additional

strands. In contrast, excess thiolated DNA tended to result in the

formation of polyvalent DNA–AuNPs (Supplementary Figures S2a, b).

This effect provides further evidence for the clicking nature of polyA

to AuNPs, which obviates the necessity to precisely quantify the

amount of DNA and AuNPs. Therefore, this polyA-mediated strategy

can form mDNA–AuNPs with a nearly quantitative yield of 90%.

Given that both pH and polyA length are two crucial factors for the

preparation mDNA–AuNPs, we next performed a two-factor screen-

ing experiment to identify the optimum condition. By varying both

the pH and polyA length, we generated a two-dimensional array to

Figure 5 (a) The DNA hybridization kinetics of free DNA probes, thiol-mediated mDNA–AuNPs and polyA-mediated mDNA–AuNPs. (b) Kinetic constants

derived from (a). (c) The hybridization efficiencies of probe DNAs on polyA-mediated mDNA–AuNPs and thiol-mediated pDNA–AuNPs with their target DNA.

Figure 6 (a) Schematic representation showing monovalent, divalent and trivalent 10-nm DNA–AuNPs hybridized with one, two and three 5-nm mDNA–

AuNPs. (b) Gel images of these DNA–AuNPs and their conjugates. (c) TEM characterization of heterogenous dimers, trimers and tetramers of DNA–AuNPs

(from left to right).
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demonstrate the yields of mDNA–AuNPs (Figure 3). We found that

polyAs of different lengths had their own optimum pH values that

resulted in high yields of ~ 60–70%. Importantly, compared with the

yield of polyA with 10–70 bases, the combination of polyA80 and the

buffer of pH 3.1 exhibits the highest yield of 90%. Even unpurified

mDNA–AuNPs can be directly used for further assembly of dimers.

Two types of mDNA–AuNPs with complementary DNA sequences led

to the formation of dimers with a yield of ~ 45% (Figure 4).

Having obtained mDNA–AuNPs with high yield, we then inter-

rogated their hybridization ability. As AuNPs are excellent quenchers

for fluorescence, we used fluorophore-labeled complementary DNA

strands to hybridize with mDNA–AuNPs. The fluorophore was

located in the proximity of the AuNP surface after hybridization,

resulting in efficient fluorescence quenching. As controls, we used

thiolated DNA-mediated mAuNPs and organic quencher-labeled

DNA strands. Kinetic studies indicated that hybridization on thiol-

mediated mDNA–AuNPs was slower than pure homogenous DNA–

DNA hybridization by 42%, whereas that on polyA-mediated ones was

only 27% slower (Figures 5a and b). This result indicates that polyA-

mediated mDNA–AuNPs have faster hybridization kinetics than

thiolated DNA-based mDNA–AuNPs, possibly due to the different

degrees of freedom of surface-confined DNA strands. We also

compared the hybridization efficiency of polyA-based mDNA–AuNPs

and thiolated pDNA–AuNPs (~24 DNA strands per particle) bearing

the same probe sequence. Both samples were hybridized with excessive

fluorophore-labeled target DNAs for 2 h. We found that mDNA–

AuNPs had a hybridization efficiency of ~ 99%, whereas only ~ 30%

of the DNA strands on pDNA–AuNPs were hybridized (Figure 5c).

The availability of mDNA–AuNPs offers great potential for bottom-

up construction of nanostructures with high precision. To substantiate

this potential, we prepared a series of building blocks comprised of

mDNA–AuNPs of 10 or 5 nm, bivalent, and trivalent DNA–AuNPs of

10 nm (Figures 6a and b). The mDNA–AuNPs were prepared using

the polyA-mediated click strategy described above, and bivalent and

trivalent DNA–AuNPs were purified with gel electrophoresis. Using

these AuNPs of fixed valences, we obtained three types of hetero-

genous oligomers, including dimers, trimers and tetramers, with

reasonably high yields of 63, 56, and 23%, respectively (Figures 6b

and c). Apparently, these fixed-valence DNA-AuNPs are analogous to

atoms used to precisely form molecule-like nanoassemblies.

CONCLUSIONS

In summary, we demonstrated a facile and fast strategy to prepare

mDNA–AuNPs using diblock polyA-DNA. Under acidic pH, polyA

can be rapidly adsorbed on AuNPs. With a polyA length of 80, DNA

strands can be ‘clicked’ onto AuNPs with nearly quantitative yields and

with insensitivity to the stoichiometric ratio of DNA/AuNPs. These

polyA-mediated mDNA–AuNPs exhibited fast hybridization kinetics

and high hybridization efficiency. Using DNA–AuNPs of fixed

valences, we demonstrated that well-defined molecule-like nanoas-

semblies of heterogeneous oligomers can be readily formed.4,41 It is

also envisioned that these DNA–AuNPs can be further exploited to

assemble high-ordered structures, for example, hydrogel or crystals

with better control and homogeneity.14–16 In addition, because we

have obtained high yields of well-defined and uniform Au nanos-

tructures, we expect that this system holds great promise for DNA-

regulated plasmonic applications42,43 and biomolecular imaging.44–47
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