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Quantitative investigation of the 
poly-adenine DNA dissociation 
from the surface of gold 
nanoparticles
Weiwen Lu1, Lihua Wang2, Jiang Li2, Yun Zhao1, Ziang Zhou3, Jiye Shi4, Xiaolei Zuo2 & 
Dun Pan2

In recent years, poly adenine (polyA) DNA functionalized gold nanoparticles (AuNPs) free of 
modifications was fabricated with high density of DNA attachment and high hybridization ability 
similar to those of its thiolated counterpart. This nanoconjugate utilized poly adenine as an 
anchoring block for binding with the AuNPs surface thereby facilitated the appended recognition 
block a better upright conformation for hybridization, demonstrating its great potential to be 
a tunable plasmonic biosensor. It’s one of the key points for any of the practical applications to 
maintaining stable conjugation between DNA oligonucleotides and gold nanoparticles under various 
experimental treatments. Thus, in this research, we designed a simple but sensitive fluorescence 
turn-on strategy to systematically investigate and quantified the dissociation of polyA DNA on 
gold nanoparticles in diverse experimental conditions. DNA desorbed spontaneously as a function 
of elevated temperature, ion strength, buffer pH, organic solvents and keeping time. What’s more, 
evaluating this conjugate stability as affected by the length of its polyA anchor was another crucial 
aspect in our study. With the improved understanding from these results, we were able to control 
some of our experimental conditions to maintain a good stability of this kind of polyA DNA− AuNPs 
nanoconjugates.

DNA-functionalized gold nanoparticles (AuNPs) which integrated the molecular recognition and 
self-assembly ability of DNA1–5 with the high extinction coefficient and excellent optical properties of 
AuNPs have played a vital role in the flourishing field of nanotechnology since 19966,7. Meanwhile, 
numerous of fundamental insights have been obtained by using such versatile nanoconjugates, which 
demonstrated their appealing perspective and great potential for various applications8–17. They have been 
employed extensively for gene regulation18–20, drug delivery21–24, novel nanostructure fabrication3,6, opti-
mization of the specificity of polymerase chain reactions (PCR)25, biosensoring for metal ions, small mol-
ecules, biomolecules and even living cells26–35. AuNPs are stable, catalytically active36, and can be readily 
synthesized by the simple reduction chemistry31. Moreover, AuNPs possess high extinction coefficients 
and a distance dependent optical property27,37. Traditional DNA− AuNPs nanoconjugates exploit strong 
Au− S bond to assemble thiolated oligonucleotides at the surface of AuNPs6,27. Owing to the protection 
of the dense DNA layer, AuNPs could remain more favorable colloidal stability. Nevertheless, despite 
the promise of such thiolated DNA AuNPs conjugates in many applications, it’s still difficult to precisely 
control the orientation and density of such thiolated oligonucleotides and tune the hybridization ability. 
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In addition, the dissociation of DNA which derived from the Au− S bond cleavage would happen easily 
when the conjugates were exposed to other thiols, high temperatures and acidic buffer solutions38,39. 
Since stable linkage between DNA and AuNPs means a lot to most applications, researchers utilized 
different organosulfur anchors such as alkanethiol, acyclic disulfide and cyclic disulfide for conjuga-
tion40–42. Studies focused on the salt-dependent colloidal stability of DNA− AuNPs16,43,44 and studies 
about dissociation of thiol-modified DNA− AuNPs in aqueous and organic solvents45,46 have emerged 
during these years as well.

Since 2004, researchers have found that single-stranded, short, and unfolded polyA DNA could pro-
tect AuNPs against salt-induced aggregation24,29. Extensive essential investigations were focused on this 
field. It has been revealed that the polyA DNA loading capacity (with an absorption energy ~120 kJ/
mol) is much lower than its thiolated counterpart (~160 kJ/mol). However, polyA DNA seemed to wrap 
around the AuNPs and failed to obtain an upright conformation9,14. This phenomenon may explain why 
few reports exploit this kind of conjugates for biosensing. Lately, two independent investigations have 
resolved this problem perfectly. Our team reported a new salt-aging strategy that using poly adenine 
(polyA) as an anchoring block to modified diblock polyA DNA onto the AuNPs47. Subsequently, Liu 
and his co-workers used a low pH method to fabricate polyA poly adenine DNA onto AuNPs with a 
high dense shell48. The two approaches were created conjugates share similar good colloidal stability and 
facilitated the recognition block an upright conformation that favored DNA hybridization. In our work, 
we found the surface density decreased along with the length increase of the polyA block. All adenines 
in the polyA block, independent of the length, are completely adsorbed on AuNPs to enable full surface 
coverage. We have demonstrated that polyA served as an effective anchoring block and the appended rec-
ognition block adopts an upright conformation that favored DNA hybridization. Afterwards, fundamen-
tal understanding of the interaction between polyA DNA and AuNPs was demonstrated such as how to 
control the polarity of polyA DNA adsorption and the optimal number of adenine in the polyA anchor49.

In consideration of the costly synthesis of thiol-labeled DNA, it’s necessary to have more fundamental 
researches about this alternative polyA DNA hybrid and evaluate its possibility for more applications 
instead of its thiol-labeled counterpart. Numerous of enzymatic molecular biology manipulations such as 
PCR demand a high stability of the bound DNA. Thus, one primary target is keeping DNA from disso-
ciation39. The high salt-dependent colloidal stability and remarkable high temperature tolerance of such 
DNA− AuNP nanoconjugates were confirmed during previous studies47–49. However, few works were 
directly studied the stability of polyA modified DNA on gold nanoparticles. In this paper, a systematic 
insight has been interpreted in the kinetics of DNA dissociation as a function of temperature, buffer pH, 
organic solvent and ionic strength. Three different length of polyA block (polyA10, polyA20, polyA30) with 
same recognition block were occupied as anchor fragments in our experiment so that conjugate stability 
with the change of polyA length can be compared apparently. As a consequence, polyA20 and polyA30 
DNA− AuNPs conjugates showed preferable stability in most of the experiment conditions.

Results and Discussion
To systematically study the dissociation of polyA DNA on golden nanoparticles in diverse experimen-
tal conditions and quantify the fraction of released DNA, we designed a set of diblock single-stranded 
DNA with a different length of polyA block (polyA10, polyA20, polyA30) and a same recognition block 
to modify the AuNPs. As shown in Table S1, particularly, the 5’ termini of those DNA molecules were 
labeled with the fluorescent dye carboxyfluorescein (FAM). As a consideration of other factors such as 
DNA degradation may affect the quantification of released amount of DNA, we choose the 5’ termini 
of the DNA for FAM labelling. Thus all of the fluorescence should stem from DNA desorption. 13 nm 
diameter gold nanoparticles were selected for our research since these particles were readily synthesized 
and large enough to quench the fluorescence of bound fluorescent DNA completely.

We then evaluated the stabilities of these polyA DNA− AuNPs probes by designing a simple but sensi-
tive fluorescence turn-on assay (Fig. 1A) that have been used in the thiolated DNA− AuNPs38,45,46. To put 
it simply, the fluorescence of FAM-labeled DNA was quenched as a consequence of the close proximity 
between FAM and AuNPs when the DNA molecule was conjugated to AuNPs. Once the DNA molecule 
was released from AuNPs, the fluorescence intensity could be monitored easily.

In a typical experiment to functionalize AuNPs, an excess amount of DNA (1.5 μ M) was incubated 
with ~10 nM AuNPs. The hybrids were purified by centrifugation to remove free DNA in the super-
natant, and the purified hybrids were resuspended in 5 mM HEPES buffer and stored under various 
environmental and buffer conditions. At designated time points the AuNPs were centrifuged and the 
supernatant fluorescence intensity was measured to quantify the fraction of released DNA.

Thermal desorption of DNA from the DNA−AuNPs conjugates. The DNA− AuNPs conjugates 
were always used in biotechnological experiments that require high temperatures, such as polymerase 
chain reaction (PCR).As a consequence, on the basis of the fluorescence measuring scheme described 
above, we studied the effect of variable length of polyA on the thermal stability of DNA− AuNPs con-
jugates by comparing the fraction of desorbed DNA from those DNA− AuNPs conjugates at elevated 
temperatures over time. AuNPs modified with those three different DNAs (polyA10, polyA20 and polyA30) 
were dispersed in 5 mM of HEPES buffer solution at pH 7.4. Heating these DNA-AuNPs hybrids at 55 °C, 
65 °C, 75 °C, 85 °C and 95 °C for 10 minutes (Fig.  1B) resulted in fluorescent increases. DNA− AuNPs 
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conjugates incubated at the highest temperature yielded the greatest fluorescence increases. Particularly, 
polyA20 DNA− AuNPs and polyA30 DNA− AuNPs showed relatively higher thermal stability in that even 
no dissociation have been observed at lower temperatures. For polyA20 DNA, it released only by 0.2% 
until 65 °C. As for polyA30 DNA, desorption happened at 75 °C with a fraction of 1.79%. In addition, we 
heated these conjugates at 95 °C for 10 minutes, 20 minutes, and 30 minutes (Fig. 1C) to have a further 
understanding about the thermal stability of these conjugates. Amazingly, all of the conjugates showed a 
high stability even been exposed at 95 °C for a long time. After heated at 95 °C for 30 min, PolyA10 DNA 
desorbed 39.55%, however polyA20 DNA and polyA30 DNA only desorbed 25.14% and 16.71% respec-
tively. Serving as an anchoring block, the polyA block was adsorbed onto the AuNPs through every ade-
nine nucleotide to fully take the multivalent advantage. In our experiment, the DNA desorption clearly 
showed an adenine length-dependent increase and that’s in line with the recent report47,49.

Moreover, we examined the stability of polyA20 DNA− AuNPs containing higher NaCl concentration 
(0.1 M and 0.3 M). Fractions of released polyA20 DNA from AuNPs over a period of 4, 6, 8 and 12 minutes 
at 95 °C was quantified (Fig. 1D). Although NaCl has been shown to accelerate the desorption for both 
thiolated DNA and polyA DNA45,50 and faster desorption was observed with a greater concentration of 
NaCl48. In our result, however, NaCl had little regular effect on the DNA desorption, exhibiting this kind 
of nanoconjugate was highly resistant to salt and heating.

Effect of pH on desorption of DNA from the polyA DNA−AuNPs conjugates. Since 
DNA− AuNPs hybrids were always used in numerous of biochemical assays which may take place in 
different pH buffers, it’s necessary to study the pH effect. Thus, we next study desorption of these conju-
gates in pH 4, pH 7.4, pH 11, pH 13 in 5 mM HEPES buffer, respectively. To prevent other ions disturbing 
our results, we used HCl and NaOH to adjust buffer pH cautiously. The buffer pH was adjusted back to 
pH 7.4 to ensure the accuracy of FAM fluorescence.

As show in Fig. 2, after stored at room temperature for three days, in pH 4, the released DNA remained 
the lowest, while in pH 11, the amount of release began to rise. Interestingly, polyA20 DNA− AuNPs 
appeared lowest desorption suggesting the highest conjugate stability. It seems like the length of polyA 
was not a dominant effect on the DNA dissociation any more when the adenine number was beyond 20. 
Therefore, extreme high pH appeared to favor DNA desorption. Our result is consistent with the previous 

Figure 1. Effect of temperature (B, C) and NaCl concentration (D) on the release of the polyA-DNAs into 
solution. Each sample also contained 5 mM HEPES, pH 7.6. (A) Schematic illustrating the fluorescence-
based measurement of the released FAM-labeled DNA from the DNA− AuNPs. (B) Fraction of released 
DNA from polyA10, polyA20, polyA30 DNA-AuNPs over a period of 10 min at different temperatures (55, 65, 
75, 85 and 95 °C) (C) Fraction of released DNA from polyA10, polyA20, polyA30 DNA-AuNPs over a period 
of 10, 20 and 30 min at 95 °C (D) Fractions of released DNA from polyA20 DNA-AuNPs over a periods of 4, 
6, 8 and 12 min at 95 °C in different concentration of NaCl.
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study about the pH effect on thiolated DNA45. Despite the partially dissociation, polyA20 DNA− AuNPs 
and polyA30 DNA− AuNPs hybrids still remained a cheerful stablity with a low desorption 13.5% after 
stored at pH 13 buffer for 3 days.

Effect of Organic Solvents on desorption of DNA from the polyA DNA−AuNPs conju-
gates. Organic solvents play a vital role during various biochemical operations. Studies on the effect of 
organic solvents and ionic liquids have been reported previously with the thiolated DNA-AuNPs, and the 
studies focused on thermodynamic properties and hybridization kinetics of the conjugates mostly51,52. 
Here we tested the effect of different organic solvents on the non-thiolated DNA-AuNPs stability. As 
shown in Fig. 3, the conjugates were stable in 40% (v/v) of the solvents with the exception of ethanol, 
isopropanol and acetonitrile, which aggregated completely. The aggregation may attribute to the low 
solubility of DNA in those organic solvents compared to aqueous solution. This result testified that the 
nanoconjugates can be successfully dispersed in most majority of these organic solvents instead of being 
damaged. Conjugates in methanol partially aggregated as well, as indicated by the grey colour of dis-
persed AuNPs. By doubling the solvent concentrations to 80% (v/v), AuNPs aggregation began in DMF, 
as indicated by the dark blue colour of dispersed AuNPs.

However, regardless of the aggregation, we found DNA dissociation still remained at a low stand-
ard. Then, we quantified the amount of DNA desorption of DNA− AuNPs dispersed in 40% or 80% of 
various solvents all contained 5 mM HEPES, pH 7.4. As can be seen in Fig.  4, formamide, DMF, and 
DMSO harshly intensified the DNA dissociation for all of the 3 kind of hybrids. What’s more, polyA10 
DNA− AuNPs showed the most unstablity with beyond 30% of the DNA release fraction even in 40% of 
the solvents after one week of storage at room temperature. Notably, polyA20 DNA− AuNPs and polyA30 
DNA− AuNPs appeared excellent steadiness. The dissociation of DNA was below 20% in most major-
ity of those solvents excepted formamide, DMF, and DMSO. Based on the result as above, most of the 
organic solvents had a pretty moderate effect on DNA desorption of this kind of nanoconjugates.

DNA Dissociation Kinetics as a function of polyA length, EDTA, Ethanol and pH. It has been 
proved that significant amount of DNA dissociated from the AuNPs surface in a normal storage or reac-
tion buffer for both thiolated DNA and polyA DNA45,48. However, it was necessary to prepare purified 
DNA− AuNPs conjugates for different experiments. In this study we also test the DNA desorption as a 
function of polyA length, EDTA, ethanol and pH systematically. Since 100 mM NaCl is a commonly used 
salt concentration for DNA− AuNPs storage, this NaCl concentration was selected during our test. As 
shown in Fig.  5, initial fractions of released DNA were defined close to zero for all samples due to the 
free DNAs were removed completely after the centrifugation. For the three kind of polyA DNA− AuNPs, 
ethanol provided no protection on the conjugates, by contraries, ethanol (red dots) accelerated the DNA 
desorption dramatically (showed in Fig. 5A, B, C). EDTA (green dots), low temperature (blue dots) and low 
pH (pink dots) seemed have an obvious protection on the conjugates compared to the control (black dots). 
Particularly, samples with 2 mM EDTA inside yielded less amount of released DNA at 26 °C, suggesting the 
distinct protection effect of EDTA. EDTA was usually applied to keep DNA from enzymolysis and remove 
trace amount s of divalent metal ions. This may contribute to protect the conjugates. Moreover, all of the 
hybrids exhibited cheerful stability stored at room temperature (Fig. 5D). PolyA10 DNA (black block) des-
orbed ~35% after 15 days, while polyA20 DNA (red dot) and polyA30 DNA (blue triangle) desorbed ~11% 
and 15% respectively. Thus, if long time storage is needed, a relatively low temperature and slightly acidic 
buffers with a trifle of EDTA may be useful.

Figure 2. Effect of pH on the release of the polyA (10, 20 and 30, respectively) DNAs into solution. The 
buffers (5 mM HEPES) were adjusted for pH 4, 7.4, 11 and 13.
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Conclusion
To sum up, we have systematically studied the dissociation of different adenine length (polyA10, polyA20, 
polyA30) DNA on gold nanoparticle as function of diverse experimental and storage conditions. By quan-
tifying the dissociation of polyA modified DNAs on gold nanoparticles, we demonstrated that dissocia-
tion of DNA was accelerated by high temperature, high salt, alkalin buffer and ethanol. Thermal stability 
of these polyA DNA− AuNPs varied with the length of the polyA anchors. As polyA anchor lengthened, 
the DNA− AuNPs showed more resistant to heating. PolyA20 DNA− AuNPs and polyA30 DNA− AuNPs 
exhibited preferable endurance after other drastic treatments and preserving conditions. With this study, 
we have proved that the polyA DNA− AuNPs should be stored in 4 °C and low pH buffer with EDTA. 
The quantitative data may be helpful to the researchers whose studies employ polyA DNA− AuNPs con-
jugates, and provide new insights into the essential mechanism of polyA DNA dissociation from the 
surface of AuNPs.

Figure 3. Photographs of polyA (10, 20 and 30, respectively) DNA-functionalized AuNPs dispersed in 
various concentrations of organic solvents. DMF =  dimethylformamide; DMSO =  dimethyl sulfoxide; 
EG =  ethylene glycol. Each sample also contained 5 mM HEPES, pH 7.4. (A) Photographs of polyA10-DNA-
functionalized AuNPs dispersed in various concentrations of organic solvents. (B) Photographs of polyA20-
DNA-functionalized AuNPs dispersed in various concentrations of organic solvents. (C) Photographs of 
polyA30-DNA-functionalized AuNPs dispersed in various concentrations of organic solvents.
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Methods
Materials. AuNPs with 13 nm diameter were synthesized on the basis of the standard citrate reduc-
tion procedures31. All DNA samples were purchased from Sangon Biotech Co., Ltd (Shanghai, China) 
and purified by HPLC. The DNA sequences with Carboxyfluorescein (FAM)-labeled are listed in 
Table 1. HAuCl4 and KCN, EDTA, Sodium chloride, hydrochloric acid, Ethanol, sodium hydroxide, and 
4-(2-hydroxyethyl) piperazine-1-ethanesul-fonate (HEPES) were purchased from Sinopharm Chemical 
Regent Co. Ltd. β -mercaptoethanol (MCH) was purchased from Sigma-Aldrich. All buffer solutions were 
freshly prepared and filtered, and millipore water was used for all experiments.

PolyA DNA attachment to AuNPs. PolyA DNA− AuNPs nannoconjugates were prepared using 
the low pH DNA loading method recently reported by Liu50. The general procedure includes four steps. 
First, a small volume (3 μ l) of DNA stock solution (100 μ M in 5 mM HEPES buffer, pH 7.4) was added 
to 200 μ L prepared AuNPs solutions (10 nM) and mixed via a brief vortex mixing, and the final DNA 
concentration was 1.5 μ M. Second, 3 μ l of 500 mM pH 3 citrate·HCl buffer was added with a brief vortex 
mixing for a final concentration of 10 mM. Then the sample was incubated at room temperature for 
3 minutes. Third, 12 μ l of 500 mM HEPES buffer (pH 7.6) was used to adjust the pH of the AuNPs back 
to neutral. What’s more, another 10 minutes of incubation at room temperature was needed. Finally, the 
DNA modified AuNPs was washed by repeated centrifuged at 15000 rpm for 20 minutes and the superna-
tant was removed. The nanoparticles were washed by ~6 rounds of centrifugation and then re-suspended 
with 5 mM HEPES (pH 7.4) so that the free DNA was removed completely. The purified DNA− AuNPs 
hybrids were dispersed in 5 mM HEPES buffer for further use.

Quantitative analysis of released DNA. The purified nanoconjugates were dispersedin appropriate 
buffers and transferred into different microcentrifuge tubes (20 μ l each with AuNPs concentration being 
~9 nM). In case of the interferences brought by the oligonucleotides released during storage, conjugates 
should be purified freshly for experiments. After treatments, the tubes were centrifuged at 12000 rpm for 
15 minutes and the supernatant was diluted to 400 μ l with HEPES buffer (5 mM, pH 7.4). All sample tubes 
should be stored at a dark place in that photobleaching may happen on the FAM fluorescein. We quanti-
fied the released DNA by using a displacement-based fluorescence method. First, calibration curves were 
built by plotting the fluorescence intensity of each standard DNA concentration series. Then 20 μ l of the 
purified conjugates (~9 nM) were treated with 100 mM 6-mercapto-1-hexanol (MCH) solution to reach 

Figure 4. Effect of various concentration (40%, 80%) solvents on the release of the polyA10, polyA20, 
polyA30-DNA into solution. Each sample also contained 5 mM HEPES, pH 7.6.
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a final concentration of 20 mM. This solution was incubated overnight, and centrifuged at 12000 rpm for 
15 minutes. And the supernatant was diluted to 400 μ l with HEPES buffer for fluorescence measurement. 
Since the fluorescence of all these testing supernatant solutions (Ft) and MCH-treated AuNPs (F) were 
measured, corresponding concentration of testing supernatant solutions (Ct) and MCH-treated AuNPs 
solution (C) could be calculated according to the calibration curves built before. Thus, the fraction of 
released DNA was determined to be Ct/C. For estimating the percentage of released DNA, we set 10 μ l as 
a fixed volume of supernatant for fluorescence testing every time. All experiments were run in triplicate. 
The fluorescence was quantified using a Fluorescence spectrometer (Edin Burgh F900).

Thermal stability of polyA DNA−AuNPs. To study the effect of elevated temperature, each 20 μ l 
of the conjugates (~9 nM, with 5 mM HEPES, pH 7.4) were incubated at designated temperatures with 
Thermo mixer comfort (Eppendorf).After that, the supernatant fluorescence was measured after a cen-
trifugation at 12000 rpm for 15 minutes.

Figure 5. Dissociation of the three polyA10, polyA20, polyA30 DNA from AuNPs surface as a function of 
DNA sequence, salt, EDTA (2 mM), temperature, and ethanol (80%). All samples contained 100 mM NaCl, 
pH 7.4. (A, B, C) Dissociation of the polyA10 DNA, polyA20 DNA and polyA30 DNA from AuNPs surface 
at different storage conditions. (D) Comparison of the DNA desorption kinetics come from the 3 different 
kinds of DNA AuNPs conjugates. polyA10 DNA− AuNPs (black block), polyA20 DNA− AuNPs (red dot) and 
polyA30 DNA− AuNPs (blue triangle) contained 100 mM NaCl, in 26 °C.

DNA Name Sequences (from 5’to3’) Modification

polyA10-DNA AAAAAAAAAAACCATTCCCACCCTT 5’FAM

PolyA20-DNA AAAAAAAAAAAAAAAAAAAAACCATTCCCACCCTT 5’FAM

polyA30-DNA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCATTCCCACCCTT 5’FAM

Table 1.  A List of the DNA Sequences Used in This Work.
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Effect of pH on desorption of DNA from the polyA DNA−AuNPs conjugates. To study the 
effect of pH, we adjust the pH of 5 mM HEPES buffer solutions to three different levels (pH 4, 11, and 
13) beforehand. The purified conjugates were centrifugated as described above and dispersed in 25 mM 
HEPES buffer (pH 7.6) with a final AuNPs concentration of 45 nM. 4 μ l of such AuNPs was mixed 
respectively with 100 μ l of those buffers above. All samples were stored at room temperature. 3 days later, 
the supernatant pH value was adjusted to 7.4 with a final volume of 400 μ l before its fluorescence was 
measured since FAM is a pH-dependent fluorophore. A centrifugation was needed to remove the free 
DNA before the measurement.

Effect of organic solvents on desorption of DNA from the polyA DNA−AuNPs conju-
gates. The purified conjugates were centrifugated as described above and dispersed in 25 mM HEPES 
buffer (pH 7.6) with a final AuNPs concentration of 45 nM. 4 μ l of such AuNPs was mixed respectively 
with 16 μ l 100% and 50% solvents so that the final solvent concentration was 80% and 50%, respectively, 
and the AuNPs concentration was ~9 nM. All these samples were exposed at room temperature for one 
week. To test the effect of the organic solvents, the colour of the AuNPs was recorded by a digital camera. 
Then, the supernatant fluorescence was measured after a centrifugation at 12000 rpm for 15 minutes.

DNA dissociation at different storage conditions. To study the DNA dissociation at different 
storage conditions, purified DNA− AuNPs hybrids were stored at various environmental and buffer con-
ditions. Each 20 μ l of the conjugates (~9 nM) in buffer containing 100 mM NaCl, 5 mM HEPES, pH 7.4, 
After stored at designated time points (0, 5, 10, 15 days) , the supernatant fluorescence was measured 
with a centrifugation at 15000 rpm for 10 minutes.

References
1. Aldaye, F. A., Palmer, A. L. & Sleiman, H. F. Assembling materials with DNA as the guide. Science 321, 1795–1799 (2008).
2. Gothelf, K. V. & LaBean, T. H. DNA-programmed assembly of nanostructures. Org. Biomol. Chem. 3, 4023–4037 (2005).
3. Liu, D., Cheng, E. & Yang, Z. DNA-based switchable devices and materials. NPG Asia Mater. 3, 109–114 (2011).
4. Pinheiro, A. V., Han, D., Shih, W. M. & Yan, H. Challenges and opportunities for structural DNA nanotechnology. Nat. 

Nanotechnol. 6, 763–772 (2011).
5. Seeman, N. C. DNA in a material world. Nature 421, 427–431 (2003).
6. Mirkin, C. A., Letsinger, R. L., Mucic, R. C. & Storhoff, J. J. A DNA-based method for rationally assembling nanoparticles into 

macroscopic materials. Nature 382, 607–609 (1996).
7. Alivisatos, A. P. et al. Organization of ’nanocrystal molecules’ using DNA. Nature. 382, 609–611 (1996).
8. Brown, K. A., Park, S. & Hamad-Schifferli, K. Nucleotide-Surface Interactions in DNA-Modified Au-Nanoparticle Conjugates: 

Sequence Effects on Reactivity and Hybridization. J. Phys. Chem. C. 112, 7517–7521 (2008).
9. Cárdenas, M. et al. Thiol-specific and nonspecific interactions between DNA and gold nanoparticles. Langmuir 22, 3294–3299 

(2006).
10. Hill, H. D., Millstone, J. E., Banholzer, M. J. & Mirkin, C. A. The role radius of curvature plays in thiolated oligonucleotide 

loading on gold nanoparticles. ACS Nano 3, 418–424 (2009).
11. Jin, R., Wu, G., Li, Z., Mirkin, C. A. & Schatz, G. C. What controls the melting properties of DNA-linked gold nanoparticle 

assemblies? J. Am. Chem. Soc. 125, 1643–1654 (2003).
12. Lee, O.-S., Prytkova, T. R. & Schatz, G. C. Using DNA to link gold nanoparticles, polymers, and molecules: a theoretical 

perspective. J. Phys. Chem. Lett. 1, 1781–1788 (2010).
13. Park, S., Brown, K. A. & Hamad-Schifferli, K. Changes in oligonucleotide conformation on nanoparticle surfaces by modification 

with mercaptohexanol. Nano Lett. 4, 1925–1929 (2004).
14. Sandström, P. & Åkerman, B. Electrophoretic properties of DNA-modified colloidal gold nanoparticles. Langmuir 20, 4182–4186 

(2004).
15. Sikder, M. D. H. & Gibbs-Davis, J. M. The Influence of Gap Length on Cooperativity and Rate of Association in DNA-Modified 

Gold Nanoparticle Aggregates. J. Phys. Chem. C. 116, 11694–11701 (2012).
16. Zhang, X., Servos, M. R. & Liu, J. Instantaneous and quantitative functionalization of gold nanoparticles with thiolated DNA 

using a pH-assisted and surfactant-free route. J. Am. Chem. Soc. 134, 7266–7269 (2012).
17. Chen, P. et al. Gold nanoparticles for high-throughput genotyping of long-range haplotypes. Nat. Nanotechnol. 6, 639–644 

(2011).
18. Giljohann, D. A., Seferos, D. S., Prigodich, A. E., Patel, P. C. & Mirkin, C. A. Gene regulation with polyvalent siRNA−  nanoparticle 

conjugates. J. Am. Chem. Soc. 131, 2072–2073 (2009).
19. Rosi, N. L. et al. Oligonucleotide-modified gold nanoparticles for intracellular gene regulation. Science 312, 1027–1030 (2006).
20. Singh, N., Agrawal, A., Leung, A. K., Sharp, P. A. & Bhatia, S. N. Effect of nanoparticle conjugation on gene silencing by RNA 

interference. J. Am. Chem. Soc. 132, 8241–8243 (2010).
21. Bahadur, K., Thapa, B. & Bhattarai, N. Gold nanoparticle-based gene delivery: promises and challenges. Nanotechnol. Rev. 3, 

269–280 (2014).
22. Dhar, S., Daniel, W. L., Giljohann, D. A., Mirkin, C. A. & Lippard, S. J. Polyvalent oligonucleotide gold nanoparticle conjugates 

as delivery vehicles for platinum (IV) warheads. J. Am. Chem. Soc. 131, 14652–14653 (2009).
23. Ding, Y. et al. Gold Nanoparticles for Nucleic Acid Delivery. Mol. Ther. 22, 1075–1083 (2014).
24. Zanoli, L. M., D’Agata, R. & Spoto, G. Functionalized gold nanoparticles for ultrasensitive DNA detection. Anal. Bioanal. Chem. 

402, 1759–1771 (2012).
25. Deng, H. et al. Gold nanoparticles with asymmetric polymerase chain reaction for colorimetric detection of DNA sequence. 

Anal. Chem. 84, 1253–1258 (2012).
26. Degliangeli, F., Kshirsagar, P., Brunetti, V., Pompa, P. P. & Fiammengo, R. Absolute and Direct MicroRNA Quantification Using 

DNA–Gold Nanoparticle Probes. J. Am. Chem. Soc. 136, 2264–2267 (2014).
27. Elghanian, R., Storhoff, J. J., Mucic, R. C., Letsinger, R. L. & Mirkin, C. A. Selective colorimetric detection of polynucleotides 

based on the distance-dependent optical properties of gold nanoparticles. Science 277, 1078–1081 (1997).
28. Lee, K., Cui, Y., Lee, L. P. & Irudayaraj, J. Quantitative imaging of single mRNA splice variants in living cells. Nat. Nanotechnol. 

9, 474–480 (2014).



www.nature.com/scientificreports/

9Scientific RepoRts | 5:10158 | DOi: 10.1038/srep10158

29. Li, J. et al. A colorimetric method for point mutation detection using high-fidelity DNA ligase. Nucleic Acids Res. 33, e168–e168 
(2005).

30. Liu, D. et al. Gold nanoparticle-based activatable probe for sensing ultralow levels of prostate-specific antigen. ACS Nano 7, 
5568–5576 (2013).

31. Storhoff, J. J., Elghanian, R., Mucic, R. C., Mirkin, C. A. & Letsinger, R. L. One-pot colorimetric differentiation of polynucleotides 
with single base imperfections using gold nanoparticle probes. J. Am. Chem. Soc. 120, 1959–1964 (1998).

32. Wang, Z., Sun, N., He, Y., Liu, Y. & Li, J. DNA Assembled Gold Nanoparticles Polymeric Network Blocks Modular Highly 
Sensitive Electrochemical Biosensors for Protein Kinase Activity Analysis and Inhibition. Anal. Chem. 86, 6153–6159 (2014).

33. Li, D., Song, S. & Fan, C. Target-responsive structural switching for nucleic acid-based sensors. Acc. Chem. Res. 43, 631–641 
(2010).

34. Song, S. et al. Functional nanoprobes for ultrasensitive detection of biomolecules. Chem. Soc. Rev. 39, 4234–4243 (2010).
35. Zheng, X. et al. Catalytic gold nanoparticles for nanoplasmonic detection of DNA hybridization. Angew. Chem. 123,  

12200–12204 (2011).
36. Daniel, M.-C. & Astruc, D. Gold nanoparticles: assembly, supramolecular chemistry, quantum-size-related properties, and 

applications toward biology, catalysis, and nanotechnology. Chem. Rev. 104, 293–346 (2004).
37. Storhoff, J. J. et al. What controls the optical properties of DNA-linked gold nanoparticle assemblies? J. Am. Chem. Soc. 122, 

4640–4650 (2000).
38. Herdt, A. R., Drawz, S. M., Kang, Y. & Taton, T. A. DNA dissociation and degradation at gold nanoparticle surfaces. Colloid 

Surface B. 51, 130–139 (2006).
39. Letsinger, R., Elghanian, R., Viswanadham, G. & Mirkin, C. Use of a steroid cyclic disulfide anchor in constructing gold 

nanoparticle-oligonucleotide conjugates. Bioconjugate Chem. 11, 289–291 (2000).
40. Demers, L. M. et al. A fluorescence-based method for determining the surface coverage and hybridization efficiency of thiol-

capped oligonucleotides bound to gold thin films and nanoparticles. Anal. Chem. 72, 5535–5541 (2000).
41. Dougan, J. A., Karlsson, C., Smith, W. E. & Graham, D. Enhanced oligonucleotide–nanoparticle conjugate stability using thioctic 

acid modified oligonucleotides. Nucleic Acids Res. 35, 3668–3675 (2007).
42. Seela, F., Ding, P. & Budow, S. DNA gold nanoparticle conjugates incorporating thiooxonucleosides: 7-deaza-6-

thio-2′ -deoxyguanosine as gold surface anchor. Bioconjugate Chem. 22, 794–807 (2011).
43. Barrett, L., Dougan, J. A., Faulds, K. & Graham, D. Stable dye-labelled oligonucleotide-nanoparticle conjugates for nucleic acid 

detection. Nanoscale 3, 3221–3227 (2011).
44. Xu, S., Yuan, H., Xu, A., Wang, J. & Wu, L. Rapid synthesis of stable and functional conjugates of DNA/Gold nanoparticles 

mediated by Tween 80. Langmuir 27, 13629–13634 (2011).
45. Bhatt, N., Huang, P.-J. J., Dave, N. & Liu, J. Dissociation and degradation of thiol-modified DNA on gold nanoparticles in 

aqueous and organic solvents. Langmuir 27, 6132–6137 (2011).
46. Li, F., Zhang, H., Dever, B., Li, X.-F. & Le, X. C. Thermal Stability of DNA Functionalized Gold Nanoparticles. Bioconjugate Chem. 

24, 1790–1797 (2013).
47. Pei, H. et al. Designed diblock oligonucleotide for the synthesis of spatially isolated and highly hybridizable functionalization of 

DNA–gold nanoparticle nanoconjugates. J. Am. Chem. Soc. 134, 11876–11879 (2012).
48. Zhang, X., Liu, B., Dave, N., Servos, M. R. & Liu, J. Instantaneous attachment of an ultrahigh density of nonthiolated DNA to 

gold nanoparticles and its applications. Langmuir 28, 17053–17060 (2012).
49. Zhang, X., Liu, B., Servos, M. R. & Liu, J. Polarity control for nonthiolated DNA adsorption onto gold nanoparticles. Langmuir 

29, 6091–6098 (2013).
50. Liu, J. Adsorption of DNA onto gold nanoparticles and graphene oxide: surface science and applications. Phys. Chem. Chem. 

Phys. 14, 10485–10496 (2012).
51. Menhaj, A. B., Smith, B. D. & Liu, J. Exploring the thermal stability of DNA-linked gold nanoparticles in ionic liquids and 

molecular solvents. Chem. Sci. 3, 3216–3220 (2012).
52. Smith, B. D. & Liu, J. Assembly of DNA-Functionalized Nanoparticles in Alcoholic Solvents Reveals Opposite Thermodynamic 

and Kinetic Trends for DNA Hybridization. J. Am. Chem. Soc. 132, 6300–6301 (2010).

Acknowledgments
We are very grateful to prof. Fan for useful advices on the early draft of this manuscript. This work was 
supported by the National Basic Research Program (973 Program 2013CB933802), NSFC (21375319, 
20902096, 21105111), and Chinese Academy of Sciences.

Author Contributions
D.P. and Y.Z. designed the experiments. W.L., L.W., J.L. and Z.Z. performed experiments and data 
analysis. W.L., J.L., J.S., X.Z. and D.P. performed the calculations. D.P. and Y.Z. led the whole work and 
the analysis. W.L. and D.P. wrote the text. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lu, W. et al. Quantitative investigation of the poly-adenine DNA dissociation 
from the surface of gold nanoparticles. Sci. Rep. 5, 10158; doi: 10.1038/srep10158 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Quantitative investigation of the poly-adenine DNA dissociation from the surface of gold nanoparticles
	Results and Discussion
	Thermal desorption of DNA from the DNA−AuNPs conjugates. 
	Effect of pH on desorption of DNA from the polyA DNA−AuNPs conjugates. 
	Effect of Organic Solvents on desorption of DNA from the polyA DNA−AuNPs conjugates. 
	DNA Dissociation Kinetics as a function of polyA length, EDTA, Ethanol and pH. 

	Conclusion
	Methods
	Materials. 
	PolyA DNA attachment to AuNPs. 
	Quantitative analysis of released DNA. 
	Thermal stability of polyA DNA−AuNPs. 
	Effect of pH on desorption of DNA from the polyA DNA−AuNPs conjugates. 
	Effect of organic solvents on desorption of DNA from the polyA DNA−AuNPs conjugates. 
	DNA dissociation at different storage conditions. 

	Acknowledgments
	Author Contributions
	Figure 1.  Effect of temperature (B, C) and NaCl concentration (D) on the release of the polyA-DNAs into solution.
	Figure 2.  Effect of pH on the release of the polyA (10, 20 and 30, respectively) DNAs into solution.
	Figure 3.  Photographs of polyA (10, 20 and 30, respectively) DNA-functionalized AuNPs dispersed in various concentrations of organic solvents.
	Figure 4.  Effect of various concentration (40%, 80%) solvents on the release of the polyA10, polyA20, polyA30-DNA into solution.
	Figure 5.  Dissociation of the three polyA10, polyA20, polyA30 DNA from AuNPs surface as a function of DNA sequence, salt, EDTA (2 mM), temperature, and ethanol (80%).
	Table 1.   A List of the DNA Sequences Used in This Work.



 
    
       
          application/pdf
          
             
                Quantitative investigation of the poly-adenine DNA dissociation from the surface of gold nanoparticles
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10158
            
         
          
             
                Weiwen Lu
                Lihua Wang
                Jiang Li
                Yun Zhao
                Ziang Zhou
                Jiye Shi
                Xiaolei Zuo
                Dun Pan
            
         
          doi:10.1038/srep10158
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10158
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10158
            
         
      
       
          
          
          
             
                doi:10.1038/srep10158
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10158
            
         
          
          
      
       
       
          True
      
   




