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Abstract 

The development of new nucleic acid detection techniques for molecular 

diagnostics at the point-of-care (POC) and resource-limited settings has attracted great 

interest. Signal amplification-based nucleic acid detection can be an alternative to 

enzymatic amplification-based methods (e.g., PCR, i.e., polymerase chain reaction). 

Compared to enzymatic amplification, some advantages of signal amplification include 

simple detection workflow without the need of nucleic acid extraction and purification, 

being more resistant to contamination and inhibitors, etc. However, current signal 

amplification methods are usually not sufficiently sensitive or too complicated and 

require skill operators, thus affecting its translation to POC applications. 

Advances in nanotechnology and nanomaterials offer new, versatile, and 

exciting platforms for POC diagnostics.  Using nanobiosensors and surface-enhanced 

Raman scattering (SERS), we have been developing various novel nucleic acid detection 

methods for in vitro molecular diagnostics. Emphasis was placed on sensitivity and easy-

to-use, two of the main requirements of POC molecular diagnostics. Two different and 

complementary strategies for nucleic acid detection including (1) a chip-based strategy 

and (2) a nanoparticle-based strategy were investigated. The chip-based strategy 

involves single-step multiplex detection using SERS-active Nanowave chips. The 
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nanoparticle-based strategy involves sandwich hybridization using magnetic beads, 

target sequences, and SERS nanorattle nanoparticles. 

First, we developed a method for fabrication of large area high enhancement 

SERS-active Nanowave chip. Using the method, wafer scale of SERS-active Nanowave 

chip with particularly high enhancement factor of ~108 were achieved. Based on the 

Nanowave chip platform, we developed molecular sentinel-on-chip assay and inverse 

molecular sentinel-on-chip assay for nucleic acid detection. To show the assays’ 

usefulness for molecular diagnostics, genetic biomarkers for respiratory infection and a 

specific DNA sequence of Dengue virus were used as test models. 

Second, method for synthesis of ultrabright SERS nanorattles were developed. 

The nanorattles are suitable for sandwich hybridization-based nucleic acid detection due 

to its strong SERS signal and high stability. Using the synthesized nanorattles, we 

developed a sandwich hybridization assay to detect specific DNA sequence of malaria 

parasite P. falciparum and genetic biomarker of squamous cell carcinoma (SCC). For the 

malaria target DNA, detection limit of 3 pM using synthetic DNA was achieved. For the 

SCC biomarker, we could detect real biological samples by detecting real-time PCR 

products of RNA extracted from SCC cell lines. Sensitivity of 93% and specificity of 

100% were achieved. 

Third, we developed an integrated device for automation of the nanorattle 

sandwich assay. Using the device, we could directly detect malaria RNA in malaria-
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infected blood lysate. The detection process was quite simple by adding nanorattles pre-

functionalized with reporter probes and magnetic beads pre-functionalized with capture 

probes to the blood lysate followed by several hour incubation and an automated 

washing by a second-generation lab-in-a-stick device. To our knowledge, this is the first 

time the SERS-based detection of pathogen nucleic acid in blood lysate without any 

nucleic acid extraction or enzymatic amplification was reported. 

The results showed potential of our nanobiosensors, methods, and systems for 

nucleic acid-based molecular diagnostics. The nanorattle sandwich assay’s sensitivity 

and compatibility for automation make them suitable for POC applications. In 

combination with the lab-in-a-stick device, we can now directly detect malaria nucleic 

acid in blood lysate. Future works will be to improve the limit of detection so that the 

technique can be used for detection of bloodborne pathogens and genetic biomarkers at 

lower clinical-relevant concentrations. 
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Chapter 1. Introduction 

1.1 Overall research objective 

Our main objective is to develop new SERS-based, enzymatic amplification-free 

nucleic acid detection methods that are highly sensitive and specific, rapid, cost-

effective, and suitable for integration into integrated devices. A great emphasis was 

placed on the sensitivity and integration compatibility so that the methods can be 

integrated into portable platforms for POC molecular diagnostics and global health 

applications. Two different strategies were investigated. First, novel chip-based single-

step DNA assays were developed. Target DNA sequences were detected by simply 

dropping small volume (20 µl – 30 µl) of sample solutions onto SERS-active planar chips 

functionalized with DNA probes and followed by direct measurement of SERS signals 

after a period of incubation time without requiring any other sample treatment step. 

Second, we investigated a DNA sandwich assay based on hybridization of magnetic 

beads functionalized with DNA capture probes, target sequences, and SERS nanotags 

functionalized with DNA reporter probes. After sandwich hybridization, a permanent 

magnet was used to concentrate hybridization complexes at one specific spot for 

detection. Unreacted components were washed away, and the SERS signal was 

measured by focusing laser beam onto the concentrated spot. 
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1.2 Hypothesis 

Signal amplification based on SERS can be used for direct detection of pathogen 

nucleic acid targets such as DNA or RNA in bodily fluid lysate without DNA or RNA 

extraction and enzymatic amplification, thus simplifying nucleic acid detection process 

and bringing nucleic acid-based molecular diagnostics closer to POC applications. 

1.3 Specific Aims 

To accomplish the above research objective, we have three following specific 

aims: 

Aim 1: Development of SERS-active nanochips and nanochip-based nucleic acid 

detection assays 

1.1 High enhancement SERS-active Nanowave and Nanopillar chips. 

1.2 Single-step nucleic acid detection methods using SERS-active Nanowave 

chip. 

Aim 2: Development of ultrabright SERS nanoprobes and nanoprobes-based nucleic 

acid detection assay 

 2.1 Ultrabright SERS nanotags including nanosphere nanorattles and nanocube 

nanorattles. 

2.2 Sensitive nucleic acid detection method using sandwich hybridization of 

magnetic beads and SERS nanorattles for malaria and cancer diagnostics. 
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Aim 3: Development of an integrated device for automatic and direct detection of 

nucleic acid in blood lysate 

 3.1 Lab-in-a-stick concept. 

 3.2 Device integration and optimization. 

3.3 Direct detection of malaria RNA in blood lysate using the developed 

integrated device. 

1.4 Outline 

The remaining chapters will show how we accomplish the above three specific 

Aims and the results achieved. 

Chapter 2 (Aim 1.1) presents a method for the fabrication of large area SERS-

active Nanowave chip with high SERS enhancement. Using this method, wafer scale of 

SERS-active Nanowave chip with enhancement factor of ~108 were achieved. Variants of 

the Nanowave chip and fabrication of nanopillars are also presented. 

Chapter 3 (Aim 1.2) presents the development of single-step and multiplex DNA 

detection assays by functionalizing the fabricated Nanowave chips with molecular 

sentinel DNA probes. Using the molecular sentinel-on-chip assay, host genetic 

biomarkers for respiratory infection were detected.  An improved “signal-on” version 

referred to as the “inverse molecular sentinels-on-chip” was also developed. This assay 

was used to detect a specific DNA sequence of dengue virus. 
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Chapter 4 (Aim 2.1) describes methods for synthesis of ultrabright SERS 

nanotags including nanosphere nanorattles and nanocube nanorattles.  The synthesized 

nanorattles are three orders of magnitude brighter than gold nanoparticles and several 

times (3-5 times) brighter than gold nanostars. Nanorattles that are loaded with different 

Raman reporters, thus having different spectral fingerprints, were also developed for 

use in multiplex detection. 

Chapter 5 (Aim 2.2) presents the development of a nucleic acid detection method 

using sandwich hybridization of magnetic beads, target sequences, and SERS 

nanorattles. A specific target DNA sequence of malaria parasite P. falciparum and a 

genetic biomarker for squamous cell carcinoma (SCC) were used as test models. For the 

malaria target DNA, detection limit of 3 pM using synthetic DNA was achieved. For the 

SCC biomarker, we could detect real biological samples by detecting real-time PCR 

products of RNA extracted from two different SCC cell lines. A sensitivity of 93% and a 

specificity of 100% were achieved. 

Chapter 6 (Aim 3) details the development of an integrated device for 

automation of nucleic acid detection. The second-generation device is capable of 

simultaneously processing up to twelve samples in automatic fashion. The device was 

used to conduct tests for sandwich assay optimization, achieving detection limit in the 

fM range. With the optimized assay, the system was capable of directly detecting RNA 
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extracted from malaria parasites without enzymatic amplification. Finally, direct 

detection of malaria RNA in blood lysate without RNA extraction or enzymatic 

amplification was demonstrated. 

Chapter 7 concludes this thesis by providing the major results and contributions 

to the field and a section on proposed future research. 

1.5 Background 

1.5.1 Nucleic acid-based molecular diagnostics 

Molecular diagnostics is paramount important in medicine, forensic science, etc. 

Molecular diagnostics offers many advantages such as high specificity, high sensitivity, 

the ability to identify gene mutation, serotype, and predict drug resistant strains, etc. 

Currently, most molecular diagnostics tests are conducted in laboratories or hospitals 

using PCR, which is a quite labor-intensive and time-consuming process and requires 

skilled workers [1]. Developing rapid, easy-to-use, cost-effective, high accuracy devices 

for molecular diagnostics at POC and resource-limited settings is essential. Such devices 

would be beneficial not only in developing countries but also in developed world. 

Many DNA detection methods for molecular diagnostics have been developed. 

They can be generally divided into two main groups: (1) enzymatic amplification-based 

methods and (2) signal amplification-based methods. In methods using enzymatic 

amplification, target sequences are amplified millions or billions of times using 
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enzymatic reactions with temperature being modulated using thermal cycler (e.g., as in 

PCR) or kept constant (as in isothermal amplification techniques such as loop-mediated 

isothermal amplification, strand displacement amplification). Since the copy number of 

target sequences is amplified millions of times or more, enzymatic amplification-based 

methods are highly sensitive with single to a few copies detection limit. PCR is currently 

the gold standard for molecular diagnostics. Isothermal amplification techniques such as 

loop-mediated isothermal amplification (LAMP) also showed high sensitivity and are 

promising for POC applications [2]. These advantages are balanced by the need of using 

complex reaction mixtures. Enzymatic amplification of highly degraded DNA, which is 

often found in ancient and forensic samples, is difficult [3,4]. Due to high level of 

amplification, trace amount of DNA contaminants (especially ones carried over from 

previously reactions) could serve as templates, resulting in amplification of the wrong 

template (false-positives) [5]. Presence of inhibitors can inhibit enzymatic amplification, 

and nucleic acid purification step to remove inhibitors is required [6]. Lab-on-a-chip 

systems that integrate all steps of the detection process including nucleic acid extraction 

and purification, amplification, and signal detection can prevent contamination and 

automate the whole process. Such systems are also suitable for POC applications due to 

miniaturization and simplicity. Lab-on-a-chip systems are continuously being developed 

and have attracted great interest [7-9]. 
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1.5.2 Nucleic acid detection using signal amplification 

Besides enzymatic amplification, original target nucleic acid sequences can be 

directly detected without prior enzymatic amplification. Since the copy number of target 

sequences is usually low, such direct detection requires high enhancement of detection 

signal, so called signal amplification method. Signal amplification methods are 

complementary to enzymatic amplification methods with several advantages. Firstly, in 

signal amplification methods, nucleic acid purification and enzymatic amplification 

steps are not needed, simplifying the detection workflow. Secondly, target loss 

associated with nucleic acid purification and biases associated with enzymatic 

amplification, which may lead to difficulties in accurate quantification, are avoided. 

Thirdly, since no enzymatic amplification is employed, signal amplification methods are 

more resistant to contamination and inhibitors. However, signal amplification methods 

also have some disadvantages. Most of the existing signal amplification methods have 

lower sensitivity compared to enzymatic amplification, which likely explains why not 

many results with real clinical samples have been reported. In addition, long incubation 

time (several hours to overnight) is often required due to low concentration of target 

sequences. Many efforts have been made to improve limit of detection and sensitivity of 

signal amplification-based nucleic acid detection. 
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Advances in nanotechnology provide new, exciting platforms due to 

nanomaterials’ high surface area-to-volume ratio and the size in range of target analytes. 

In addition, metallic nanostructures have physical characteristics that don’t exist in bulk 

material including the ability to strongly enhance Raman scattering of molecules 

residing near nanostructures’ surface. These characteristics makes nanomaterials a 

suitable candidate for signal amplification-based nucleic acid detection. Mirkin group 

first developed a bio-bar-code DNA assay with PCR-like sensitivity [10]. Using 

oligonucleotide-modified nanoparticles, magnetic separation, and scanometric detection 

method [11], they were able to achieve 500 zM target DNA sensitivity limit. Lieber 

group developed nanowire nanosensors for direct electrical detection of DNA [12]. In 

this technique, target sequences hybridize with peptide nucleic acid probes immobilized 

on a nanowire, thus, increasing the conductance between two terminals of the nanowire. 

By measuring the conductance change, target sequence can be quantified with detection 

limit as low as 10 fM without labeling and in real-time. Tan group used fluorescent dye-

doped silica nanoparticles and sandwich hybridization assay for detecting target 

sequences and discriminating single-base mismatch sequences [13]. They could achieve 

0.8 fM detection limit. Direct identification of single nucleotide polymorphism (SNP) 

from human genomic DNA without enzymatic amplification has been demonstrated 

[14]. Although being sensitive, these techniques usually involve multiple hybridization 
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and washing steps, hence, are still relatively complicated and time-consuming. 

Homogenous colorimetric DNA detection based on nanoparticle aggregation is simple 

but suffers from relatively poor detection limit (pM range) [15,16]. 

1.5.3 Surface-enhanced Raman scattering 

Surface-enhanced Raman scattering (SERS), a phenomenon in which Raman 

scattering of molecules adsorbed on metallic nanostructures is enhanced millions times 

or more, is a sensitive analytical technique [17]. The sensitivity of SERS is demonstrated 

through its ability to detect single molecule [18,19]. Based on SERS, our laboratory has 

developed different chemical and biological sensing methods for medical diagnostics 

and environmental monitoring [20,21]. Compared to fluorescence, SERS provides much 

narrower spectral peaks, making it more suitable for multiplex detection. SERS is also 

more resistant to photobleaching [22]. 

1.5.4 SERS-active nanoplatforms 

SERS-active nanoplatforms can be divided into two main categories: substrate 

and nanoparticle. SERS substrates usually refer to metallic nanostructures distributed on 

solid, usually planar surfaces such as glass slide or silicon. SERS nanoparticles refer to 

metallic nanoparticles existing in solution. SERS substrates are usually fabricated using 

clean-room instruments while nanoparticles are often chemically synthesized. In some 

cases, chemically synthesized nanoparticles are spread on or in situ grown on solid 
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surfaces to make SERS substrates. In some other cases, metallic nanostructures on SERS 

substrate can be removed from solid surfaces and dispersed into solution to make SERS 

nanoparticles. Generally, clean-room instrument-based fabrication provides high 

reproducibility but has relatively high cost. In contrast, chemical synthesis is less 

reproducible but relatively inexpensive. SERS substrates are particularly suitable for 

drop-and-measure applications where sample solutions are directly dropped onto SERS 

substrates and signals are measured. The measurement becomes simple and can be very 

high throughput. In contrast, SERS nanoparticles can be readily mixed with sample 

solutions. Due to its high surface area-to-volume ratio and its uniform distribution in 

solution space, nanoparticles can interact with the analytes in solution at higher rate 

than of SERS substrates. For SERS substrates, this interaction is based on passive 

diffusion of the analytes to the substrate’s surface, resulting in slower kinetic. In this 

study, both types of SERS nanoplatforms have been investigated including: (1) SERS-

active Nanowave chip and SERS-active nanopillars chip (substrate) and (2) SERS 

nanorattles (nanoparticle). 

1.5.5 SERS nanobiosensors for nucleic acid-based molecular 
diagnostics 

SERS nanoplatforms can be functionalized with bioreceptors such as DNA 

probes, aptamers, antibodies, artificial binding proteins, etc. to become SERS 

nanobiosensors, aka SERS nanoprobes. In SERS nanobiosensors, bioreceptors bind 
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to/capture the target analytes. Bioreceptor-target analyte interactions can be optically 

detected in different ways. First, intrinsic SERS of the target analytes, which are now 

near SERS nanoplatforms’ surface, can be measured. Second, bioreceptor-target analyte 

interactions can lead to change in relative distance between Raman reporters and SERS 

nanoplatforms’ surface, thus SERS signal change. Third, Raman reporter-loaded SERS 

nanoplatforms can be used as tags/labels in sandwich assay or competitive binding 

format. Fourth, bioreceptor-target analyte interactions can lead to or prevent the 

formation of SERS “hot spots” (areas with intense electrical field – thus particularly 

strong SERS enhancement), resulting in SERS signal change. 

SERS nanobiosensors-based nucleic acid detection has attracted a lot of interest 

[23-37]. Mirkin group developed gold nanoparticle probes labelled with 

oligonucleotides and Raman-active dyes for multiplex detection of DNA [24]. The 

unoptimized detection limit of this method is 20 fM. Liu group utilized multilayer 

metal-molecule-metal nanojunctions to detect HIV-1 DNA at sub-attomolar limit with 

single base mismatch discrimination [38]. He et al. developed silicon nanowires coated 

with in situ grown silver nanoparticle for DNA detection at 1 fM limit [39]. Li et al. used 

plasmonic nanorice and triangle nanoarray for detection of Hepatitis B virus DNA at 50 

aM limit [40]. However, these methods are still relatively complex, involving multiple 
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steps. This prevents the integration of these methods into portable platforms for POC 

diagnostics. 

In this work, new nucleic acid detection methods using SERS nanobiosensors 

have been developed. First, high enhancement SERS substrates and ultrabright SERS 

nanotags were fabricated or synthesized. Second, by functionalizing these SERS 

nanoplatforms with DNA probes, we developed novel, sensitive nucleic acid detection 

methods. The methods’ usefulness to in vitro molecular diagnostics were demonstrated 

by detecting various clinical-relevant nucleic acid targets including respiratory infection 

genetic biomarkers, dengue virus DNA, malaria DNA, SCC genetic biomarker. Finally, 

one of the developed methods was integrated in a portable, integrated device for direct 

detection of malaria RNA in blood lysate without any RNA extraction or enzymatic 

amplification. 

Details of these works will be presented in the remaining chapters of this thesis 

followed by a conclusion chapter. 
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Chapter 2. Development of high enhancement SERS-
active substrates at wafer scale (Aim 1.1) 

2.1 Development of SERS-active Nanowave chip at wafer scale 
using self-assembly on water-air interface 

2.1.1 A new method for large scale fabrication of SERS-active 
Nanowave chip  

Our group has been involved in the development and application of various 

SERS substrates ranging from nanoparticles to nanopost arrays, nanowires and 

nanochips [41-45]. We were first to develop a unique SERS substrate consisting of a 

metal film over close-packed nanospheres in 1984 [41]. This type of substrate, referred to 

as “Nanowave chip” due its periodic wave-like structure, was later investigated and 

used by Van Duyne and other investigators [46-53]. The Nanowave chip has been shown 

to be particularly effective for SERS applications [54,55]. Due to its high enhancement 

factor and simple fabrication, it has been used in a wide variety of chemical and 

biological sensing applications [56-58,47]. 

Although the fabrication of Nanowave is relatively simple (e.g., using drop-

coating method), only small area of the Nanowave (< 1 cm2) is usually achieved. Larger 

area of the Nanowave can be obtained using spin coating technique but many effort is 

required to fine-tune experimental parameters. Besides, Nanowave fabricated using 

these two methods are often associated with defects such as multiple layers of 

nanospheres (using drop-coating) or discrete patches of Nanowave (using spin-coating). 
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These defects reduce the SERS enhancement reproducibility of the Nanowave. 

Fabricating large area of the Nanowave (e.g., wafer scale) with high SERS enhancement 

reproducibility is still a challenge. 

 

Figure 1: Fabricating monolayer of polystyrene beads (PS) on glass slide based 

on self-assembly on water-air interface method1. 

 

Figure 2: (a, b) PS monolayer on microscope glass slide at two different 

viewing angles (c) Preparing a monolayer of PS on silicon wafer by injecting mixture 

of PS and EtOH on a water film on the wafer. Scale bars in (a, b): 10 mm 

                                                      

1 Reprinted (adapted) from HT Ngo, HN Wang, AM Fales, T Vo-Dinh, “Label-free DNA Biosensor Based on 

SERS Molecular Sentinel on Nanowave Chip”, Analytical Chemistry 85 (13), 6378-6383, 2013, with 

permission from American Chemical Society. Copyright 2013 American Chemical Society. 
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In this work, a new Nanowave fabrication method based on self-assembly on 

water-air interface was developed. First, a large area of monolayer of closely packed 

polystyrene beads (PS, 430 nm diameter) was prepared on cleaned microscope glass 

slides by injecting mixture of PS and ethanol onto water surface followed by water 

removal (Figure 1). Using the above method, large area of monolayer of PS on solid 

substrates can be obtained at low-cost and with high reproducibility. Figure 2A-B shows 

monolayer of PS on microscope glass slide. Due to light diffraction, the structure has 

different colors under different angles of view. Furthermore, by replacing the 

microscope glass slide with silicon wafer, monolayer of PS on silicon wafer was obtained 

(Figure 2C). Second, the as-prepared PS monolayer was coated with a thin film (200nm) 

of metal (gold and/or silver) using electron beam evaporator to obtain the Nanowave 

(see Appendix A.2.1 and A.2.2 for more experimental details). 
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Figure 3: (a, b) SEM images, top view and (c, d) AFM images of bimetallic 

Nanowave chip2. 

                                                      

2 Reprinted (adapted) from HT Ngo, HN Wang, AM Fales, BP Nicholson, CW Woods, T Vo-Dinh, “DNA 

bioassay-on-chip using SERS detection for dengue diagnosis”, Analyst 139 (22), 5656-5660, 2014, with 

permission from The Royal Society of Chemistry. Copyright 2014 The Royal Society of Chemistry. 



 

17 

 

 

Figure 4: SEM images of Nanowave, side view. 

 Surface morphology of the Nanowave was characterized using scanning 

electron microscope (SEM, see Appendix A.2.3) and atomic force microscope (AFM). 

Figure 3A shows SEM image of Nanowave obtained after coating the prepared 

monolayer of PS with a thin film of metal. The higher magnification SEM image (Figure 

3B) shows the periodic hexagonal pattern of the chip and crevices between metal-coated 

PS. The image also indicates considerable surface roughness on the chip. To confirm this, 

we conducted AFM measurements, and results are shown in Figure 3C-D. From AFM 

images, deep nanosize crevices between metal-coated PS and substantial surface 

roughness can be observed. Side views of the Nanowave shown in Figure 4 consolidated 

the AFM data. 
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2.1.2 Tuning of Nanowave’s LSPR and its effect on SERS 
enhancement 

Localized surface plasmon resonance (LSPR) of the gold Nanowave can be tuned 

by varying diameter of the PS. As shown in Figure 5, when PS diameter increases, LSPR 

is shifted toward the near-infrared region. The same trend was observed for silver 

Nanowave in a previous study [59]. The shift of LSPR could be explained by change in 

radius of curvature of the gaps between metal-coated PS [59]. Figure 5 inset shows 

diffuse reflectance spectroscopy optical setup for LSPR measurement by using a halogen 

light source, a reflectance optical probe, and a UV-Vis spectrometer (see Appendix 

A.2.4). 
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Figure 5: LSPR of gold Nanowave fabricated using PS of different sizes: 310 

nm, 430 nm, 520 nm, and 600 nm diameter. Inset: optical setup for LSPR measurement. 

 

Figure 6: (A) SERS spectra of benzenethiol on gold Nanowave fabricated using 

PS of different sizes: 310 nm, 430 nm, 520 nm, and 600 nm diameter. (B) SERS 

intensity at 1573 cm-1 peaks of the spectra shown in A. Error bar is ± one standard 

deviation of five measurements. 
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Benzenethiol was used for comparison. SERS signals were measured using the 

Renishaw confocal Raman microscope 100% laser power, i.e. ~5 mW (see Appendix 

A.2.5). SERS enhancement performance of Nanowave of different size PS is shown in 

Figure 6. Nanowave using PS of 430 nm diameter showed the highest SERS 

enhancement. This could be explained by the matching of its LSPR (at ~625 nm, Figure 

5) to the laser excitation (633nm). At 785 nm laser excitation, the Nanowave using PS of 

600 nm diameter showed the highest SERS enhancement (data not shown). Again, this 

could be explained by the matching of its LSPR (at ~775 nm, Figure 5) to the laser 

excitation (785nm). 

2.1.3 Bimetallic Nanowave for improved SERS enhancement 

 

Figure 7: SERS spectra of p-mercaptobenzoic acid (pMBA) on commercial 

substrate (Klarite), gold Nanowave, and bimetallic Nanowave. 
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SERS enhancement of gold Nanowave and bimetallic Nanowave were compared 

to a commercial substrate, the Klarite (Renishaw Diagnostics). SERS signals were 

measured using the Renishaw confocal Raman microscope 10% laser power, i.e. ~0.5 

mW (see Appendix A.2.5). The same SERS measurement parameters were used for the 

remaining of this chapter unless otherwise noted. Results are shown in Figure 7. 

Compared to the single-metal gold Nanowave chip, the bimetallic Nanowave chip has 

~3.6 times higher SERS intensity. Meanwhile, compared to the Klarite, the bimetallic 

Nanowave chip has approximately 100 times higher SERS intensity. 

 

Figure 8: Reflectance spectra of gold Nanowave (blue) and bimetallic 

Nanowave (red). The dotted lines denote the excitation wavelength, λex, and SERS 

emission wavelength, λSERS3. 

                                                      

3 Reprinted (adapted) from HT Ngo, HN Wang, T Burke, GS Ginsburg, T Vo-Dinh, “Multiplex detection of 

disease biomarkers using SERS molecular sentinel-on-chip”, Analytical and Bioanalytical chemistry 406 (14), 

3335-3344, 2014, with permission of Springer. Copyright 2014 Springer-Verlag Berlin Heidelberg. 
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To explain the higher SERS enhancement of bimetallic Nanowave in comparison 

with gold Nanowave, LSPR of these two substrates were measured. LSPR λmax of gold 

Nanowave and bimetallic Nanowave were 613 nm and 674 nm respectively (Figure 8). 

To show the relative position between LSPR λmax of the Nanowave, excitation 

wavelength (λex), and SERS emission wavelength of interest (λSERS), two dotted lines at 

633 nm (denoting λex) and at 704 nm (denoting λSERS) are plotted. The λSERS = 704 nm here 

corresponds to the major peak at 1586 cm-1 of pMBA which was used as test model. As 

shown in Fig. 4, both λex and λSERS are on the right side of the LSPR of gold Nanowave 

whereas, for bimetallic Nanowave, λex and λSERS are respectively on the left and the right 

side of its LSPR. It is well established that the latter case would result in higher SERS 

enhancement [60]. The higher SERS enhancement of bimetallic Nanowave thus could be 

partly attributed to the matching of its LSPR to excitation laser.  
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Figure 9: SEM images of: (a) gold Nanowave, (b) bimetallic Nanowave. The 

insets show magnified SEM images. The scale bars represent 1 μm4. 

Besides LSPR matching, higher enhancement of bimetallic Nanowave could also 

be partly attributed to its higher surface roughness. SEM images of gold Nanowave and 

bimetallic Nanowave are shown side-by-side in Figure 9. While these two types of 

Nanowave exhibit the same periodic hexagonal pattern, nanoprotrusions on the 

bimetallic Nanowave’s surface (Figure 9B) are more discernible than those on the gold 

Nanowave’s surface (Figure 9A). These visible nanoprotrusions indicate an increase in 

surface roughness of bimetallic Nanowave. This observation agrees with a previous 

work where the surface roughness of bimetallic Nanowave is shown to be higher than 

that of silver Nanowave [48] . The increase in surface roughness of bimetallic Nanowave 

                                                      

4 Reprinted (adapted) from HT Ngo, HN Wang, T Burke, GS Ginsburg, T Vo-Dinh, “Multiplex detection of 

disease biomarkers using SERS molecular sentinel-on-chip”, Analytical and Bioanalytical chemistry 406 (14), 

3335-3344, 2014, with permission of Springer. Copyright 2014 Springer-Verlag Berlin Heidelberg. 
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relative to gold Nanowave can be explained by the high dependence of gold nanofilm 

roughness on the underlying surface [61]. 

 

Figure 10: SERS intensity at 1586 cm-1 peak of pMBA on Nanowave with 

different thicknesses of Ag film and Au film.  

Bimetallic Nanowave was optimized by varying thickness of the silver film. The 

thicker the silver film, the higher SERS enhancement.  We believe that when the silver 

film gets thicker, the total metal film thickness also gets larger, resulting in decrease of 

radius of curvature of the gaps between metal-coated PS. This is expected to shift LSPR 

to the red. And maximum LSPR matching was probably achieved at 100 nm Ag film and 

100 nm Au film, resulting in the highest SERS enhancement. The LSPR matching of 100 

nm Ag film-100 nm Au film bimetallic Nanowave and excitation laser is shown in 

Figure 8. 
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2.1.4 The importance of nanosize crevices to Nanowave’s SERS 
enhancement 

 

Figure 11: SEM images of Nanowave fabricated using PS etched with argon 

plasma asher before metal film deposition: (A) 0 second, (B) 30 second, (C) 50 second, 

(D) 70 second, (E) 90 second, (F) 100 second etching. 

 

Figure 12: SERS intensity at 1586 cm-1 peak of pMBA on bimetallic Nanowave 

with different argon plasma asher etching time. 
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Nanogaps and nanosize crevices between metallic nanostructures are sources of 

SERS hot spots [19,62]. The importance of nanosize crevices between metal-coated PS to 

SERS enhancement was investigated by varying the gap distance between the PS beads. 

Argon plasma asher (10W) was used to etch PS before metal film deposition. As etching 

time increases, PS diameter decreases, thus increasing the gap space between PS (Figure 

11). Nanosize crevices (subnanometer) between PS no longer existed, which could 

explain the decrease of SERS intensity (Figure 12). This result agrees with a previous 

study where SERS maps showed that the enhanced EM field is mostly confined at the 

sharp crevices between adjacent metal-coated PS [51]. It also agrees with our group’s 

theoretical calculations where in-plane polarized incident plane wave generates strong 

enhancements in the nanosize crevices between individual metal-coated nanospheres 

[63]. 
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2.1.5 Flower-like Nanochip 

 

Figure 13: SEM images of bimetallic Nanowave and flower-like nanochip 

fabricated using PS (520 nm diameter) etched by reactive ion etching before metal 

film deposition: (A) 0 second, (B) 120 second, (C) 180 second, (D), 240 second etching. 
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Figure 14: (A) SERS spectra of pMBA on bimetallic Nanowave (520 nm 

diameter PS) and flower-like nanochips. (B) SERS intensity at 1586 cm-1 peaks of the 

SERS spectra shown in A. 

Interestingly, when PS (520 nm diameter) were etched using reactive ion etching 

(RIE) at pressure 10 mTorr, power 100W, CF4 flow rate 40 sccm followed by metal film 

deposition, flower-like nanochips were obtained (Figure 13). SERS enhancement of these 

new nanostructures was compared to the Nanowave. While the flower-like nanochip 

based on 180 second RIE-etched PS beads showed similar SERS enhancement to the 

Nanowave, the other flower-like nanochips showed lower SERS enhancement (Figure 

14). 
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2.1.6 Gold nanoparticle-decorated Nanowave chip 

 

Figure 15: Gold nanoparticle-decorated Nanowave. 

 

Figure 16: SERS Intensity of pMBA on QSERS - a commercial substrate, AuNP, 

Nanowave, and AuNP-decorated Nanowave. 
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To further increase Nanowave’s SERS enhancement, gold nanoparticles (AuNP) 

were deposited onto the Nanowave, resulting in AuNP-decorated Nanowave as shown 

in Figure 15. SERS enhancement of this AuNP-decorated Nanowave was the sum of 

AuNP SERS enhancement and Nanowave SERS enhancement, and no synergistic effect 

was observed (Figure 16). 

Since both the flower-like nanochip and the AuNP-decorated Nanowave showed 

none to little improvement in SERS enhancement compared to the Nanowave but 

having more complicated fabrication process, these two substrates were not further 

investigated. 

2.1.7 Comparison of Nanowave chip with other SERS substrates 

 

Figure 17: Comparison of bimetallic Nanowave to different commercially 

available SERS substrates using SERS intensity at 1586 cm-1 peak of pMBA. 
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Besides the Klarite, SERS enhancement of bimetallic Nanowave was also 

compared to other commercial SERS substrates including the QSERS (Nanova Inc.) and 

the Hamamatsu substrate J13856 (Figure 17). Our bimetallic Nanowave showed ~100 

times higher SERS intensity in comparison with the Klarite and QSERS and ~45 times 

higher than the Hamamatsu substrate. Since the average SERS enhancement factor 

(SERSEF) of the Klarite was calculated to be in range of ~106 [64-66], our bimetallic 

Nanowave’s SERSEF is in range of 108. This number agrees with the SERSEF of another 

similar, silver-coated SERS substrate [59]. This particularly high SERSEF can be 

attributed to: (1) the presence of deep nanosize crevices between metal-coated PS which 

provides SERS “hot spots”, (2) substantial surface roughness, and (3) good matching 

between the LSPR of the Nanowave and the excitation laser. 
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2.1.8 Effect of storage condition to Nanowave chip’s SERS 
enhancement 

 

Figure 18: (A) SERS spectrum of pMBA on freshly made bimetallic Nanowave 

and 22 day-old bimetallic Nanowave. (B) SERS intensity at 1586 cm-1 peak of pMBA 

on Nanowave with different storage time in desiccator. 

Although showing high SERS enhancement, Nanowave enhancement quality 

degrades over time. Figure 18A shows SERS spectrum of pMBA on freshly made 

bimetallic Nanowave and on 22 day-old bimetallic Nanowave stored in desiccator. For 

the 22 day-old Nanowave, not only did SERS intensity decrease, SERS peak at 1586 cm-1 

also broadened and slightly shifted to the left. The broadening of the 1586 cm-1 peak was 

possibly due to carbon contamination, which is known to have Raman band at 

approximately 1580 cm-1 [67]. SERS enhancement degradation was observed for both 

gold Nanowave and bimetallic Nanowave (Figure 18B). 
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Figure 19: SERS spectrum of pMBA on bimetallic Nanowave after being stored 

in different conditions for ~1 month. 

Different storage conditions showed different levels of SERS enhancement 

degradation. Ambient storage had the highest SERS enhancement loss while storage in 

nitrogen box showed the least SERS enhancement loss (Figure 19). However, when 

possible, SERS substrate should be stored in vacuum to prevent contamination. Another 

way is to store SERS substrate in aluminum pouch followed by vacuum and sealing as 

usually done by companies selling SERS substrates. 
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2.1.9 Dry cleaning of old Nanowave 

 

Figure 20: SERS intensity at 1586 cm-1 peak of pMBA on old Nanowave cleaned 

with: (A) argon plasma asher 10 W, (B) oxygen plasma asher 10 W. 

Different methods for cleaning old Nanowave substrate to recover SERS 

enhancement were investigated. While cleaning using argon plasma asher for 30 

seconds showed some degree of success (Figure 20A), oxygen plasma asher-based 

cleaning showed small improvement for 10 seconds cleaning and dramatically loss of 

SERS enhancement at 15 seconds and 20 seconds cleaning (Figure 20B). 
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Figure 21: SEM images of Nanowave after exposure to 10 W argon plasma 

asher for (A) 10 seconds, (B) 40 seconds. 

 

Figure 22: SEM images of Nanowave after exposure to 10 W oxygen plasma 

asher for (A) 10 seconds, (B) 20 seconds. 

To explain the rapid loss of SERS enhancement in case of oxygen plasma-based 

cleaning, SEM images of Nanowave after exposure to argon plasma and oxygen plasma 

was obtained. While there was no obvious morphological change after 10 second and 40 

second exposure to argon plasma (Figure 21), it can be clearly seen that Nanowave 

surface morphology dramatically changed after 20 second exposure to oxygen plasma 
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(Figure 22). We believe that this change was due to possible disintegration of PS under 

oxygen plasma. 

 

Figure 23: SERS intensity at 1586cm-1 peak of pMBA on Nanowave before and 

after being cleaned with Bioforce UV-Ozone cleaner. 

Finally, cleaning Nanowave using UV Ozone (ProCleaner, Bioforce 

Nanosciences) was tested. After 15-minute exposure to UV-Ozone, SERS enhancement 

decreased (Figure 23). Although SEM image of Nanowave after cleaning was not 

acquired, we suspect that PS was damaged by high energy atomic oxygen generated 

inside UV-Ozone cleaner. 
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2.2 Development of SERS-active Nanopillars 

 

Figure 24: SEM images of PS etched by reactive ion etching (oxygen flow rate 

40 sccm, pressure 37 mTorr, power 30 W) for (A) 80 seconds, (B) 100 seconds, (C) 120 

seconds, (D) 140 seconds. 

Nanopillars were fabricated using a published protocol with some modifications 

[68]. Firstly, PS were assembled on silicon wafer using self-assembly on water-air 

interface method. Secondly, reactive ion etching (RIE) was used to etch PS. The longer 
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the etching time, the smaller PS diameter becomes (Figure 24). A thin film of 1 nm Ti and 

20 nm Au were then deposited onto the etched PS using electron beam evaporator. 

 

Figure 25: SEM images of silicon substrate with different etched PS (A: 80s, B: 

100s, C: 120s, D: 140s etching time) after sonication in acetone for 8 minutes. 

The samples were then sonicated in acetone for 8 minutes. PS etched at 120 

seconds and 140 seconds were removed from the silicon substrate. For shorter etching 

time, most beads remained on the substrate (Figure 25). 
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Figure 26: SEM images of silicon nanopillars fabricated using etched PS. 

The sonicated samples were soaked in etching solution containing 20 ml DI, 2 ml 

48% HF, and 0.2 ml 35% H2O2 for 3 – 6 minutes. With assistance of the previously 

deposited metal film, underlying silicon was etched, rendering silicon nanopillars. A 

thin film of 5 nm Ti, 100 nm Ag, and 100 nm Au were deposited, resulting in nanopillars 

as shown in Figure 26. For short PS etching time (80 seconds and 100 seconds), the PS 

remained on top of the nanopillars after silicon etching (Figure 26A-C). For longer PS 
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etching time, most PS were removed during sonication, resulting in nanopillars with flat 

top surfaces (Figure 26D). 

 

Figure 27: (A) SERS spectrum and (B) SERS intensity of 1586 cm-1 peak of 

pMBA on nanopillars with different PS etching time. 

SERS enhancement of the fabricated nanopillars were investigated using pMBA 

(Figure 27). SERS intensity was inversely proportional to PS etching time. The decrease 

in SERS enhancement when PS etching time increases could be explained by larger gap 

space between nanopillars at longer etching time. SERS hotpots no longer existed, 

resulting in SERS enhancement decrease. This trend is consistent with the trend 

observed with Nanowave based on etched PS (Figure 12). At 80 second etching time, 

nanopillars showed SERS enhancement as good as the bimetallic Nanowave. 

2.3 Summary 

In summary, a new Nanowave fabrication method based on self-assembly on 

water-air interface was developed. Using this new method, large area, high SERS 
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enhancement Nanowave chips were obtained with high reproducibility. SERS 

enhancement of the Nanowave was further improved using bimetallic coating (SERSEF 

= ~108). Nanopillars were also fabricated using metal-assisted chemical etching of silicon. 

Nanopillars with short PS etching time (80 seconds) showed comparable SERS 

enhancement to the bimetallic Nanowave. Since the Nanowave fabrication process was 

simpler than that of the nanopillars, Nanowave chip was chosen as the SERS-active chip 

platform for developing chip-based nucleic acid detection methods, which will be 

presented in the next chapter. 
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Chapter 3. Development of single-step DNA detection 
methods using SERS-active Nanowave chip (Aim 1.2) 

3.1 Single-step DNA detection using SERS molecular sentinel on 
Nanowave chip5 

There has been a great interest in the use of SERS for DNA detection [23-37]. We 

have developed a unique SERS-based probe for DNA detection, referred to as the 

“molecular sentinel” (MS) [69]. The MS probe consists of a DNA strand having a Raman 

label molecule at one end and a metal nanoparticle at the other end. The MS uses a 

hairpin-like stem-loop structure to recognize target DNA sequences.  Note that hairpin 

DNA structures, first developed by Tyagi and Kramer in 1996 [70], have been used in 

“molecular beacons” system that are based on fluorescence and electrochemical 

detection [71-76]. The sensing principle of molecular sentinels, however, is quite 

different from that of molecular beacons. With MS systems, in the normal configuration 

(i.e., in the absence of target DNA), the DNA sequence forms a hairpin loop. The Raman 

labels are kept in close proximity of the metal nanoparticles, inducing an intense SERS 

signal of the Raman labels upon laser excitation. Upon hybridization of a 

complementary target DNA sequence to the nanoprobe hairpin loop, the Raman label 

                                                      

5 Reprinted (adapted) from HT Ngo, HN Wang, AM Fales, T Vo-Dinh, “Label-free DNA Biosensor Based on 

SERS Molecular Sentinel on Nanowave Chip”, Analytical Chemistry 85 (13), 6378-6383, 2013, with 

permission from American Chemical Society. Copyright 2013 American Chemical Society. 
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molecule is physically separated from the metal nanoparticle, thus leading to a 

decreased SERS signal. 

 

Figure 28: Single-step DNA detection scheme using molecular sentinel (MS) 

on Nanowave chip. 

In this work, a novel single-step DNA detection method based on MS 

immobilized on the Nanowave was developed. The detection scheme using MS on 

Nanowave chip is shown in  Figure 28. First, the Nanowave is functionalized with MS. 

The complementary arms of the MS hairpin hybridize into 6 base-pair stem sequence 

with melting temperature (Tm) ≈ 46 0C allowing formation of a stable hairpin structure 

at room temperature in the absence of a complementary DNA target. The 3’-end of MS 

hairpin probes was modified with Cy3 Raman label. Conjugation of MS probe onto the 

Nanowave’s gold surface was achieved by using an alkyl thiol substituent at the 5’-end. 

To effectively separate the Raman labels from the Nanowave’s metallic surface upon 

hybridization to the complementary target DNA, the length of the DNA hairpins was 

designed to be 35 nucleotides. In the absence of target sequence, the MS’s stem loop is in 

the closed state. At this state, the Cy3 dye is in close proximity to the gold surface (<1 
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nm), inducing a strong SERS signal. When the complementary target DNA sequence is 

added, it hybridizes with the MS, forcing the stem loop to open. At this state, the Cy3 

dye is physically separated from the Au surface. The opened stem loop results in a 

quenched SERS signal. 

Our method is target DNA labeling-free, secondary hybridization-free, and post-

hybridization washing-free, making it simple-to-use, with short turnaround time and 

low reagent cost. To the best of our knowledge, the use of MS-functionalized Nanowave 

SERS substrate for label-free DNA detection has not been reported. 

Table 1: The DNA sequences used in RSAD2 detection 

Name Sequence 

RSAD2-MS 5’-SH-AAAAAGTGTAGAAAGCGACTCTATAATCCCTACAC-

Cy3-3’ 

Complementary 

target DNA 

5'-GTGTAGGGATTATAGAGTCGCTTTC-3’ 

Non-complemen-

tary DNA 

5’-TAGGTTATCAGACTGATGTTGA-3’ 

 

To demonstrate the usefulness of the presented method for disease diagnosis, the 

RSAD2 (Viperin) gene, a host genetic biomarker of inflammation, is used as target DNA 

in this study. DNA sequences used in RSAD2 detection are shown in Table 1. The 

RSAD2 gene is expressed as a response of the host immune system to the infection of 

various viruses including human influenza virus, hepatitis C virus, retroviruses, 
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cytomegalovirus, etc. [77,78]. A recent study showed that, by profiling the host gene 

expression in peripheral blood, individuals with symptomatic acute respiratory 

infections can be distinguished from uninfected individuals with > 95% accuracy [79]. 

Among 30 predictive genes used in the study, RSAD2 is one of the most highly 

differentially expressed genes. Thus, the RSAD2 gene is chosen as test model for 

developing our novel DNA detection method.  

 

Figure 29: SERS spectra from blank sample, non-complementary DNA sample, 

or complementary target DNA sample 2 hours after delivery on MS-functionalized 

Nanowave substrates. The dashed lines mark the SERS intensity of the blank sample. 

The dash-dot line marks the SERS intensity of the complementary target DNA 

sample. 

Results of RSAD2 gene detection using MS on the Nanowave are shown in 

Figure 29. SERS spectra were taken 2 hours after blank, non-complementary DNA 

sequence, and complementary target DNA sequence (RSAD2) were delivered on MS-
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functionalized Nanowave (see Appendix A.3.1 and A.3.2). The 1197 cm-1 peak was used 

to compare the SERS intensities of the three samples. On one hand, the intensity 

difference between the non-complementary DNA sample and the blank sample is very 

small. On the other hand, the complementary target DNA sample’s intensity is 

considerably smaller than the blank sample’s intensity. This result showed that the 

presented method can distinguish between complementary target DNA from non-

complementary DNA. The decrease in SERS intensity after complementary target DNA 

addition indicates that the complementary target sequences hybridized with the MS 

probes and opened the MS’s stem loops. The Cy3 dyes tagged at the 3’-end of the MS 

were physically separated from the Nanowave surface by about 35 nucleotides 

(approximately 10 nm). Since SERS enhancement exponentially decreases with increase 

in Raman label-metal surface distance [57], the increase in distance between Raman label 

Cy3 and Nanowave surface from <1 nm (prior to hybridization) to 10 nm upon DNA 

hybridization leads to a strong decrease of SERS enhancement and causes a decrease of 

SERS intensity. It is noteworthy that the target DNA was detected without being labeled. 

SERS spectra were acquired after a single hybridization step between the sample and 

MS pre-immobilized on Nanowave substrate. Secondary hybridization to form 

“sandwich” of DNA-capture probe/DNA target/DNA-reporter probe is not required 

[24,35]. Since DNA reporter probes are not used, post-hybridization washing to remove 
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unhybridized DNA reporter probes is also not required. Our method, therefore, is easy 

to operate and uses less reagents. 

 

Figure 30: SERS intensity at different amount of complementary target DNA 

(inset: corresponding RDI). Error bars: standard deviation (n=5). 

The possibility for quantitative detection of DNA is shown in Figure 30. 

Complementary target DNA samples (20 μL each) at 1 μM, 5 μM, and 10 μM were 

delivered on RSAD2-MS functionalized Nanowave. Upon delivery onto the Nanowave, 

the 20 μL target sample drops spread out to ~1 cm diameter spots. The focused laser 

spot of ~10 μm diameter excited only a minute fraction (10-6) of the samples (only 20 pL). 

Thus, the amount of complementary target DNA excited by the focused laser spot is 

approximately 20 attomoles, 100 attomoles, and 200 attomoles, respectively. As shown in 

the Figure 30, the SERS intensity decreases with increasing amount of complementary 

target DNA. This result suggests that more MS hairpins are opened when higher 

amount of complementary target DNA delivered to the chip. As a result, more Cy3 
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Raman labels tagged at 3’-end of the MS are physically separated from Nanowave’s gold 

surface which results in smaller SERS intensity. Note that in this study, SERS intensity 

reductions are relatively small although the amounts of complementary target DNA is 

much higher than the number of MS probes on the same area. This is probably due to 

low hybridization efficiency. Since hybridization efficiency is highly dependent on 

probe coverage [80-82], fine-tuning and optimizing the probe coverage can enhance the 

hybridization efficiency, therefore the sensitivity. 

In this work, the lower SERS intensity of a sample, the more complementary 

target DNA exists in that sample. This inverse relationship is inconvenient for 

quantitative analysis. Alternatively, we introduce a new parameter called Relative 

Diagnostic Index (RDI). RDI of a sample is defined as: 

(1) 

where ISERSsample is SERS intensity of that sample, ISERSblank is SERS intensity of blank 

sample. Based on the definition, the higher RDI of a sample indicates the higher amount 

of complementary target DNA exists in that sample since its SERS intensity ISERSsample is 

smaller. RDI-based DNA quantitative analysis is shown in Figure 30 inset. From the 

inset, proportional relationship between the amount of complementary target DNA and 

RDI is clearly observed. 

RDIsample =
ISERSblank - ISERSsample

ISERSblank
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In summary, a novel single-step DNA detection method based on MS 

immobilized on Nanowave chip was developed. This method can specifically detect a 

complementary target DNA, such as the RSAD2 inflammation biomarker gene. The 

results indicate the possibility for quantitative analysis. Because the target does not need 

labeling and secondary hybridization or post-hybridization washing is not required, the 

method is simple to use, has low reagent usage, and is cost effective. Target DNA 

sequences are detected simply by dropping sample solutions onto MS functionalized 

Nanowave chips followed by signal measurement without any additional step. Since the 

sensor is based on a solid substrate, our method could be extended to microarray chip 

platform, which is suitable for high throughput analysis. 
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3.2 Single-step multiplex DNA detection using SERS molecular 
sentinel on bimetallic Nanowave chip6 

In the previous section, we have developed a novel single-step DNA detection 

method for singleplex DNA detection. In this section, we investigate the feasibility of 

using the method for multiplex DNA detection. Multiplex detection capability, i.e. 

simultaneously detecting the presence of several different targets, are highly needed 

because multiple biomarkers are usually involved in disease onset and progression. 

Raman spectroscopy, which yields very narrow spectral peaks, is a powerful tool for 

multiplex detection. 

                                                      

6 Reprinted (adapted) from HT Ngo, HN Wang, T Burke, GS Ginsburg, T Vo-Dinh, “Multiplex detection of 

disease biomarkers using SERS molecular sentinel-on-chip”, Analytical and Bioanalytical chemistry 406 (14), 

3335-3344, 2014, with permission of Springer. Copyright 2014 Springer-Verlag Berlin Heidelberg. 
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Table 2: DNA sequences used in multiplex DNA detection 

Name DNA sequences a 

IFI27 MS 5’-SH-AAAAAGAGTACAACTGTAGCAATCCTGGCC 

GTACTC-Cy5-3’ 

IFI44L MS 5’-SH-AAAAACCGAGTCTTTAACAGAATATATCCTATACCG 

CTCGG-ROX-3’ 

IFI27 Target 5’-TTTGCCCCTGGCCAGGATTGCTACAGTTGT 

GATTGGAGGA-3’ 

IFI44L Target 5’-ATAACCGAGCGGTATAGGATATATTCTGTTAAAGA 

TGGAA-3’ 

Non-

complementary 

DNA b 

5'-GTGTAGGGATTATAGAGTCGCTTTC-3’ 

a The underlined sequences indicate the complementary arms of the MS, and 

the bold sequences represent the sequences in the MS hairpin and the corresponding 

target ssDNA which are complementary to each other. 
b The non-complementary DNA was used as the negative control samples for 

both IFI27 MS and IFI44L MS nanoprobes. 

 

As a proof of concept, we chose two nucleic acid transcripts, interferon alpha-

inducible protein 27 (IFI27) and interferon-induced protein 44-like (IFI44L), as the test 

models. DNA sequences for multiplex detection are shown in Table 2. The IFI27 and 

IFI44L genes have been demonstrated to play a critical role in host immune response to 

viral infection [83]. By profiling gene expression in peripheral blood in response to 

respiratory viral infection, a recent study showed that these two genes are among a set 

of host genes differentially expressed upon viral infection [79,84]. Thus, they have been 

selected to demonstrate the potential of using the MS on Nanowave chip technique for 

multiplex DNA detection. 
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It is noteworthy that before this work, various SERS-based multiplex DNA 

detection techniques have been reported [85,86,24,87,88,33,29,89]. However, most of 

these techniques require multiple incubation and/or washing steps [85,86,24] or target 

sequences labeling [87,88]. In contrast, our method requires a single incubation step 

without the need of post-incubation washing and target sequences labeling, making it 

simple-to-use, with short turnaround time and low reagent cost. To the best of our 

knowledge, this is the first report using MS on Nanowave chip approach for label-free 

multiplex detection of genetic disease biomarkers. 

 

Figure 31: Scheme for two-multiplex detection of complementary target 

ssDNA sequences based on the molecular sentinel on Nanowave chip approach. 

Figure 31 illustrates the detection scheme for the multiplex approach with two 

different MS probes, each having a specific Raman label and designed to bind a specific 
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nucleic acid target. Here, the MS probe 1 with Raman label 1 is designed to bind to 

target 1 whereas the MS probe 2 with Raman label 2 is designed to bind to target 2. First, 

these probes are immobilized on a Nanowave substrate. The complementary arms of the 

MS hairpins hybridize into 5-6 base-pair stem sequence with melting temperature (Tm) 

over 45 0C, allowing formation of a stable hairpin structure at room temperature in the 

absence of complementary target ssDNA (closed state). In this closed state, the Raman 

labels tagged at the 3’-ends of the MS probes are in close proximity to the gold surface 

(<1 nm), resulting in a strong SERS signal due to the plasmonic enhancement effect (i.e. 

‘On’). Second, when the complementary target ssDNA sequences are added, they 

hybridize with the MS probes, forcing the stem loop to open. In this open state, the 

Raman labels are physically separated from the Au surface (>10 nm), resulting in 

decreases of SERS signals (i.e. ‘Off’).  
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Figure 32: SERS spectra of the composite MS nanoprobes (IFI27 MS + IFI44L 

MS) in the presence of different samples. (A) Blank (in the absence of any target 

ssDNA). (B) Samples of 1 μM single target ssDNA complementary to the IFI27 MS 

nanoprobes. (C) Samples of 1 μM single target ssDNA complementary to the IFI44L 

MS nanoprobes. (D) Samples of two target ssDNA (1 μM total concentration) 

complementary to both MS nanoprobes. The major Raman bands from IFI27 MS are 

marked with black number, and the major Raman bands from IFI44L MS are marked 

with red number with (*) sign. The arrow signs illustrate the decreased SERS 

intensity of the major Raman bands in the presence of corresponding target ssDNA. 

Figure 32 demonstrates multiplex DNA detection capability of the single-step 

technique. Experimental details are described in Appendix A.3.3 and A.3.4. Figure 32A 

shows the SERS spectra from the composite mixture of IFI27 and IFI44L MS probes on 

Nanowave in the absence of any ssDNA. SERS spectra of the composite MS nanoprobes 

in the presence of only one of the two complementary targets are shown in Figure 32B 
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(only IFI27 target present) and Figure 32C (only IFI44L target present). The result 

indicates that when a target ssDNA is present only the SERS peaks associated with the 

complementary MS probes were significantly quenched (indicated by arrows). For 

example, in the Figure 32B, only the SERS peaks 1 to 4 associated with the IFI27 MS 

nanoprobes were quenched when the IFI27 target is present, indicating that only the 

IFI27 MS nanoprobes were in open state. In contrast, the SERS peaks associated with the 

second MS nanoprobes (IFI44L MS) remained high, indicating that the second 

nanoprobes were still in closed state due to the absence of its target ssDNA. Finally, in 

the presence of both IFI27 and IFI44L target ssDNA (Figure 32D), all major Raman peaks 

associated with the two MS nanoprobes were greatly decreased when both MS 

nanoprobes hybridize with their complementary DNA targets. 
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Figure 33: Relative diagnostic index of the composite MS nanoprobes (IFI27 

MS + IFI44L MS) in the presence of different samples. (A) Blank (in the absence of 

any target ssDNA). (B) Samples of single target ssDNA complementary to the IFI27 

MS nanoprobes. (C) Samples of single target ssDNA complementary to the IFI44L MS 

nanoprobes. (D) Samples of two target ssDNA complementary to both MS 

nanoprobes. Error bars represent standard deviation. 

Based on the RDI definition above, the SERS intensities in Figure 32 are 

converted to RDI and plotted on Figure 33. As we can see, RDI of both IFI27 and IFI44L 

are zero when no ssDNA is present (blank sample, Figure 33A). When only target 

ssDNA complementary to IFI27 MS are present, RDI of IFI27 substantially increases 

while an unpaired student’s t test reveals that the increase of RDI of IFI44L is not 

statistically significant (Figure 33B). When only target ssDNA complementary to IFI44L 

MS are present, RDI of IFI44L substantially increases while RDI of IFI27 hardly changes 
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(Figure 33C). Finally, when both target ssDNA are present, RDI of IFI27 and IFI44L both 

increase (Figure 33D). RDI-based detection result representation is simple and more 

intuitive to users. 

In summary, we have first demonstrated the feasibility of using the single-step 

molecular sentinel-on-chip DNA detection method for qualitative multiplex DNA 

detection. Two nucleic acid transcripts, interferon alpha-inducible protein 27 (IFI27) and 

interferon-induced protein 44-like (IFI44L), are used as the model system for proof of 

principle demonstration. The SERS measurements were performed immediately 

following a single hybridization reaction without any washing step. Our method is 

therefore easy-to-use and can shorten both the assay time and cost. The results of this 

study demonstrate that the single-step DNA detection technique can provide a useful 

tool for multiplex DNA detection for medical diagnostics and high throughput 

bioassays. 
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3.3 Signal-on single-step DNA detection using inverse SERS 
molecular sentinel on bimetallic Nanowave chip7 

 

Figure 34: Signal-on single-step DNA detection scheme using inverse SERS 

molecular sentinel on bimetallic Nanowave chip. 

Although the single-step molecular sentinel-on-chip technique has been shown 

to be able to detect target DNA sequences after a single incubation step, it is a signal-off 

technique (i.e., signal turns from on to off upon target introduction). In this section, we 

develop a signal-on single-step DNA detection technique. The technique utilizes inverse 

SERS molecular sentinel immobilized on Nanowave chip. The detection strategy is 

illustrated in Figure 34. In the absence of complementary target ssDNA, the reporter 

probes and placeholders maintain partial duplex structures, keeping Raman dyes tagged 

at 3’ ends of the reporter probes away from the Nanowave chip’s metal surface. At such 

Raman dye-chip’s surface distance, the SERS signal is low because SERS enhancement 

exponentially decreases with increase in Raman dye-metal surface distance (‘Off state’). 

                                                      

7 Reprinted (adapted) from HT Ngo, HN Wang, AM Fales, BP Nicholson, CW Woods, T Vo-Dinh, “DNA 

bioassay-on-chip using SERS detection for dengue diagnosis”, Analyst 139 (22), 5656-5660, 2014, with 

permission from The Royal Society of Chemistry. Copyright 2014 The Royal Society of Chemistry. 
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When complementary target ssDNA targets are introduced, they hybridize with the 

placeholders, and the reporter probes are free to form hairpin structures due to their 

design. With hairpin structures, Raman dyes are brought into close proximity of 

Nanowave chip’s metal surface, inducing strong SERS signals (‘On state’). 

Table 3: DNA sequences used in DENV 4 DNA detection 

Name Sequencesa 

Thiolated reporter probe 5’−SH−AAAAACTCTGTAATGCGATGCGTAGGAGTA

GGAAACAGAG−Cy5−3’ 

Placeholder 5'−CCACAAAGTCTCTGTTTCCTACTCCTACG−3' 

DENV 4 complementary 

target ssDNA 

5'−TACGGAATGCGATGCGTAGGAGTAGGAAACAG

AGACTTTGTGGAAGGAGT−3' 

Non-complementary 

ssDNA 

5’−TTTGCCCCTGGCCAGGATTGCTACAGTTGTGATT

GGAGGA−3’ 
a The underlined sequences indicate the complementary arms of the thiolated 

reporter probe 

 

Similarly to the signal-off technique, the signal-on one has SERS signals 

measured after a single incubation step without any washing to remove unreacted 

components or target labeling, making it simple-to-use and reducing reagent cost. 

However, in contrast to the signal-off technique that has “On” to “Off” response in the 

presence of complementary target ssDNA, the signal-on one has “Off” to “On” response. 

Hence, it is less susceptible to false-positive responses. 

To demonstrate the concept, dengue virus 4 DNA was used as a test model. 

Complementary target ssDNA is a specific DNA sequence of DENV 4 (GeneBank 
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accession number KC963425.1). Based on the target sequence, placeholder and reporter 

probe were designed (Table 3) such that the whole sequence of placeholder is 

complementary to the target sequence, whereas only a part of it is complementary to the 

reporter probe. This created a single-stranded overhang region (known as a toehold) 

upon formation of reporter probe-placeholder partial duplex. The toehold ensures that 

the target sequence can successfully displace the reporter probe to hybridize with the 

placeholder via toehold-mediated strand displacement [90]. The reporter probe was 

further designed to be able to form hairpin structure after being displaced from the 

reporter probe-placeholder partial duplex. 

 

Figure 35: SERS spectra after incubation of functionalized Nanowave chip in 

blank, non-complementary ssDNA, and complementary target ssDNA samples. 
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Experimental details are described in Appendix A.3.5 and A.3.6. As shown in 

Figure 35, the SERS intensities were low for blank samples and non-complementary 

ssDNA samples. It indicated that the reporter probe−placeholder partial duplexes were 

not disturbed by the blank or the non-complementary ssDNA. Cy5 Raman dyes tagged 

at 3’ end of the reporter probes were therefore kept away from the Nanowave chip’s 

metal surface by 40 nucleotides (approximately 13.5 nm). At such long Raman 

dye−metal surface distance, SERS enhancement was weak, resulting in low SERS 

background (‘Off’ state). Alternatively, there might be small amount of non-specifically 

bound reporter probes remain lying on the chip’s surface after MCH. Raman dyes 

tagged with these probes stayed close to the metal surface and could contribute to the 

low SERS background. On the other hand, upon addition of complementary target 

ssDNA samples, the SERS intensity increased (Figure 35). This increase is explained by 

the hybridization between the complementary target ssDNA and the placeholders, 

leaving the reporter probes free to form hairpin structures. As a result, the Cy5 Raman 

dyes were brought closer to the Nanowave chip’s surface, resulting in increased SERS 

intensity (‘On’ state). 



 

62 

 

 

Figure 36: SERS intensity in the existence of different amounts of 

complementary target ssDNA inside probed area. 

The possibility for quantitative analysis is shown in Figure 36. Sample solutions 

of complementary target ssDNA in buffer at different known concentrations (0.0 μM, 0.1 

μM, 0.4 μM, and 1.0 μM) were tested using the above procedure. The calibration curve 

was plotted based on SERS intensity of 559 cm-1 peak. Since 30 μL aliquots of sample 

solutions were used for detection, the absolute amounts of target ssDNA in sample 

solutions were 0, 3, 12, and 30 picomoles, respectively. We assumed that these amounts 

of target ssDNA evenly distributed across surface areas of the chips (equivalent of ~3 

mm diameter each). Within the probed areas (as defined by the laser spot size, ~3 μm 

diameter), the amounts of target ssDNA samples that were effectively excited by the 

laser beam were even smaller, approximately 0, 3, 12, and 30 attomoles respectively (i.e., 

10-6 fraction of the amounts applied on the chip). A linear trend line was fitted to the 

data points using linear regression. Based on slope (s = 128.56) and residual standard 

R² = 0.98581 
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deviation (σ = 255.02) of the regression line, as low as ~6 attomoles of the target ssDNA 

(DENV 4) inside the probed area could be detected. 

3.4 Summary 

In summary, we have first developed novel single-step DNA detection methods 

based on molecular sentinel and inverse molecular sentinel on Nanowave chip. The 

methods had single-step format, making it simple-to-use and reducing reagent cost. 

Compared to the signal-off methods, the signal-on method had signal turning from 

“Off” to “On” upon target hybridization. The signal-on method was therefore more 

intuitive and less prone to false positives. The usefulness for clinical diagnosis was 

demonstrated by the detection of nucleic acid biomarker of respiratory infection and 

specific sequence of dengue virus (DENV 4). As low as ~6 attomoles of the target ssDNA 

inside the probed area could be detected. 
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Chapter 4. Development of ultrabright SERS nanorattles 
(Aim 2.1) 

4.1 Synthesis of nanosphere nanorattles8 

 

Figure 37: (A) Ultrabright SERS nanosphere nanorattles synthesis process 

starts with coating Au nanoparticle with Ag shell. Galvanic replacement is then used 

to turn the Ag shell into a porous Au-Ag cage containing Au nanoparticle inside. 

Raman reporters are loaded into the porous cage and trapped inside with the help of a 

phase-change material. The porous cage is then coated with a complete Au shell to 

prevent Raman reporters from leaking out. (B) TEM image of nanorattles shows 

nanorattles’ core-gap-shell structure (inset: higher magnification TEM image). Raman 

reporters are loaded into the gap spaces between the cores and the shells. 

The SERS nanosphere nanorattle synthesis process is shown in Figure 37A. 

Briefly, AuNP were first synthesized followed by Ag coating to form Au-Ag core-shell 

structures (AuNP@Ag). Galvanic replacement [91] was then used to turn the Ag shells 

                                                      

8 Reprinted (adapted) from HT Ngo, N Gandra, AM Fales, SM Taylor, T Vo-Dinh, “Sensitive DNA detection 

and SNP discrimination using ultrabright SERS nanorattles and magnetic beads for malaria diagnostics”, 

Biosensors and Bioelectronics, 81, 8–14, 2016, with permission from Elsevier. Copyright 2016 Elsevier B.V. 

50 nm 

20 nm 

AuNP 

AuNP@Ag AuNP@Cage 

Reporter loaded  
AuNP@Cage 

Reporter loaded  
SERS Nanorattle 

Ag shell 
coating 

Galvanic 
replacement 

Raman 
reporter 

loading 

Au shell 
coating 

a b 



 

65 

 

into porous Au-Ag cages containing AuNP inside (AuNP@Cage). Raman reporters were 

then loaded into the AuNP@Cage with the assistance of tetradecanol, a phase-change 

material [92]. The porous cages were then turned into complete shells by a final Au 

coating to form SERS nanosphere nanorattles. TEM images of the synthesized SERS 

nanorattles are shown in Figure 37B. 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 [93-95]. 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 (see Appendix A.4.6) showed that SERS nanosphere 

nanorattles exhibit intense SERS signal, more than three orders of magnitude stronger 

than gold nanospheres coated with the same Raman reporters. 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 [96], such increases in E field 
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enhancement of nanorattles would result in several orders of magnitude increase in 

SERS enhancement. 

 

Figure 38: E field enhancement of nanorattle (a) and Au nanosphere (b). 

Compared to Au nanosphere, strong E field enhancement in the gap space between 

nanorattle’s core and shell can be observed. E field enhancement along z-axis crossing 

though center of nanorattle (c) and nanosphere (d). While highest E field 

enhancement of Au nanosphere is 3.4, nanorattle’s is 14.1, which is over 4 times 

higher. 

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

the nanorattle was built (see Appendix A.4.7). 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 Figure 38A. Calculation results show the strong E field enhancement in the gap space 
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of the nanorattle with the highest enhancement of about 14.1 times (Figure 38C). This 

result agrees with previous results on a similar structure, the silica-insulated concentric 

structure [97]. Compared to the highest E field enhancement of a gold nanosphere with 

similar size (Figure 38B,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 while that of the nanorattle’s 

core alone was 3.33 times. However, when both the core and the shell were combined 

into a nanorattle with core-gap-shell structure, the highest E field enhancement was 14.1 

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 [98]. 

This strong E field enhancement between the core and the shell has been harnessed by 

several previous works for SERS enhancement [97,99-107]. 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. 
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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, as reporter desorption can be prevented. Similar reporter 

protection using silica shells has been widely reported [108-115]. 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. 
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4.2 Synthesis of nanocube nanorattles 

 

Figure 39: TEM images of: (A) AuNP; (B) AuNP coated with Ag cubic shells, 

referred to as AuNP@AgCube, after silver coating; (C) AuNP inside cubic cages, 

referred to as AuNP@CageCube, after galvanic replacement; (D) Nanocube 

nanorattles were obtained after cubic cages being turned into complete shell by final 

Au coating. 
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 Besides the nanosphere nanorattles presented above, we also synthesized 

nanocube nanorattles by coating cubic cages containing AuNP inside 

(AuNP@CageCube, Figure 39C) with Au shells. AuNP@CageCube were synthesized 

using a published protocol with some modifications [116]. Experimental details are 

described in Appendix A.4.1-A4.4. Briefly, single-crystal, spherical AuNP of 14 nm in 

size were synthesized using ascorbic acid as the reductant and cetyltrimethylammonium 

chloride (CTAC) as the capping agent (Figure 39A). The 14 nm AuNP were then used as 

seeds for 20 nm AuNP synthesis.  We then coated these 20 nm AuNP with cubic Ag 

shells to obtain AuNP@AgCube (Figure 39B). Ag cubic shells’ edge length was ~34 nm. 

Galvanic replacement was used to turn Ag cubic shells into cubic cages (Figure 39C). 

Driving force for this galvanic replacement is the higher reduction potential of Au (1.5V 

vs. standard hydrogen electrode) in comparison to of Ag (0.8V vs. standard hydrogen 

electrode) [91]. Galvanic replacement is a redox process: 

  

 The cubic cages were porous with holes at corners of the cubes as shown by SEM 

images (Figure 40). This allowed us to load different Raman reporters into the gap space 

between AuNP cores and porous cubic cages. Two different Raman reporters loading 

methods were used and will be discussed in page 78. After Raman reporters loading, the 

porous cubic cages were turned into complete shells by a final Au coating to obtain 
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nanocube nanorattles. The role of this step was to prevent Raman reporters from leaking 

out of nanorattles. To our knowledge, this is the first time this type of SERS nanotag has 

been reported. 
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Figure 40: SEM images of: (A) and (B) AuNP coated with Ag cube; (C) and (D) 

AuNP inside cubic cages after galvanic replacement; (E) The cubic cages are clearly 

porous with holes at corners of the cubes. 
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4.2.1 Optical properties of nanocube nanorattles 

 

Figure 41: Optical extinction spectrum of: (A) AuNP and Au nanorod, (B) 

AuNP and AuNP coated with cubic Ag shell, (C) Changes in extinction spectrum 

when more Au3+ were added for galvanic replacement, (D) Nanocube nanorattles 

loaded with different Raman reporters. 

UV-Vis is a simple method to characterize nanoparticles’ optical properties. 

Optical extinction spectrum of AuNP and gold nanorod (AuNR) are shown in Figure 

41A. While AuNP has one resonance peak at 522 nm, AuNR showed two peaks, one 

near 522 nm and one at 614 nm. The shorter wavelength peak corresponds to transverse 

mode, and the longer one corresponds to longitudinal mode. AuNP coated with cubic 
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Ag shells (AuNP@AgCube) has resonance peak blue shifted to 448 nm as compared to 

the 522 nm peak of the AuNP alone (Figure 41B). The disappearance of AuNP peak in 

AuNP@AgCube extinction indicates that Ag cube shells are thick enough to screen 

AuNP resonance. During galvanic replacement reaction, when total amount of Au3+ 

added to the reaction increases, the 448 nm peak decreases (Figure 41C), indicating that 

Ag in Ag cubic shells are continuously being replaced by Au. Ag cubic shells are turned 

into hollow cubic cages, as indicated by the increase of extinction in near-infrared region 

(also Figure 41C). At the end of the galvanic reaction, resonance peak at 522 nm of thee 

20 nm AuNP residing inside cubic cages seems to reappear. This indicate that cubic 

cages’ wall is no longer thick enough to screen AuNP’s resonance. Extinction of 

nanocube nanorattles loaded with different Raman reporters are shown in Figure 41D. 

Relatively sharp resonance of IR780-loaded nanocube nanorattles and IR792-loaded 

nanocube nanorattles indicates uniform Au coating, which is confirmed by TEM images 

shown in Figure 46. 
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4.2.2 Effect of AuNP seed to nanocube formation  

 

Figure 42: TEM images of Ag-coated AuNP using different AuNP seeds. (A) 

citrate-capped AuNP seed, non-CTAC growth solution. (B) citrate AuNP seed, CTAC 

growth solution. (C) CTAC-capped AuNP prepared with low ascorbic acid (final 

concentration 0.6 mM), CTAC growth solution. (D) CTAC-capped AuNP seed 

prepared with high ascorbic acid (final concentration 15 mM), CTAC growth solution. 
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 Crystal structure of AuNP seed and Ag shell growth solution’s composition are 

important to final shape of Ag shells. Figure 42 shows AuNP coated with Ag using 

different AuNP seeds and growth solution. While citrate-capped AuNP seeds often 

resulted in spherical Ag shells (Figure 42A-B), CTAC-capped AuNP seeds prepared 

with low ascorbic acid resulted in many different shapes (Figure 42C). To obtain cubic 

Ag shells, CTAC-capped AuNP seeds prepared with high ascorbic acid concentration 

are needed (Figure 42D). This could be explained by multiply twinned crystal structure 

of citrate-capped AuNP seed and single crystal structure of CTAC-capped AuNP seeds 

prepared with high ascorbic acid. Crystal structure of AuNP seeds are known to be 

important to final shape [117].  A detailed study about crystal growth is beyond scope of 

this work. 
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Figure 43: TEM images of: (A) Ag-coated gold nanostars; (B) Ag-coated gold 

nanorods. 

 

Figure 44: Optical extinction spectrum of Ag-coated AuNP, Ag-coated AuNS, 

Ag-coated AuNR. 

The silver coating method used in this work are applicable to other gold 

nanostructures. Figure 43A shows gold nanostars (AuNS) coated with Ag shells 
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(AuNS@Ag), and Figure 43B shows gold nanorods (AuNR) coated with Ag shells 

(AuNR@Ag). Extinction spectra of AuNP@AgCube, AuNS@Ag, and AuNR@Ag are 

shown in Figure 44. AuNR@Ag has two resonance peaks corresponding to two different 

resonance modes. 

4.2.3 Raman reporter loading methods and effect to final Au coating 

 

Figure 45: TEM images of: (A) Ag-coated AuNP, (B) AuNP inside cube cages, 

(C) Nanorattle-50, (D) Nanorattle-100, (E) Nanorattle-200, (F) Nanorattle-400. The 

numbers indicate volume (µL) of 5mM Au3+ used for final gold coating in 10 ml 

batches. 
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Two different Raman reporters loading methods to load Raman reporters into 

AuNP@CageCube were employed (see Appendix A.4.3). The first method is the same as 

the method used for loading Raman reporters into nanosphere nanorattles presented in 

section 4.1. Since 1-tetradecanol, a phase-change material, becomes solid at under ~38-39 

0C [92], Raman reporters are trapped inside AuNP@CageCube.  Raman reporter-loaded 

AuNP@CageCube can be washed several times after Raman reporter loading without 

concern about reporter loss during washing. Multiple washing helps remove excess 

reporters on AuNP@CageCube outer surface, resulting in relatively uniform Au coating 

(Figure 45). 
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Figure 46: TEM images of nanorattles loaded with: (A) HITC, (B) DTTC), (C) 

IR780, (D) IR792. In this case, tetradecanol was not used during dye loading process. 

Volume of 5mM Au3+ used for final gold coating was 30ul per 10ul stock cages. 

A simpler method for Raman reporter loading was also used. AuNP@CageCube 

were mixed with Raman reporter in solution for several hours without the use of 
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tetradecanol. Raman reporters adsorb on metal surfaces of AuNP@CageCube, and the 

excess reporters were removed by a washing using DI water (see Appendix A.4.3). Final 

Au coating was conducted as before. Although this Raman reporter loading method was 

simpler, Raman reporters had strong effect to final Au coating as shown in Figure 46. 

For HITC and DTTC Raman reporters, Au coating was not uniform (Figure 46A-B). 

Meanwhile, IR780 and IR792 resulted in nice uniform Au coating (Figure 46C-D). 

4.2.4 Silica-coated nanocube nanorattles 

 

Figure 47: TEM images of silica coated nanorattle. 

The synthesized nanocube nanorattles are stable in the presence of capping 

agents such as CTAB or CTAC. However, unless being stabilized by SH-PEG, DNA, etc., 

they usually aggregate after several washes in DI because the concentration of capping 
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agents drops below the critical micelle concentration [118,119]. To improve stability of 

nanocube nanorattles, we coated the particles with silica shells (Figure 47). Experimental 

details are described in Appendix A.4.5. Silica-coated nanorattles are negatively 

charged, thus repelling each other and being stable in solution without capping agents. 

Not only is colloidal stability of nanorattles improved, silica coating also provides a 

convenient surface for further chemical functionalization [112].   

4.2.5 Comparison between nanocube nanorattles and gold nanostars 

 

Figure 48: Comparison between nanorattles and gold nanostars using (A) 

HITC Raman reporter, (B) IR780 Raman reporter. 

Nanocube nanorattles were compared with gold nanostars (AuNS) using HITC 

and IR780 Raman reporter. Results are shown in Figure 48. For HITC reporter, nanocube 

nanorattles showed ~5 times higher SERS intensity than of AuNS. For IR780 reporter, it 

was ~3 higher. Compare to nanosphere nanorattles, nanocube nanorattles showed 

similar SERS intensity (data not shown). In contrast to AuNS where reporters simply 
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adsorb on AuNS surface – thus being prone to reporter desorption, nanorattles well 

protect their reporters inside complete metal shells, resulting in stable SERS intensity 

even in harsh biological conditions such blood lysate.  

4.2.6 Synthesis of nanocube nanorattles with different colors 

 

Figure 49: Nanorattles loaded with different Raman reporters.  Detector 

integration time 100 ms. 
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Figure 50: Nanorattles loaded with different Raman reporters.  Detector 

integration time 1 s. 

Multiplex detection of biological analytes in a single reaction attracts a lot of 

interest. By loading nanocube nanorattles with different Raman reporters, nanorattles 

with different spectral fingerprints or “colors” can be synthesized. Figure 49 and Figure 

50 show nanorattles loaded with six and four different Raman reporters respectively. 
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Figure 51: Principle component analysis of nanocube nanorattles loaded with 

different Raman reporters. 

 

Figure 52: Variance explained (%) of the first two principle components in the 

principal component analysis. 
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When more than one Raman reporters was used, visual discrimination between 

nanorattles with different spectral fingerprints became harder. To reduce dimension of 

Raman spectrum for easier discrimination, principle component analysis (PCA) was 

used. Multiple dimension of Raman spectrum was reduced to two principle components 

as shown in Figure 51. After PCA, nanorattles loaded with different reporters could be 

easily discriminated. Figure 52 show variance explained of the first two principle 

components in the principal component analysis. Together, the two principle 

components accounted for almost 100% of variance in Raman spectrum. Nanorattles 

with different colors and PCA create opportunity for multiplex detection of nucleic acid 

in a single reaction. 
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4.2.7 Stability of nanocube nanorattles 

 

Figure 53: SERS intensity of nanorattles with different shell thickness in 

hydrogen peroxide. 

 To show the importance of final Au coating to stability of nanorattles, nanorattles 

were suspend in 10% hydrogen peroxide, and SERS intensity was monitored along the 

time. While nanorattles coated with less Au showed quick rate of SERS signal reduction 

(Figure 53A), thicker Au coating had slower SERS signal reduction rate (Figure 53B). The 
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results showed that thicker Au coating yielded more stable nanorattles. Thicker Au 

coating however prevented more light from reaching and exciting Raman reporters 

residing in the interior of nanorattles, resulting in SERS intensity decrease (data not 

shown). Thus there is a trade-off between stability and SERS intensity. 

4.3 Summary 

In summary, we have synthesized novel SERS nanorattle platforms including 

nanosphere nanorattles and nanocube nanorattles with ultrabright SERS signals. Raman 

reporters were protected inside the nanorattles, making them highly stable in biological 

systems. By loading the nanorattles with different Raman reporters, nanorattles with six 

different spectral fingerprints were obtained. Using principle component analysis, these 

nanorattles could be easily differentiated.     
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Chapter 5. Development of sensitive nucleic acid 
detection method using sandwich hybridization of 
magnetic beads and SERS nanorattles for malaria and 
cancer diagnostics (Aim 2.2) 

5.1 Sensitive detection and SNP identification of malaria DNA9 

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 [120]. 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 [121,122]. It is important to develop new malaria diagnostics 

methods that can be used at the POC and can identify mutant malaria parasites.  

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

as the nanorattle-based method, that is suitable for integration 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 are formed, 

                                                      

9 Reprinted (adapted) from HT Ngo, N Gandra, AM Fales, SM Taylor, T Vo-Dinh, “Sensitive DNA detection 

and SNP discrimination using ultrabright SERS nanorattles and magnetic beads for malaria diagnostics”, 

Biosensors and Bioelectronics, 81, 8–14, 2016, with permission from Elsevier. Copyright 2016 Elsevier B.V. 
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and then a magnet is 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 

[123-126], 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 sub-monolayer 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.  
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5.1.1 Detection scheme 

 

Figure 54: (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. 

The detection scheme of the nanorattle-based method is shown in Figure 54. 

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 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 (Figure 54A). A 
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permanent magnet is used to concentrate the magnetic bead-target sequence-nanorattle 

sandwiches onto a specific spot for SERS measurement (Figure 54B). 

5.1.2 Malaria DNA Detection 

Table 4: DNA sequences for malaria P. falciparum DNA detection 

Name Sequence 

Wild-type P. falciparum 

target (53 mer) 

5’-GCT ATG TGT GTT GCT TTT GAT AAT AAA ATT 

TAT GTC ATT GGT GGA ACT AAT GG-3’ 

Mutant P. falciparum 

target (53 mer) 

5’-GCT ATG TAT GTT GCT TTT GAT AAT AAA ATT 

TAT GTC ATT GGT GGA ACT AAT GG-3’ 

P. falciparum capture 

probe (27 mer + 10 A) 

5’- Biosg-A10-CCA TTA GTT CCA CCA ATG ACA TAA 

ATT-3’ 

Wild-type P. falciparum 

reporter probe 

(15 mer + 10 A) 

5’-AGC AAC ACA CAT AGC-A10-(CH2)3-SH-3’ 

Mutant P. falciparum 

reporter probe 

(15 mer + 10 A) 

5’-AGC AAC ATA CAT AGC-A10-(CH2)3-SH-3’ 

a The bolded sequences indicate the regions in target sequences that are complementary to the 

corresponding capture probes. 
b The underlined sequences indicate the regions in target sequences that are complementary to 

the corresponding reporter probes. 
c The red letters indicate the mutated position. 
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Figure 55: (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. 

DNA sequences used in this malaria study are shown in Table 4. The wild type 

sequence of P. falciparum gene PF3D7_1343700 was used as the target sequence. The 

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

verified by SEM images (Figure 55). In the presence of complementary target sequences, 

nanorattles were bound onto magnetic beads’ surface (Figure 55A). In contrast, in the 

absence of complementary target sequences (i.e. buffer only), almost no nanorattle was 

found (Figure 55B). 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 (~ 1 μm diameter) were much bigger than the nanorattles (~ 60 

nm diameter), tens of nanorattles were found on each magnetic bead. 

1 µm 1 µm 

a b 
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Figure 56: (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). 

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 Figure 56. As shown in 

Figure 56A, 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 Figure 56A were normalized against the 923 cm-1 peak intensity of the 

highest concentration, i.e. 100 pM, and plotted in Figure 56B. 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 moles). It is noteworthy that for sample 

solutions at 1 nM concentration we observed detector saturation due to strong SERS 
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signals. The linear range of our method is, therefore, expected to be between 10-11 M to 

10-10 M target concentrations. For detection at higher target concentrations without 

detector saturation, a shorter detector’s exposure time can be used. 

5.1.3 SNP Identification 

 

Figure 57: 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. 

 SNP discrimination using SERS has been previously reported [24,40,127-131]. 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 [132,133]. 

Based on the two sequences, referred to as target sequences, reporter probes for P. 
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falciparum WT and of P. falciparum Mut were designed. A common capture probe for the 

two target sequences was also designed (Table 4). 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 (see Appendix A.5.5). The results are shown in Figure 57. Both WT 

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

Mut target sequence, respectively. For the WT reporter probe (Figure 57A), the SERS 

intensity was high in the presence of P. falciparum WT target sequences. This is due to 

the perfect 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 (Figure 57A). 

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 oC, 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 

(Figure 57A), 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 
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WT probe-Mut target, we obtained SNP discrimination ratio of approximately 8 : 1 for 

the WT probe. Similarly, for the Mut reporter probe (Figure 57B), 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, 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 oC. The results show that the 

discrimination capacity was adversely affected (data not shown). While the WT probe 

can still discriminate between WT target and Mut target but at lower discrimination 

ratio 2.5 : 1, the Mut probe couldn’t discriminate between Mut target and WT target. 

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-
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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 [24]. 

5.1.4 Conclusions 

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 simple, sensitive, and suitable for automation, 

making it an attractive candidate for integration into portable platforms for POC 

molecular diagnostics.  
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5.2 Detection of nucleic acid biomarker of squamous cell 
carcinoma 

Head and neck cancers are the 6th most common cancer worldwide, with over 

600,000 new cases diagnosed each year [134]. Squamous cell carcinomas (SCC) comprise 

90% of all head and neck cancers, excluding those arising from the thyroid [135]. These 

cancers impact basic human functions such as swallowing, speaking and breathing. 

These cancers pose a particular threat to individuals in low and middle income countries 

due to the high prevalence of environmental risk factors such as smoking [136] and 

human papillomavirus (HPV) infection [137] in these regions. While the incidence of 

head and neck cancers is expected to gradually decline in developed countries, where 

tobacco consumption is on the decline, the developing world has yet to reach its peak 

incidence [138]. Most low and middle income countries affected do not have the 

resources to diagnose and treat these cancers in a timely manner, contributing to 

delayed diagnosis, advanced stage at presentation resulting in an overall higher 

mortality in these populations. 

The first sign of head and neck cancer is often an enlarged cervical lymph node, a 

nonspecific finding with numerous possibilities including SCC, thyroid carcinoma, viral 

infection, tuberculosis, lymphoma, among others. The current gold standard for 

diagnosis relies on histopathologic confirmation by a trained pathologist. However, in 

much of the developing world, a single pathologist may serve a population of several 
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million [139,140]. The lack of adequate medical personnel and technology in these 

regions renders them ill-equipped to diagnose cancers in a timely manner that may 

permit early treatment with an optimal chance of remission and survival, demonstrating 

a need for diagnostic methods that offer low-cost and resource efficient alternatives to 

the current standard. 

The use of SERS-based nucleic acid detection has not been tested in head and 

neck cancers, an area in which their development would prove invaluable for the 

regions most affected by these malignancies. In this section, we applied the nanorattle 

sandwich assay (Figure 54) to detect the presence of squamous cell RNA markers. By 

employing the assay, we demonstrated in a blinded trial that our method can accurately 

distinguish the presence of squamous cells from alternative cell types.  Ultimately, 

successful development of this technique could significantly decrease the time to 

accurate diagnosis and, with early treatment, could potentially improve overall survival 

of head and neck cancers. 

5.2.1 Synthetic CK14 Target Detection 

A review of the literature was conducted to determine an RNA target sequence 

specific to squamous cells. Cytokeratin 14 (CK14) was shown to be present in squamous 

epithelium, while absent in both normal lymph nodes and malignant thyroid tissue, 

thus making it most suitable for our assessment. Using previous data [141], we 
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identified a 42bp sequence specific to the CK14 exome to serve as a target sequence for 

our probes. Shorter, 24bp reporter probes and capture probes were designed to 

hybridize to the 5’ and 3’ ends of our target sequence, respectively. Sequences of these 

two probes and of target sequence are shown in Table 5.  

Table 5: DNA sequences used for CK14 target detection 

Name Sequence 

CK14 target (78 mer) 5’-TCT GGC CGC GGA TGA CTT CCG CAC CAA GTA 

TGA GAC AGA GTT GAA CCT GCG CAT GAG TGT GGA 

AGC CGA CAT CAA TGG-3’ 

CK14 capture probe (24 

mer + 10 A) 

5’- Biosg-A10-CCA TTG ATG TCG GCT TCC ACA CTC -3’ 

CK14 reporter probe 

(24 mer + 10 A) 

5’-GTG CGG AAG TCA TCC GCG GCC AGA -A10-(CH2)3-

SH-3’ 

 

Initial experiments focused on optimizing detection of the 10 nM 42bp synthetic 

CK14 target against a negative control containing only hybridization buffer. After 

functionalization of magnetic beads and nanorattles with oligonucleotide probes, 

incubation allowed for hybridization to the target sequence, if present. After washing, 

nanorattle-DNA-magnetic bead sandwich complexes were isolated using a magnet. 

Upon excitation with a 300mW laser, the SERS signal of each sample was measured. 

Figure 58 depicts the triplicate average signals of various concentrations of synthetic 

CK14 target. 10 nM synthetic sequence elicited a SERS intensity of ~200,000 counts, with 

an incremental decrease in signals at concentrations from 10 nM to 1 pM (Figure 58). 
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Figure 58: SERS intensity at different concentrations of CK14 target. 

5.2.2 Detection of RT-PCR products of RNA extracted from SCC cell 
lines 

Our method was confirmed in reverse transcribed, PCR-amplified RNA 

extracted from cell lines (see Appendix A.5.6). In comparison to thyroid carcinoma TPC1 

and breast carcinoma MDA-MB-468 (not shown) cell lines, amplified cDNA from SCC 

cell lines FaDu and CAL27 exhibited a higher SERS signal. The average data from 3 

samples from each cell line is shown in Figure 59. 

400 600 800 1000 1200 1400 1600 1800

0

100000

200000

300000

400000

500000

600000

700000

800000

S
E

R
S

 I
n

te
n

s
it
y
 (

c
o

u
n

ts
)

Raman shift (cm
-1
)

10nM

1 nM

100 pM

10 pM

1 pM



 

103 

 

 

Figure 59: SERS signals from PCR products of RNA extracted from various cell 

lines. 

 

Figure 60: SERS intensity of blinded tests. 

A blinded trial was then conducted to assess the validity of the method in 

distinguishing SCC cells from thyroid cells. Twenty-two samples were blindly tested 

with operator not knowing which sample is what. SERS intensities were measured, and 

a threshold was arbitrarily chosen for diagnostic decision (Figure 60). Samples with 
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SERS signal higher than the threshold were considered positive and vice versa. The 

results were then compared with a truth table of the tested samples (not known by the 

operator until this point). Using the method, we can detect SCC cells at 93% sensitivity 

and 100% specificity (Table 6). 

Table 6: Sensitivity and specificity of SCC detection 

 SCC Non-SCC Total 

Total 14 8 22 

Test positive 13 0 13 

Test negative 1 8 9 

 Sensitivity 

13/14 = 93% 

Specificity 

8/8 = 100% 

 

 

5.2.3 Conclusions 

The rise in head and neck cancers in low and middle countries over recent years 

has prompted the need for low-cost, resource-efficient diagnostic technologies. Standard 

diagnosis with histopathology is often not feasible due to the low number of trained 

pathologists in these regions, resulting in delayed diagnosis and treatment. This study 

presents an alternative diagnostic method to standard histopathology. Using the 

nanorattle sandwich assay, we directly detected a genetic biomarker of squamous cells. 

Our method could distinguish the presence of squamous cells from alternative tissue 

types using PCR products of RNA extracted from various cell lines, supporting its 

potential for use as a diagnostic tool in head and neck fine needle aspirations (FNA). 
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Future works include validation with clinical specimens. The final goal is to reliably 

detect squamous cell carcinoma among head and neck lymph node tissue. 

5.3 Summary 

Using ultrabright SERS nanorattles, magnetic beads, and sandwich 

hybridization, we have developed a sensitive DNA detection method. The usefulness of 

the method for molecular diagnostics has been demonstrated by detecting malaria DNA 

and a genetic biomarker for SCC. For malaria DNA, we achieved 3 pM limit of detection 

and could detect a single nucleotide difference between target sequences (also known as 

SNP). For SCC, we could detect PCR products of RNA extracted from SCC cell lines. In a 

blinded study using our method, a sensitivity of 93% and specificity of 100% in 

differentiating SCC cell lines from other cell lines were achieved. 
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Chapter 6. Development of an integrated device for 
automated and direct detection of nucleic acid targets in 
blood lysate (Aim 3) 

6.1 Development of an integrated device for automatic nucleic 
acid detection 

Although the use of permanent magnet and pipette for concentrating magnetic 

beads, removing unreacted components, and washing is effective, it is a laborious 

process. In this chapter, an automated device was developed to automate the washing 

process and control temperature of hybridization mixture. 

 

Figure 61: (A) Concept of concentration using permanent magnet. (B) 

Hybridization complexes in test tubes are concentrated by a permanent magnet. (C) 

DynaMag-2 can hold up to 16 test tubes simultaneously. 

Figure 61 (A) shows the concept of using permanent magnet for concentrating 

hybridization complexes. Unreacted components are removed by pipetting and 
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nanorattles that are non-specifically bound onto magnetic beads surface are removed by 

washing several times in a washing buffer. Previously, a permanent magnet as shown in 

Figure 61 (B) was used for washing. However, only one sample could be washed at a 

time so this is a slow and laborious process. Later, a magnet stand, the Dynamag-2 

magnet, as shown in Figure 61 (C) was used. This magnet could hold up to 16 samples at 

a time, thus significantly increasing the washing speed. The washing process, however, 

was still laborious with many pipetting. Such washing procedure is not suitable for POC 

applications. In addition, incubation for nucleic acid hybridization was conducted in a 

heat block or water bath without active mixing. After about 1 hour incubation, the 

magnetic beads settled at the test tube bottom, thus reducing target capture rate. 
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6.1.1 Lab-in-a-stick concept 

 

Figure 62: Concept of lab-in-a-stick. (A) Target sequences are captured by 

magnetic beads and labeled by SERS nanorattles in hybridization mixture. (B) After 

hybridization complexes are formed, the glass tube is moved to the right so that the 

hybridization mixture is above permanent magnet. The hybridization complexes are 

pulled down by the permanent magnet and form a pellet. The tube is then slowly 

moved back to the original position during which the hybridization complex pellet is 

dragged through different washing solutions, leaving unbound nanorattles behind. 

(C) SERS signal is measured by focusing laser onto the hybridization complex pellet 

through the glass tube.   

Figure 62 shows the concept of the “lab-in-a-stick” where the whole washing 

process can be automated. The use of a permanent magnet for pulling magnet beads 
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through different solutions loaded inside a tube was previously reported by Haselton 

group [142-144]. This topic has also been investigated by other groups [145-149]. Besides 

permanent magnets, electromagnets have also been used [150]. Applications in these 

works were mainly for nucleic acid purification. Negatively-charged nucleic acid in 

sample lysate are bound onto positively-charged silica magnetic beads through charge 

interaction. The nucleic acid-bound silica magnetic beads are then moved through 

different washing buffer to remove non-specifically bound impurities. The purified 

nucleic acid were detected using enzymatic amplification such as PCR or LAMP. Wang 

et al. used magnetic beads conjugated with antibody to capture CD4 cells in 

unprocessed whole blood. The CD4-bound magnetic beads were then moved through 

different solutions for washing and ELISA detection [149]. Gottheil et al. reported this 

concept in combination with fluorescence readout for interleukin-8 detection [148]. To 

the best of our knowledge, the combined use of the “moving magnetic bead” concept 

and DNA sandwich assay with SERS readout for nucleic acid detection has not been 

reported. 
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Figure 63: Reagents are preloaded into a glass capillary tube (1.53 mm outer 

diameter).  Mineral oil is used for separating the reagents. 

Figure 63 shows a glass capillary tube loaded with different reagents. The first 

solution was a mixture of magnetic beads (~1 µm diameter) functionalized with DNA 

capture probes and target sequences in hybridization buffer. The second solution 

contained SERS nanorattles functionalized with DNA reporter probes in hybridization 

buffer. The third, fourth, and fifth solutions were washing buffer. PCR-grade mineral oil 

was used to separate the solutions. Target sequences in the first solution were captured 

by DNA capture probes immobilized on magnetic beads. The magnetic beads were then 

moved to the second solutions for labeling with SERS nanorattles through sandwich 

hybridization. Hybridization complexes were then moved through three washing 

buffers to remove non-specific binding followed by SERS detection. Currently, magnetic 

beads, target sequences, and SERS nanorattles are all mixed in the first hybridization 

buffer, as shown in Figure 62A, to decrease incubation time.  
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6.1.2 First generation lab-in-a-stick device 

 

Figure 64: First generation design of a device for moving glass tube. 

 

Figure 65: First generation device for moving glass tube. The glass tube is 

positioned between two rollers (one active and one passive). A stepper motor turns 
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the two rollers, thus pulling the tube back and forth. The stepper motor is controlled 

by an Arduino UNO and a EasyDriver stepper motor driver. 

 

Figure 66: Complete system of the first-generation lab-in-a-stick device with a 

handheld Raman detector for SERS measurement.  

To move the glass tube as shown in Figure 62 (B), a device was built based on a 

design by Scherr et al. [144] with some modifications. SolidWorks design and assembly 

of this first-generation device are shown in Figure 64 and Figure 65. Figure 66 depicts 

the complete system of the device. After being washed in three washing solutions, 

hybridization complexes were concentrated at one specific spot by a permanent 

magnetic bar. The use of a permanent magnetic bar has several advantages including 
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strong magnetic field, no energy consumption, and no heat dissipation. The lack of 

capability in controlling magnetic field of permanent magnet was not an issue in our 

case because the tube was moved relatively to the magnet that was fixed. Therefore, the 

magnetic field that was experienced by magnetic beads could be varied. A hand-held 

Raman reader (C13560, Hamamatsu) was used for SERS detection by focusing the laser 

onto the hybridization complexes. Figure 67 shows SERS spectrum of 10 nM synthetic 

target DNA and blank samples acquired by the hand-held Raman reader. 
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Figure 67: SERS spectrum of 10 nM synthetic target DNA and blank samples 

that are detected by Hamamatsu handheld Raman reader C13560. 

 SERS signal of ~6,000 counts (after background subtraction) at 930 cm-1  was 

obtained for the 10 nM synthetic target DNA sample. None recognizable peak was 

observed in the blank sample. 



 

115 

 

6.1.3 Second-generation lab-in-a-stick device 

 

Figure 68: Second generation design for handling multiple tubes (up to twelve) 

with temperature control. 

The first-generation device showed that the whole washing process could be 

automated using the lab-in-a-stick concept. However, only one sample can be tested at a 

time. Nucleic acid-based diagnostics is usually implemented with each sample having 

several replicates in addition to positive and negative controls. Therefore, a second-

generation device was developed that can process up to twelve samples simultaneously. 

Figure 68 depicts the design of the second-generation system. In this new design, a 

stepper motor was still being used but rollers were now in horizontal position. The 

design could be scalable for more samples if needed. More tubes could be added by 
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simply using a longer roller and adding more holes to the tube holder. Not only could 

more samples be simultaneously tested, an aluminum block connected to a 

thermoelectric module was added for temperature control of all samples. All electronics 

components were housed inside a controller box. A gantry-like part was added to hold 

the handheld Raman reader. For measuring different samples in different tubes, one 

could simply slide the Raman reader along the two rods holding the reader. In future, 

this part could be redesigned for easier focusing of the laser beam onto the glass tubes. 
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Figure 69: Second generation lab-in-a-stick device. (A) A stepper motor is used 

to turn one of the two rubber rollers. (B) Twelve glass tubes are sandwiched between 

the two rollers and are supported by an aluminum heat block and a tube holder. The 

tube holder has twelve holes for guiding movement of the glass tubes. A permanent 

magnetic bar is placed next the tube holder and under the glass tubes. (C) Complete 

system with handheld Raman reader, controller box, and laptop. 
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The second-generation lab-in-a-stick device is shown in Figure 69. The device 

could process twelve samples simultaneously. First, the glass tubes were pre-loaded 

with washing solutions that were separated by mineral oil droplets. Then mixtures of 

magnetic beads, nanorattles, and target sequences in hybridization buffer were loaded 

into the glass tubes by pipetting. The hybridization mixtures were heated to 400 C by a 

built-in aluminum heat block and incubated for several hours for capturing target 

sequences. During this step, the tubes were continuously moved back and forth in short 

distances to decrease the magnetic bead sedimentation rate. After incubation, the glass 

tubes were pulled toward a permanent magnet by two rollers for magnetic bead 

concentration. The glass tubes were then slowly pulled back to the original position by 

the two rollers. Hybridization complexes were thus dragged through washing solutions, 

removing non-specific binding. In each of the washing solutions, hybridization 

complexes were agitated by quickly moving the tube back and forth in short distances 

for several tens to a hundred times to better remove non-specific binding. The laser 

beam was focused on the hybridization complexes for SERS measurement. A LabVIEW 

program was developed to control the tube’s movement. Another LabVIEW program 

(TE Technology, MI, USA) was used to control temperature.  
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Figure 70: (A) Hybridization complexes are concentrated by a permanent 

magnetic bar placed under glass tubes. (B) SERS spectra for 10 nM synthetic malaria 

target DNA and blank, each spectrum is average of three replicates. 

Figure 70 shows the hybridization complex pellets after being washed through 

washing solutions and concentrated by a permanent magnetic bar. At 10 nM target DNA 

concentration, the pellets’ color was visually darker than that of blank sample pellets, as 

shown in Figure 70A. Using the handheld Raman reader, SERS signals were measured. 

SERS spectra acquired by the handheld Raman reader were similar to the ones shown in 

Figure 67. Besides, a lab-built on-cart Raman system using a Raman fiber probe (Figure 

71) was also used for SERS measurement. SERS spectra are shown in Figure 70B. Ten 

nanomoles target DNA samples showed significant higher SERS intensity, more than 

40,000 counts, than that of blank samples.  
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Figure 71: On-cart Raman system using 785nm laser, InPhotonics Raman fiber 

probe, and Princeton Instruments spectrometer and CCD camera. 

6.1.4 Optimization of washing parameters 

 

Figure 72: Different conditions of the washing process using lab-in-a-stick was 

test for optimization. 

To improve the limit of detection, washing process using lab-in-a-stick device 

was optimized by testing different washing conditions, as shown in Figure 72. To 

compare the performance between different washing conditions, we define a quantity 

SERS fiber probe focusing on the 
concentrated magnetic bead  

complexes 
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called “target-to-blank ratio”, which equals to (target signal – blank signal)/blank signal. 

This quantity is similar to the signal-to-noise ratio commonly used in spectroscopy. 

After optimization, the target-to-blank ratio of 164.4 was achieved as compared to 26.3 at 

the beginning. This improvement is attributed to better washing, thus significantly 

lowering the blank signal (more than 10 times, from 2,092 counts to 191 counts) while 

relatively well preserving the target signal (from 57,212 counts to 31,600 counts). 

With the second-generation lab-in-a-stick device, the detection throughput was 

12 times increased as compared to that of the first-generation device. In both devices, no 

manual washing was needed, making the detection process much less laborious. The 

second-generation device also has aluminum heat block for temperature control, which 

is often needed in nucleic acid detection. Since the gantry-like part in the second-

generation design (Figure 68) only allows the Raman reader to move in one direction, 

focusing laser of the handheld Raman reader on hybridization pellet is somewhat 

difficult. A three dimensional XYZ linear positioning stage was used instead (Figure 69), 

making laser beam focusing easier. The handheld Raman reader is not sensitive enough 

when target concentrations are in pM range or lower. At such low concentrations, the 

tubes were taken out of the device, taped on a permanent magnetic bar, and measured 

by the on-cart Raman system as shown in Figure 71. 
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6.2 Direct detection of malaria RNA in blood lysate using the 
developed integrated device 

6.2.1 Optimization of the sandwich assay 
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Figure 73: Sandwich assay optimization. (A) Different amounts of SH-PEG 5K 

for nanorattle backfilling. (B) Different PEG length for nanorattle backfilling. (C) 

Different spacers in DNA capture probes and reporter probes. (D) Magnetic bead 

MyOne C1 vs. MyOne T1. (E) PBS-based vs. SSC-based hybridization buffers. (F) 

Signal stability under 300 mW vs. 200 mW laser. 
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The development of the second-generation integrated device allowed us to 

conduct large number of tests for optimizing the sandwich assay. Several optimization 

steps were conducted to achieve the best results. 

First, different amounts of SH-PEG 5K were used to backfill nanorattles pre-

functionalized with DNA reporter probes. When the SH-PEG amount increased, 

background signal from blank samples decreases (Figure 73A). This indicates that SH-

PEG 5K is effective in passivating nanorattles surface, thus reducing non-specific 

binding. While background signal decreased an order of magnitude, 10 nM target signal 

decreased only ~25%.  

Second, different SH-PEG length for nanorattle backfilling were compared 

(Figure 73B). While short PEG (350) had high background, longer PEG (1K and 5K) both 

had lower background (Figure 73B). PEG 1K had higher 10 nM target signal compared 

to PEG 5K, likely due to less steric hindrance. PEG 1K was therefore chosen for follow-

up studies (see Appendix A.5.1). 

Third, the effect of the type of spacer (18A vs. 18-atom hexa-ethyleneglycol 

spacer, aka. iSp18) between DNA capture probes (CP) and magnetic beads as well as the 

spacer between DNA reporter probes (RP) and nanorattles has been investigated. While 

all combinations essentially have the same 10 nM target signal, 18A spacer for CP 

resulted in low blank background whereas iSp18 spacer for CP resulted in significantly 
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higher background (Figure 73C). The blank background in the case of iSp18 spacers for 

both CP and RP was especially high. We believe that, because 18A spacers have 

negatively charged backbone and streptavidin on magnetic beads’ surface are also 

negatively charged, they repelled each other and reduced non-specific binding. When 

18A spacers are replaced by iSp18 spacers, with iSp18 being neutral 18-atom hexa-

ethyleneglycol, this charge repelling no longer exists and non-specific binding increases. 

Although the 18A spacer had lower background and was less expensive, the iSp18 

spacer is useful in case where target sequence has many thymine (T). In such cases, 18A 

spacer may interact with T in the target sequence, resulting in undesired hybridization. 

Replacing the 18A spacer by the 18T spacer to avoid this undesired hybridization may 

lead to another undesired hybridization between 18T spacer and poly(A) tails, which are 

usually present at 3’ end of messenger RNA. G and C are not usually used as spacers 

due to their stronger hydrogen bonding to complementary nucleotides. The malaria 

target in our study has many T in its sequence. Therefore, iSp18 was chosen as spacers 

for both CP and RP despite its high non-specific binding. As discussed below, the high 

non-specific binding associated with iSp18 can be lowered by changing other parameters 

including magnetic beads and composition of hybridization buffer.  

Fourth, two different streptavidin magnetic beads, Dynabeads MyOne C1 and 

Dynabeads MyOne T1 (Thermofisher) were compared. Functionalization of streptavidin 
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magnetic beads with DNA capture probes is described in Appendix A.5.2. Magnetic 

beads C1 and T1 share many common characteristics except that T1 surface is further 

blocked with bovine serum albumin protein (BSA). We believe that BSA blocking on T1 

surface helped to reduce non-specific binding, which explained the lower blank 

background in the case of T1 magnetic beads (Figure 73D). 

Fifth, two different hybridization buffer formula (see Appendix A.5.4), one based 

on phosphate buffer saline (PBS) and another based on saline-sodium citrate (SSC), were 

compared. SSC-based buffer impressively lowered blank background more than an 

order of magnitude with slightly increase in 10 nM target signal (Figure 73E). SSC-based 

hybridization buffer was thus chosen. 

6.2.2 Optimization of SERS measurement conditions 

Higher laser power used in SERS measurements often yield higher SERS signal. 

However, too high laser power can be problematic because it can cause 

photodecomposition of Raman reporters, thus SERS signal loss. SERS signals of samples 

under 200 mW and 300 mW laser excitations were monitored for five minutes (Figure 

73F). With 300 mW, the SERS signal decreased ~43% after 1 minute and ~65% after 5 

minutes under continuous exposure to laser light. Whereas, with 200 mW, SERS signal 

decreased less than 10% after 1 minute and ~25% after 5 minutes under continuous 

exposure to laser light. Since each measurement took 1 to 2 minutes for laser focusing 
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and spectrum acquirement, the use of 300 mW caused too much SERS signal loss (43%) 

and introduced additional variation to signal intensity. Laser power of 200 mW was thus 

chosen. Besides, increasing detector integration time from 1 second to 10 seconds also 

helped to improve signal-to-noise ratio because of the square root relationship between 

photon noise to signal. 
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6.2.3 Direct detection of RNA extracted from malaria parasite 

 

Figure 74: Malaria synthetic target DNA quantification and malaria extracted 

RNA detection. (A) SERS intensity for 10 nM malaria target DNA vs. Blank. (B) SERS 

intensity from 1 nM to 10 fM malaria target concentrations. (C) SERS intensity at 930 

cm-1 peak. (D) Direct detection of malaria P. falciparum RNA extracted from red 

blood cells infected with malaria parasites. 

With the nanorattle sandwich assay and measurement conditions being 

optimized, we conducted a quantitative test by titrating malaria target concentrations 

using SSC buffer. SERS spectra of different synthetic target concentrations ranging from 
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10 nM to 10 fM and a blank are shown in Figure 74A-B. The SERS intensities at 930 cm-1 

were used for plotting the calibration curve (Figure 74C). The samples at 1 pM 

concentration can still be well distinguished from the blank after 3h incubation. The 

linear dynamic range of the assay ranges approximately from 1 pM to 100 pM.  

Experiments with real biological samples, i.e. RNA extracted from malaria 

parasite, were also conducted using SSC buffer. Figure 74D shows the SERS intensities 

from the blank, RNA extracted from a human cell line, and RNA extracted from malaria 

parasite. While the signal from the blank and the human cell RNA were low, the signal 

from the malaria RNA was higher, indicating that our nanorattle sandwich method 

could specifically and directly detect RNA extracted from malaria parasite without PCR. 
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6.2.4 Direct detection of malaria RNA in blood lysate without RNA 
extraction and without target amplification 

 

Figure 75: (A) Performance comparison between two different capture probe 

conjugation chemistries in buffer and blood lysate. (B) Detection of 10 nM synthetic 

malaria DNA spiked into whole blood lysate using 1 second detector integration time. 

In this last section, experiments for direct detection of nucleic acid in blood lysate 

were conducted (see Appendix A.5.7). QuantiGene sample processing kit for blood 

samples (Thermofisher) was used for lysing blood samples. While streptavidin magnetic 

beads yielded low blank background in SSC-based hybridization buffer, blank 

background significantly increased in blood lysate as shown in Figure 75A. This could 

be because streptavidin on magnetic beads’ surface were denatured by components in 

lysis buffer (used for lysing blood) or by enzymes from the blood. Another type of 

magnetic beads was thus used. The new magnetic beads have amine groups on the 

surface. Sulfo-SMPB (sulfosuccinimidyl 4-(N-maleimidophenyl)butyrate), a NH2-to-SH 

crosslinker, was used for conjugating thiolated capture probes on the amine magnetic 
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beads [151]. The new magnetic bead and new chemistry for capture probe conjugation 

yield a particularly low blank background in blood lysate (below 100 counts, Figure 

75A). The signal for 10 nM targets that had been spiked into blood lysate was quite 

intense (more than 37,000) counts. SERS spectra of the blank background and the 10 nM 

targets spiked into blood lysate (using the new magnetic beads and the new conjugation 

chemistry) are shown in Figure 75B. The results showed that the amine magnetic beads 

and NH2-to-SH crosslinker are well suitable for blood lysate experiments. Using them, 

we could detect synthetic malaria DNA that was spiked into blood lysate with 

particularly low blank background. 

 

Figure 76: Direct detection of malaria RNA in lysate of red blood cells infected 

with malaria parasite using 10 second detector integration time. 

Finally, direct detection of malaria RNA in lysate of infected red blood cells 

(RBCs) was conducted. Without any RNA extraction or enzymatic amplification such as 
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PCR, we detected a clear different between the SERS intensity of infected RBCs and of 

non-infected RBCs (Figure 76). The detection process was quite simple. Lysis mixtures 

were added to RBCs samples and incubated for 1 hour for lysing. Nanorattles 

functionalized with reporter probes and magnetic beads functionalized with capture 

probes were then added to the RBCs lysates. The new mixtures were then incubated for 

3-5 more hours before being washed by second generation lab-in-a-stick device. SERS 

signals were subsequently measured. 

 

Figure 77: Direct detection of malaria RNA in lysate of malaria-infect red 

blood cells using 3 hour and 5 hour incubation time. 

Direct detection of nucleic acid in blood lysate without enzymatic amplification 

is a challenging task. After all the optimizations described above, including optimizing 

the washing parameters, hybridization buffer, SERS measurement conditions, etc., we 

could achieve the task. Since the target concentration is relatively low (fM range or 
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lower), increasing incubation time will increase the chance of DNA probes capturing the 

target sequences, thus improving the signal. Figure 77 shows that 5 hour incubation 

resulted in higher signal than 3 hour incubation.    

6.3 Summary 

Integrated devices that integrate our nanorattle sandwich assay were developed. 

The second-generation device was capable of simultaneously processing up to twelve 

samples in automatic fashion. Temperature was controlled by a built-in thermoelectric 

heater. SERS signals were measured using a handheld Raman reader or an on-cart fiber-

based Raman system. Using the device, the nanorattle sandwich assay were optimized, 

resulting in the detection limit in fM range. The system was capable of directly detecting 

RNA extracted from malaria parasites without enzymatic amplification. Finally, direct 

detection of malaria RNA in blood lysate without RNA extraction and enzymatic 

amplification was demonstrated. 

To our knowledge, this is the first time the SERS-based detection of pathogen 

nucleic acid in blood lysate without any nucleic acid extraction or enzymatic 

amplification was reported. 
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Chapter 7. Conclusion 

7.1 Conclusion 

The three aims that were formulated at the start of this thesis were completed 

in full. 

As for the Aim 1, a new Nanowave fabrication method based on self-assembly 

on water-air interface was developed. Using this new method, large area, high SERS 

enhancement Nanowave chips were obtained with high reproducibility. SERS 

enhancement of the Nanowave was further improved using bimetallic coating. 

Nanopillars were also fabricated using metal-assisted chemical etching of silicon. 

Nanopillars with short PS etching time showed comparable SERS enhancement to the 

bimetallic Nanowave. Due to its simpler fabrication process, the Nanowave was chosen 

as the chip platform for nucleic acid detection. 

Using the Nanowave, we have first developed novel single-step DNA detection 

methods based on molecular sentinel and inverse molecular sentinel on Nanowave chip. 

The methods had single-step format. Target DNA sequences were detected by simply 

dropping small volume (20 µL – 30 µL) of sample solutions onto SERS-active planar 

chips functionalized with DNA probes. After a period of incubation time, SERS signals 

were measured without requiring any other sample treatment step, making the methods 

simple-to-use and reducing reagent cost. The usefulness for clinical diagnostics was 
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demonstrated by the detection of nucleic acid biomarker of respiratory infection and 

specific sequence of dengue virus (DENV 4). As low as ~6 attomoles of the target ssDNA 

inside the probed area could be detected. 

The results completed in the Aim 1 have led to first-author journal publications 

in Analytical chemistry 85 (13), 6378-6383, 2013; Analytical and bioanalytical chemistry 

406 (14), 3335-3344, 2014; Analyst 139 (22), 5655-5659, 2014; Analytical and bioanalytical 

chemistry 408 (7), 1773-1781, 2016 

As for the Aim 2, we have synthesized novel SERS nanorattle platforms 

including nanosphere nanorattles and nanocube nanorattles with ultrabright SERS 

signals. Raman reporters were protected inside the nanorattles, making the nanorattles 

highly stable in biological systems. The nanorattles could be loaded with different 

Raman reporters, resulting in nanorattles with different spectral fingerprints which are 

suitable for multiplex detection. Using principle component analysis, one could easily 

differentiate these nanorattles. 

Using ultrabright SERS nanorattles, magnetic beads, and sandwich 

hybridization, we have developed a sensitive DNA detection method. The usefulness of 

the method for molecular diagnostics has been demonstrated by detecting malaria DNA 

and a genetic biomarker for SCC. For malaria DNA, we achieved 3 pM limit of detection 

for synthetic DNA and could detect SNP. For SCC, we could detect real biological 
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samples by using PCR products of RNA extracted from two SCC cell lines. In a blinded 

study using the nanorattle sandwich method, a sensitivity of 93% and specificity of 100% 

in differentiating SCC cell lines from other cell lines were achieved. 

The results regarding the malaria DNA detection completed in the Aim 2 have 

led to a first-author journal publication in Biosensors and Bioelectronics 81, 8-14, 2016. A 

manuscript on the SCC detection results is being prepared. 

As for the Aim 3, we have developed two integrated devices for the automation 

of the nanorattle sandwich assay. The second-generation device was capable of 

simultaneously processing up to twelve samples in automatic fashion. Temperature was 

controlled by a built-in thermoelectric heater. SERS signals were measured using a 

handheld Raman reader. When lower limit of detection was needed, an on-cart fiber-

based Raman system was used. Using the device, the nanorattle sandwich assay were 

optimized, resulting in the limit of detection in fM range. The system was capable of 

directly detecting RNA extracted from malaria parasites without enzymatic 

amplification. Finally, direct detection of malaria RNA in blood lysate without RNA 

extraction or enzymatic amplification was demonstrated. 

To the best of our knowledge, this is the first time the SERS-based detection of 

pathogen nucleic acid in blood lysate without any nucleic acid extraction or enzymatic 
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amplification was reported. A manuscript regarding the results achieved in the Aim 3 is 

being prepared. 

7.2 Proposed future research 

Looking forward, one can further improve the nanorattle sandwich assay’s 

sensitivity and limit of detection by: 

- Synthesis of brighter SERS nanotags. One possible way is to prepare cluster 

of current nanosphere or nanocube nanorattles.  

- Targeting multiple regions within target pathogen’s genome. 

- Reducing steric hindrance on magnetic beads’ and nanorattles’ surface by 

using capture probes’ and reporter probes’ extender. 

- Actively mixing magnetic beads using rotating magnetic field to increase 

target capture kinetic. 

Multiplex detection of nucleic acid using nanorattles with different colors is also 

worthy to explore. 

Nanoparticles can be combined with chips by immobilizing capture probes on 

the chip’s surface and reporter probes on the nanoparticles. Chip-based assay can be 

extended to microarray format. One advantage will be the capability for simultaneously 

detection of hundreds to thousands of genes using a single chip. 
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Appendix A: Experimental Procedures 

A.1 Materials 

 Premium pre-cleaned microscope slides (25 mm x 75 mm x 1 mm) were 

purchased from VWR (Radnor, PA). Poly(ethylene oxide) (PEO) powder (average 

molecular weight, Mw, of 100,000), sodium dodecyl sulfate (SDS), mercaptohexanol 

(MCH), mercaptoethanol (ME), sulfuric acid (H2SO4), ammonium hydroxide (NH4OH), 

hydrogen peroxide (H2O2), sodium chloride (NaCl), sodium phosphate buffer pH 7.0 

(SPB), and ethanol (EtOH) were purchased from Sigma Aldrich (St Louis, MO) and used 

as received unless noted otherwise. Polystyrene beads (PS, 5000 series, size 520 nm, CV ≤ 

3%, 10% solids) were purchased from Fisher Scientific (Pittsburgh, PA). Gold pellets 

were obtained from Kurt Lesker (Clairton, PA). The single strand DNA sequences used 

in this study were synthesized by Integrated DNA Technologies (IDT, Coralville, IA). 

Sodium borohydride (NaBH4), hexadecyltrimethylammonium bromide (CTAB), 

Au chloride solution (HAuCl4) 200 mg/dL in deionized water (ref # HT1004-100ML 

Sigma), ascorbic acid (AA), hexadecyltrimethylammonium chloride (CTAC) solution 25 

wt. % in water (ref # 292737 Aldrich), polyvinylpyrrolidone Mw ~55,000 (PVP), 

methanol (MetOH), 1,3,3,1’,3’,3’,-hexamethyl-2,2’-indotricarbocyanine iodide (HITC), 

tetradecanol (TD), phosphate buffer saline (PBS), tris-EDTA buffer solution (TE), tween 

20, sodium chloride (NaCl), hydrochloric acid (HCl) were purchased from Sigma-
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Aldrich. Sodium citrate dihydrate was purchased from BDH. Methoxy polyethylene 

glycol thiol Mw 5000 (mPEG-SH) was purchased from Nanocs. Magnetic beads 

(Dynabeads MyOne Streptavidin C1, 1 μm diameter) were purchased from Life 

Technologies. All DNA sequences (Table S1) were synthesized by Integrated DNA 

Technologies (IDT, Coralville, IA). Millipore Synergy ultrapure water (DI) of resistivity = 

18.2 MΩ cm was used in all aqueous solutions. 

A.2 Chapter 2 

A.2.1 Fabrication of monolayer of PS 

Microscope glass slides were cleaned by immersion in a freshly prepared piranha 

solution (3:1 96% H2SO4 : 30% H2O2) for 1 hour at 90 °C. The glass slides were then 

washed with copious amounts of DI before being sonicated in a 5:1:1 DI/NH4OH/H2O2 

solution for 1h. The glass slides were stored in DI until use. PS (10% solids) were mixed 

with ethanol (1:1 ratio), and a trace amount of PEO was added (2 mg PEO for 1 ml 

mixture of PS and ethanol). PEO served to bind PS together as PS assemble.45 

A self-assembly at the water-air interface technique was modified and used to 

produce monolayers of PS on glass slides.46-47 A thin layer of water was created on a 

cleaned, hydrophilic glass slide by pipetting 1.5 ml DI on the glass slide. A small amount 

of SDS surfactant (5 µL of 2 mM SDS) was added on the water layer and served as a soft 

barrier. The PS solution was injected on the edge of the water layer using a syringe 
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pump (KD Scientific KDS200). With the assistance of ethanol, PS quickly spread on the 

water film and self-assemble into a monolayer at the water-air interface. PS were 

continuously injected until the whole water surface was covered with a monolayer of PS. 

The water film was then carefully removed, leaving a monolayer of PS on the glass slide. 

To facilitate water film removal, the glass slide was slowly tilted manually from 0 degree 

to 30 degrees (by tilting the box on which the glass slide was placed) while the water 

was pipetted off at one end of the glass slide. The glass slide with a monolayer of PS was 

kept in a petri dish at room temperature with the lid slightly open so that the rest of the 

water could evaporate. Upon water evaporation, a large-area monolayer of PS on glass 

slide was obtained. 

A.2.2 Metal coating 

Before metal coating, the prepared monolayer of PS on glass slide was annealed 

in an oven at 80 °C for 1 hour to induce area contact (instead of point contact) between 

PS and the glass surface. This annealing process enhanced the PS and glass slide 

bonding. The annealed substrate was then coated with 5 nm of Ti (2 Å/s) and varying 

thickness of Ag (5 Å/s) and Au (10 Å/s), total up to 200 nm thick, at 5 × 10-6 mTorr using 

Kurt Lesker PVD 75 electron beam evaporator. The Nanowave substrate was obtained 

after metal deposition. To reduce contamination by molecules in the air, the obtained 

Nanowave were stored in a N2 box (ideally vacuum) before use. 



 

143 

 

A.2.3 Scanning Electron Microscope (SEM) 

SEM images were taken on FEI XL30 SEM. The accelerating voltage was set at 7-

30 kV, and working distance varied between 11 mm and 12 mm. 

A.2.4 Diffuse Reflectance Spectroscopy 

Reflectance measurements were performed using a Halogen light source (HL-

2000-FHSA), a reflection probe (R200-7-UV-VIS), and a USB spectrometer 

(USB2000+VIS-NIR-ES) from Ocean Optics. Six radial fibers of the reflection probe were 

used for excitation, and the center fiber was used for collection. From the reflectance 

spectrum, localized surface plasmon resonance (LSPR) of the Nanowave substrate was 

identified. 

A.2.5 SERS measurement using the Renishaw confocal Raman 
microscope 

SERS measurements were performed using a Renishaw InVia confocal Raman 

microscope. A HeNe laser (Coherent, Model 106-1) emitting a 632.8 nm line was used as 

the excitation source. The light from the laser was passed through a line filter and 

focused on a sample via a 10X microscope objective. The focused laser spot size, ~10 μm 

diameter, was identified using scanning knife-edge method. The Raman scattered light 

was collected by the same objective, and passed through a holographic notch filter to 

block the Rayleigh scattered light. An 1800 groove/mm grating was used to disperse the 

collected light, providing a spectral resolution of 1 cm-1. The Raman scatter was detected 
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using a 1024 × 256 pixel RenCam charge-coupled device (CCD) detector. For each 

sample, three to five SERS spectra were acquired from different spots across the 

detection area using a motorized XY translational stage internal to the microscope. The 

exposure time for each spot was 10 seconds. The acquired SERS spectra were then 

background subtracted and averaged using Matlab to represent the final SERS spectrum 

for each sample. Note that only 10% of the laser power, i.e. ~0.5 mW, was used unless 

otherwise noted. 

A.3 Chapter 3 

A.3.1 Functionalization of Nanowave with RSAD2-MS probe 

A 20 µl drop of 0.5 µM RSAD2-MS in 0.5 M NaCl and 10 mM SPB aqueous 

solution were delivered onto the Nanowave substrate. The substrate with MS was then 

kept in an airtight container for maintaining a stable humidity. Alternatively, the 

substrate was cut into small pieces and soaked in the above solution inside a 1.5 ml test 

tube. After 2 hours, the substrate was rinsed with DI and soaked in 1 mM MCH aqueous 

solution to displace non-specifically adsorbed MS probes and to passivate the gold 

surface [152]. Finally, the substrate was rinsed with DI. 

Surface coverage of MS probe on Nanowave  substrate was determined using the 

fluorescence-based method [153]. As-prepared MS-functionalized Nanowave substrates 

(0.3 cm × 0.5 cm) were soaked in 0.5 M ME solutions. After 15 h at room temperature, the 
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substrates were removed from the solutions, which now contained displaced MS probes. 

Fluorescence intensities of the solutions were measured using a plate reader (FLUOstar 

Omega). Fluorescence intensities of 0.5 M ME solutions containing known 

concentrations of MS probe were also measured and used to establish a standard 

calibration curve. From this calibration curve, molar concentrations of MS probe 

displaced from MFON substrates were determined. The average amount of displaced 

MS probes was calculated by multiplying the measured molar concentration by the 

solution volume. Finally, the surface coverage of MS probe on MFON substrate was 

obtained by dividing the number of the displaced MS probes by the estimated MFON 

surface area. 

A.3.2 RSAD2 DNA target detection 

Samples (20 µL each) of blank, non-complementary DNA and complementary 

target DNA (in 0.5 M NaCl and 10 mM SPB aqueous solutions) at different 

concentrations were delivered onto MS-functionalized MFON substrates and 

maintained at 37 0C in an airtight container under constant humidity to promote DNA 

hybridization. After 2 hour incubation, samples were taken out without washing. SERS 

signals were measured using the Renishaw confocal Raman microscope 10% of the laser 

power, i.e. 0.5 mW, as described in Appendix A.2.5. 
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A.3.3 Functionalization of bimetallic Nanowave with IFI27 and IFI44L 
MS probes for multiplex detection 

To prepare for ssDNA detection, bimetallic Nanowave substrates were 

functionalized with IFI27 MS, IFI44L MS or both of IFI27 and IFI44L MSs by soaking the 

substrates in the corresponding MS solutions. In the third case, ratio of IFI27 MS and 

IFI44L MS in the MS solution was 1:2. The MS solutions were prepared by diluting MS 

stock solution to final concentration of 1 μM MS, 0.5 M NaCl and 10 mM SPB in DI 

water. Small pieces of Nanowave substrates (~2 × 3 mm) were soaked in 30 μL of the 

prepared MS solutions for 12h. Next, the substrates were gently rinsed by buffer 

solution (0.5 M NaCl and 10 mM SPB in DI water) to remove unbound MS. The 

substrates were then soaked in 1 mM MCH in buffer solution for 1h to displace non-

specifically adsorbed MS probes and to passivate the gold surface [49]. Finally, the 

substrates were gently rinsed with DI water. 

A.3.4 IFI27 and IFI44L DNA target detection 

Capability of separately detecting IFI27 target ssDNA and IFI44L target ssDNA 

was demonstrated by soaking the bimetallic Nanowave substrates functionalized with 

only one of the two MSs, IFI27 MS or IFI44L MS, in following sample solutions: buffer 

(blank sample, no ssDNA present), non-complementary ssDNA, and target ssDNA 

complementary to the MS used for functionalization. Multiplex detection was 

demonstrated by soaking the bimetallic Nanowave functionalized with both IFI27 MS 
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and IFI44L MS (IFI27 1:2 IFI44L) in following sample solutions: buffer (blank sample, no 

ssDNA present), target ssDNA complementary to IFI27 MS, target ssDNA 

complementary to IFI44L MS, and composite mixture of target ssDNA complementary 

to IFI27 MS and to IFI44L MS (IFI27 target 1:2 IFI44L target). In these experiments, the 

ssDNA solutions (complementary target and non-complementary) were prepared by 

diluting ssDNA stock solution to final concentration of 1 μM ssDNA, 0.5 M NaCl and 10 

mM SPB in DI water. After 3h soaking in the sample solutions at 37 °C, the substrates 

were removed without washing. SERS measurements were performed at three different 

spots of each sample and processed as described above. Note that the substrates must 

remain wet during SERS measurements to prevent MS’s conformational change. SERS 

signals were measured using the Renishaw confocal Raman microscope 5% of the laser 

power, i.e. ~0.25 mW, as described in Appendix A.2.5. 

A.3.5 Functionalization of bimetallic Nanowave with iMS probes for 
dengue virus detection 

 The fabricated bimetallic Nanowave chip was functionalized with DNA probes 

for dengue virus oligonucleotide detection. First, bimetallic Nanowave chip were cut 

into smaller pieces with a diamond tip. Thereafter, pieces of Nanowave chip were 

soaked in aliquots of 1 μM reporter probe solution in buffer (0.5 M NaCl, 10 mM sodium 

phosphate buffer in water) for 16 h at room temperature. The chips were then rinsed 

with buffer followed by soaking in solutions of 1 mM mercaptohexanol (MCH) in buffer 
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for 1 h. The purpose of this step is to displace non-specifically adsorbed probes and to 

passivate the gold surface.49 Subsequently, the chips were rinsed with water, followed 

by soaking in aliquots of 1 μM placeholder solution in buffer for 24 h. Upon 

hybridization between reporter probes and placeholders, reporter probe−placeholder 

partial duplexes were formed on the surface of the bimetallic Nanowave chip. This 

resulted in decrease in SERS signal. The decrease is attributed to the opening of reporter 

probes’ hairpin structures, thus displacing Cy5 Raman dyes tagged at 3’ ends of the 

reporter probes away from chip’s surface. Finally, excess placeholders were washed 

with buffer, and the functionalized chips were ready for use. 

A.3.6 DENV 4 DNA target detection 

The functionalized bimetallic Nanowave chips were tested against three different 

samples including: 1 μM synthetic DENV 4 ssDNA in buffer (complementary target), 1 

μM non-complementary ssDNA in buffer, and buffer only (blank). First, pieces of 

functionalized chip were incubated in 30 μL aliquots of sample solutions for 2 h at 37 0C. 

After incubation, the chips where removed from the sample solutions. SERS signals 

were measured using the Renishaw confocal Raman microscope as described in 

Appendix A.2.5. Note that the chips were kept wet during SERS measurements to 

prevent conformational change of DNA structures. Only 1 % of the laser power, that is, 

∼50 microwatt, was used to prevent potential damaging effects to the DNA sequences. 
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In addition, this laser power also helped to avoid saturating the SERS detection system’s 

CCD camera with high fluorescent background of the Cy5 resonant Raman dye. The 

acquired SERS spectra were background subtracted and smoothed using a Savitsky-

Golay filter (five-point window and first-order polynomial). 

A.4 Chapter 4 

A.4.1 AuNP synthesis 

First AuNP were synthesized using a seed- mediated method. Au seeds were 

prepared by adding 0.6 ml of 10 mM ice cold NaBH4 to 10 ml of 0.25 mM Au chloride 

(HAuCl4) in 0.1M CTAB solution under vigorous stirring. Upon NaBH4 addition, the 

solution’s color quickly changed from yellow to brown, indicating the formation of 

small Au seeds. Stirring was stopped after 10 min and the seed solution was aged for 3 h 

at 27 oC to ensure complete decomposition of remaining NaBH4. Growth solution was 

prepared by adding 3 mL of 1.0 M freshly prepared AA to mixture of 3.94 mL of Au 

chloride (~5.08 mM concentration), 10.58 mL of CTAC solution, and 92.4 mL of DI water. 

Upon AA addition, the Au chloride solution quickly changed color from yellow to 

colorless, indicating the reduction of Au3+ to Au+. AuNP (~14 nm) was synthesized by 

adding 2 mL Au seeds to the above growth solution under magnetic stirring. Solution 

color changed from colorless to wine red within a few minutes, indicating the growth of 
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Au seeds into larger AuNP. After the solution color became stable, magnetic stirring was 

stopped, and the solution was left undisturbed for 1 hour. 

Growth solution for synthesizing 20 nm AuNP was prepared by adding 7.5 mL 

of 1.0 M freshly prepared AA to mixture of 10 mL of Au chloride (~5.08 mM 

concentration), 52.9 mL of CTAC solution, and 479.5 mL of DI water. AuNP (~20 nm) 

was synthesized by adding 20 mL of 14 nm AuNP to the above growth solution under 

magnetic stirring. The solution was stirred for five minutes and left undisturbed 

overnight in dark. 

For citrate-capped AuNP synthesis, 50 µL of 0.5 M Au chloride solution was 

added to 100 mL DI water (final Au3+ concentration 0.25 mM). The solution was heated 

until boiling under magnetic stirring. Then, 2 mL of 1% trisodium citrate was added. 

The solution was boiled with reflux for ~30 minutes more under magnetic stirring. The 

solution color changed to wine red. The solution was gradually cooled down to room 

temperature. Trisodium citrate was added to 1 mM final concentration to stabilize the 

AuNP. Extinction max was at 528 nm and AuNP’s diameter was 26 nm ± 5.5 nm.  

AuNP’s extinction coefficient was measured using FLUOstar Omega microplate 

reader. Extinction coefficient measurements showed LSPR peak at ~522 nm. For 

transmission electron microscope (TEM) imaging, 5 µL of the prepared AuNP was 

dropped on Formvar carbon film-coated 200 mesh copper grids and allowed to dry at 
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room temperature. TEM images were taken using FEI Tecnai G² Twin TEM system. TEM 

image analysis using ImageJ showed that AuNP have diameter of ~20 nm. 

A.4.2 Ag shell coating and galvanic replacement 

Two hundred twenty-five mL of the as-prepared AuNP (20 nm) were washed 

once with DI (12,500 rcf, 20 minutes) and resuspended in equal volume of 20 mM CTAC. 

The solution was heated to 60 oC for 20 minutes under magnetic stirring. Ag cubic shells 

were coated on 20 nm AuNP to form Au-Ag core-shell structures (AuNP@AgCube). 

Briefly, 100 mL of 2 mM AgNO3 and 100 mL of 50 mM AA in 40 mM CTAC were 

simultaneously added to the heated AuNP solution at the rate of 5 mL/min/each 

solution. The process took 20 minutes during which the color slowly changed from light 

red to orange. The mixture was covered with parafilm M (Bemis) and left at 60 oC for 4 

hour under magnetic stirring to obtain AuNP@AgCube. 

AuNP@AgCube (270 mL) were centrifuged once at 5,000 rcf for 15 m followed by 

resuspending in mixture of 135 mL of 100 mM PVP and 135 mL of 0.2 M CTAC. The 

solution was heated to 90 oC for 2 min before 35 mL - 45 mL of 0.5 mM Au chloride 

solution was slowly added. The process took approximately 20 minutes. During Au 

chloride addition, the solution color changed from orange to dark brown, and finally to 

purple, indicating that the Ag shells were galvanically replaced by Au3+ to turn into 

porous Au-Ag cages. The solution, containing porous Au-Ag cages with AuNP inside 
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(AuNP@CageCube), was further heated for 10 min and then cooled down to room 

temperature. AuNP@CageCube were collected by centrifugation (6,000 rcf, 20 minutes) 

and resuspensded in DI water to remove excess PVP and CTAC. The resuspension was 

centrifuged once more time and resuspended in 6 mL DI water to obtain stock 

AuNP@CageCube solution. 

For silver coating of citrate-capped AuNP without using CTAC, a published 

protocol [154] was used with some modifications. Ten milliliters of 26 nm citrate-capped 

AuNP synthesized above was added to 90 mL of DI water. Trisodium citrate was added 

to final concentration of ~1 mM. The mixture was magnetically stirred. Five hundred 

microliter of 0.1 M AA was added (final concentration 0.5 mM). A thousand microliter of 

25 mM AgNO3 was added dropwise at 10 µL/30 seconds. The solution color changed 

from pink to deep yellow. TEM images showed that diameter of AuNP@Ag was ~65 nm 

± 9.5 nm. 

A.4.3 Loading Raman reporters into AuNP@CageCube   

For Raman reporter loading without using TD, fifty µL of stock 

AuNP@CageCube were mixed with 100 µL of 1 mM Raman reporters in 850 µL of 

EtOH. The mixture was left at room temperature for 2 hours under shaking followed by 

centrifugation at 7,000 rpm for 10 minutes. The pellet was washed once with DI and 

resuspended in 1 mL of 0.1 M CTAC. 
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For Raman reporter loading using TD, the AuNP@Cage in MetOH solution was 

heated to 50 oC in a glass bottle followed by addition of 200 mg tetradecanol and 20 µL 

of HITC dye. The solution was heated overnight to completely evaporate MetOH and to 

allow tetradecanol and HITC dyes to go into AuNP@Cage structures. Boiling DI water (3 

mL) was added to separate phases, one being TD/dye mixture and the other containing 

water and a small amount of AuNP@Cage. The majority of AuNP@Cages were however 

stuck on the glass bottle bottom. The solution was kept in an ice bath for 2 mins to 

solidify TD. After TD solidification, sonication was used to re-disperse AuNP@Cages 

stuck at the glass bottle bottom into water, turning the solution color to purple. The 

mixture was set aside for 5 mins to allow TD to form a layer on the solution’s surface. 

The solution, without TD, was carefully transferred into a 15 mL centrifuge tube using a 

pipette. DI water was added to increase the solution volume to 10 mL. The solution was 

centrifuged and resuspended in 1 mM CTAC solution several times to remove excess TD 

and dyes. 

A.4.4 Final Au coating 

Growth solution was prepared by adding 500 µL of 0.2 M AA (freshly prepared) 

to mixture of 150 µL Au chloride solution (~5.08 mM) and 8.5 mL of 0.1 M CTAC. 

Raman reporter-loaded AuNP@CageCube prepared above (1 mL in 0.1 M CTAC) were 

added to the growth solution under magnetic stirring. Stirring was stopped after a few 
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minutes, and the solution was left undisturbed overnight in dark. Nanocube nanorattles 

were obtained by centrifuging the solution at 3,000 rcf for 15 minutes followed by 

washing the pellet once with DI water and resuspension in 1mL DI water. 

A.4.5 Silica coating 

 Silica shells were coated on AuNP@CageCube using a published protocol [155]. 

AuNP@CageCube (50 µL) were suspended in 950 µL of EtOH. Then 5 µL of 1 mM SH-

PEG 5K (freshly prepared, sonicated for 15 minutes) was added. The mixture was 

incubated for 30 minutes under shaking followed by two centrifugations and 

resuspension in 900 µL EtOH. To the resuspension, 200 µL of DI, 18 µL of NH4OH 

(29.5%), and 5 µL of 10% TEOS were added. The mixture was incubated overnight at 

room temperature under shaking followed by a washing with EtOH and resuspension 

in DI.  

A.4.6 SERS measurement using lab-built on-cart 785 nm Raman 
system 

SERS spectra were measured using a lab-built SERS measurement system by 

focusing the laser beam on the concentrated spots. The lab-built SERS measurement 

system was composed of a 785 nm laser source (Rigaku Xantus-1), a fiber optic probe 

(InPhotonics RamanProbe), a spectrometer (Princeton Instruments Acton LS 785), and a 

CCD camera (Princeton Instruments PIXIS: 100BR_eXcelon). Laser power of the Xantus-
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1 was set at 300 mW and the CCD camera exposure time was set at 1 second unless 

otherwise noted. 

A.4.7 Calculation of E field enhancement by Nanorattle 

E field enhancement of the nanorattles was calculated using the RF module of 

COMSOL Multiphysics 5.1. First, a 3D model of a nanorattle was built based on 

transmission electron microscope images. The model was excited by an incident plane 

wave propagating along the positive x-axis with E field polarized along the z-axis. 

Boundary conditions were appropriately applied, and full field was solved. E field 

enhancement was calculated by dividing total E field by the incident E field. 

A.5 Chapter 5 and 6 

A.5.1 Functionalization of nanorattles with thiolated DNA Reporter 
Probes 

Nanorattles were functionalized with DNA reporter probes using a pH-assisted 

method with slight modifications [70]. First, 5 µL of 100 mM TCEP in TE 1X was added 

to 50 μL of 100 μM thiolated DNA reporter probes. The mixture was incubated for 1h at 

room temperature before being added to 1 mL of nanorattles. The new mixture was 

incubated for 1 hour under shaking. Then 10 μL of citrate-HCl buffer (300 mM trisodium 

citrate, pH adjusted to 3.1 using 1 M HCl) was added to promote loading of DNA onto 

nanorattles. One hour later, the mixture was centrifuged at 6,500 rpm for 5 minutes. 

Fifty microlitters of 1mM SH-PEG 5K (freshly prepared, sonicated 5 minutes) was added 
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to the pellet followed by addition of 1 mL PBS 1X with 0.01% TW20 and sonication. The 

solution was centrifuged at 6,500 rpm for 5 minutes. The pellet was washed once with 

TE 1X followed by resuspension in TE 1X. 

For backfilling with SH-PEG, 5 µL of 10 mM SH-PEG 1K was added to the above 

solution. The mixture was incubated for 1 hour followed by centrifugation at 6,500 rpm 

for 5 minutes. The pellet was washed twice with PBS 1X + 0.01% TW20 and once with TE 

1X. Finally, it was resuspended in TE 1X and stored at 4 oC before use. The 

functionalized nanorattles are good for use within 3-4 months. 

A.5.2 Functionalization of streptavidin magnetic bead with 
biotinylated DNA capture probes 

Magnetic beads (Dynabeads MyOne Streptavidin C1, 1 μm diameter) were 

functionalized with DNA capture probes using the manufacturer’s protocol. Briefly, 200 

μL of 10 mg/mL stock magnetic bead was washed three times using 1 mL washing 

buffer 1X (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl) and resuspended in 400 μL 

washing buffer 2X. To load DNA capture probes on magnetic beads, 400 μL of 5 μM 

biotinylated DNA capture probe was added to the resuspension. The mixture was 

placed at room temperature under gentle shaking for 0.5 h. Then, DNA capture probe-

loaded magnetic beads were washed three times using washing buffer 1X and 

resuspended in 1600 μL TE 1X (magnetic bead final conc. 1.25 mg/ml). The as-prepared 
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capture probe-loaded magnetic bead solution was stored at 4 oC and used within 3-4 

months. 

A.5.3 Functionalization of amine magnetic bead with thiolated DNA 
capture probes 

A published protocol [151] with some modifications was used to functionalize 

amine magnetic bead with thiolated DNA capture probes. Dynabeads M-270 Amine 

(MMPs), amine-to-thiol crosslinker sulfo-SMPB (sulfosuccinimidyl 4-(N-

maleimidophenyl)butyrate), sulfo-NHS-acetate, and TCEP·HCl (Tris(2-

carboxyethyl)phosphine hydrochloride) were obtained from Thermofisher. Dimethyl 

sulfoxide anhydrous (DMSO) was obtained from Sigma-Aldrich. Passivation buffer 

contained 150 mM phosphate buffer and 150 mM NaCl (pH = 7.5). Coupling buffer 

contained 100 mM phosphate buffer and 200 mM NaCl (pH = 6.9–7.0).  

MMPs was removed from refrigerator ~15 min before use. Two hundred 

microliters of MMPs was washed three times with 1.5 mL DMSO (be sure to remove all 

supernatant). Ten milligram of SMPB was dissolved in 200 μL DMSO. Add the SMPB-

DMSO solution to the dry MMPs pellet and transfer the MMP-SMPB solution into a 10 

mL tube. The SMPB bottle and MMP tube were washed with DMSO, and all DMSO 

washes were added to the 10 mL tube. Volume of solution in the 10 mL tube was made 

up to 3.16 mL using DMSO. The mixture was wrapped with aluminum foil and placed 

on shaker for 4 hours. After 4 hours, the MMPs were washed three times with 15 mL 
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DMSO (tube was changed between second and third wash, cover particles with foil 

while separating). Wash the MMPs twice with coupling buffer, resuspend in 1 mL 

coupling buffer, transfer to 1.5 mL microcentrifuge tube, remove supernatant.  TCEP-

reduced thiolated DNA capture probes (see below) were added to the MMPs, wrap in 

foil, and shake for 1 hour at room temperature. Remove supernatant, resuspend in 1 mL 

coupling buffer, transfer to a new 1.5 mL tube, wash three times with 1 mL coupling 

buffer (change the tube between second and third wash). 

For passivation, wash the MMPs twice with 1 mL passivation buffer, change to 

10 mL tube between first and second washes. Dissolve 20 mg sulfo-NHS-acetate in 7 mL 

passivation buffer. Add this solution to the dry MMPs. Wrap in foil and shake for 1 hour 

at room temperature. Wash the MMPs three times with 10 mL passivation buffer, 

changing tubes between second and third washes. Wash twice with 1 mL storage buffer 

(TE 1X), with final resuspension in 1 mL storage buffer (TE 1X). Store at 4 oC. 

Hundred microliters of 0.1 M TCEP was prepared by adding 2.86 mg TCEP to 

100 μL DI water. Add 5 μL of 0.1 M TCEP to 50 μL of 100 µM thiolated DNA capture 

probes. The solution was incubated for 45 min.  

A.5.4 Nucleic acid detection in hybridization buffers 

DNA quantification capability of the nanorattle-based method was demonstrated 

by testing sample solutions containing synthetic DNA sequences of wild type malaria 
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parasite P. falciparum and synthetic CK14 DNA sequences at different concentrations. 

Sample solutions were prepared by serial dilution of stock target sequence in 

hybridization buffer 1 (0.5 M NaCl, 10 mM phosphate buffer PH 7.4, Tween 20 0.01%) or 

hybridization buffer 2 (SSC 5X, BSA 1%, SDS 0.02%, freshly prepared). RNA extracted 

from malaria parasite P. falciparum was also tested by adding 1 μL extracted RNA to 4 

μL hybridization buffer 2. For each 5 μL sample solution, 2 μL of magnetic beads loaded 

with capture probes and 3 μL of nanorattles loaded with reporter probes were added. 

The mixtures were pipetted into glass capillary tubes placed on the second-generation 

lab-on-a-stick device. After 3h of incubation at 40 oC, hybridization complexes were 

washed three times (100 cycles each) in three washing buffers (same composition as the 

hybridization buffer). The hybridization complexes were then moved to the fourth 

washing buffer and concentrated using a permanent magnet for SERS measurements.  

A.5.5 SNP discrimination 

SNP discrimination capability of the nanorattle-based method was demonstrated 

by testing samples of P. falciparum wild type (WT) DNA target sequences, P. falciparum 

mutant (Mut) DNA target sequences with a SNP, non-malaria DNA sequences, or buffer 

only (blank) against two different probes: P. falciparum WT reporter probe and P. 

falciparum Mut reporter probe. First, 20 μL sample solutions (10 nM in hybridization 

buffer, Tween 20 0.01%) were mixed in microcentrifuge tubes with 2 μL of magnetic 
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beads loaded with P. falciparum capture probes. The mixtures were incubated in a water 

bath at 40 oC for 1 hour. Then 10 μL solutions of nanorattles loaded with either P. 

falciparum WT or Mut reporter probes (in hybridization buffer) were added, and the 

mixtures were incubated at 40 oC for another 1 hour. A permanent magnet was used to 

pull magnetic bead complexes to the wall of the microcentrifuge tubes. Supernatants 

were discarded and pellets of the magnetic bead complexes were stringently washed by 

resuspending in a low-salt washing buffer (10 mM NaCl, 10 mM phosphate-buffered 

solution at pH 7.4) and incubated at 37 oC for 5 minutes. The magnet was applied again 

and the pellets were washed one more time using low-salt washing buffer with Tween 

20 0.01% at room temperature followed by resuspension in low-salt washing buffer. The 

resuspended solutions were pipetted into glass capillary tubes for SERS measurements, 

as described above. 

A.5.6 Cell culture, RNA extraction, and real time-PCR 

FaDu, CAL27, and MDA-MB-468 cell lines were purchased from the American 

Type Culture Collection (ATCC). Total RNA extracted from the TPC1 cell line was 

purchased from Applied Biological Materials Inc. The RNAeasy Mini Kit and PCR 

Purification Kit were from purchased from Qiagen. The High Fidelity cDNA Synthesis 

Kit and TaqMan Gene Expression Master Mix were purchased from ThermoFisher 

Scientific. The cell lines FaDu, CAL27, MDA-MB-469 were cultured and harvested as per 
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the ATCC product guidelines. From each cell line, approximately 5x105 cells were 

isolated. Total RNA was extracted using the Qiagen RNAeasy Mini Kit reagents and 

protocol and eluted in 14 µL DI to final concentrations ranging from 200-700ng/µL. RNA 

was normalized to a concentration of 125 ng/µL, and reverse-transcribed as per the 

High-Fidelity cDNA Synthesis Kit. The resulting cDNA was subsequently amplified by 

asymmetric PCR using previously described primers. Briefly, 1 µg of cDNA was added 

to a mixture containing 1000 nM forward primer, 50 nM reverse primer, 200 nM 

fluorescent probe, 10 µL TaqMan Gene Expression Master Mix, and RNase free DI to a 

final volume of 20 µL. All RT-PCR experiments were run on an Applied Biosystems 

7900HT Fast Real-Time PCR System. The samples were first heated for 5 minutes at 95˚C 

and amplified by heating to 60˚C for 1 minute followed by 15s at 95˚C for a total of 40 

cycles. PCR products were purified using the Qiagen PCR Purification Kit and eluted in 

RNase-free DI to final volumes of 7-18 ng/ µL single stranded DNA. 

A.5.7 Nucleic acid detection in blood lysate 

QuantiGene sample processing kit for blood samples (Thermofisher) was used 

for lysing blood samples. Malaria infected, cultured red blood cells (RBCs, ~400,000 

parasites/μL) were used for testing the method. Non-infected RBCs or whole blood with 

and without synthetic target sequence spike-in were used as positive and negative 

controls (10 nM final target concentration for the positive control). Whole blood/RBCs 
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working lysis mixture was prepared accordingly to the manufacturer protocol. Briefly, 

lysis mixture was pre-warmed at 37C for 30 min. For 12 μL of whole blood or RBCs, 84 

μL working lysis mixture containing of 32 μL lysis mixture, 50 μL RNase free water, and 

2 μL of proteinase K was prepared and added, resulting in 96 μL solution. The solution 

was vortexed immediately for 30-60 seconds followed by incubation at 60 oC for 1 hour 

(preferentially under shaking). 

After 1 hour, 7.68 μL of capture probe-functionalized amine magnetic beads and 

11.52 μL reporter probe-functionalized nanorattles were added to each 96 μL lysate 

(blood lysate that was not used immediately was stored at -80 oC). The new mixture was 

incubated at 40 oC for 3-5 hours for sandwich hybridization. 

Then, 30 μL aliquots was loaded into glass capillary tubes placed on the second-

generation lab-on-a-stick device. The glass tubes had been previously loaded with four 

of 10 μL washing buffer solutions (SSC 5X, BSA 1%, SDS 0.02%, freshly prepared) 

separated by 3 μL mineral oil solutions. Magnetic beads were washed three times (50 

cycles each) in the first three washing buffer solution before being moved to the final 

washing buffer solution for magnetic bead concentration and SERS signal measurement. 
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