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 ABSTRACT 

Here, we report a method that uses gold nanoparticles (AuNPs) to enhance the

specificity of DNA hybridization without reducing its detection sensitivity. The

conventional stringent wash method utilizes high-temperature/low-salt conditions

to enhance the specificity of DNA hybridization-based assays. This method creates

a destabilizing environment for base pairing that affects specific and nonspecific

duplexes. Therefore, specificity is achieved at the expense of signal intensity or 

sensitivity. However, in the proposed wash method, AuNPs predominantly

destabilize nonspecific duplexes, offering specificity without compromising

sensitivity. This AuNP wash technique has proven to be effective in detecting

single nucleotide polymorphisms (SNPs) in genomic samples even at room 

temperature in a CD-like NanoBioArray (CD-NBA) chip. This method is also 

robust with sequence variation and is compatible with multiplex DNA analyses

on microarrays. Thus, the AuNP wash method could potentially be useful for 

improving the accuracy of DNA hybridization results. 

 
 

1 Introduction 

Nucleic acid diagnostics is currently the fastest growing 

segment of the in vitro diagnostics market [1]. However, 

considering the possibility of a future with personalized 

medicine, these diagnostic techniques must be simple, 

fast, and, importantly, reliable [2]. DNA hybridization 

is a promising tool for nucleic acid diagnostics because 

the method is simple and has high sample-throughput 

potential [3]. However, hybridization assays are some-

times interfered by nonspecific binding especially when 

the hybridization is far from the melting temperature 

of the DNA duplex [4]. These interferences are the main 

cause of discrepancies in the results of hybridization- 

based assays [5]. This limitation is aggravated for 

single nucleotide polymorphism (SNP) analysis in 

which the mismatched (MM) target strand varies from 

the perfectly matched (PM) target strand by only a 
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single base pair. In order to improve assay specificity, 

DNA hybridization or the subsequent wash step is 

conventionally conducted at stringent conditions, when 

high temperature, low ionic strength, or chemically 

denaturing medium is applied to reduce the non- 

specific signal [6]. These stringent conditions bring 

the duplexes near their melting temperatures, where 

a marginal difference in duplex stability (i.e., PM vs. 

MM) causes significant variation in their affinities [7]. 

However, this high-temperature method is not effective 

when conducted for highly multiplexed analyses, 

such as DNA microarrays where many thousands of 

targets, each with its own melting temperature, have 

to be analyzed simultaneously at a single optimized 

temperature [8]. Therefore, low specificity with false- 

positive and false-negative outcomes are obtained for 

those targets with melting temperatures far from the 

hybridization temperature [9]. These faults are widely 

agreed to be the main pitfalls that impact the accuracy 

of the DNA microarray platform, resulting in a barrier 

for its adoption in clinical applications [4, 5, 10–12].  

Several novel methods for improving specificity have 

been reported in which special hybridization probes 

are designed to work at temperatures well below the 

melting temperatures [3, 5, 13–18]. For instance, when 

oligonucleotide probes with short lengths are used, 

the nonspecific binding is thermodynamically less 

favorable [13–15], leading to improved sensitivity. 

However, the design of these special probes are usually 

complicated and the methods are not compatible with 

multiplex analyses [3]. 

We have recently developed a microfluidic bioarray 

technique that uses gold nanoparticles conjugated to 

DNA targets (i.e., AuNP targets) for specific detection 

of SNPs [19, 20]. In this technique, no temperature 

stringency is required, and high specificities in hybri-

dization are achieved by loading the target strands on 

the surfaces of small citrate-capped gold nanoparticles 

prior to their hybridization to the oligonucleotide 

probes immobilized on the surfaces of the microfluidic 

channel [19, 20]. Kinetic analyses of DNA hybridization 

using surface plasmon resonance (SPR) spectroscopy 

has shown that AuNPs enhance dehybridization of 

MM duplexes to a greater extent than PM duplexes, 

thus accounting for most of the SNP discrimination 

power of the AuNP-enabled technique [21]. However, 

the AuNP targets result in lower hybridization signal 

intensities than their free target counterparts (Fig. S1 

in the Electronic Supplementary Material (ESM)) [19]. 

Thus, the quest for an effective and simple SNP 

detection technique without loss in signal continues. 

The results of our previous kinetic analyses demon-

strated that the influence of AuNPs is predominantly on 

dehybridization. Therefore, we attempted to develop a 

method using AuNPs in the washing (dehybridization) 

step, rather than in the hybridization step. In this 

method, a buffer solution containing AuNPs (5 nm  

in diameter) is used to flow over the surface-bound 

duplexes for removal by washing (Fig. 1). AuNP- 

enhanced dehybridization is achieved via binding 

between AuNPs and the thermally induced openings 

along the DNA duplexes [21]. AuNP–ssDNA interac-

tions stabilize the openings, and thus accelerate their 

propagation, which in turn accelerate dehybridization 

and preferentially destabilize the MM duplexes.  

2 Experimental  

2.1 Materials  

Gold nanoparticles (with citrate and tannic acid) of 

5, 10, and 20 nm diameter were purchased from Sigma 

Life Science and 12 nm gold nanoparticles (capped 

with citrate) were obtained from NanoComposix 

(San Diego, CA). Sodium dodecyl sulfate (SDS), 

3-aminopropyltriethoxysilane (APTES), 25% glutar-

aldehyde, cetyl-tri-methylammonium bromide (CTAB), 

and Triton X-100 were purchased from Sigma-Aldrich. 

Stretavidin-Cy5 was purchased from GE Healthcare. 

Saline sodium citrate (SSC) 1X buffer was made by 

mixing 15 mM sodium citrate with 150 mM sodium 

chloride. Negative photoresist (SU-8 50) and its 

developer were purchased from MicroChem Corp. 

(Newton, MA). Circular glass chips with 4 in. diameter 

and a 0.6 in. center hole were obtained from Precision 

Glass & Optics (Santa Ana, CA, USA). 

All reagents and materials required for SPR experi-

ments, including 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-hydroxysuccinimide (NHS), 

ethanolamine, HBS-N Buffer (0.01 M HEPES pH 7.4, 

0.15 M NaCl), and CM5 sensor chips, were purchased 

from GE Healthcare (UK). 
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All oligonucleotides (listed in Table S1 in the ESM) 

were synthesized and modified by Integrated DNA 

Technologies (Coralville, IA). Target oligonucleotides 

(20- or 60-mer) representing different SNPs of KRAS 

gene codon 12 (G12A (A) and wild-type (W)) as well as 

20-mer B and NB targets (fungal pathogenic sequences 

[22]) were modified with a biotin molecule at the 5′ end. 

The sequences were designed in such a way that the 

SNP sites were located at the center of the oligonucleo-

tides. The 20-mer probe oligonucleotides were modified 

with an amine group and a C12 spacer at the 5′ end. 

Genomic DNA samples, containing different allele 

compositions of the KRAS gene codon 12 were obtained 

from QIMR Berghofer Medical Research Institute 

(Brisbane, Australia). In order to obtain the 80 bp 

PCR products, a pair of forward and reverse primers 

(Table S1 in the ESM) was used. A custom PCR protocol 

on a thermocycler (Cetus, Perkin Elmer) was used for 

DNA amplification. Thermocycling was initiated by 

3 minutes of denaturation, followed by 30 thermal 

cycles at 95 °C for 40 s (denaturation), 55 °C for 30 s 

(annealing) and 72 °C for 60 s (extension), and ter-

minated by 10 minutes of final extension at 72 °C. The 

amplified products were purified using a nucleotide 

removal kit from Qiagen Inc. (Toronto, ON, Canada).  

2.2 DNA hybridization on a CD-NBA chip 

The CD-NBA chip is comprised of a PDMS slab (4 in. 

in diameter) with 96 radial microchannels, sealed 

reversibly to a circular glass chip. The width of straight 

radially arranged channels was 200 μm and the height 

was 35 μm. The probe immobilization procedure was 

similar to previously reported methods [23, 24]. Briefly, 

0.5 μL of probe solution (in 1.0 M NaCl + 0.15 M 

NaHCO3) was added to the inlet reservoirs of the 

CD-NBA chip, which was then placed on a rotating 

platform. The solutions were introduced into the radial 

channels by spinning the circular chip at 400 rpm for 

3 min. The probe solutions were driven out from the 

channel after 20 min of incubation at room tem-

perature by spinning the chip at 1,800 rpm for 1 min. 

Subsequently, the radial PDMS slab was peeled off, 

leaving behind 96 radial probe lines printed on the glass 

chip, which was then rinsed and dried. Subsequently, 

another PDMS slab with 96 spiral channels was sealed 

against the glass chip pre-printed with the probe lines  

for carrying out the DNA hybridization. The width of 

spiral channels was 100 μm and the height was 35 μm. 

The target solution (1 μL), prepared in hybridization 

buffer (1X SSC + 0.2% SDS) with a final concentration 

of 10 nM, was added to the inlet reservoir and then 

flowed into the spiral channel using a spin rate of 

900 rpm. This spin rate resulted in approximately 

13 min of dynamic hybridization of the targets to the 

complementary probes at the intersections of spiral 

channels with the radially arrayed probe lines. High- 

temperature experiments were achieved by heating the 

CD-NBA chip using a hot air blower. The temperature 

was calibrated in a separate experiment using a 

temperature sensor placed on the glass chip surface, 

sealed with the PDMS slab on the surface. 

The washing procedure was performed after DNA 

hybridization. The wash solution was SSC with NaCl 

concentrations ranging from 10 to 300 mM. The 

washing buffer contained either no AuNPs or AuNPs 

of various concentrations from 0.2 to 40 nM. In order 

to stabilize the AuNPs against salt aggregation, they 

were loaded with DNA oligonucleotides, with 

sequences irrelevant to the target strands, prior to 

addition to the wash buffer. This was performed   

by mixing various concentrations of 12- or 20-mer 

oligonucleotide with AuNPs and incubating the mix 

at 95 °C for 5 min. Subsequently, 2 μL of the AuNP 

wash buffer was added to the inlet reservoirs of the 

spiral channels. A dynamic wash was performed by 

spinning the CD-NBA chip at spin rates of 700 to 

1,500 rpm. Stop-flow wash was performed by spinning 

the chip at 2,200 rpm for 20 s in order to fill the 

channels with the wash buffer, incubating for 15 min 

(stop-flow), and then ejecting the buffer with a spin at 

2,200 rpm for another 20 s. After washing (dynamic or 

stop-flow) was completed, streptavidin-Cy5 solution 

(50 μg/mL in 1X PBS buffer) was added to the inlet 

reservoir and allowed to flow into the channel by 

spinning at 1,500 rpm. Finally, the spiral PDMS slab 

was peeled off from the glass chip. 

Fluorescence detection was conducted by scanning 

the glass chip on a confocal laser fluorescence scanner 

(Typhoon 9410, GE Healthcare) at 10 μm resolution, 

as previously described [23, 24]. The excitation and 

emission wavelengths were 633 and 670 nm, respec-

tively. The photomultiplier tube voltage was set at 

600 V. The scanned image was analyzed using the 

IMAGEQUANT 5.2 software.  
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2.3 DNA adsorption on AuNPs 

In order to study the kinetics of adsorption of DNA 

oligonucleotides on the surface of AuNPs, fluorescence 

quenching was measured. Cy5-labeled W20 oligonu-

cleotides (8 nM) were prepared in 1 mL of sodium 

citrate buffer (15 mM) in a polystyrene cuvette. The 

buffer contained NaCl concentrations of 0, 10, 30, 50, 

70, 90, 110, 130, and 150 mM. The cuvette was placed in 

the holder of a spectrofluorometer (Photon Technology 

International). Then, 1 mL of aqueous AuNP colloid 

(80 nM) was added to the cuvette and the contents 

were mixed. Immediately after, the fluorescence inten-

sity (excitation at 650 nm and emission at 670 nm) was 

monitored for 7 min using the time-based mode.  

2.4 Surface plasmon resonance (SPR) spectroscopy 

SPR measurements were performed on BIAcore X100 

(GE Healthcare) as previously described [21]. Briefly, 

immobilization of the amine-labeled 20-mer probes 

(A) was performed on the surface of a sensor chip 

(CM5), using a company-developed method [21, 25]. 

The carboxylic groups on the sensor surface were 

activated by an EDC/NHS mixture (1:1 v/v). Then, the 

amine-labeled probe molecules were immobilized on 

the sensor surface by running the immobilization 

solution containing the probe molecules (50 μM)  

and CTAB (0.6 mM) over the sensor surface. Finally, 

unreacted succinimide groups were deactivated using 

an ethanolamine solution (pH 8.5). The target solutions 

were prepared in HBS-N buffer with DNA target 

concentrations of 10, 20, 40, 80, and 160 nM. The rate 

constants of DNA hybridization and dehybridization 

were determined using the multi-cycle kinetic pro-

cedure. Briefly, 10 nM target solutions continuously 

flowed over the sensor chip surface (with immobilized 

probe) for 60 s. After hybridization, washing was 

achieved by a continuous flow of wash buffer over the 

sensor surface for 240 s. In the stringent wash experi-

ment, the HBS-N buffer was used as the wash buffer. 

However, the AuNP wash buffer contained 5 nm 

AuNPs (10 nM) in the HBS-N buffer. The nanoparticles 

in the AuNP wash buffer had been previously loaded 

with the 20-mer oligonucleotides (stabilizers with a 

sequence unrelated to the target and probe), by mixing 

the stabilizers with AuNPs in water and then incubating 

the mix at 95 °C for 5 min. After each hybridization- 

wash cycle, the sensor surface was regenerated (all 

the target strands were washed away) by running an 

alkaline wash (50 mM NaOH) for 30 s. This cycle of 

hybridization, wash, and regeneration was repeated 

for the other 4 target concentrations of 20, 40, 80, and 

160 nM. 

3 Results and discussion 

For nucleic acid analyses, we previously developed a 

CD-like chip for microfluidic DNA hybridization that 

provided the advantage of fast analysis and multiplex 

capability [23, 24]. This platform, termed as CD-like 

NanoBioArray chip or CD-NBA chip, utilizes cen-

trifugal force to flow the target solutions within the 

microfluidic channels. As shown in Fig. 1, the target 

molecules hybridize to their complementary probes 

located at the intersections of the spiral channels to 

the radially patterned probe lines. These probe lines 

have previously been printed on the surface of the 

chip, and hybridization occurs between the target 

DNA molecules (biotin-labeled for post-hybridization 

fluorescence labeling) and complementary DNA 

probes, giving rise to fluorescence hybridization 

patches. Figure 2(a) shows the fluorescence image of 

the hybridization on a region of the CD-NBA chip,  

in which several spiral channels intersect with four 

probe lines. After DNA hybridization, different types 

 
Figure 1 Schematic diagram of the AuNP wash method used in 
CD-NBA chip, with one of the many spiral channels shown. The 
inset shows destabilization by AuNPs at mismatched, but not 
perfectly matched, hybridization patches. The chip diagram is not 
drawn to scale. 
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of washes were applied to the spiral channels. The 

histogram of the fluorescence intensities of the patches 

is shown in Fig. 2(b), with the specificity (σ) shown in 

Eq. (1) as follows 

  PM

MM

S

S
                   (1) 

where SPM and SMM represent the signal intensity at 

the PM and MM probe patches, respectively.  

In DNA microarrays, the nonspecific signals are ine-

vitably detected and they are conventionally reduced 

by conducting a stringent wash subsequent to DNA 

hybridization. To compare the methods of AuNP wash 

and stringent wash, the hybridization buffer (1X SSC) 

was allowed to flow into the spiral channels at room 

temperature, with or without AuNPs, respectively. 

The stringent wash resulted in a specificity of 1.3 

(compared to 1 in “no wash” channels). However, the 

use of AuNPs in the wash step helped to increase  

the specificity to 2.6. This was observed only in the 

presence of 5 nm AuNPs, not with 10, 12, or 20 nm. This 

result is in agreement with the previous observation 

of the AuNP-conjugated DNA targets that small nano-

particles (5 nm diameter), but not the larger 12 nm 

nanoparticles, enhance the DNA dehybridization rates 

[21]. We attribute the success of using 5 nm AuNPs  

to their high degree of curvature, which reduces the 

Columbic repulsion between AuNP surfaces and the 

double-stranded segments of the duplexes [21]. 

3.1 Signal/specificity correlation in the AuNP wash 

technique  

In the stringent wash method, high-temperature and/or 

low-salt conditions are used to create a destabilizing 

environment for the formed duplexes and accelerate 

their dehybridization. This method aims to remove 

the nonspecific duplexes more than their specific 

counterparts, thus enhancing the specificity. We com-

pared the AuNP wash to the stringent wash methods 

directly. Figures 3(a) and 3(b) show the histograms  

 

Figure 2 (a) Fluorescence image of a part of the CD-NBA chip showing the hybridization patches obtained from 12 spiral channels.
These patches (200 µm × 100 µm) were obtained from the hybridization of 1 µL of A20 targets (10 nM) in the spiral channels with their
corresponding PM and MM probes (A and W, respectively) pre-printed in a radial fashion on the chip. The hybridization step was
performed at 22 °C with a spin rate of 900 rpm. The hybridization patches were either not washed (“no wash”), washed with 2 µL of the
hybridization buffer (“stringent wash”) or washed with the hybridization buffer containing AuNPs of different sizes (5, 10, 12, 20 nm
diameter) (“AuNP wash”). The wash buffer was introduced in the spiral channel using a spin rate of 900 rpm (see Fig. S2 in the ESM
for an investigation on the effect of flow-mediated dynamic wash). Oligonucleotides of irrelevant sequences (10 nM, 20-mer) were
loaded on the surfaces of nanoparticles to stabilize them against salt-induced aggregation. (b) The histogram shows the signal intensities
of the hybridization patches obtained along the spiral target channels, with the specific signals (on PM probe lines) represented by blue
hatched bars and nonspecific signals represented by red solid bars. The error bars show the standard deviations of 8 measurements. The
green line shows the specificity, which is determined by dividing the intensity of the PM spots by that of the MM patches (see Fig. 1). 
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Figure 3 Comparison of the stringent wash and AuNP wash 
methods in terms of sensitivity and specificity. (a) The histogram 
shows the hybridization signals in fluorescence units obtained 
after the stringent wash. After DNA hybridization of A20 targets 
with their PM probes (A) and MM probes (W), the hybridization 
patches were washed with 2 µL of SSC buffer with concentrations 
from 0.01X to 2X (i.e., NaCl concentrations from 1.5 to 300 mM, 
respectively) at 3 different temperatures of 22, 30, and 40 °C.  
For details, see Fig. S3 in the ESM. (b) Histogram shows the 
hybridization signals obtained after the AuNP wash. The 1X SSC 
buffer solution (consisting of 150 mM of NaCl) contained 5 nm 
AuNPs with various concentrations from 0.2–40 nM. Error bars 
in (a) and (b) show the standard deviations of 10 measurements. 
For other conditions, see Fig. 2. (c) The plot shows the correlation 
between the signal-to-noise ratio (SNR) of the PM spots with 
their specificities (σ) for stringent wash (blue data points) and 
AuNP wash (red data points). The data were obtained from 
measurements using 4 different CD-NBA chips. The SNR values 
are the ratios of PM signal intensities over the average noise 
(~480 fluorescence units). A SNR of 10 was chosen as the minimum 
acceptable value. The typical values of standard deviations of  
the hybridization signals at a SNR of 10 were used to calculate 
the corresponding minimum acceptable value for σ at the 95% 
confidence level (σ ≈ 2). The plot area was divided into 4 regions 
showing low σ/low SNR (region 1), low σ/high SNR (region 2), 
high σ/low SNR (region 3), and high σ/high SNR (region 4). 

resulting from the hybridization signals obtained by 

the stringent and AuNP wash techniques, respectively. 

Figure 3(a) demonstrates that the specificity increases 

as the level of stringency increases (i.e., higher 

temperature and less salt). However, the PM signal 

decreases simultaneously, resulting in a negative 

correlation (anticorrelation) between the signal and 

specificity. We applied the Pearson correlation coef-

ficient (r) as a measure of correlation of the PM signal 

(SPM) and specificity, see Eq. (2) as follows [26] 

 

 


 

  


   
1 PM PM

2 2

1 PM PM 1

( )( )

( ) ( )

n i i

i

n i n i

i i

S S
r

S S
      (2) 

where SPM represents the PM signal intensity at different 

washing conditions; 
PM

S  is the average intensity for 

PM signals;  i  is the specificity (calculated by Eq. (1)) 

at each washing condition;   is the average specificity; 

n is the number of data points.  

While r = 0 represents no correlation, r = −1 shows 

the highest anticorrelation between the signal and 

specificity. From the signals and specificities shown 

in Fig. 3(a), the r value is determined to be −0.92, which 

indicates a strong anticorrelation between the two 

parameters. Unfortunately, this anticorrelation between 

signal and specificity is frequently reported in DNA 

hybridization experiments using the stringent wash 

method [11, 12, 27], and high specificity appears to 

only be achieved at the expense of the signal [11]. In 

contrast, washing of the duplexes using buffer solutions 

carrying AuNPs does not result in such a strong 

anticorrelation. Figure 3(b) shows the hybridization 

signals after washing the duplexes with hybridization 

buffers containing AuNPs at various concentrations. 

The MM signals decrease as the AuNP concentrations 

increase from 0.2 to 5 nM but no further decrease is 

observed at higher AuNP concentrations (5–40 nM). 

Since the PM signals are not reduced with increasing 

AuNP concentration, this leads to a maximum 

specificity of 3.2 at 5 nM AuNP. The calculated r value 

for the AuNP wash method is −0.16, which indicates 

a much lower signal/specificity anticorrelation, or 

almost no correlation, compared to the value of −0.92 

obtained from the high-temperature/low-salt stringent 

wash method. 

The difference between the r values obtained from 

the AuNP and stringent washes is also illustrated in our 
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analysis of approximately 400 hybridization patches 

obtained by both methods. Figure 3(c) shows a plot 

of SNR vs. σ obtained from AuNP and stringent 

washes. We defined the minimum acceptable values 

for SNR as 10 and σ as 2. We also divided the plot 

into 4 regions of low σ/low SNR (region 1), low σ/high 

SNR (region 2), high σ/low SNR (region 3), and high 

σ/high SNR (region 4). As expected, the majority of 

the data points resulting from the stringent wash are 

distributed in regions 1–3. Interestingly, the data points 

from the AuNP wash method are primarily localized in 

region 4, which corresponds to the desirable outcome 

of high σ and SNR.  

The outcome of high σ and minimal loss in SNR 

observed with the AuNP wash method can be 

explained in terms of the dehybridization rate con-

stant kd, which is experimentally determined from our 

kinetic analyses using SPR spectroscopy. For the MM 

duplex, the kd value increased by five folds from 

3.2 ×10–4 s–1 for the stringent wash to 15.9 ×10–4 s–1 for 

AuNP wash at 22 °C (Table 1). Conversely, the kd 

value for the PM duplex demonstrated only a slight 

increase from 1.7 ×10–4 s–1 for the stringent wash to 

3.0 ×10–4 s–1 for the AuNP wash. This increase in kd 

value for the AuNP wash (less than two fold) is much 

smaller than the corresponding increase at 40 °C for 

the stringent wash (five-fold). The latter is attributed 

to the enhanced destabilization of the MM duplexes 

by AuNPs. However, increasing the stringent wash 

temperature from 22 to 40 °C enhanced the kd values 

of both MM and PM duplexes, demonstrating the 

undesirable destabilization of PM duplexes, and the 

desirable destabilization of MM duplexes. These 

observations explain our previous findings using the 

CD-NBA chip, that the PM signals are only slightly  

Table 1 Dehybridization rate constants of PM and MM duplexes 
using stringent wash vs. AuNP wash, as determined by SPR 
spectroscopy (Fig. S4 in the ESM) 

Stringent wash AuNP wash  

22 °C 40 °C 22 °C 

PM 1.7 (±0.3)a 8.1 (±0.8) 3.0 (±0.7) kd  
(10−4 s−1) MM 3.2 (±0.7) 18.7 (±0.9) 15.9 (±1.3)

 
aAll standard errors are determined from two measurements each 
including five different target concentrations of 10, 20, 40, 80, 
and 160 nM. 

affected compared to their MM counterparts using 

the AuNP wash method, leading to preservation of the 

signal. 

We attribute the difference in enhanced destabili-

zation of the MM duplexes, observed for the AuNP 

wash compared to the stringent wash, to the specific 

mechanism on which the AuNP wash technique is 

based. During dehybridization, AuNPs bind to ssDNA 

segments (bubbles) [21], which are constantly formed 

by a phenomenon called thermal breathing [28]. The 

presence of a mismatch base pair, through a coopera-

tive effect, causes weakening and disruption of the 

neighboring base pairs, resulting in the formation of 

more bubbles [29]. In 2006, Zeng et al. compared  

the dissociation curves obtained from PM and MM 

duplexes, and found that the amount of bubbles was 

drastically enhanced in the presence of a single MM site 

in the middle of the duplex [30]. The greater amount of 

bubbles in the MM duplexes makes them susceptible 

to binding by AuNPs, leading to the success of the 

AuNP wash method. The AuNP wash method targets 

the bubbles in MM duplexes for their accelerated 

dehybridization or destabilization, to a much larger 

extent than in the case of PM duplexes. This mechanism 

of destabilization of MM duplexes causes an enhance-

ment in specificity without reducing the signal, leading 

to the observed low negative r value or virtually no 

anticorrelation between signal and specificity. In 

contrast, the stringent wash method has similar 

destabilizing influences on the PM and MM duplexes, 

which lead to similar accelerated dehybridization effects 

and the observed high signal/specificity anticorrelation 

or high negative r value. 

The preserved sensitivity with improved specificity 

is an exclusive feature of the AuNP wash method. 

This feature was not achieved in the previous AuNP- 

enabled method, in which AuNP was used in the 

hybridization step but not in the wash step [19]. In the 

previous method, the hybridization signals obtained 

from DNA targets that are conjugated to AuNPs 

(AuNP targets) were observed to be lower than the 

signals from free targets. This was attributed to the 

low hybridization rate constants (kh) of DNA targets 

conjugated to AuNPs [21]. This experiment has been 

repeated using the CD-NBA chip and shown in Fig. S1 

in the ESM. 
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3.2 Optimization of the AuNP wash method 

In order to optimize the AuNP wash method, we 

evaluated the effect of different experimental factors 

including the salt content of the buffer medium, and 

the length and concentration of the oligonucleotide 

stabilizer (used to prevent AuNPs in the wash buffer 

from forming aggregates) on the performance of the 

method. We hypothesized that optimization of these 

factors could improve the effectiveness of AuNP 

destabilization of MM duplexes, and thus the efficacy 

of the method.  

The histogram in Fig. 4(a) shows the hybridization 

signals after stringent wash. As the salt concentration 

is reduced, the signal decreases, and the specificity 

increases. This signal/specificity anticorrelation is con-

sistent with the results in Fig. 3(a), which displayed 

data at narrower range of salt concentrations, albeit at 

several temperatures. The histogram in Fig. 4(b) shows 

the hybridization signals after washing with buffer 

solutions containing 5 nM of AuNPs (5 nm AuNP, 

150 mM NaCl). Figure 4(b) displays a similar increase 

in specificity with reduced salt concentration from  

150 to 90 mM. However, at lower salt concentrations 

(from 50 to 10 mM of NaCl) a decrease in specificity 

was observed, reaching values that were comparable 

to the values obtained from the stringent wash method. 

This indicates that the AuNPs become ineffective at 

destabilizing MM duplexes at low salt concentrations. 

We attribute this ineffectiveness to the low extent of 

binding between AuNP surfaces and the ssDNA 

segments of the duplexes (bubbles) at low salt con-

centrations. To demonstrate this low rate of binding, 

we measured the adsorption kinetics of ssDNAs onto 

the surfaces of AuNPs at different salt concentrations. 

This measurement is based on the fact that the emission 

of the fluorescently labeled DNAs is quenched after 

binding to AuNPs. Figure 4(c) shows the kinetic traces 

of the normalized fluorescence of a fluorescently 

labeled 20-mer oligonucleotide upon mixing with 

AuNPs at different NaCl concentrations. The pseudo 

first-order rate constant of adsorption of oligonucleo-

tides onto the AuNP surfaces, k á, was obtained from 

the exponential fit of the kinetic data (Fig. 4(c)). The k´a 

value increased from 1.64 × 10−4 s−1 at the no-salt con-

dition to 490 × 10−4 s−1 at 150 mM of salt. This increase  

 

Figure 4 Optimization of the salt content used in the AuNP wash method. Histograms of hybridization signals obtained from washing
of the hybridization patches using wash buffers containing different concentrations of NaCl (10–150 mM) at 22 °C. The buffer solutions
either contain (a) no AuNPs or (b) AuNP (5 nm) with a concentration of 5 nM. For other conditions see Fig. 2. (c) Kinetics of the adsorption
of Cy5-labeled 20-mer oligonucleotides C-W20 onto 5 nm AuNPs in sodium citrate buffer (15 mM) at different NaCl concentrations
ranging from 0 to 150 mM. Each curve represents the normalized fluorescence by expressing the time-dependent fluorescence intensity
as a fraction of the initial intensity. The rate of adsorption, k á, at each NaCl concentration, as obtained from the exponential fit of the
normalized data, is shown beside the legend of the corresponding curve. 
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in k á value with high salt concentrations can be 

explained by the fact that electrostatic repulsion 

between the negatively charged DNA backbone and 

the citrate-capped surfaces of AuNPs is reduced by 

charge screening at high salt concentrations [31].  

The results in Fig. 4(c) could explain the salt- 

dependency of AuNP-destabilization, and the speci-

ficities observed in Fig. 4(b). First, an increase in the 

salt content enhances AuNP–ssDNA binding, due to 

the charge screening effect on AuNPs and ssDNAs. 

This effect enhances the effectiveness of the AuNP 

wash method, and thus the specificity. The sharp 

enhancement in specificity resulting from performing 

the AuNP wash method at salt concentrations of 30 to 

70 mM (Fig. 4(b)) indicates that the charge screening 

of AuNP–ssDNA prevails at this salt concentration 

range. Second, salt also decreases specificity through 

charge screening of probe ssDNAs and target ssDNAs. 

This phenomenon is similarly observed in both the 

AuNP (Fig. 4(b)) and stringent wash techniques 

(Figs. 3(a) and 4(a)). The decrease in specificity at 

high salt concentrations (90 to 150 mM NaCl) shows 

that, at this range of salt content, the increase in the 

AuNP–ssDNA binding is less effective than the 

increase in probe-target binding.  

In order to stabilize AuNPs in the wash buffer and 

prevent salt-induced aggregation, the AuNP surfaces 

were loaded with oligonucleotide stabilizers with 

sequences non-complementary to the probe/target 

sequences. Here, we investigated the effects of length  

and concentration of the oligonucleotide stabilizers 

on the specificities obtained using the AuNP wash 

method. Figure 5(a) shows the hybridization signals 

after the duplexes were washed with solutions con-

taining AuNPs that were stabilized with 12-mer and 

20-mer of irrelevant oligonucleotides of different con-

centrations. We observed that higher specificities were 

obtained when shorter oligonucleotides (12-mer rather 

than 20-mer) or lower concentrations of oligonucleotide 

were used. The increased specificity observed could 

be due to the fact that oligonucleotide stabilizers with 

shorter sequence lengths and lower concentrations 

occupy smaller portions of the AuNP surfaces, thus 

leaving more surfaces available for binding to the 

ssDNA segments of the duplexes. Additionally, since 

the negative charges of the oligonucleotides add to 

the negative charge density of the AuNP surfaces and 

hinder AuNPs from approaching and attaching to the 

negatively-charged duplexes, shorter lengths and 

lower concentrations of the oligonucleotide stabilizer 

will lead to improved effectiveness in AuNP-induced 

destabilization of MM duplexes, and increased 

specificity. 

3.3 Application to genomic samples 

In order to investigate the applicability of the AuNP 

wash technique for genomic samples, we first evaluated 

the robustness of the technique upon sequence varia-

tion (i.e., the purine content), and then evaluated the 

 

Figure 5 Optimization of various experimental factors such as oligonucleotide stabilizer and purine content of DNA targets in the
AuNP wash method. (a) Histogram of the hybridization signals obtained after washing with SSC buffer solution (with 90 mM NaCl)
containing AuNPs stabilized with different oligonucleotides. The 5 nm AuNPs (5 nM) were first stabilized with 12-mer and 20-mer
oligonucleotides of different concentrations (8–20 nM for 12-mer and 5–20 nM for 20-mer). (b) Histogram of the fluorescence intensity
obtained at the hybridization patches of various targets following AuNP wash using SCC buffer (with 90 mM NaCl) containing 5 nm
AuNPs (5 nM) first stabilized with 12-mer oligonucleotides of 8 nM. For other conditions see Fig. 2. 
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performance of the technique using PCR amplicons 

as the target strands.  

In order to evaluate the robustness of the AuNP 

wash technique, we employed three sequences related 

to the KRAS gene (A20, A60, and W20), and two 

sequences related to a fungal pathogen (B21, NB21) 

(Table S1 in the ESM). In W20 and A60 targets, the 20 

bases of the target that hybridize with the probes are 

similar to A20 except for variations in the type of the 

mismatch base pair (C–C base pair in A20 and A60  

vs. G–G in W20) and also in the length of the target 

(60 bases in A60 vs. 20 bases in A20). These sequence 

variations do not affect the performance of the tech-

nique (Fig. 5(b)). Experiments were also performed 

using sequences that are completely different from 

A20, i.e., B21 and NB21. The strength of binding with 

gold is known to vary among DNA bases, and purine 

bases (A and G) are known to bind more strongly 

with the gold surface than pyrimidine bases (C and T) 

[32]. Since B21 and NB21 targets have lower purine 

base contents in their sequences than the A20 target 

(approximately 40% in B21/NB21 targets vs. 60% in 

A20), we expect to observe lower specificities with 

the B21 and NB21 targets. However, the lower purine 

base content of B21/NB21 targets did not result in a 

decrease in specificity (Fig. 5(b)). Since binding of 

AuNPs to either the target strand or the probe strand 

can accelerate the dehybridization process, the weaker 

binding between AuNPs and the pyrimidine-rich 

strand offset the stronger binding between AuNPs 

and the complementary purine-rich strand. This offset 

effect leads to an insensitivity of the AuNP wash 

method to the purine content of the DNA sequence. 

With the robustness of the method demonstrated, we 

conclude that the AuNP wash method can be applied 

to hybridization experiments involving DNA strands 

with various sequences. 

We have also used the AuNP wash method to detect 

SNPs in genomic samples, which consist of 4 different 

alleles of the KRAS gene codon 12. Detection of these 

SNPs is critical for clinicians to choose the appro-

priate type of therapy for colorectal cancer patients 

[33]. Figure 6(a) shows the fluorescence image of the 

signals obtained from PCR amplicons that have been 

hybridized to the probes on the surface of the CD- 

NBA chip followed by AuNP wash. As displayed   

in Fig. 6(b), the specificity was enhanced without 

compromising the signal, leading to a sensitive and 

specific SNP discrimination obtained at ambient tem-

perature (22 °C). These results, obtained using AuNPs 

 

Figure 6 Hybridization of PCR amplicons, with their corresponding PM and MM probes in the CD-NBA chip. (a) Scanned fluorescence
image and (b) histogram. The target molecules (80 base pairs) were amplified from 4 different alleles of KRAS gene codon 12 and 
hybridized with their complementary probes preprinted on the chip surface. Each probe is perfectly matched with one of the targets and
single base-pair mismatch with the other 3 targets. After hybridization, washing was conducted with a flow of wash buffer (SSC buffer 
with 90 mM NaCl) containing 5 nm AuNPs (5 nM, stabilized with 8 nM of 12-mer oligonucleotides) at a temperature of 22 °C and a 
spin rate of 900 rpm. 
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in the wash solution, are in sharp contrast to the 

previous results in Fig. S1 (see ESM) obtained using 

AuNPs conjugated to the DNA targets in the 

hybridization solution. This is because the sensitivity 

of the PM duplexes in the current AuNP wash method 

is preserved while the specificity is enhanced. 

4 Conclusions 

We have developed a technique for enhancing the 

specificity of DNA hybridization without reducing 

the signal. This technique is called the AuNP wash 

technique, and is performed on a CD-NBA chip using 

a buffer solution containing 5 nm gold nanoparticles. 

The solution dynamically washes the duplexes on the 

surfaces of the spiral channel of the chip and destabi-

lizes the MM duplexes but not the PM duplexes. The 

nanoparticle does not bind to the fully coiled duplex, 

but targets only the ssDNA segments (bubbles) of the 

duplex in the course of dehybridization and accelerates 

the propagation of the bubbles as well as unzipping of 

the duplex. This mechanism of destabilization causes 

a preferential removal of the MM duplexes, rather 

than the PM ones, and hence the signal is preserved, 

while the specificity is enhanced. We also investigated 

the influence of several governing factors of the method, 

and evaluated the performance of the technique with 

varying DNA sequences. The method was applied to 

the detection of KRAS gene SNP variations in genomic 

samples. Furthermore, SNP discrimination is achieved 

at a single temperature, alleviating the difficulty of 

temperature optimization for multiple targets of dif-

ferent melting temperatures in multiplex analysis. In 

contrast to the other attempts (e.g., molecular beacons) 

to enhance the specificities of DNA hybridization, no 

complicated design for the DNA probe sequence is 

required and high specificity is effectively achieved via 

a simple wash step subsequent to DNA hybridization. 

This simplicity is an advantage that, together with 

the robustness of sequence variation and compatibility 

with multiplex analyses, makes this technique a 

promising tool to be used in DNA hybridization- 

based microarrays. Additionally, it has the potential 

to reduce false positive/negative results and improve 

the accuracy of the microarray results. 
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