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Abstract

One of the major obstacles to implement nucleic acid-based molecular diagnostics at the point-of-

care (POC) and in resource-limited settings is the lack of sensitive and practical DNA detection 

methods that can be seamlessly integrated into portable platforms. Herein we present a sensitive 

yet simple DNA detection method using a surface-enhanced Raman scattering (SERS) 

nanoplatform: the ultrabright SERS nanorattle. The method, referred to as the nanorattle-based 

method, involves sandwich hybridization of magnetic beads that are loaded with capture probes, 

target sequences, and ultrabright SERS nanorattles that are loaded with reporter probes. Upon 

hybridization, a magnet was applied to concentrate the hybridization sandwiches at a detection 

spot for SERS measurements. The ultrabright SERS nanorattles, composed of a core and a shell 

with resonance Raman reporters loaded in the gap space between the core and the shell, serve as 

SERS tags for signal detection. Using this method, a specific DNA sequence of the malaria 

parasite Plasmodium falciparum could be detected with a detection limit of approximately 100 

attomoles. Single nucleotide polymorphism (SNP) discrimination of wild type malaria DNA and 

mutant malaria DNA, which confers resistance to artemisinin drugs, was also demonstrated. These 

test models demonstrate the molecular diagnostic potential of the nanorattle-based method to both 

detect and genotype infectious pathogens. Furthermore, the method’s simplicity makes it a suitable 

candidate for integration into portable platforms for POC and in resource-limited settings 

applications.

*Corresponding author at: Department of Biomedical Engineering, Duke University, Durham, NC 27708, USA. 
tuan.vodinh@duke.edu (T. Vo-Dinh). 

Notes
Material and methods can be found in the Supplementary material.

Conflict of interest
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Biosens Bioelectron. Author manuscript; available in PMC 2016 July 15.

Published in final edited form as:
Biosens Bioelectron. 2016 July 15; 81: 8–14. doi:10.1016/j.bios.2016.01.073.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Surface-enhanced Raman Scattering; Nanoparticle; DNA Detection; SNP discrimination; 
Molecular diagnostics; Point-of-care; Biosensing

1. Introduction

Molecular diagnostics is of paramount importance in medicine, biosensing, forensic science, 

etc. with many advantages such as high specificity, high sensitivity, serotyping capability, 

and mutation detection. Currently, the gold standard of nucleic acid-based molecular 

diagnostics tests involves polymerase chain reaction (PCR). PCR is highly sensitive with a 

single to few copies of target detection limit. However, it requires relatively bulky, expensive 

equipment, skilled workers, and is quite labor-intensive and time-consuming (Niemz et al., 

2011). Until recently, PCR tests have mainly been conducted in laboratories or hospitals. 

Development of rapid, easy-to-use, cost-effective, high accuracy DNA tests for molecular 

diagnostics at the POC and in resource-limited settings is highly needed. Such techniques 

will be helpful not only in developing countries but also in developed countries.

Many efforts have been devoted to develop new DNA detection methods for molecular 

diagnostics at the POC. Since the copy number of target DNA sequences is usually low, 

most of the existing methods utilize (1) target amplification or/and (2) signal amplification 

to achieve sufficient sensitivity. In target amplification methods (e.g. PCR, loop-mediated 

isothermal amplification, etc.), target sequences are amplified many million-fold using 

enzymatic reactions. Target amplification methods, therefore, are very sensitive. However, 

due to high level of amplification, trace amounts of contaminants could serve as templates 

and be amplified, making these methods susceptible to false positives. In addition, the 

presence of inhibitors can prevent enzymatic amplification, thus target purification is often 

required (Bessetti, 2007). Finally, the inherent biases in enzymatic amplifications may 

prevent accurate quantification (Mayr et al., 2016).

As an alternative to target amplification, signal amplification methods can mitigate these 

risks, but require strong signal amplification. One method of signal amplification is SERS 

(Lane et al., 2015; Schlücker, 2014), a phenomenon in which Raman scattering of molecules 

adsorbed on metallic nanostructures is enhanced many million-fold. SERS has been reported 

as a sensitive analytical technique, as demonstrated by its ability to detect single molecules 

(Darby et al., 2014; Kneipp et al., 1997; Nie and Emery, 1997). Based on SERS, our 

laboratory has developed different chemical and biological sensing methods for medical 

diagnostics and environmental monitoring (Vo-Dinh, 1998; Vo-Dinh et al., 2010; Vo-Dinh et 

al., 2013; Vo-Dinh et al., 2015). Compared to fluorescence, SERS has several advantages, 

including being more stable against photobleaching due to the extremely short lifetimes of 

Raman scattering (Doering and Nie, 2003). A SERS spectral peak is two orders of 

magnitude narrower than a fluorescence peak, making SERS more suitable for multiplex 

detection. With the same fluorophores, surface-enhanced resonance Raman scattering 

(SERRS) detection limit has been shown to be three orders of magnitude lower than of 

fluorescence (Faulds et al., 2004).
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SERS-based DNA detection has been investigated widely (Cao et al., 2002; Fabris et al., 

2007; Faulds et al., 2008; Gao et al., 2013; He et al., 2011; Hu et al., 2010; Kang et al., 

2010; Li et al., 2012; Li et al., 2013b; Ngo et al., 2014a; Ngo et al., 2014b; Ngo et al., 2013, 

2015; Qi et al., 2014; Sun et al., 2007; Xu et al., 2015). The Mirkin group developed gold 

nanoparticle probes labeled with oligonucleotides and Raman-active dyes for multiplex 

detection of DNA (Cao et al., 2002) with an unoptimized detection limit of 20 fM. Hu et al. 

utilized multilayer metal-molecule-metal nanojunctions to detect HIV-1 DNA at a sub-aM 

limit with single base mismatch discrimination (Hu et al., 2010). He et al. developed silicon 

nanowires coated with in situ grown silver nanoparticles for DNA detection at a 1 fM limit 

(He et al., 2011). Li et al. used a plasmonic nanorice and triangle nanoarray for detection of 

Hepatitis B virus DNA at a 50 aM limit (Li et al., 2013b). Although sensitive, integrating 

these methods into portable platforms for POC applications is still a challenge.

Herein, we developed a sensitive SERS-based DNA detection method, referred to as the 

nanorattle-based method, that is suitable for integrating into lab-on-chip systems for POC 

molecular diagnostics. The method employs sandwich hybridization of magnetic beads that 

are loaded with capture probes, target sequences, and ultrabright SERS nanorattles that are 

loaded with reporter probes. The nanorattles are used as SERS tags. Upon hybridization, 

sandwiches of magnetic bead–target–nanorattle were formed, and then a magnet was applied 

to concentrate the hybridization sandwiches at a detection spot for SERS measurements. 

Although the use of sandwich hybridization of magnetic bead, target sequence, and SERS 

tag for DNA detection has been reported previously (Donnelly et al., 2014; Li et al., 2013a; 

Xu et al., 2012; Zhang et al., 2011), the novelty of our method lies in the use of the 

nanorattle. The rationale behind this is to improve the sensitivity by using a much brighter 

SERS tag. Most previously-used SERS tags are composed of a nanoparticle (gold or silver) 

coated with Raman reporters and DNA probes on its surface; in these structures, SERS tag 

brightness is limited by the presence of only a submonolayer of Raman reporters on the 

nanoparticle’s surface. In contrast, our ultrabright SERS nanorattle has a core-gap-shell 

structure with Raman reporters trapped in the gap between the nanorattle’s core and shell. 

The gap is on the nanometer scale, providing room for a large number of Raman reporters. 

In addition, the nanosize gap between the core and the shell possesses an intense 

electromagnetic field (E field) enhancement, further improving the nanorattle’s SERS 

brightness. Compared to Raman reporter-labeled gold nanospheres, our ultrabright SERS 

nanorattles are approximately three orders of magnitude brighter. Furthermore, SERS signal 

stability is also improved. The nanorattle has Raman reporters encapsulated by a complete 

metallic shell, which can prevent SERS signal degradation due to reporter desorption.

Malaria is a global health threat to children and adults in tropical regions. Ninety-seven 

countries suffer ongoing transmission of malaria parasites, which imperil 3.4 billion people 

annually. In 2013, malaria caused an estimated 207 million infection cases and over 600,000 

deaths (WHO, 2014). Mutant strains of the malaria parasite Plasmodium falciparum that are 

resistant to artemisinin drugs (Art-R), a first-line therapy for malaria, have been reported 

(Dondorp et al., 2009; Noedl et al., 2008). It is important to develop new malaria diagnostics 

methods that can be used at the POC and are able to identify mutant malaria parasites. Using 

the nanorattle-based method, we demonstrate that a specific DNA sequence of the malaria 

parasite P. falciparum can be detected with approximately 100-attomole detection limit. 
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Furthermore, the SNP discrimination between wild type and mutant malaria parasite DNA 

sequence, which confers resistance to Art-R, is also demonstrated. The use of magnetic 

beads and the method’s simplicity make it a suitable candidate for automation and 

integration into lab-on-chip systems for POC molecular diagnostics.

2. Results and discussion

2.1. Detection scheme

The detection scheme of the nanorattle-based method is shown in Fig. 1. Magnetic beads 

and nanorattles are functionalized with DNA capture probes and DNA reporter probes, 

respectively. The two probes are designed to be complementary to the two ends of the target 

sequences. Detection is conducted by subsequently adding to sample solutions of interest 

magnetic beads that are loaded with capture probes and nanorattles that are loaded with 

reporter probes. In the presence of the target sequences, hybridization sandwiches of 

magnetic bead-target sequence-nanorattle are formed (Fig. 1a). A permanent magnet is used 

to concentrate the magnetic bead-target sequence-nanorattle sandwiches onto a small spot 

for SERS measurement (Fig. 1b).

2.2. Nanorattle

The SERS nanorattle synthesis process is shown in Fig. 2a. AuNP were first synthesized 

followed by Ag coating to form Au–Ag core–shell structures (AuNP@Ag). Galvanic 

replacement (Xia et al., 2013) was then used to turn the Ag shells into porous Au–Ag cages 

containing AuNP inside (AuNP@Cage). Raman reporters were then loaded into the 

AuNP@Cage with the assistance of a phase-change material (Moon et al., 2011). The 

porous cages were then turned into complete shells by a final Au coating to form SERS 

nanorattles. TEM images of the synthesized SERS nanorattles are shown in Fig. 2b. The 

average particle size is approximately 60 nm. The core-gap-shell structure is clearly 

observable. It is noteworthy that several different core-gap-shell structures have been 

previously reported (Chen et al., 2006; Khalavka et al., 2009; Sun et al., 2004). In our work, 

by loading HITC Raman reporters into the gap space between the core and the shell, SERS-

encoded nanorattles were obtained.

SERS measurements showed that SERS nanorattles exhibit intense SERS signal, more than 

three orders of magnitude stronger than gold nanospheres coated with the same Raman 

reporters (Fig. S1). We attribute the nanorattle’s intense SERS brightness to two factors. 

First, with a nanosize gap space between the nanorattle’s core and shell, the nanorattle could 

be loaded with a higher number of Raman reporters in comparison with number of reporters 

in a monolayer coating on a gold nanosphere’s surface. Second, the E field enhancement in 

the gap space of the nanorattle was estimated to be several times higher than the 

enhancement on gold nanosphere’s surface. Since SERS enhancement strongly depends on 

E field enhancement with a fourth power dependence (Schatz and Van Duyne, 2006), such 

increases in E field enhancement of nanorattles would result in several orders of magnitude 

increase in SERS enhancement.
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To calculate the increase in E field enhancement of the nanorattle, a 3-D model of the 

nanorattle was built. The model was excited by an incident plane wave, and total 

electromagnetic field was solved. Ratio of total E field and incident E field, denoted |E|/|Ein| 

– the E field enhancement, was calculated and plotted in Fig. 3a. Calculation results show 

the strong E field enhancement in the gap space of the nanorattle with the highest 

enhancement of about 14.10 times (Fig. 3c). This result is in agreement with previous results 

on a similar structure, the silica-insulated concentric structure (Lim et al., 2011). Compared 

to the highest E field enhancement of a gold nanosphere with similar size, which was about 

3.44 times (Figs. 3b and d), the nanorattle’s was 4.1 times higher. Similar improvements in E 
field enhancement were also observed when comparing the nanorattle with the nanorattle’s 

shell alone or with the nanorattle’s core alone. The highest E field enhancement of the 

nanorattle’s shell alone was 3.53 times (Fig. S2) while that of the nanorattle’s core alone 

was 3.33 times (Fig. S3). However, when both the core and the shell were combined into a 

nanorattle with core-gap-shell structure, the highest E field enhancement was 14.10 times as 

mentioned above.

The strong E field enhancement in the gap space of the nanorattle can be explained by the 

coupling of surface plasmons of the metal core and the metal shell (Xu, 2005). This strong E 

field enhancement between the core and the shell has been harnessed by several previous 

works for SERS enhancement (Chen et al., 2014; Feng et al., 2012; Gandra and 

Singamaneni, 2013; Jaiswal et al., 2014; Lim et al., 2011; Liu et al., 2015; Luo et al., 2011; 

Song et al., 2014; Xu et al., 2005; Zhou et al., 2013). Also in most of these works, only a 

monolayer of Raman reporters was loaded into the gap space by using self-assembly of 

reporters on a core followed by a shell coating. In our work, core-gap-shell structures were 

first synthesized followed by loading Raman reporters into the gap space. Since the gap is 

nanometer in scale, the nanorattle has higher reporter loading capacity.

Besides exhibiting intense SERS brightness, the core-gap-shell structure with Raman 

reporters trapped in the gap space between the core and the shell has several additional 

advantages. First, since the reporters are protected by a metal shell, chemical stability is 

improved with regard to signal degradation, as reporter desorption can be prevented. Similar 

reporter protection using silica shells has been widely reported (Doering and Nie, 2003; 

Kustner et al., 2009; Lee et al., 2014; Lee et al., 2012; Li et al., 2010; Liu et al., 2010; Mir-

Simon et al., 2015; Sha et al., 2008). Second, since the reporters are trapped inside the 

structure instead of coated on the structure’s outer surface, the whole outer surface is 

available for DNA probe functionalization. This allows more flexibility in tuning DNA 

probe density for optimal hybridization efficiency without compromising the SERS 

brightness. Third, in contrast to SERS enhancement based on nanojunctions between 

aggregated nanoparticles (a.k.a. SERS “hot spots”) that are difficult to control and have poor 

reproducibility, nanorattle’s SERS enhancement is based on the nanogap between the core 

and shell, which is easier to control and more reproducible. Due to the above merits, the 

nanorattle was chosen for DNA detection based on sandwich hybridization, which will be 

discussed in following section.
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2.3. DNA detection

Detection of the wild type sequence of P. falciparum gene PF3D7_1343700 is described in 

the Supplementary material using the nanorattle-based method depicted in Fig. 1. The 

formation of hybridization sandwiches of magnetic bead-target sequence-nanorattle was 

verified by SEM images (Fig. 4). In the presence of complementary target sequences, 

nanorattles were bound onto magnetic beads’ surface (Fig. 4a). In contrast, in the absence of 

complementary target sequences (i.e. buffer only), almost no nanorattle was found (Fig. 4b). 

The result indicated that hybridization sandwiches of (1) magnetic beads loaded with 

capture probes, (2) target sequence, and (3) nanorattles loaded with reporter probes 

successfully formed in the presence of complementary target sequences. As the magnetic 

beads (ca. 1 μm diameter) were much bigger than the nanorattles (ca. 60 nm diameter), tens 

of nanorattles were found on each magnetic bead.

The quantification capability of the nanorattle-based technique was investigated by testing 

samples of the wild type sequence of P. falciparum gene PF3D7_1343700 at different 

concentrations. Quantification results are shown in Fig. 5. As shown in Fig. 5a, SERS 

intensity decreases when target concentration decreases, suggesting that a lower number of 

magnetic bead-target sequence-nanorattle sandwiches were formed at lower target 

concentration. SERS peak intensities at 923 cm−1 of different concentrations in Fig. 5a were 

normalized against the 923 cm−1 peak intensity of the highest concentration, i.e. 100 pM, 

and plotted in Fig. 5b. From the results, the limit of detection was determined to be 

approximately 3 picomolar (3 × 10−12 M). Since the sample solutions’ volumes were 30 μL, 

at 3 picomolar concentration, the copy number of target sequences was below 100 attomoles 

(10−16 mol). It is noteworthy that for sample solutions at 1 nM concentration we observed 

detector saturation due to strong SERS signals. The linear range of our method is, therefore, 

expected to be between 10−11 M and 10−10 M target concentrations. For detection at higher 

target concentrations without detector saturation, a shorter detector’s exposure time can be 

used.

2.4. SNP discrimination

SNP discrimination using SERS has been previously reported (Cao et al., 2002; Jiang et al., 

2012; Johnson et al., 2012; Li et al., 2013b; Mahajan et al., 2008; Papadopoulou and Bell, 

2011; Wei et al., 2013). To demonstrate the SNP discrimination capability of the nanorattle-

based method, we used as models wild type and mutant DNA sequences of the malaria 

parasite P. falciparum gene PF3D7_1343700 (“K13”). We tested 53nt K13 sequences with 

(“Mut”) and without (“WT”) a SNP encoding the C580Y substitution that confers resistance 

to Art-R (Ariey et al., 2014; Mohon et al., 2014). Based on the two sequences, referred to as 

target sequences, reporter probes for P. falciparum WT and of P. falciparum Mut were 

designed. A common capture probe for the two target sequences was also designed (Table 

S1). Samples containing P. falciparum WT target sequence, P. falciparum Mut target 

sequence, a non-malaria sequence, or buffer only were tested against the two reporter probes 

in parallel as described in the experimental section. The results are shown in Fig. 6. Both 

WT reporter probe and Mut reporter probe can specifically detect WT target sequence and 

Mut target sequence, respectively. For the WT reporter probe (Fig. 6a), the SERS intensity 

was high in the presence of P. falciparum WT target sequences. This is due to the perfect 
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matching between the WT reporter probes and the WT target sequences, resulting in stable 

double strands. More nanorattles could then attach to the magnetic beads via sandwich 

formation, thus resulting in high SERS intensity. However, in the presence of P. falciparum 
Mut target sequences, the SERS intensity was low (Fig. 6a). This is due to the single-base 

mismatch between the WT reporter probes and the Mut target sequences, resulting in less 

stable double strands. With the stringent washing step using low-salt washing buffer at 

37 °C, these unstable double strands will dehybridize. A lower number of nanorattles were 

attached to the magnetic beads, resulting in low SERS intensity. For non-malaria sequence 

and blank, SERS intensities were close to zero (Fig. 6a), indicating that nonspecific 

hybridization and undesired adsorption were marginal. By dividing SERS peak intensity at 

923 cm−1 of WT probe-WT target by that of WT probe-Mut target (Fig. S5), we obtained 

SNP discrimination ratio of approximately 8:1 for the WT probe. Similarly, for the Mut 

reporter probe (Fig. 6b), SERS intensity was high in the presence of P. falciparum Mut target 

sequences and low in the presence of P. falciparum WT sequences. SERS intensities were 

close to zero for both non-malaria sequences and blank. By dividing the SERS peak 

intensity at 923 cm−1 of Mut probe-Mut target by that of Mut probe-WT target (Fig. S5), the 

SNP discrimination ratio was determined to be approximately 3.2:1 for the Mut probe. The 

results clearly demonstrate the SNP discrimination capability of the nanorattle-based 

method.

It is noteworthy that conditions of the stringent washing step, including temperature and salt 

concentration, are crucial to the SNP discrimination experiment’s success. To investigate the 

effect of temperature of the stringent washing step, we repeated the SNP discrimination 

experiment except that the stringent washing step was conducted at room temperature as 

opposed to 37 °C. The results show that the discrimination capacity was adversely affected. 

While the WT probe can still discriminate between WT target and Mut target but at lower 

discrimination ratio 2.5:1 (Fig. S6), the Mut probe couldn’t discriminate between Mut target 

and WT target (Fig. S7). Choosing an appropriate temperature for the stringent washing step 

is therefore important to SNP discrimination success. Generally, this can be achieved via 

determining melting temperatures of perfectly-matched double strand and of single-base 

mismatched double strand in combination with trial-and-error. The use of two reporter 

probes, WT probe and Mut probe, is effective for not only SNP discrimination but also for 

target composition identification (Cao et al., 2002).

3. Conclusion

A new DNA detection method based on sandwich hybridization of magnetic bead, target 

sequence, and ultrabright SERS nanorattle was presented. The nanorattle has a core-gap-

shell structure with Raman reporters loaded in the nanosize gap between the core and the 

shell. Our SERS measurements showed that the nanorattles are more than three orders of 

magnitude brighter than gold nanospheres loaded with the same Raman reporter. The 

nanorattle was used as a SERS tag for DNA detection using sandwich hybridization and 

magnetic beads. The current unoptimized detection limit is approximately 100 attomoles for 

P. falciparum DNA targets. SNP discrimination of wild type and mutant P. falciparum 
sequences, which confer Art-R resistance, was also demonstrated. The presented method is 
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simple, sensitive, and suitable for automation, making it an attractive candidate for 

integration into portable platforms for POC molecular diagnostics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) The nanorattle-based DNA detection method using sandwich hybridization of (1) 

magnetic bead that are loaded with capture probes, (2) target sequence, and (3) ultrabright 

SERS nanorattles that are loaded with reporter probes. (b) A magnet is applied to 

concentrate the hybridization sandwiches at a detection spot for SERS measurements.
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Fig. 2. 
(a) SERS nanorattle synthesis process. (b) TEM image of nanorattles with core-gap-shell 

structure (inset: higher magnification TEM image). Raman reporters were loaded into the 

gap space between the core and the shell.
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Fig. 3. 
E field enhancement of nanorattle (a) and nanosphere (b). High E field enhancement in the 

gap space between nanorattle’s core and shell can be observed. E field enhancement along z-

axis crossing though nanorattle’s center (c) and nanosphere’s center (d).
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Fig. 4. 
(a) SEM image of nanorattles bound onto magnetic beads’ surface in the presence of 

complementary target sequences. (b) Almost no nanorattle found on magnetic beads in the 

absence of complementary target sequences.
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Fig. 5. 
(a) SERS spectra at different concentrations of wild type target P. falciparum gene 

PF3D7_1343700 (vertically shifted for clarity). (b) SERS intensities at 923 cm−1 

(normalized) vs. log(target concentration/(M)). Error bars represent standard deviations (n = 

3).
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Fig. 6. 
Detection of wild type P. falciparum and mutant P. falciparum with a single nucleotide 

difference using the nanorattle-based method (vertically shifted for clarity). Two probes, one 

for wild type P. falciparum (a) and one for mutant P. falciparum (b), were designed and 

tested against P. falciparum wild type DNA, P. falciparum mutant DNA, non-malaria DNA, 

and blank. The wild type DNA and the mutant DNA have a single base difference.
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