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Abstract  

Single-stranded DNA can be adsorbed by citrate capped gold nanoparticles (AuNPs), resulting in 

increased AuNP stability, which forms the basis of a number of biochemical and analytical applications, 

but the fundamental interaction of this adsorption reaction remains unclear. In this study, we measured 

DNA adsorption kinetics, capacity, and isotherms, demonstrating that the adsorption process is governed 

by electrostatic forces. The charge repulsion among DNA strands and between DNA and  

AuNPs can be reduced by adding salt, reducing pH or by using non-charged peptide nucleic acid (PNA). 

Langmuir adsorption isotherms are obtained, indicating the presence of both adsorption and desorption 

of DNA from AuNPs. While increasing salt concentration facilitates DNA adsorption, the desorption rate 

is also enhanced in higher salt due to DNA compaction. DNA adsorption capacity is determined by both 

DNA oligomer length, DNA concentration and salt. Previous studies indicated faster adsorption of short 

DNA oligomers by AuNPs, we find that once adsorbed, longer DNAs are much more effective in 

protecting AuNPs from aggregation. DNA adsorption is also facilitated by using low pH buffers and high 

alcohol concentrations. A model based on electrostatic repulsion on  
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AuNPs is proposed to rationalize the aforementioned DNA adsorption/desorption behavior.   
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 Introduction  

Gold nanoparticles (AuNPs) play a particularly important role in bionanotechnology because they are 

ideal for interfacing with biomolecules and cells.1-6 AuNPs are available in large quantities with 

excellent size and shape control. At the same time, they are non-toxic, stable, conductive, catalytically 

active, and electron dense.7 AuNPs possess unique optical properties in terms of extremely high 

extinction coefficients, distance-dependent color and outstanding fluorescence quenching ability, 

popularizing them for biosensor development. Finally, thiol-containing biopolymers can chemisorb 

onto AuNPs to give rise to both colloidal stability and functionalization. Proteins and nucleic acids 36 

without thiol groups can also be adsorbed via other interactions. Many of these properties have been 

known for a long time and AuNPs were prepared over 150 years ago, but the role of AuNPs in 

bionanotechnology emerged only since 1996 when thiol-modified DNAs were used to functionalize 

AuNPs.8, 9 The programmable nature of DNA has been passed to 40 AuNPs, making it possible to 

synthesize AuNP oligomers,9, 10 random aggregates,8 periodic structures11, 12 and crystalline 

superlattices.13-15 While most studies involved thiolated DNA,16-21 adsorption of non-thiolated DNA has 

also turned out to be quite useful.22-24 For example, adsorption of short single43 stranded (ss)-DNA is 

much faster than that for long, double-stranded (ds) or other well-folded DNAs. Therefore, AuNPs have 

been used as a probe for DNA secondary structure and related analytical applications.25-32 DNA 

adsorption has also been used to control the growth of AuNPs,33, 34 tune catalytic activities of AuNPs,35, 

36 and improve the specificity of polymerase chain reactions (PCR).37 47 Finally, applications related to 

drug delivery can also be envisioned.33, 38 Given all these reported applications, the mechanism of non-

thiolated DNA adsorption remains a controversy. The most commonly used ~13 nm AuNPs are capped 

by negatively charged citrate, posing an electrostatic barrier for adsorbing negatively charged DNA. 

Therefore, DNA adsorption must be achieved by non-ionic forces. It has been observed that different 
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DNA bases show different binding affinity, highlighting the importance of specific nucleobase-Au 

interaction.27, 39-43 Li and Rothberg initially used the DLVO (Derjaguin, Landau, Verwey and Overbeek) 

theory to describe the adsorption of ss-DNA onto AuNPs.23 Recently, Nelson and Rothberg proposed 

that hydrophobic interactions should be the main attractive force, since the previously cited DLVO 

theory could not account for the difference between the adsorption of ss- and ds-DNA, the adsorption 

of different DNA base sequences, or the effect caused by different types of inorganic salts. 41 However, 

this viewpoint is not in line with the observation that the surface of freshly prepared AuNPs is 

hydrophilic.44, 45 Other studies indicated specific bonding interaction between DNA bases and AuNPs.42, 

46-49 In addition, the belief that DNA adsorption is irreversible or desorption does not occur has not been 

substantiated with experimental evidence.23 Finally, it was observed that shorter DNA strands are 

adsorbed more quickly than longer ones, but their relative effectiveness in protecting AuNPs from salt-

induced aggregation might follow a different trend, since it is quite straightforward to assume that the 

longer DNAs bind more tightly to AuNPs due to the establishment of more contacting points on AuNP 

surface.  

These inconsistencies in the literature reflect the lack of a complete understanding of the 

fundamental adsorption mechanism between DNA and AuNPs, which hinders the further development 

of materials and devices exploiting these interactions. In this work, by measuring a number of important 

surface science parameters including adsorption kinetics, adsorption isotherm and capacity as a function 

of DNA length, charge, pH, salt concentration and solvent polarity, we provide new evidence to resolve 

the above controversies and offer new insights to the mechanism of DNA adsorption on AuNPs.   
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Materials and Methods  

Chemicals. All the DNA samples were purchased from Integrated DNA Technologies (Coralville, IA) 

and were purified by standard desalting. The peptide nucleic acid (PNA) was purchased from 

Biosynthesis Inc. (Lewisville, TX) and dissolved in 0.1% trifluoroacetic acid. The DNA and PNA 

sequences are shown in Table 1 and none of them can form stable secondary structures as predicted by 

Mfold (folded in 50 mM NaCl at 25 C).50 HAuCl4 and -mercaptoethanol (BME) were from 

SigmaAldrich. AuNPs were synthesized based on the standard citrate reduction procedures and its 

concentration was estimated to be ~10 nM.51 Ethanol, sodium hydroxide, and hydrochloric acid were 

purchased from VWR (Mississauga, ON). Sodium citrate, sodium chloride and 4-(2-hydroxyethyl) 

piperazine-1-ethanesulfonate (HEPES) were purchased from Mandel Scientific (Guelph, ON). MilliQ 

water was used for all experiments.   

DNA or PNA adsorption. To study the DNA adsorption kinetics, 1 nM FAM-DNA (FAM = 

6carboxyfluorescein; 12-mer, 24-mer, or 44-mer) was dissolved in 90 µL of HEPES buffer (5 mM, pH  

7.6) containing various concentrations of NaCl (0, 10, 30, 60, 90 mM). The fluorescence intensity at 

520 nm was monitored for 1 min under the kinetic mode using a plate reader (Tecan Infinite F200Pro) 

prior to a quick addition and mixing with 10 µL of 10 nM AuNPs (final AuNP concentration = 1 nM). 

The adsorption kinetics of PNA to AuNPs was obtained in a similar way, and the initial PNA 

concentration was 7 nM. To obtain DNA adsorption isotherm, the DNA and AuNP mixtures with 

various concentrations of NaCl were kept in 1.5 mL microcentrifuge tubes overnight at room 

temperature. The amount of adsorbed DNA on the AuNP surface was determined by fluorescence 

measurement after spinning down the AuNPs (10 min, 15000 RMP) and releasing the DNA with 1 µL 

of 1 M BME. The supernatant fluorescence was also measured so that the percentage of adsorption can 

be calculated.   
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pH and ethanol effect. The same procedure was applied to investigate the adsorption of DNA onto 

AuNPs with different concentrations of ethanol or pH. To adjust pH, 2 µL of HCl (100 mM for pH 3.5), 

acetate (500 mM, pH 4 and 5), MES (500 mM, pH 6.1), and HEPES (500 mM, pH 7.6) were added into 

a mixture containing 5 nM AuNPs, 100 nM 12-mer DNA with a total volume of 100 µL. The incubation 

time was 5 min at room temperature.  

DNA desorption. To study DNA desorption kinetics, AuNPs with adsorbed DNA were first prepared 

by incubating 500 µL of 5 nM AuNPs with 100 nM FAM-labeled DNA and 30 mM NaCl at room 

temperature overnight. The free DNAs were removed by 3 rounds of centrifugation and re-suspension 

with 5 mM HEPES buffer. The final conjugate was dispersed in 100 µL of 5 mM HEPES buffer. Five 

microliters of the DNA-AuNP conjugate was added into 95 µL HEPES buffer containing varying 

concentrations of NaCl and the kinetics of fluorescence change was monitored.  

Gel electrophoresis. The DNA-AuNP conjugates were prepared by incubating 5 nM AuNPs with 100 

nM DNA for 30 min. The gel was prepared to contain 1% agarose and 10 mM HEPES, pH 7.6. Thirty 

microliters of DNA-AuNP conjugates containing 25% glycerol was added to each lane and the gel was 

run at 70 V. The running buffer also contained only 10 mM HEPES. The AuNP bands were recorded 

with a digital camera (Canon Powershot SD1200 IS).   

  

Table 1. DNA and PNA sequences and modifications used in this work.  

  

 

Name  Sequence and modifications (from 5  to 3 )  

12-mer  FAM-CACTGACCTGGG  

24-mer  FAM-ACGCATCTGTGAAGAGAACCTGGG  
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44-mer  FAM-ACGCATCTGTGAAGAGAACCTGGGGGAGTATTGCGGAGGAAGGT  

70-mer  
ATCGATGCCAGATGTCGGTAAAGCGTCCAATATATGCATGATTGCCTCGTC  

TTAACGGTCTCAACTCGTA  

PNA  FAM-CACTGACCTGGG  

Thiol-DNA  SH-AAACCCTTGACCAGGCTCTTTT  

 

   

 Results and discussion  

Effect of salt concentration on DNA adsorption kinetics. Since both citrate capped AuNPs and DNA 

are negatively charged, DNA adsorption is affected by the long-range electrostatic repulsion, whose 

range is related to the salt-dependent Debye length ( D). Only when a DNA is sufficiently close to the 

AuNP surface can short-range attractive forces take place to achieve adsorption. While different types 

of inorganic salts have been tested,41 we reason that studying the effect of salt concentration can provide 

quantitative information regarding the adsorption mechanism. Taking advantage of the observation that 

fluorescence is quenched in proximity of AuNPs, we employed a FAM-labeled 12-mer DNA and 

monitored its fluorescence upon mixing with AuNPs. The normalized kinetic traces of fluorescence 

change are shown in Figure 1A and the procedures for normalization are described in Supporting 

Information. DNA adsorption occurs very slowly in the absence of additional salt (e.g. fluorescence 

drop <10% in 10 min). Adsorption becomes progressively faster in higher salt concentrations. With >60 

mM NaCl, for example, adsorption is close to completion in just 1 min.   

This data quantitatively describe the role of salt in affecting DNA adsorption. Initially, the  

AuNPs were stabilized by citrate. If no additional NaCl was added, the lowest salt sample contained ~ 

4 mM Na+ from the HEPES buffer and sodium citrate in the AuNP solution. The highest salt 
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concentration we tested was only 90 mM NaCl, which already started to cause aggregation of AuNPs. 

Therefore, higher salt concentrations were not tested. From 4 mM to 90 mM NaCl, D decreases from  

4.7 nm to 1 nm. Fast adsorption started to occur with higher than 30 mM NaCl, where D = 1.7 nm.  

Therefore, we estimate that attractive forces start to take place in this range.    

  

 

 Time (min) Time (min)   

  

Figure 1. The adsorption kinetics of FAM-labeled 12-mer DNA (A) and PNA (B) on AuNPs in 5 mM  

HEPES buffer (pH 7.6) containing various concentrations of NaCl. DNA or PNA was added at ~ 1 min.  

  

Adsorption of PNA. To further understand the effect of salt and charge on DNA adsorption, a 

noncharged DNA analog, peptide nucleic acid (PNA) with the same sequence was also tested. Due to 

the absence of negative charges, PNA has been previously shown to induce AuNP aggregation.52 In this 

case, we observed that the adsorption kinetics were independent of salt concentration (Figure 1B). 

Adsorption was finished in ~20 sec for all the tested conditions, which was much faster compared to 

that for DNA adsorption. This experiment indicates that the adsorption energy barrier is much lower for 

the PNA, further confirming the main contribution of electrostatic repulsion between DNA and AuNPs.  

Effect of salt on DNA adsorption capacity. The above kinetic experiments monitored DNA adsorption 
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for only ~10 min. The effect of salt concentration and DNA length was tested after an overnight 

incubation to reach binding equilibrium. The y-axis of Figure 2A indicates the average number of 

adsorbed DNA molecules on each AuNP. More DNAs are adsorbed in the presence of more salt, and 

this is true for all the three DNA lengths. Therefore, salt affects not only the adsorption kinetics, but 

also the final adsorption capacity. For the 12-mer DNA, the adsorption capacity stops increasing if NaCl 

is higher than 60 mM. Under such conditions, each AuNP adsorbs around fifteen 12mer DNAs.   

The adsorption capacity is also a function of DNA length. With the same salt concentration, 

more short DNAs were adsorbed. It is interesting to compare the adsorption capacity of non-thiolated 

and thiolated DNA. In the latter case, around one hundred 12-mer DNAs can be immobilized on each 

13 nm AuNPs.53-55 This high capacity is related to the single thiol anchor versus the presence of multiple 

contacting points for non-thiolated DNAs (i.e. non-thiolated DNA may wrap AuNPs).  

 

  

Figure 2. (A) DNA adsorption capacity of AuNPs as a function of NaCl concentration. Three DNA 

lengths were tested. (B) The linear relation between the DNA excluded radius and Debye length ( D) 

under various NaCl concentrations.    
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To further understand the binding between DNA and AuNPs, samples incubated in different salt 

concentrations were analyzed using agarose gel electrophoresis.56 To minimize AuNP aggregation, the 

running buffer contained only 10 mM HEPES (pH 7.6) and the gels were also made using the same 

buffer. The AuNP in all the samples were dispersed as indicated by a red color before running the gel 

(Figure 3A). After running, AuNPs with thiol-modified DNA migrated as a single band with the highest 

speed (Figure 3B, lane 1). Citrate capped AuNPs without any DNA barely migrated before they started 

to aggregate, accompanying the AuNP color changing to blue (lane 2). AuNPs with the 12-mer non-

thiolated DNA (lanes 3-6) migrated faster than the citrate capped ones indicating that adsorbed DNA 

increased the number of negative charges on the AuNPs. AuNPs incubated in higher salt concentrations 

migrated to a greater distance. Combined with the adsorption capacity data (Figure 2A), we conclude 

that more DNAs are adsorbed in higher salt buffers to provide more negative charges on AuNPs and 

faster migration on gel. The electrophoretic motion stopped once all the AuNPs changed color to blue. 

This color change also suggests that at least a fraction of adsorbed DNA and citrate are desorbed by the 

electric field, making the AuNPs less protected.   

It appears that the best way to adsorb a large number of DNA onto AuNPs without causing its 

aggregation is to add NaCl in a stepwise manner. As NaCl is gradually added, more DNA can be 

adsorbed to allow AuNPs to withstand an even higher NaCl concentration. This technique has been  

used to achieve a high DNA density for thiolated DNA.53, 55 To test it for non-thiolated DNA, we 

incubated 5 nM AuNPs with 100 nM DNA for 30 min before adding NaCl to the mixture. In one sample, 

120 mM NaCl was added all at once resulting in a color change to purple indicating aggregation of the 

AuNPs (Figure 3E, tube 2). In another tube NaCl was added in increments of 30 mM,  

60 mM and 60 mM over 1 hr (final NaCl = 150 mM) and the color of AuNPs remained red (tube 3).  
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The control tube with no DNA showed a blue color (tube 1).   

  

  

Figure 3. Agarose gel electrophoresis of DNA/AuNP conjugates. Salt-dependent study before (A) and 

after (B) gel running. Lane 1: thiol-DNA functionalized AuNPs. Lane 2: bare citrate capped AuNPs 

without DNA or NaCl. Lanes 3-6, AuNPs incubated with the 12-mer DNA in 5 mM HEPES buffer with 

various NaCl concentrations. The effect of DNA length demonstrated after running the gel for 10 min 

(C) and 1 hr (D). (E) The effect of step-wise salt addition. Tube 1: no DNA, 90 mM NaCl. Tube 2: 100 

nM DNA, and 120 mM NaCl was added in one step. Tube 3: 100 nM DNA, but NaCl was added in 30 

mM, 60 mM, and 60 mM increments (final 150 mM NaCl). (F) Effect of DNA length; all samples 

contained 120 mM NaCl. Tube 1: no DNA. Tube 2: 12-mer DNA, Tube 3: 70-mer DNA.   

  

  

AuNPs incubated with DNA of different lengths were also analyzed using gel electrophoresis. 

After running for a few minutes, most of the AuNPs remained red and the sample incubated with longer 

DNAs migrated faster (Figure 3C), suggesting the presence of more negative charges on the AuNPs. 

After the 12-mer DNA protected AuNPs stopped moving, the 70-mer protected ones were still migrating 

(Figure 3D), suggesting that the longer DNAs were adsorbed with a higher stability and better at 

protecting AuNPs from aggregation. To further verify this, AuNPs were incubated with the  
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12-mer and 70-mer DNA respectively. After adding 120 mM NaCl, the 12-mer sample changed color 

to purple (Figure 3F, tube 2) but not the 70-mer one (tube 3), confirming that longer DNAs were more 

effective for protection, as long as they were adsorbed. It has been well established that shorter DNAs 

were able to bind to AuNPs faster than longer DNAs.23 We show here that once adsorbed, longer DNAs 

bind to AuNPs much more strongly and are better at protecting AuNPs, which is attributed to longer 

DNAs being able to establish more binding sites on AuNP surface.57 For analytical applications, it is 

therefore important to realize that the preferential adsorption of short DNA is a kinetic phenomenon.   

DNA adsorption isotherm. Adsorption isotherm is a useful tool in surface science since it provides 

information on not only adsorption but also desorption. Our gel electrophoresis experiments suggest 

that adsorbed DNA could desorb. To further understand the interaction between DNA and AuNPs, 

adsorption isotherms were measured after overnight incubation of 2 nM AuNPs mixed with varying 

concentrations of FAM-labeled DNA. As shown in Figure 4A, Langmuir isotherms were observed in 

both high and low salt conditions for the 12-mer DNA. By fitting the data to the Langmuir isotherm 

aKC/(1 KC) , where K is the Langmuir constant, a is the adsorption capacity, C is the DNA 

concentration, and  is the adsorbed DNA, we determined that K = 0.022  0.004 nM-1 for the 60 mM 

NaCl sample and K = 0.015  0.004 in the absence of NaCl (i.e. less than one-fold difference). These 

Langmuir isotherms indicate the presence of both adsorption and desorption. The adsorption is very 

slow in the absence of salt (Figure 1A). Therefore, the rate of desorption must also be slow in the 

absence of salt to reach a Langmuir constant comparable to that in 60 mM NaCl. To confirm this, we 

carried out a desorption experiment with pre-adsorbed DNA. As shown in Figure 4C, the desorption 

rate was indeed slower in the presence of lower NaCl. We propose that DNA displaces citrate on AuNP 

upon adsorption and thereafter the electrostatic repulsion between AuNP and adsorbed DNA is minimal. 

In a low salt buffer, it may be more favourable for DNA to adapt an extended conformation on AuNP 



   13 

to reduce intramolecular electrostatic repulsion, which helps expose DNA bases to AuNP surface and 

strengthen the binding. With high salt, the DNA internal charges are screened to allow for more compact 

structures on the AuNP surface, reducing the number of contacting points and  

facilitating desorption.   

 

280 260 240 220 200 180 160 

 Time (min) Time (min)   

Figure 4. DNA adsorption isotherm as a function of salt (A) and DNA length (B). (C) DNA desorption 

kinetics in the presence of various NaCl concentrations for the 44-mer DNA, where NaCl was added at  

5 min to induce desorption. (D) Desorption kinetics for the 12- and 44-mer DNA in 30 mM NaCl. No 

AuNP aggregation was observed for the desorption experiment.   

  

Added DNA (nM) Added DNA (nM) 

60 80 100120 20 0 40 

C 

0 
10 
30 

 mM NaCl 60 

120 0 30 60 90 
1 

2 

3 

4 

5 
D 

12- mer 
44- mer 



   14 

  

We next compared the adsorption isotherms of the 12 and 44-mer DNAs, whose Langmuir 

constants were 0.022  0.004 nM-1 and 0.033  0.004 nM-1, respectively (Figure 4B). The physical 

meaning of Langmuir constant is the ratio of the rate constant of adsorption over desorption. Therefore, 

the larger Langmuir constant for the longer DNA indicates that its adsorption is relatively more 

favourable. Since the rate of adsorption is faster for the 12-mer DNA than 44-mers (see Supporting 

Information), the rate of desorption must be slower for the 44-mer. This has also been confirmed by the 

desorption experiment (Figure 4D) and the gel electrophoresis studies. Note that in Figure 4D the rate 

of desorption is extremely slow and only ~0.5% of the 44-mer DNA was desorbed in 2 hrs.  

Effect of pH. The above studies show the critical role of salt in determining DNA adsorption kinetics 

and capacity. The main effect of salt is to screen the negative charges. Since the negative charges on 

AuNP surface are believed to be from the adsorbed citrate, lowering the buffer pH should lead to citrate 

protonation and thus facilitate DNA adsorption. To test this, we mixed 100 nM of the 12-mer DNA with 

5 nM AuNPs (ratio = 20:1) at various pH. Since FAM is a pH sensitive fluorophore, the adsorbed DNA 

was desorbed by BME and then quantified by measuring fluorescence in 50 mM pH 7.6 HEPES buffer. 

As shown in Figure 5, ~90% adsorption was achieved at pH 3.5 and the amount of adsorption 

progressively decreased as the solution pH increased. There are three carboxyl groups on a citrate and 

the pKa values are 3.1, 4.8, and 6.4, respectively. We tested a pH range covering two of the pKa’s, 

leading to more than 5-fold change in the amount of adsorbed DNA. This experiment further supported 

the role of surface citrate in creating the electrostatic barrier.   
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 pH   

Figure 5. Percentage of adsorbed DNA as a function of pH. AuNP concentration was 5 nM and the 

12mer DNA was 100 nM.   

  

Effect of solvent polarity. Based on studying DNA adsorption kinetics in the presence of different 

types of salts, Rothberg suggested that AuNP surface was hydrophobic and the main interaction between 

AuNP and DNA was hydrophobic interaction.41 There was a controversy regarding the hydrophobicity 

of gold. Depending on the protocol to prepare and clean gold surfaces, different results were obtained. 

In the early 1980s, the experiments involved planar gold surfaces concluded that gold is  

hydrophilic as long as its surface is clean.58, 59 In other words, hydrophobicity can only be introduced 

through adsorbed organic contaminants. In our experiment, the as-prepared citrate capped AuNPs could 

be easily dispersed in water, which is a strong indication of surface hydrophilicity. On the contrary, 

when AuNP capped with hydrophobic alkylthiol chains, they cannot be dispersed in water.7   

In addition, hydrophobic interaction should be reduced by using a less polar solvent. For 

example, addition of methanol reduces the binding between DNA and a hydrophobic C18 surface.60 We 

measured the adsorption of the 12-mer DNA in various percentages of ethanol. In the absence of NaCl, 

little adsorption occurred if ethanol was less than 50% (Figure 6A). Interestingly, 80% or higher ethanol 

induced close to complete DNA adsorption. Similar observations were also achieved using isopropanol 
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(see Supporting Information). The AuNPs were aggregated in the presence of ethanol.20 DNA 

quantification was made after centrifugation and measurement of the supernatant fluorescence. Control 

experiments (e.g. no AuNPs) showed no DNA adsorption onto the container surface (the 

microcentrifuge tubes), indicating that the measured DNA was associated with AuNPs. Ionization in 

ethanol is expected to be disfavored and the surface charge on AuNP is also reduced, enhancing DNA 

adsorption. DNA is also known to undergo conformational changes in high ethanol solution. For 

example, the B to A DNA form transition happens in the presence of 70-80% ethanol.61 It is unclear 

whether this can also contribute to the observed higher adsorption of ss-DNA to AuNPs in the presence 

of high concentrations of ethanol.  

 
 0 20 40 60 80 100 10 20 30 40 50 60 

 [Ethanol] (%) [Ethanol] (%)   

  

Figure 6. (A) Percentage of adsorbed DNA as a function of ethanol in the absence of NaCl. (A) 0.75 

nM AuNPs mixed with 20 nM 12-mer DNA in solution containing various concentration of ethanol 

prior to a 2-min incubation.  (B) DNA mixed with AuNPs in 80% ethanol for 1 h to achieve complete 

adsorption followed by diluting ethanol to the desired concentration.  
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To test if the observed ethanol effect was just a kinetic phenomenon, we modified the procedure 

by first incubating the DNA in 80% ethanol to achieve high adsorption. Following that, water was added 

to dilute the samples to lower ethanol concentrations and the amount of DNA remained on AuNP 

surface was measured after 2 hr incubation. As shown in Figure 6C, all the samples maintained a high 

percentage of DNA. This experiment also indicated that the high DNA adsorption in concentrated 

ethanol was not due to DNA aggregation. Otherwise, reduced adsorption should be observed after 

diluting ethanol. This study did not support that ethanol could weaken the binding between DNA and 

AuNPs. Therefore, we conclude that while the interaction between DNA bases and AuNPs is the main 

stabilizing force, its nature is not hydrophobic interaction but related to specific chemical interactions, 

such as through the N3 and N7 sites on adenine and guanine bases, which is supported by various  

spectroscopy and theoretic studies.42, 46-49  

Binding model. Based on this work, we propose that electrostatic interaction not only determines 

adsorption kinetics, but also influences binding capacity and desorption. Non-electrostatic attractive 

forces are responsible for adsorption. We suggest the following model to describe the DNA adsorption. 

First, negatively charged DNA displaces surface citrate upon DNA adsorption (Figure 7A). This process 

requires the DNA to first approach the AuNP surface, which can be facilitated by a high salt 

concentration, low pH, or a high concentration of ethanol. Once adsorbed, the DNA may change 

conformation on the surface to maximize its surface contact. Adsorbed DNAs create an exclusion zone 

to other incoming DNAs based not only on their physical sizes (e.g. hydrodynamic radius defined by 

the blue circles in Figure 7) but also on their electric potentials (e.g. the radius defined by the red circles). 

Once the electrostatic exclusion zones start to overlap, further adsorption of more DNAs is disfavored. 

The size of these exclusion zones is a function of salt concentration, as higher salt tends to screen the 

charge more completely and make DNA more compact. Meanwhile, salt-induced DNA compaction 
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reduces the number of contacting points with the AuNP surface and favors desorption. Therefore, salt 

increases the rate of both adsorption and desorption. Longer DNAs occupy more surface area because 

of their larger hydrodynamic size and high charge (Figure 7B).   

  

  

Figure 7. (A) Schematics showing DNA adsorption through displacement of citrate on AuNP surface. 

Each DNA is represented by its hydrodynamic size (the blue rings) as well as its electrostatically 

excluded area to other DNAs (the red rings) because of its negative charges. Once the red rings approach 

to overlapping, further DNA adsorption is disfavoured. (B) The excluded area for longer DNAs is larger 

to give rise to lower binding capacity. In the presence of more salt, the capacity can increase because of 

charge screening and DNA compaction, but the same process also makes the DNA adsorb less tightly 

and desorb more easily.   
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To test this model, we re-plotted Figure 2A to correlate Debye length (λD) with the DNA 

excluded radius. Since the average radius of each AuNP is 6.5 nm, its surface area is 531 nm2. The 

exclusion radius is calculated by dividing this surface area by the number of adsorbed DNA. As shown 

in Figure 2B, linear relationships are obtained by plotting the DNA excluded radius against D, which 

supports that λD affected the adsorption capacity. We noticed that the slopes of the lines are different. 

For example, the 44-mer DNA has a slope of 1.74 while the 12-mer DNA has a slope of only 0.36. This 

means that reducing D by 1 nm can reduce the excluded radius by 1.74 nm for the 44-mer DNA but 

only 0.36 nm for the 12-mer. We reason that this difference is related to the absolute number of charges 

on each DNA. The 44-mer DNA carries 43 negative charges and the 12-mer carries only 11. λD only 

defines the relative electrostatic potential decay pattern, while DNA interaction on AuNP surface is 

more affected by the absolute repulsive force. Since the 44-mer has more charges, its absolute 

electrostatic force, which is directly related to the excluded radius, is more affected by salt concentration 

or λD.   

  

Conclusions.  

In this work, we systematically studied the adsorption of DNA to AuNPs as a function of salt 

concentration, pH, solvent composition, and DNA oligomer length. Quantitative measurements of 

adsorption isotherms and desorption were also carried out to resolve several controversies in this field. 

For example, we demonstrate that adsorbed DNA can desorb. Interestingly, adding salt increased both 

adsorption rate and desorption rate of DNA from AuNPs. We also demonstrate that longer DNA 
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oligomers are much more effective in protecting AuNPs, although shorter DNAs are adsorbed with 

faster kinetics. Finally, our data do not support hydrophobic force to be the main contributor for DNA 

adsorption. Based on previous spectroscopic and theoretic work, we concur that specific chemical 

interactions between DNA bases and AuNP surface are the main stabilizing force.  
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