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ABSTRACT 
 
 

LOGAN HAMM.  Development of a Surface Enhanced Raman Spectroscopy-based 
Assay to Detect Malaria Biomarkers in Blood.  (Under the direction of  

DR. SWARNAPALI DE SILVA INDRASEKARA) 
 
 

 Malaria is an infectious disease that affects many lives around the world and 

eradication efforts are focused on controlling the disease transmission; which requires 

early diagnosis of the infection before the onset of symptoms, i.e. at the asymptomatic 

stage. Blood smear microscopy is used for symptomatic malaria diagnosis, but it lacks 

the specificity and sensitivity required for asymptomatic diagnosis. Alternatively, 

polymerase chain reaction (PCR) can be used to detect the malaria (plasmodium) 

parasitic nucleic acids with high sensitivity and specificity, but the point-of-care (POC) 

implementation of PCR is not practical due to laborious procedures and expensive 

instrumentation. Recently, Surface Enhanced Raman Spectroscopy (SERS) has become a 

prominent analytical technique, because of its high molecular specificity and enhanced 

analytical sensitivity. The overall goal of this thesis is to develop a novel PCR 

amplification-free, SERS-based approach that can detect an asymptomatic malaria 

biomarker (Pfs25-mRNA) with sufficient sensitivity for POC applications. We developed 

a sandwich hybridization assay that captures Pfs25-mRNA target sequence using two 

partially complementary synthetic nucleic acid sequences attached to nanoparticles 

known as probes. One probe consists of a plasmonic core-shell nanoparticle with an 

embedded Raman tag to act as a SERS signal reporter. The other probe involves a 

magnetic bead allowing the separation of the captured Pfs25-mRNA from the blood 

matrix. Our work demonstrates the ability of the developed SERS hybridization assay to 
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specifically detect synthetic Pfs25-mRNA in buffer and spiked-in blood lysate without 

the need for amplification techniques. Along with development of the hybridization 

assay, a novel gold coated-silver nanostar substrate was developed for potential use in 

SERS-based applications. 
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CHAPTER 1: INTRODUCTION 
 
 

1.1. Problem Statement – Unmet needs in Infectious Diseases Diagnostics  

Infectious diseases are a global health issue requiring diagnostic detection methods to 

limit transmission or eradicate the disease. Current diagnostic testing is typically 

performed during the symptomatic stages of the disease. While some infectious diseases 

are treatable after diagnosis, the ability to limit transmission during the symptomatic 

stages is low. The main problem with current diagnostic methods is the shortcomings for 

asymptomatic detection. Which is why it’s crucial to develop sensitive and selective 

diagnostic assays for asymptomatic detection of these diseases; especially for the 

detection of one of the most problematic infectious diseases, malaria. 

1.2. Background on Malaria and Malaria Diagnostics 

Many infectious diseases are the focus of diagnostic assay development; however, 

malaria is one of the highest life-threatening diseases with an estimated 228 million cases 

and 405,000 deaths worldwide in 2018 alone.2 Malaria stems from Plasmodium parasites 

with transmission that occurs through female Anopheles mosquitos in tropical regions 

(Figure 1). While there are five total species of the Plasmodium parasite, two of these are 

the main causing agents of malaria; P. falciparum and P. vivax create a majority of the 

cases found worldwide. P. falciparum impacts these tropical areas with greater severity in 

comparison to P. vivax which is why it will be the focus of this work. Once the 

incubation period begins within the human host the disease can develop from 

uncomplicated malaria to complicated (severe) malaria. Uncomplicated malaria is present 

in the early symptomatic stage of the disease where symptoms such as fever, chills and 

body aches can occur.3 As the disease progresses it leads to complicated malaria which 
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can result in acute kidney injury, neurologic abnormalities and other severe conditions.3 

Thus, showing the need for early detection of malaria to prevent these severe conditions 

from occurring. 

 

 

For malaria detection researchers have developed clinical diagnostic methods using 

microscopic techniques for malaria detection.4-5 The most common clinical method used 

for the detection of malaria is the analysis of blood smears using microscopy.6-8 This 

method functions by taking a sample of blood that is obtained from an expected infected 

patient who shows many of the common symptoms of malaria. The blood sample is 

mixed with a dye, typically Giemsa, that binds to specific nucleic acid sequences of the 

parasites. This blood-dye mixture is then smeared onto a glass slide and observed using 

standard light microscopy or fluorescence microscopy. If the malaria parasite is present 

Figure 1: World Health Organization malaria transmission map for 
2017, reported in the world malaria report 20181. 
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in the blood, the dye will be displaying a distinct color difference between the red blood 

cells and the parasite when using light microscopy. In the case of fluorescence 

microscopy, the dye will produce a fluorescent response that can be observed. Yamamoto 

et al. developed a polycarbonate scan disc for fluorescence detection of P. falciparum 

infected red blood cells.8 By staining infected red blood cells with Hoechst 34580 

fluorescent dye, they were able to detect a parasitemia range of 0.0001 – 1.0%. While the 

method of blood smear microscopy is useful for a confirmed diagnosis, it requires highly 

trained scientists to observe the parasites and lacks the sensitivity needed for early 

diagnosis. Rodulfo et al. compared microscopy to polymerase chain reaction and a rapid 

diagnostic test kit (OptiMAL) for malaria detection.9 Their results indicate as the 

parasitemia levels drop to 50 – 500 parasites/µL the ability of microscopy to correctly 

detect malaria drops to 42.9%. This demonstrates the issues with using microscopy for 

early diagnosis of malaria. 

The biggest problem of the standard clinical methods is that malaria presents the 

onset of symptoms typically occurs 10 – 15 days after the infective bite from the 

Anopheles mosquito.2 This is problematic because within that incubation period the 

parasite can develop into gametocytes where the uptake of the parasite can occur through 

a non-infected mosquito leading to further transmission of malaria.10-11 While today’s 

clinical methods of detection are helpful in determining the presence of malaria, it does 

not solve the problem of limiting the transmission or eradicating the disease. Which 

demonstrates the need for better diagnostic biosensors and testing methods that can be 

applied during the asymptomatic stages of malaria in a point-of-care setting. 

1.3. Biosensor Development for Point-of-Care Diagnostics 
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The scientific community is continually working to develop these diagnostic 

biosensors for asymptomatic detection of infectious diseases like malaria. It is important 

for diagnostic biosensors to have rapid testing abilities, and offer sufficient analytical 

sensitivity and strong selectivity, to function at the point-of-care with limited resources.12  

A great benefit of biosensors is the fact they can be designed for detection of a single 

disease or can have multiplex capabilities13-15 to detect a catalogue of diseases, depending 

upon how they are developed.  

The first step in biosensor development is determining the best biomarker from the 

disease of interest to target and determining a method to trap the biomarker for analysis. 

Biomarkers can range from nucleic acid sequences16-22 to specific proteins23-29 to 

macromolecules such as lipids and carbohydrates.30-32 Detecting the biomarker in a 

complex matrix such as blood or urine, requires specific molecular recognition moieties 

and a signal transduction element in order to trap the target and produce a signal 

response, respectively. Proteins and nucleic acids are the most commonly used 

biomarkers due to the increased number of recognition elements present for biomarker 

capture compared to other target types.33-36  

Nucleic acid biomarker detection usually involves nucleic acid hybridization. For 

instance, in 2014, Wang et al. used a single complementary nucleic acid sequence, bound 

to a dye molecule, to hybridize with RSAD2 RNA biomarker for the detection of 

respiratory infections.37 Using a surface enhanced Raman spectroscopy detection method, 

the dye molecule provided the signal output for the hybridization assay where they were 

able to achieve a detection limit of 1 nM for the RSAD2 RNA biomarker. Protein 

biomarkers where antigens are the established target, antibodies can be used as the 
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molecular recognition moieties or vice versa for detection of a disease.25-26 Recently an 

immunosensor was designed to detect a Zika specific envelope antibody through a gold 

array micro-electrode with a detection limit of 10 pM.38 While proteins are common 

targets and useful for diagnostic assays; they are not ideal for asymptomatic stage 

detection due to the concentration of antibodies being low from the lack of RNA 

translation into amino acid sequences. Nucleic acid sequences are of very high priority in 

comparison to proteins as biomarkers due to a higher presence of nucleic acids in the 

early stages of diseases and an increased specificity of the sequences for a singular 

disease. For example, Chang et al. compared the protein makeup of Zika to other 

arthropod-borne viruses like dengue and determined that Zika shares 55.6% amino acid 

sequence identity with dengue.39  However, determining the method of isolation for 

nucleic acid biomarkers for specific and sensitive detection is a challenging task. 

There is a significant focus on the isolation followed by detection methods in regard 

to the nucleic acid hybridization -based diagnostic assays. The most common approach is 

the sandwich hybridization-based assays.40-45 Designing two partially, complementary 

nucleic acid sequences to hybridize directly to the target sequence is highly efficient. 

Once the biomarker is trapped in the sandwich assay (Figure 2), it has to be isolated from 

any other biological material that could interfere in signal production. There are a variety 

of ways the assay can be developed for biomarker isolation and separation. It is common 

that one of the molecular recognition elements is bound to a substrate that can easily be 

removed from a matrix or a method in which the matrix can be removed without removal 

of the target-receptor system. Substrate types could include glass slides, magnetic beads, 

or a paper-based substrate. A good example of an in-solution separation technique is the 
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application of magnetic nanoparticles as one of the molecular recognition elements 

functionalized with one of the complementary sequences to the biomarker; most often 

referred to as a capture probe.20, 46 Zhang et al. utilized a sandwich hybridization assay 

with magnetic separation for the detection of a DNA biomarker of West Nile virus46, 

which allowed to enrich the hybridized complexes into one location for surface enhanced 

Raman spectroscopy-based detection of the target. Magnetic separation (Figure 2) is a 

widely used choice for isolation of the biomarker because of the simplicity it adds to the 

procedure in comparison to other vigorous and time-consuming methods. Along with 

isolation of the nucleic acid biomarker, a signal response must be detected to clearly 

demonstrate the isolation of the biomarker of interest occurred. Determining how to 

detect the isolated biomarker sequence is another important step in biosensor 

development. 
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The next step in developing a capable diagnostic biosensor for nucleic acid 

biomarkers is determining the detection method. Common methods of nucleic acid 

detection are PCR and fluorescence. For research purposes, PCR has been the 

predominate detection method of nucleic acid biomarkers for biosensing applications.47-54 

PCR is an amplification technique that takes small concentrations of a target sequence 

and can create millions of copies of the target. This is a huge advantage of using PCR for 

detecting small quantities of the target in early stages of disease progression. However, 

there is a downside to the use of PCR as a Rapid Diagnostic Test (RDT) or an POC 

diagnostic assay. PCR is very expensive and many areas of the highest infection rate 

Figure 2. Representative schematic diagram of a sandwich hybridization reaction and 
the magnetic separation of the complexes in solution. A) Two probes used for 
isolation of the target nucleic acid biomarker containing partially complementary 
sequences to the biomarker. One typically acts as the reporter probe (top) to relay a 
signal response while the other is the capture probe for target separation (bottom). B) 
Desired target sequence for isolation and detection. C) Sandwich hybridization 
complex after incubation of the two probes with the target biomarker. D) The reaction 
in solution with the hybridized complexes. E) Magnetic separation of the complexes 
and residual capture probes when magnet placed in close proximity to reaction vessel. 

B C A 

+ = 

D E 
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from malaria do not have access to PCR instrumentation in a point-of-care setting.  PCR 

is also laborious and required specialized personnel to perform the assay. Diagnostic 

assays need rapid, simplified procedural detection methods that can report results in a 

timely manner. A method that can meet a majority of these criteria is the use of 

fluorescence-based techniques.55-58 Fluorescent tags can be incorporated to a nucleic acid 

sequence that can interact with the target sequence and create a fluorescent signal. Liu et 

al. published a good example for fluorescent detection of DNA in a sandwich 

hybridization based lateral flow assay.56 This group utilized fluorescent carbon 

nanoparticles as a tag for a nucleic acid sequence complementary to the DNA target. As a 

proof-of-concept assay, they demonstrated the ability to detect a 21mer sequence down to 

femtomolar concentrations. Researchers have been able to develop biosensors using 

fluorescence that can report results anywhere from minutes to a few hours.57, 59 

Fluorescence does present some issues like photobleaching and short lifetimes of the 

fluorescent dyes. One field of detection systems that has been making a strong impact on 

biosensor development is optical diagnostics based on plasmonic nanoparticles. 

1.4. Plasmonic Nanomaterials in Biosensing Applications 

In general, the field of plasmonics relates to the study of light interacting with free 

conduction band electrons of certain metals.60 When this occurs, the light causes these 

electrons to have a resonant oscillation around the metal. This produces an intense 

electromagnetic field that can scatter the light with the same or different energy than the 

energy of the incidental light source creating surface plasmon resonance (Figure 3).61 

Plasmonic materials can consist of metals like silver and gold, metal oxides or 

semiconducting materials.62 When surface plasmons form they can propagate like waves 
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across the plasmonic material being used. The highest intensity of this electromagnetic 

field is at the point of interaction between the light and the metal-dielectric interface.63 As 

the wave propagates away from the point of interaction, the electromagnetic field 

weakens.  

 
 

 
An important feature of surface plasmon resonance is its sensitivity to changes in the 

environment of the plasmonic metals.65 Due to having a high sensitivity, it is necessary to 

consider how different changes to this environment could impact how the surface 

plasmon resonance will act. For instance, Omar et al. used surface plasmon resonance to 

detect the binding of a dengue antigen to an antibody immobilized on a sensor-gold 

layered film.66 When the antigen would bind and change the local environment near the 

 

Figure 3. Schematic diagram displaying the use of surface 
plasmon resonance for protein detection with a gold film 
substrate.64  
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plasmonic metal, they were able to detect a change in the surface plasmon resonance 

angle producing a limit of detection of 0.08 pM within 8 minutes. Surface plasmon 

resonance can be paired with certain detection systems like PCR or fluorescence to 

provide added signal based on the environmental changes in the system; like the added 

presence of a specific biomarker for detection. This broad applicability of plasmonics 

makes it a suitable candidate for biosensors.63, 67-69 For instance, surface plasmon 

resonance has been used to detect PCR-amplified E. coli biomarkers in stool samples.70 

They were able to compare the total resonance units of control spiked samples (251.1 

resonance units) to infected samples (220.2 resonance units) and determine the developed 

assay was successful in discriminating E. coli infected samples from non-infected 

samples (128.5 resonance units). While there are many benefits of surface plasmon 

resonance, some issues can arise that could negatively impact the developed biosensor. 

The biggest issue of surface plasmon resonance is the bulk effect. When using surface 

plasmon resonance as the main detection method on a substrate such as a plasmonic film, 

the area of sensing can range up to hundreds of nanometers into the present matrix. This 

means that even if you have the desired biomarkers present at the plasmonic surface, 

other biomolecules may be detected that aren’t wanted in the assay. The size of the 

plasmonic material has significant influence on this bulk effect behavior of the plasmon 

resonance. When light interacts with a plasmonic material that is larger than the incoming 

frequency the surface plasmon resonance propagates across the surface and the dielectric 

medium. Issues like bulk effect when using surface plasmon resonance can create 

analytical detection problems. However, when the size of the plasmonic particles is 

smaller than the wavelength of incidental light it creates what is called localized surface 
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plasmon resonance (LSPR).71 One of the main differences between surface plasmon 

resonance and LSPR is the size of the produced plasmonic field. As stated by the name, 

LSPR is a localized plasmonic field at the point of interaction between the incidental 

laser source and the nanoparticle interface; whereas surface plasmon resonance produces 

a much larger plasmonic field (Figure 4). Which is why over the last 20 years one of the 

most widely used diagnostic detection methods that can eliminate this bulk effect with 

the use of LSPR in biosensors is SERS. 

 

 

1.5. Plasmonic Nanoparticle- and SERS-based Optical Detection Method 

SERS has grown to become one of the most widely used detection methods for 

biosensors.15, 19, 30, 46, 72-79 SERS functions by utilizing the phenomena of Raman 

scattering as the basis of the detection method. When light, from a laser source, interacts 

with an analyte there are two types of scattering that occur: Rayleigh scattering and 

Figure 4: Surface plasmon resonance bulk effect versus localized surface plasmon 
resonance fields.  
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Raman scattering. The difference between these two are the energy exchange from the 

point of the incidental light interacting with the analyte and the energy of the light 

scattered. Rayleigh scattering is a display of inelastic scattering where there is no energy 

difference between the incidental light and the scattered light; this scattering type 

composes almost all of the reflected light. Raman scattering is elastic scattering where the 

energy of the scattered light can be greater or smaller than the incidental light’s energy; 

this is also known as anti-stokes and stokes scattering, respectively (Figure 5). Only a 

small fraction of scattered light demonstrates this Raman scattering effect. Employing 

Raman scattering can be useful for a diagnostic biosensor due to the produced signal 

being a spectral fingerprint of the sample being analyzed. This is beneficial for 

discriminating between two diseases that could be similar in genetic makeup or for 

standard multiplexing applications.15, 44, 74 However, Raman spectroscopy is not very 

sensitive since only a small portion of all scattered light (0.000001%)80 is Raman and it 

has limitations in its ability as a detection method for disease diagnostics. SERS has the 

ability to eliminate many of the limitations Raman spectroscopy demonstrates through 

Raman signal enhancement.  
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SERS signal enhancement of Raman scattering stems from two main types of 

enhancement: electromagnetic and chemical.72 Electromagnetic enhancement originates 

from the localization of light on the SERS substrate surface.81 This localization of the 

light induces the surface plasmon resonance with an amplified intensity due to the 

interaction of the plasmonic metal’s electrons with the light source. The electromagnetic 

enhancement mechanism solely focuses on the magnitude of enhancement produced from 

the SERS substrate. However, when a biomarker or general molecule reside in close 

proximity to the SERS substrate surface, there is also a chemical enhancement 

mechanism that changes how the electromagnetic enhancement occurs.82 While the 

electromagnetic mechanism remains independent of the molecule near the substrate 

surface, the electromagnetic mechanism properties applies to the intrinsic properties of 

the molecule.82 The chemical enhancement mechanism is important for understanding the 

spectral fingerprint produced by an adsorbate on the SERS substrate. Contributions of the 

chemical enhancement come from a temporary charge transfer between the adsorbate and 

Figure 5: Jablonski diagram depicting Raleigh versus Raman 
scattering; including the two types of Raman scattering: Stokes and 
Anti-Stokes scattering. 
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the metal or strictly from the polarization of the adsorbate from the light source.81 The 

produced Raman bands in the spectral profile from the chemical enhancement depends 

upon the factors like: the orientation of the adsorbate on the substrate, the structure of the 

adsorbate, and excitation wavelength of the adsorbate.83-85 Both of these enhancement 

mechanisms are important for SERS enhancement of the Raman scattering effect. The 

most common way to show how well a SERS substrate enhances a signal is by 

calculating the SERS enhancement factor (EF). There are many ways to calculate the 

SERS EF depending upon the manner in which the SERS substrate is being used.86 

Generally, the SERS EF calculation takes the Raman signal intensity of an analyte at one 

Raman band and compares it to the SERS signal intensity when the analyte is near the 

SERS substrate. Taking these two intensities and factoring in the number of analytes 

present in each measurement can give an analytical enhancement factor.86 The analyte 

being used for these measurements is determined by the designed system the SERS 

substrate will in. This requires a conceptual understanding of direct versus indirect 

SERS-based detection. 

When performing SERS-based detection there are two main methods of acquiring a 

spectral signature from an analyte: direct and indirect detection. Direct detection indicates 

that the analyte or biomarker of interest is in close proximity to the SERS substrate and 

produces the fingerprint spectra; enabling direct quantification of the biomarker.79, 87-89 

Xu et al. used iodine-modified silver nanoparticles for direct SERS detection of DNA 

sequences with varying composition down to 3.5 µM.90 The other method, indirect 

detection, functions through the use of a molecular moiety acting as a Raman tag to 

produce the fingerprint profile rather than the biomarker.91-94 This method requires 
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adsorption, binding or embedding of the Raman tag onto the SERS substrate surface to 

relay the signal output. Gracie et al. used Raman tags bound to nucleic acid sequences for 

the multiplexed detection of three bacterial meningitis pathogens (down to picomolar 

region) using SERS.45 Indirect detection is useful for developing SERS substrates with 

the ability to bind to the biomarker for quantification. Since the electromagnetic 

mechanism drives a majority of the SERS enhancement of the biomarker or Raman tag, it 

is important to study the design of SERS substrates used in a biosensing system. 

The SERS performance is mainly determined by the plasmonic metal substrate, which 

is commonly referred to as the SERS substrate. The composition, size and shape all play 

a role in how the surface plasmons will act; thus, also impacting how intense the provided 

signal amplification is from SERS. The composition of the plasmonic metal plays an 

important role in how the laser light will interact with the sample. The best choices for 

plasmonic metals are ones that display a low damping rate and a high frequency of onset 

for interband transitions.95 Silver displays one of the highest interband transition 

frequency out of plasmonic metals like gold, copper and aluminum; which allows it to 

function in a SERS system across the visible and near-infrared regions. However, silver 

can easily be oxidized which can change the optical properties of the system if the 

substrate is not properly designed. Gold is a beneficial choice for biosensing applications 

due to the biocompatibility and lack of oxidation in comparison to silver.96-97 Gold does 

have a higher damping rate than silver which can cause a lower Raman scattering 

intensity.95 Both of these plasmonic metals are great choices for SERS detection in the 

visible or near-infrared regions.98  
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The size of the SERS substrate is also important to the functionality of it in a system. 

As previously mentioned, size can change the plasmon resonance effect and how a 

substrate will function in a biosensing system. Surface plasmon resonance can negatively 

impact an assay due to the bulk effect compared to LSPR which can overcome this issue. 

This difference is in large part why the focus of SERS and biosensing applications relies 

on LSPR. When biomarkers are being targeted in a complex matrix as previously 

discussed, the plasmonic field produces the Raman scattering effect through an energy 

change. A larger plasmonic field employed by a system creates a bulk effect which can 

lead to quantitative and qualitative issues such as poor limits of detection, poor spectral 

resolution, and extra peak signals that do not represent the biomarker. Which is why it is 

important to use nanoparticles to provide the LSPR in biosensing systems for disease 

detection. Not only can the size of the plasmonic metals impact the LSPR, but the shape 

can as well.  

Spherical nanoparticles are useful in biosensor development and can induce a LSPR. 

However, the magnitude of the LSPR for spherical nanoparticles in comparison to 

anisotropic shapes can be minute. Common nanoparticles used in biosensing with 

complex features includes nanorods and nanostars. Theses shapes can produce more areas 

on the nanoparticles with an amplified LSPR; these areas are called SERS hotspots. 

Hotspots contain a higher density of conduction band electrons from the nanoparticle 

which helps when the light-plasmonic metal interaction occurs. Choosing which 

anisotropic nanoparticle to use in a SERS-biosensor is based on the synthesis methods, 

functional use, and SERS signal enhancement.  

1.6. Anisotropic Nanoparticle Characteristics and Synthesis 
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Obtaining hotspots for SERS is important in biosensing applications. Generating 

plasmonic hotspots allows for the ability to concentrate the electromagnetic field to a 

confined area around the surface of the plasmonic substrate.99 Doing this increases the 

Raman scattering effect which can increase the sensitivity and produce lower limits of 

detection for biosensors. So it is necessary to synthesize anisotropic nanoparticle shapes 

when developing a biosensor to create more hotspots. With the work of many 

researchers, synthesizing complex shapes like nanostars, nanorods, and other anisotropic 

particles has been simplified from previously challenging methods and used for 

biosensing applications.27, 76, 100-107 Anisotropic nanoparticles are capable of creating 

multiple hotspots because of the sharp facets formed like edges and branches. The added 

benefit of anisotropic nanoparticles is the ability to tailor the LSRP through synthesis 

changes so the hotspots created are optimized for the biosensor.108  Of these commonly 

used shapes and many others that have been designed, nanostars tend to obtain the 

highest SERS EF or show the best analytical sensitivity.75, 78, 103, 109 The SERS EF looks 

at how well the nanoparticles can amplify the signal intensity of the biomarker or tag 

being used to produce the signal. Nanostars tend to produce the highest signal depending 

upon branch density, tip length and tip width.108 These three characteristics of nanostars 

are very sensitive to the reaction conditions used during the synthesis.110 This sensitivity 

is beneficial for researchers as it allows for tuning of the nanostars; which is another 

reason they are being used more frequently in SERS-based detection.  Tip length and 

width are the two most important characteristics to consider when producing nanostars.110 

The sharper the produced branches, the higher intensity of the LSPR from those 
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hotspots.111 In order to synthesize nanostars that optimize the designed biosensor, the 

different synthetic approaches are necessary to consider.  

For nanostar synthesis there are two main methods: seed mediated growth106, 110, 112 

and one-step procedures.105, 113-114 Seed mediated growth methods requires the synthesis 

of spherical nanoparticles115-116 to act as the core for the nanostar. Then the production of 

branches through the addition of the plasmonic metal of interest and reducing agents to 

the already synthesized core. One-pot method is the complete formation of the nanostars 

all in one reaction. Both methods can be useful in producing nanostars with optical 

properties that can match the needs of the system being developed. No matter which 

method is preferred, it is important to develop methods that remove the need for 

surfactants. The use of a surfactant can cause complications depending upon how the 

nanostars applied in the biosensor. In some cases, nanostars have been used in-vivo 

where having a surfactant toxic to living organism and interfere with the biosensor. 

Another downfall for using surfactants in synthesis is the growing demand to create green 

synthesis methods to help with the environment. There are very good methods published 

by researchers that show a high tunability of the nanostar morphology and are surfactant 

free. Employing surfactant-free, seed mediated growth nanostars is the method used 

throughout this thesis project.  

Another well-developed nanoparticle design in biosensors is the use of core-shell and 

bimetallic nanoparticles.117-122 Synthesizing core-shell particles can lead to vast 

capabilities of how the nanoparticles can be used. They can be designed to ensure the 

entrapment of the biomarker or a Raman tag. Some core-shell nanoparticles are designed 

to be plasmonic and magnetic to remove procedural steps and simplify the assay123. By 
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applying a gold coating to magnetic nanoparticles, researchers can use these without the 

worry of toxicity to cells because of the high biocompatibility of gold within the body. 

Core-shell nanoparticles are predominantly being used in diagnostic assays like the ones 

used in this thesis. Not only can a core-shell nanoparticle be synthesized containing one 

plasmonic metal, i.e. gold shell around gold nanostars, but two metals can be used to 

create a bimetallic nanoparticle substrate. The use of bimetallic substrates in SERS-based 

detection can lead to higher signal amplification and the use of the LSPR from both of the 

metals used.118-119 In the case of a gold core with a silver shell, the LSPR of the overall 

particle will shift from the original gold core LSPR. This can also be tuned by whether or 

not the entire core is coated and the thickness of the coating. However, with advantages 

there are always some disadvantages which could cause issues with the detection method. 

An outer coating of silver is more susceptible to oxidation which can ultimately lead to 

the degradation of the coating or the entire nanoparticles, creating a shorter shelf life than 

a gold coating layer. Another issue for some developed assays would be the toxicity of 

silver on biological materials in comparison to gold which is highly biocompatible. An 

important part of synthesizing any SERS substrate for biosensing applications is 

understanding the optical properties through characterization. One characterization 

method which is beneficial for finding out the optical properties is dark-field scattering 

(DFS) microscopy technique paired with hyperspectral imaging capabilities. 

1.7. Nanoparticles Characterization using Dark-Field Scattering (DFS) Technique with 

Hyperspectral Imaging 

DFS microscopy and spectroscopy can be used to characterize optical properties of 

nanomaterials in optical biosensor development. 124-128 DFS works by adjusting the 
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distance of the condenser in a microscope so that the light source passes directly through 

the sample itself and not the entire background. This produces the dark field image so all 

light being received by the detector comes from the scattering of the nanoparticles or in 

some cases the biomarker being targeted. The hyperspectral imaging system produces a 

three-dimensional data cube that contains spectral information for each pixel of the dark-

field image (Figure 6). The benefit of a DFS technique with the added hyperspectral 

imaging system is the determination of the max wavelength of scattering for the 

nanoparticles; thus, also providing the wavelength at which the LSPR will have the 

greatest magnitude. Knowing this information is critical for optimizing any diagnostic 

biosensor. By understanding the LSPR wavelength, other parameters for the assay can be 

manipulated like laser excitation choice or nanoparticle synthesis until a desired LSPR 

wavelength is achieved. DFS-hyperspectral imaging not only has the capabilities to detect 

the LSPR of the particles as a whole but can provide single particle measurements; which 

can provide better quantitative specificity on how the entire sample population of the 

nanoparticles are behaving in comparison to a technique like ultraviolet-visible 

spectroscopy. 
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1.8. Thesis Overview 
 

In this thesis we investigated the development of a SERS-based biosensor for 

asymptomatic detection of a malaria nucleic acid biomarker (Pfs25-mRNA). We focused 

on two specific aims for the assay development: (i) SERS substrate development and (ii) 

functional interface development. For the purpose of this thesis, the focus was on 

synthesizing and using silver-coated gold nanostars (Ag@AuNS). The advantages of 

using Ag@AuNS is the higher enhancement due to the bimetallic nature, the properties 

of a nanostar core in comparison to a spherical core, and the capabilities of trapping a 

Raman tag (Rose Bengal dye) for indirect SERS detection.  Knowing that silver can 

oxidize over time, gold-coated silver nanostars (Au@AgNS) were synthesized to combat 

this issue while maintaining the bimetallic nature. At the point of this thesis, there have 

been no reports of an Au@AgNS substrate being developed or used in a biosensing 

assay.  

Figure 6: Schematic diagram for a DFS-hyperspectral imaging acquisition set 
up. Figure obtained from Zamora-Perez et al.126 
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The functional interface development focused on utilizing a sandwich hybridization 

event to trap the synthetic nucleic acid biomarker and produce an indirect signal response 

with the Raman tag embedded in the bimetallic substrate (reporter probe). Simple 

separation of the target from the buffer matrix in the initial development phases was 

completed using a magnetic bead (capture probe) that binds to the Pfs25-mRNA 

biomarker. To ensure the designed system probes would work specifically for Pfs25-

mRNA biomarker and could work for other systems, a 18s-rRNA system was designed 

and used for comparison. After the development and optimization of the Pfs25-mRNA 

system in buffer, the synthetic target was used to spike blood lysate for determining the 

feasibility of the assay in blood. Experimental details are provided along with the results 

of the experiments and a discussion as to how this assay functions for the possibility of 

use at the point-of-care. Along with the work completed for the SERS-based assay 

development, this thesis includes a review paper published (Appendix A) on the topic of 

SERS detection of infectious diseases after completing an intensive literature survey for 

this thesis project79. 
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CHAPTER 2: MATERIALS AND METHODS 
 
 

2.1. Materials 

Outlined here are all the materials and reagents used throughout this thesis work. 

Similar reagents were used in the SERS substrate synthesis of AuNP, AuNS, and AgNS. 

SERS substrate synthesis reagents gold (III) chloride trihydrate, gold (III) chloride 

solution, hydrochloric acid, sodium hydroxide, hydroxylamine, ammonium hydroxide, L-

ascorbic acid, silver nitrate, trisodium citrate dihydrate, Rose Bengal Dye (95%), 4-

mercaptobenzoic acid (4-MBA), Crystal Violet Lactone (CVL), chitosan (medium MW), 

hexadecyltrimethylammonium bromide (CTAB), and O- 2-(3-

Mercaptopropionylamino)ethyl-O′-methylpolyethylene glycol (PEG, MW: 5000) were 

purchased and obtained from Sigma-Aldrich. A VWR spin bar and hot/stir plate were 

used during the syntheses; reaction containers included Erlenmeyer flasks and 

scintillation vials.  

Some of the reagents from the SERS substrate syntheses are used for the reporter and 

capture probes in the functional interface. Other reagents not yet mentioned for the 

probes include tris(2-carboxyethyl)phosphine hydrochloride (Thermo Fisher Scientific), 

tris(hydroxymethyl)aminomethane-diaminoethanetetraacetic acid (TE, Sigma Aldrich), 

synthetic capture/reporter sequences (Integrated DNA Technologies), phosphate buffered 

saline (PBS, Thermo Fisher Scientific), tween20 (TW20, Thermo Fisher Scientific), 

Dynabeads M-270 (magnetic beads, Thermo Fisher Scientific), dimethyl sulfoxide 

(DMSO, Sigma Aldrich), Dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-

NHS, Santa Cruz Biotechnology), and Ultrapure DNAse/RNAse free water (Thermo 

Fisher Scientific). For the hybridization reactions saline-sodium citrate (SSC, Promega), 
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sodium dodecyl sulfate (SDS, Sigma Aldrich), and bovine serum albumin (BSA, Sigma 

Aldrich) were purchased. DynaMag™-2 Magnet (Thermo Fisher Scientific) was 

purchased for magnetic separation of the hybridization complexes. Materials include 2-

mL microcentrifuge tubes and VWR pipettes. General instruments used for these 

procedures include a Horiba XploRA ONE™ Raman microscope, Cytoviva® 

Hyperspectral Imaging system, Thermo Scientific™ Sorvall™ Legend™ X1 centrifuge 

and micro 21R microcentrifuge, Thermo Scientific™ thermal mixer, Branson 2800 

ultrasonic cleaner, vortex-genie 2 from Scientific Industries, and a VWR-164AC balance.  

2.2. Spherical Gold Nanoparticle Synthesis 

AuNP seeds of 12 nm in diameter were synthesized following the Turkevich 

method116 with some modifications. 1 mL of a 10 mg/mL solution of HAuCl4 was diluted 

in 194 mL of MilliQ water. The reaction solution was heated to a boil (150 ℃, VWR 

plate setting) in an Erlenmeyer flask containing a stir bar and placed under stirring 

conditions. Stirring conditions varied depending upon formation of a vortex so that it did 

not make contact with stir bar. After five minutes, 5.0 mL of 1% citric acid trisodium salt 

was added and the flask was covered with foil under the same conditions. After 30 

minutes of boiling, a color change of the solution to red occurred indicating the formation 

of AuNP; the heating of the solution was carried out for another 30 minutes.  The 

solution was cooled to room temperature under the same stirring speed. The resultant 

colloidal solution was then purified by centrifugation at 10,000 g for 60 minutes. The 

resultant pellet was resuspended in 20 mL of MilliQ water and kept in the refrigerator for 

long-term use. 

2.3. Gold Nanostar Synthesis, Functionalization, and Coating with Silver 
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Synthesis of AuNS was performed using Indrasekara et al. procedure with some 

modifications.129 To start the synthesis, 492 µL of 5.08 mM HAuCl4 solution was added 

to 10 mL of MilliQ water in a plastic scintillation vial with a stir bar and placed under 

stirring conditions at room temperature for 10 seconds. Then 20 µL of 1N HCl was added 

and allowed to mix for 10 seconds. 900 µL of 12 nm AuNP seeds (A519 = 0.449 from 

Nanodrop) was added then added to the reaction mixture and allowed to mix for another 

10 seconds. Volume of the seeds were adjusted according to absorbance of the seeds to 

ensure the same number of spherical nanoparticles were added during each batch 

synthesis. 34 µL of 3 mM silver nitrate was added to the resultant solution as a shaping 

agent for branch formation and allowed to mix for 5 seconds followed by the addition of 

100 µL of 100 mM L-ascorbic acid. The time between steps is crucial for batch-to-batch 

consistency when synthesizing AuNS and was determined in literature.129 Within seconds 

of the L-ascorbic acid addition, the solution turned bluish green and was kept under 

stirring conditions for another minute. For long term stability, the resultant gold nanostars 

were functionalized with PEG. The nanostars were incubated with 40 µL of 1 mg/mL 

PEG for 10 minutes after the synthesis. If AuNS were immediately used, no PEG 

addition was necessary. After the synthesis of the nanostars, purification was performed 

by centrifuging the AuNS at 3,000 g for 10 minutes. The resultant pellet was then 

resuspended in 1.5 mL of MilliQ water and stored in the refrigerator. 

The surface functionalization of these AuNS with a Raman tag, Rose Bengal dye, was 

performed. The functionalization was designed for 60% surface saturation of the tag on 

the surface of the nanostars. Surface area of nanostars was calculated by using tip-to-tip 

diameter and assuming the AuNS were spherical shape since no nanostar surface area 
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equation is currently available. The Raman tag was added to 1 mL of AuNS and mixed 

for 3 hours at 350 rpm on the thermal shaker with foil covering the sample. To this 1 mL 

sample of Raman tagged AuNS, the silver coating procedure was implemented. The 

silver coating method for the AuNS samples with the Rose Bengal Raman tag used 4 µL 

of 0.05 M silver nitrate and 4 µL of 0.1 M ascorbic acid added to the 1 mL Raman tagged 

AuNS sample. Immediately following that, 2 µL of 28.5% ammonium hydroxide solution 

was added to the microcentrifuge tube. The sample was promptly place in the thermal 

shaker and mixed for 5 minutes at 1000 rpm. Centrifugation at 2,000 g for 10 minutes 

was next, followed by the supernatant being removed and pellet resuspended in 1 mL of 

MilliQ water; producing a stock solution of Ag@AuNS. 

2.4. Silver Nanostar Synthesis, Functionalization, and Coating with Gold 

A two-step reduction method, obtained from Garcia-Leis et al.76, was used for the 

synthesis of AgNS. In order to optimize synthesis conditions, varying concentrations of 

certain reagents were originally used in the following protocol however the described 

protocol below was determined as the best synthesis method for AgNS formation. A 

plastic scintillation vial was rinsed with hot MilliQ water prior to the synthesis. To the 

scintillation vial, 500 µL of 0.13 M hydroxylamine and 500 µL of 0.05 M sodium 

hydroxide were added along with a stir bar. The VWR stir plate was set to just above 600 

rpm for stirring conditions. While mixing, 9 mL of 1.1 x 10-4 M silver nitrate was added 

dropwise at a rate of 50 µL/sec. Five minutes after all of the silver nitrate was added, 100 

µL of 0.03 M trisodium citrate was added to the solution. Synthesis was left to mix for 48 

hours at room temperature with a lid covering the vial. Due to the formation of a solid 

precipitate, the sample was sonicated for 2 minutes and then transferred to 
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microcentrifuge tubes for centrifugation at 3,500 g for 10 minutes. The resulting pellet 

was resuspended in 1 mL of MilliQ water then PEG-functionalized by adding 40 µL of 1 

mg/mL of PEG for 10 minutes under shaking conditions. These PEG-coated AgNS are 

centrifuged for a second time using the same conditions. The final pellet was resuspended 

in 1 mL of MilliQ water and placed in the refrigerator. 

Surface functionalization of the AgNS with Rose Bengal dye followed the same 

procedure as the AuNS functionalization found in the previous section. Multiple gold 

coating attempts (CTAB and chitosan) were performed to synthesize Au@AgNS 

substrates and are described below. 

For CTAB coating method, 8 mL of 50 mM CTAB was added to a 20 mL 

scintillation vial with a small stir bar. 200 µL of Rose Bengal adsorbed AgNS solution 

were added to the vial; sample mixed at a rate of 400 rpm on stir plate. After turning stir 

plate on, 400 µL of 0.1 M ascorbic acid was added to solution; sample mixed for 20-30 

seconds. Following ascorbic acid addition, different volumes of 0.1 M gold (III) chloride 

solution were added for different trials. Sample mixed for 5 minutes and then centrifuged 

at 3,000 g for 10 minutes. The resulting substrate pellet was kept and resuspended in 1 

mL of MilliQ water. 

For the chitosan method, chitosan stock solution prepped by creating a 1 mg/mL 

solution in 4% (v/v) 1 N hydrochloric acid at 40ºC. Stir bar added to chitosan solution 

and mixed at 200 rpm (40ºC) until ready to use. The Rose Bengal adsorbed AgNS 

solution was placed in a 20 mL scintillation vial with a small stir bar. 3 mL of MilliQ 

water were added then 1 mL of the 1 mg/mL chitosan solution. Sample mixed for 5 

minutes at 375 rpm (40ºC). While mixing, various amounts of 0.1 M gold solution were 
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added for different trials. After 10 seconds 400 µL of 0.1 M ascorbic acid was added to 

vial and allowed to stir for 18 hours at 375 rpm (40ºC). Following the 18-hour incubation, 

the sample was sonicated for two minutes and then centrifuged at 3000 g for 10 minutes. 

Substrate pellet was kept and resuspended in 1 mL of MilliQ water. 

2.5. Reporter and Capture Probe Functionalization 

The method used for the functionalization of the reporter probes was first performed 

by Vo-Dinh et al77. The procedure required 5 µL of 100 mM TCEP in TE 1X which was 

added to 50 µL of 100 µM thiolated synthetic mRNA reporter probes. The volume of 

synthetic mRNA sequences used was varied between reporter probe stock solutions based 

upon the concentration of substrates being functionalized (60% surface saturation). The 

mixture was incubated for 1 hour at room temperature and 700 rpm on the thermal shaker 

before being added to 1 mL of Raman tagged SERS substrate. After the adding the 

sequences to the SERS substrate was incubated for 1 hour at 700 rpm in the thermal 

shaker. 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 synthetic mRNA onto the SERS 

substrate. One hour later the mixture was centrifuged at 6,500 rpm for 10 minutes. Fifty 

microliters of 1 mM PEG were added to the pellet followed by addition of 1 mL PBS 1X 

with 0.01% TW20 and sonication until mixed (2 minutes). The solution was centrifuged 

at 6,500 rpm for 5 minutes. The pellet was washed once with TE 1X followed by 

centrifuging at 6,500 rpm for 5 minutes. Pellet resuspended in TE 1X and stored in 

refrigerator prior to use.  

The capture probe method is also originally from Vo-Dinh et al.77, which involves 

magnetic beads being removed from refrigerator approximately 15 minutes before use. 
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Twenty-two µL of stock Dynabeads M-270 were washed three times with 1.5 mL 

DMSO. Then 1.5 milligrams of a linker molecule, DBCO-NHS, was dissolved in 10 mL 

of 3.73 x 10-4 M DMSO. 13.4 µL of DBCO-NHS solution was mixed with the magnetic 

beads in 500 µL of Ultrapure (DNAse and RNAse free) water. The mixture was wrapped 

with aluminum foil and placed on shaker for 1 hour. After 1 hour, the magnetic bead-

linker complexes were washed three times with 1.5 mL Ultrapure water using magnetic 

separation. The pellet was resuspended in 500 µL of Ultrapure water. 75 µL of the 100 

µM synthetic capture probe sequence was placed in 500 µL of coupling buffer (PBS 

pH=7.4, 1X, Gibco). The magnetic bead-linker complexes were mixed with the azide-

containing sequences, wrapped in foil, and placed on the thermal mixer for 1 hour at 

room temperature. Capture probe solution was placed in the refrigerator for 18 hours. The 

supernatant was removed, and the pellet was resuspended in 1 mL of coupling buffer. 

Capture probes transferred to a new 1.5 mL microcentrifuge tube and washed three times 

with 1 mL increments of coupling buffer. Final capture probe pellet resuspended in 1 mL 

of coupling buffer to create capture probe stock solution. 

For surface passivation of free amine groups for the capture probe, supernatant from 

the stock solution removed and washed twice with 1 mL of passivation buffer (150 mM 

PBS with 150 mM sodium chloride, pH = 7.4). Supernatant removed after last washing 

step. To the pellet, 1 mL of 22 mM of sulfo-NHS-acetate (in passivation buffer) was 

added. Solution mixed for one hour at 700 rpm with foil covering the solution. 

Supernatant removed and capture probes washed three times with 1.5 mL of passivation 

buffer. Microcentrifuge tube switched between the second and third washing step. After 

the final passivation buffer washing step, with supernatant removed, pellet resuspended 
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in 1 mL of TE (1X) buffer. Supernatant removed for final time and pellet resuspended in 

1 mL TE (1X) to create passivated capture probe stock solution. 

2.6. Pfs25-mRNA Sandwich Hybridization Event: Synthetic Target in Buffer 

Following the Vo-Dinh et al. article77 with some modifications, the hybridization 

reaction involving a synthetic target sequence was completed. Varying volumes of the 

100 µM synthetic target mRNA was added to a hybridization buffer (SSC 5X, BSA 1%, 

and SDS 0.02%) in a microcentrifuge tube. A probe molar ratio of 784765 reporter 

probes/capture probe were added to the target sequence in buffer; total volume of 

hybridization reactions was kept consistent at 20 µL. Hybridization samples were 

incubated for 3 hours at 40℃ and 550 rpm on a thermal mixer with foil covering 

reactions. The hybridization complexes were washed three times with hybridization 

buffer, once with Ultrapure DNAse/RNAse free water and concentrated using magnetic 

separation. Once final supernatant was removed, 1 µL of the Ultrapure water was added 

to complexes and solution was removed from microcentrifuge tube via pipetting. The 

complexes were drop casted onto a clean silicon wafer resting on the magnet. Complexes 

were pipetted up and down to concentrate them into one uniform pellet. Samples were 

then ready to be analyzed using Raman microscope. 

2.7. Lysis of Whole Blood and Hybridization Reactions in Blood 

Whole blood samples (anticoagulant heparin sodium) were obtained from Dr. Kausik 

Chakrabarti’s lab in the Biology Department at UNC Charlotte and Zen-Bio, Inc located 

at Research Triangle Park in Raleigh, North Carolina. A QuantiGene® sample processing 

kit was obtained from Thermo Fisher Scientific for lysing whole blood samples. For 

lysing the whole blood, the QuantiGene® procedure was followed with some variations; 
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32 µL of Lysis Mixture solution pre-warmed at 40 ºC for 30 minutes while shaking at 

550 rpm on the Thermo Scientific™ thermal mixer. After 30 minutes of warming 50 µL 

of ultrapure RNAse free water, 2 µL of proteinase K, and 12 µL of whole blood were 

added to the warmed Lysis Mixture. Immediately following, the new working solution 

was vortexed for 30 – 60 seconds and then incubated at 60 ºC for one hour at a shaking 

rate of 550 rpm. Lysed blood allowed to cool for 10 minutes and then was ready to use 

for hybridization reactions. Volumes for lysis procedure were scaled up based on volume 

of lysate needed for hybridization reactions. 

Hybridization reactions in blood lysate followed the same procedure as in buffer but 

with the use of the blood lysate as a replacement for the hybridization buffer. Varying 

volumes of the 100 µM synthetic target mRNA was added to fresh blood lysate in a 

microcentrifuge tube. A probe molar ratio of 784765 reporter probes/capture probe were 

added to the target sequence in buffer. Hybridization samples were incubated for 3 hours 

at 40℃ and 550 rpm on a thermal mixer with foil covering reactions. The hybridization 

complexes were washed three times with hybridization buffer, once with Ultrapure 

DNAse/RNAse free water and concentrated using magnetic separation. Once final 

supernatant was removed, 1 µL of the Ultrapure water was added to complexes and 

solution was removed from microcentrifuge tube via pipetting. The complexes were drop 

casted onto a clean silicon wafer resting on the magnet. Complexes were pipetted up and 

down to concentrate them into one uniform pellet. Samples were then ready to be 

analyzed using Raman microscope. 

2.8. SERS measurements using Horiba XploRA ONE™ Raman microscope 
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A clean silicon wafer holding the hybridized complexes was placed on a glass 

microscope slide which was added to the microscope stage for analysis. List of 

parameters for sandwich hybridization measurements includes: 10x objective lens, 638 

nm laser operating on 25% power (~7 mW), grating 1200 (750 nm), hole: 500 µm, slit: 

200 µm, 1 second acquisition time, 10 accumulations, and spectral range 700 – 2400 cm-

1. For hybridized complexes, five measurements were taken per replicate and ten 

measurements were taken for one sample of synthesized SERS substrate to determine the 

SERS EF. Any measurements taken with the 785 nm laser were also performed at 25% 

operating power (~11.7 mW) and other parameters remained the same.  

2.9. DFS-Hyperspectral Imaging Acquisition using CytoViva® Hyperspectral 

Microscope 

The white light source given by CytoViva® was always set to deliver 100% of the 

light to the sample. Oil immersion technique was used, for acquiring every image with 

spectral information, with the 60x oil immersion objective from Olympus. Conditions 

such as exposure time, size of scan, and size of the iris opening for the objective were 

optimized based on providing particles that produced between 1,000 – 16,200 counts 

while observing the live feed of the detector. When completing scans for a comparison 

between different samples, all of the relevant parameters were kept constant. 

2.10. Data and Statistical Analysis 

Multiple programs were used to analyze the data acquired in this thesis for the SERS 

substrate characterization and hybridization reactions. For substrate characterization, 

ultraviolet-visible spectroscopy (UV-VIS) figures and data were processed in Igor Pro 8 

software. Transmission electron microscopy (TEM) images were analyzed with ImageJ 
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in order to determine average size of nanoparticles for each synthesis step. For DFS-

hyperspectral imaging, the initial analysis of the images was conducted in ENVI software 

provided by CytoViva®. The processed data cubes for the substrates were sent through a 

MATLAB® code in order to retrieve the sample population’s spectral information. 

Histograms were made using this code for information such as maximum wavelength of 

scattering, maximum intensity of scattering at each wavelength and the full width at half 

maximum. A separate MATLAB® code was used to plot the scattering versus 

wavelength spectrum of a singular particle. SERS spectra were averaged, baseline 

subtracted and initially analyzed for peak intensities in LabSpec6 software provided by 

HORIBA. All SERS spectra and calibration curves obtained for SERS measurements 

were processed in Igor Pro 8.  
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CHAPTER 3: RESULTS AND DISCUSSION 
 
 

3.1. SERS Substrate Development: Silver-Coated Gold Nanostars (Ag@AuNS)  

Optical and chemical properties of the nanoparticles are critical to achieve required 

SERS sensitivity in our assay.  Here in, we synthesized and characterized Silver-Coated 

Gold Nanostars (Ag@AuNS) as the SERS substrate. By adding a silver coating to the 

gold nanostar core, the Raman tag is embedded between the substrate layers and the 

bimetallic nature can serve to further enhance the produced SERS signal.118-119 Fan et al. 

demonstrated the ability of bimetallic substrates to achieve the highest SERS signal 

enhancement by comparing gold-silver metal alloys of varying composition with four 

different Raman tags.118 The gold nanostar (AuNS) core of the Ag@AuNS was 

synthesized using a seed mediated approach with two steps; first for the formation of 12 

nm spherical gold nanoparticles (Appendix B) and the second step of reducing gold onto 

the spherical core to create branch formation on the surface. Following the AuNS 

synthesis, was adsorbing the Raman tag molecules, Rose Bengal dye, to the AuNS 

surface and the addition of a silver coating to embed the Raman tag in the SERS 

substrate. Applying the silver coating was performed using a gradient of silver nitrate 

concentrations (50 mM, 25 mM and 10 mM) to understand how the coating can impact 

the optical properties of the substrate. Three different coatings were applied to the Raman 

tag adsorbed AuNS; characterization of the substrates was performed using UV-VIS and 

TEM (Appendix B). The UV-VIS results displayed the 50 mM silver nitrate addition 

having a spectral profile with a strong peak and improved batch homogeneity of the 

formed particles in comparison to the other silver nitrate additions; which is demonstrated 

by the peak width compared to the other samples.  The TEM image for sample 50 mM 
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indicates that the silver was deposited on the AuNS because of the change in morphology 

and the dark coloration at the core of the observed particles. While all of the samples 

indicated some formation of the desired substrates, the 50 mM silver nitrate coating 

method for SERS substrate synthesis was employed for all future work. 

TEM and UV-VIS characterization data for AuNS with the Ag@AuNS can be found 

below in Figure 7. The sizes of the particles were calculated using ImageJ: AuNS was 

64.1 nm ± 9.6 nm tip-to-tip diameter and the Ag@AuNS SERS substrate was 74 nm ± 8 

nm. Although the TEM image displays AuNS branches that are partially coated, the 

increase in size between the AuNS and the substrate indicated the successful deposition 

of Ag on AuNS. The blue-shift from 671.5 nm to 546 nm displayed in the UV-VIS 

spectra from the coating of the AuNS also indicated that silver is present on the surface of 

the AuNS; as silver nanoparticles characteristically display an absorbance peak in the 400 

– 600 nm portion of the visible region. In an article published by Vo-Dinh’s group, they 

analyzed different silver coatings of gold nanostars and determined that substrates with 

the highest SERS enhancement stemmed from particles with a partial coating and 

exposed branch tips.130  Ag@AuNS were also further characterized by dark-field 

scattering microscopy coupled with a hyperspectral imaging technique, to provide an in-

depth analysis of the Ag@AuNS substrate scattering properties with single particle 

measurements for a larger sample population. 
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Dark-field scattering microscopy coupled with hyperspectral imaging was added for 

an improved characterization of the SERS substrate light scattering properties. Knowing 

this detail of how individual particles will scatter light is important for the substrate’s 

functional ability in a scattering based detection system like SERS. Figure 8 displays a 

dark-field scattering image of a SERS substrate stock solution along with a representative 

individual particle scattering profile obtained from the hyperspectral imaging capabilities. 

These images with the hyperspectral information were processed through a MATLAB 

code to determine optical characteristics such as scattering wavelength, intensity of 

scattering, and the Full Width Half Max (FWHM) of each particle spectral profile. The 

most important characteristic to acknowledge is the maximum wavelength of scattering. 

Figure 7. TEM images for AuNS (A) and the 
Ag@AuNS SERS Substrate (B). C) UV-VIS spectra 
with normalized absorbance for those nanoparticles 
as displayed by corresponding spectral color. 
Spectral shift in wavelength observed from AuNS 
max at 671.5 nm to Ag@AuNS max at 546 nm. 

A B 

C 
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This information can be displayed as a histogram (Figure 8) to show how these particles 

can be implemented in a SERS system. With a lambda-max in the region of 525 – 575 

nm, this information can help determine parameters such as laser wavelength to use or 

what Raman reporter molecule could work best with the system moving forward. 

 

 

In order to use this SERS substrate with SERS detection, Raman measurements of the 

Rose Bengal dye and SERS measurements of the substrate were required to observe the 

level of signal enhancement the substrate provides using this spectroscopic method. More 

information on the decision to incorporate Rose Bengal dye as the Raman tag can be 

found in Appendix B. Ten measurements were acquired for both a dried Rose Bengal 

Figure 8. DFS image (A) of SERS substrates with a single particle max scattering 
spectrum (B) of the particle located in the white box and a cumulative histogram 
(C) of the whole sample’s max wavelength of scattering, at 545 nm, with a total 
particle count of 4887. Image acquired using a 60x oil immersion objective with a 
full scan setting (696 x 696 pixels) and 500 millisecond exposure time. 

A 

C 

B 
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solution drop, and a dried SERS substrate drop using 638 nm laser excitation with a one 

second acquisition time and a 10x objective lens. More information on Raman tag 

selection of Rose Bengal can be found in the supporting information. The spectra were 

averaged, and baseline subtracted to remove background noise (Figure 9). A known 

formula for SERS analytical enhancement factor calculations86 was used for processing 

the order of magnitude increase in the SERS signal compared to the Rose Bengal dye 

signal and can be seen in Figure 9. In this equation the variables “ISERS/IRaman” are the 

intensity of the SERS signal at a single Raman shift value. Rose Bengal dye displays 

multiple strong Raman peaks that could be used for SERS analysis; however, only one 

peak was used for determining the presence of Rose Bengal. In this thesis the strong 

SERS peak at 1489.11 cm-1, corresponding to asymmetric C=C ring stretching100, was 

used and the intensity of the Raman signal at this peak for the enhancement factor 

calculation. The variable “NSERS/NRaman” is the number of tag molecules present in the 

measurements for both the SERS substrate and Rose Bengal dye, respectively. This N-

value for the SERS measurements was estimated through calculating the concentration of 

substrates present in the stock solution with Beer’s Law and knowing the number of tag 

molecules that should be present per SERS substrate, based a 60% surface saturation 

calculation. This calculation does imply some assumptions, for instance all of the Rose 

Bengal molecules that were added during the synthesis were all adsorbed to the AuNS 

and not lost during washing steps. Another critical assumption is an equal dispersion of 

the substrates during the drying of the droplet, which can impact the overall signal 

intensity for the SERS measurements.  The laser area does not completely cover the area 

of the dried drops and can result in varying intensities depending upon the location of the 
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measurements within the dried sample area. These assumptions indicate not all of the 

Raman tags are being measured which can impact the calculated enhancement factor 

value by lowering the overall magnitude enhancement when the calculation is performed 

assuming all tags are measured. However, the enhancement can still be observed through 

obtaining the Raman and SERS spectra. The SERS substrate has a calculated two order 

of magnitude enhancement when compared to Raman measurements for Rose Bengal. 

With the SERS substrate characterized and established as functional for the system, the 

functional interface could be developed for this SERS-based assay.  

 

 

3.2. Novel Substrate Development – Gold Coated Silver Nanostars (Au@AgNS) 

Developing SERS substrates for potential biosensing applications requires careful 

consideration of composition, size and shape. While this thesis focuses on the use of an 

Ag@AuNS SERS substrate for assay development, we worked on developing a novel 

1 

Figure 9. Comparison of Rose Bengal dye (A) versus SERS substrate (B) for 
determining the SERS enhancement factor. C) Spectral profiles for Raman and 
SERS measurements using 638 nm laser excitation with a 10x objective and one 
second acquisition time. The main peak used for calculations with the 
enhancement factor equation (inset) resides at 1489.11 cm-1 and the overall 
signal enhancement was calculated to be a two order of magnitude increase.  

EF = (ISERS / IRaman) x (NRaman / NSERS) 

A C 

B 
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Au@AgNS substrate. The purpose of switching the composition of the substrate is for 

concealing silver with gold to prevent oxidation of the outer surface; which could 

degrade the SERS substrate. Another improvement of developing the novel Au@AgNS 

substrate was that the bulk of the core-shell nanoparticle would be of silver composition 

to potentially increase the SERS enhancement factor in comparison to the Ag@AuNS.  

Three different silver nanostars (AgNS) were synthesized in order to compare the 

LSPR and morphology. These trials differed by using various concentrations of silver 

nitrate and reducing agents; based on work performed by Garcia-Leis et al.76 This two-

step reduction method utilizes hydroxylamine for formation of the silver core while the 

trisodium citrate used in the reduction is for branch formation. All three of these methods 

obtained from Garica-Leis et al.76 used the same concentration of trisodium citrate (297 

µM). Two methods (AgNS-31and AgNS-71) required 2.98 mM of hydroxylamine while 

the third method (AgNS-51) required 6.44 mM hydroxylamine. For the concentration of 

silver nitrate, AgNS-31 and AgNS-51 methods called for 989 µM; AgNS-71 only 

required 98 µM of silver nitrate. The UV-VIS and TEM of the AgNS trials can be seen 

below in Figure 10. The results of UV-VIS indicate only AgNS-31 and AgNS-51 formed 

a homogenous batch of nanoparticles based on the narrow absorbance peak. AgNS-31 

had a max wavelength at 389.5 nm while AgNS-51 had a max wavelength of absorbance 

at 384.5 nm. TEM images were used to determine which AgNS synthesis was ideal for 

SERS substrate development based on nanostar morphology. AgNS-51 was chosen for 

the Au@AgNS substrate development out of the three synthesized samples due to the 

longer branch formation and homogenous morphology.  
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After discovering the best AgNS synthesis parameters out of the three samples, next 

was the functionalization with the Rose Bengal Raman tag and gold coating. The 

adsorption of the Raman tag was performed in the same manner as the Ag@AuNS SERS 

substrate by saturating 60% of the nanostar surface. The challenge of developing this 

substrate became prominent in the gold coating. Following a similar reduction method as 

Ag@AuNS for the outer layer addition to the nanostar core, the gold did not deposit on 

the surface. In order to increase the chances of the gold to deposit onto the surface of the 

AgNS, two different approaches were considered: surfactant stabilization (CTAB) and 

employing a biopolymer (chitosan) for stabilization. Comparatively, using chitosan is 

A B C 

D 

Figure 10. UV-VIS and TEM results for AgNS synthesis of three 
samples using various reagent additions. TEM images represent sample 
AgNS-31 (A), AgNS-51 (B) and AgNS-71 (C). D) UV-VIS of the 
synthesized AgNS. 
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more advantageous due to its biocompatibility and environmentally friendly nature. 

Various trials were performed individually for both CTAB and chitosan in order to add a 

gold coating (Appendix C). Once the best methods for both coating types were 

determined, the two results were compared using UV-VIS and TEM (Figure 11). Both 

UV-VIS spectra display broad peaks over a large range of wavelengths (500 -850 nm). 

When examining the TEM images of the two samples, the chitosan method coating 

produced the best substrates based on the AgNS morphology remaining present. The 

CTAB method for coating reduces the branches from the AgNS down to a more spherical 

or popcorn-like morphology. Keeping the branch formation is important for inducing the 

localized hot spots as discussed earlier in this thesis. Since the UV-VIS spectrum for the 

chitosan sample is broad it is hard to tell how well gold is distributed across the 

nanostars. However, the shift in this broad peak from the AgNS max wavelength of 384.5 

nm to this range of wavelengths (500 – 850 nm) is a good indicator that some gold is 

present.  
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In order to confirm the presence of gold on the surface of the chitosan coated 

Au@AgNS substrates, scanning electron microscopy (SEM) with energy-dispersive x-ray 

spectroscopy (EDS). Applying SEM-EDS can confirm gold was successfully deposited 

on the surface of the AgNS due to EDS acting as an elemental analysis technique. Results 

for the chitosan Au@AgNS substrate SEM-EDS analysis can be found below in Figure 

12. EDS confirms the presence of gold (18.2%) on the AgNS (11.5%) with a 1.58 gold 

per silver ratio. Silicon makes up a majority of the elemental analysis (56.1%) due to the 

Au@AgNS sample residing on a silicon wafer. The high percent of carbon present 

(11.7%) is most likely from the chitosan addition to the coating method. This confirms 

the development of a novel plasmonic Au@AgNS substrate for potential use in SERS-

based applications.  

Figure 11. TEM and UV-VIS results for chitosan and CTAB coating methods for 
the addition of gold onto AgNS. TEM image border color correspond to the 
colors found in the UV-VIS. Scale bars for TEM images set to 500 nm.  
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3.3. Fabrication and Optimization of Pfs25-mRNA and 18s-rRNA Probes in the 

Functional Interface 

Once the SERS substrate was synthesized and characterized, the reporter and capture 

probe functionalization reactions were the next step in designing the biosensor. The 

reporter probe and capture probe sequences used in the functionalization were designed 

to be partially complementary to the two individual systems target biomarkers, Pfs25-

A 

B 

Figure 12. SEM-EDS analysis of Au@AgNS 
substrates using chitosan for stabilization of the 
gold coating. A) SEM image of the chitosan 
substrates on a silicon wafer. B) EDS analysis of 
the chitosan substrates displaying the presence of 
gold and silver.  
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mRNA and 18s-rRNA. This allows for both probes to bind to the biomarker of interest on 

opposite ends and form the desired hybridized complexes in the presence of the specific 

biomarker. The capture probe synthesis (Figure 13) was functionalized by conjugating 

amine terminated magnetic beads with azide- terminated synthetic nucleic acid sequence, 

using Cu-free click chemistry, with the aid of DBCO-NHS ester linker molecule. Click 

chemistry was chosen for conjugating the capture probe sequence to the magnetic bead 

over other conjugation methods because the reactions are spontaneous and procced at 

room temperature. Thus, increasing the simplicity of the functional interface design for 

possible POC use. Developing the capture probe to include magnetic beads was also an 

important step in devising a protocol with simplified techniques. Using the magnetic 

beads allows for simple magnetic separation of the hybridized complexes without the 

need for extensive separation methods20.  

For the reporter probe, the synthetic nucleic acid sequence was designed with a thiol 

group present because of the known binding affinity of thiol groups towards metals such 

as gold (Figure 13). The loading of the reporter probe sequences onto the SERS substrate 

was promoted with the use of a citrate-HCl buffer (pH = 3.1). Once the loading step was 

completed, PEG-SH (MW: 5000) was used to provide an added stability for the reporter 

probe stock solution. Surface saturation of the synthetic sequences on the surface of the 

SERS substrates and magnetic beads was performed to achieve 60% saturation. The 

designs for the sequences used can be found in Table 1 below along with the melting 

temperature of the sequences. 
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An issue that became prevalent with the developed interface in buffer after the 

sequence functionalization was completed, was a high blank signal for the Pfs25-mRNA 

system. Blank reactions for this research was running the hybridization reactions in the 

System Sequence Length Melting Temperature (ΔTm)
Pfs25 RP: 5'-/ThioMC6-D//iSp18//iSp18//iSp18/AAA AAA AAA AAT GAA TAA ATT TTA-3' 24mer 42.9�

CP: 5'-GTT TGT TTC TTT TCC AAA AAA AAA AAA AAA/iSp18//iSp18//iSp18//3AzideN/-3' 30mer 51.5�
TP: 5'-GGA AAA GAA ACA AAC TGT AAA GTT TAT TCA T-3' 31mer 53.7�

18s RP: 5'-CAA TTT CAA ATA AGA ATA TAG TGT ACT CGC CGC/iSp18//iSp18//iSp18//3ThioMC3-D/-3' 33mer 52.8�
CP: 5'-/5AzideN//iSp18//iSp18//iSp18/CCT AAT TTG ATT ACT GAA TAA ATG TAT AGT TAC CTA TG-3' 38mer 54.7�
TP: 5'-GCG GCG AGT ACA CTA TAT TCT TAT TTG AAA TTG AAC ATA GGT AAC TAT ACA TTT ATT CAG TAA TCA AAT TAG G-3' 73mer 64.6�

Table 1. sequences for the Pfs25-mRNA and 18s-rRNA systems including the capture, 
reporter, and target probes. The reporter and capture probe for the Pfs25-mRNA 
system were designed to have a polyA chain on the same end as the desired functional 
groups to increase the melting temperatures above the hybridization reaction 
temperature (40°C). 

DynaBead M-270 
amine 

DBCO-NHS 
ester 

+ 

A 

+ 
SERS Substrate 

 

 
Reporter Sequence 

 
Reporter Probe 

 
C 

Capture Probe 
 + 

Capture Sequence 
 

B 

Figure 13. Schematic diagram of click chemistry reaction for capture 
probe functionalization: (A) represents the binding of the DBCO-NHS 
ester linker to the amine functionalized surface of the magnetic beads 
through a substitution reaction (B) displays the binding of the capture 
probe sequence azide functional group to the cyclooctyne triple bond 
present in the linker molecule. C) Reporter probe functionalization using a 
thiolated reporter sequence to bind to the SERS substrate surface. 
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absence of the target biomarker. Having a high average blank signal for a system limits 

the functional interface’s ability to get a low limit of detection. Originally the approach 

for changing this high blank signal was to reduce the number of capture probes used in 

the reactions to change the molar ratio from 155153 reporter probes/capture probe to 

174395 reporter probes/capture probe. However, this approach still displayed a large 

blank signal for the Pfs25-mRNA system with an intensity at 1489.11 cm-1 of 3274 ± 

1828 counts. This indicated the possible presence of unbound reporter probe in the pellet 

following the washing steps since the high intensity spectral profile was still identical to 

the Ag@AuNS substrate measurements when Rose Bengal is present. The next attempt to 

lower the blank signal was manipulating the washing steps by involving different 

washing platforms (microcentrifuge or capillary tube), increasing the number of washing 

steps from two to three, and changing washing solutions from buffer to Ultrapure 

(DNAse and RNAse free) water. The lowest possible blank signal of 1108 ± 1036 counts 

(Figure 14) was obtained from optimizing the number of washing steps to three, 

continuing to use buffer for washing steps and the microcentrifuge platform; the blank 

signal improved by three orders of magnitude but still showed the Rose Bengal in the 

spectra.  

In order to minimize any nonspecific binding that may be occurring, the surface of 

the magnetic beads was passivated with sulfo-NHS acetate. The free amine groups on the 

surface of the magnetic beads could be a possible source for the nonspecific binding 

between the probes that produced the high blank signal of the Rose Bengal Raman tag. 

After passivating the capture probes (3.61 x 10-16 M) with 1 mL of 11.2 mM sulfo-NHS 

acetate, the lowest blank signal without eliminating the ability of the capture probe to 
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bind to the target was achieved (Figure 14). With the Rose Bengal profile reduced from 

the blank signal due to passivation, the molar ratio of the reporter to capture probes was 

optimized again to further improve a lower background signal; less magnetic beads were 

used to increase the molar ratio from 174395 reporter probes/capture probe to 784765 

reporter probes/capture probe. After doing so, the blanks provided low-signaled spectra 

with an intensity at 1489.11 cm-1 of 125 ± 65 counts and no Rose Bengal profile being 

evident in the spectra. Future use of these systems in hybridization reactions followed the 

same optimized washing procedure as previously stated along with passivation of the 

capture probes.  

 

3.4. Comparison of Pfs25-mRNA & 18s-rRNA Hybridization Systems  

After functionalization and optimization of the probes for blank measurements 

were performed, the functional interface designs for the Pfs25-mRNA and 18s-rRNA 

Figure 14. SERS spectra of blank signal optimization for both 
18s-rRNA (A) and Pfs25-mRNA (B) systems. Each sample 
was performed with five replicates using 638 nm laser 
excitation at ~7 mW power with one second acquisition. 

A 

B 
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systems were tested using sandwich hybridization reactions in buffer. Other hybridization 

conditions were necessary to consider for the reactions when detecting the synthetic 

targets. The washing steps found in the previous section were used along with setting the 

mixing rate to 550 rpm and dropcasting the hybridized complexes onto a silicon wafer 

placed on a magnet. The SERS measurements taken following the reactions were with 

638 nm excitation, one second acquisition time, 10x objective and with ten accumulations 

per measurement. The first reaction attempts SERS spectra using 10 µM of target 

biomarker for the Pfs25-mRNA and 18s-rRNA systems in buffer can be found in Figure 

15. The successful detection of the target was proven by the Rose Bengal profile being 

present in the SERS spectra. In order to display the specificity of the designed probes for 

the different systems, selectivity experiments were performed using 10 µM hybridization 

reactions in buffer (Figure 15). Pfs25-mRNA probes with the Pfs25-mRNA biomarker 

forms the hybridized complexes thus displaying a strong Rose Bengal signal at 1489.11 

cm-1 with an intensity of 6806 counts. When performing the Pfs25-mRNA probe 

selectivity with 18s-rRNA target in place of the correct Pfs25-mRNA target, the intensity 

at 1489.11 cm-1 was 19 counts. 
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3.5. Hybridization Reaction Results in Buffer 

Using the optimized capture probes and reporter probes, a calibration curve was 

obtained to perform quantitative analysis for the biosensor in buffer. Concentrations used 

for the calibration curve ranged from 250 nM to 10 µM (Figure 16) along with blank 

measurements; five replicate reactions for each sample were performed. Ten 

measurements per replicate were obtained for each sample concentration. These 

measurements were acquired using the 638 nm laser excitation with an operating power 

of ~7 mW, a 10x objective and ten accumulations per sample measurement. The standard 

deviation from each sample can possibly be attributed to factors such as pellet formation 

of the hybridized complexes when concentrating them with a magnet onto the silicon 

wafer and how the complexes are distributed across the hybridized complex pellet. As a 

Figure 15. A) Schematic representation of the hybridized complexes when 
performing sandwich hybridization reactions with the synthetic target 
biomarker present. B) SERS spectra of 10 µM hybridized complexes for 
Pfs25-mRNA and 18s-rRNA systems. C) System probe selectivity for 10 µM 
with Pfs25-mRNA hybridized complexes and Pfs25-mRNA probe selectivity 
using the 18s-rRNA target. 

C B 

A 
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result, some of the higher concentrations present in the calibration curve display large 

variations in signal intensity between the replicates. The limit of detection was calculated 

using the standard equation LOD = (3 * Std Devintercept)/slope, from a linear model 

obtained from the calibration curve. The linear model was derived from the plotting the 

averaged blank measurements and the approximate linear range (250 nM to 1 µM). The 

calculated limit of detection was determined to be 280 nM or 3.4 x 1012 RNA copies 

based on the hybridization reaction volumes of 20 µL. These results indicated that the 

system can function in buffer down to nanomolar concentrations.  With the successful 

detection of the Pfs25-mRNA biomarker in buffer hybridization reactions, the next step 

was to determine the functional ability of the assay using a synthetic target spiked-in 

blood lysate. 

 

3.6. Sandwich Hybridization Reactions for Synthetic Biomarker Spiked-in Blood Lysate 

For testing the application of this assay in blood, it was necessary to use a protocol 

for lysing the whole blood since the genetic material and the biomarker of interest would 

reside within the infected red blood cells. Prior to analyzing the ability of the assay to 

Figure 16. Left) Pfs25-mRNA system in buffer calibration curve with best fit and 
coefficient of determination for the linear range. Right) Average, stacked SERS 
spectra at each concentration of the calibration curve, including the averaged blank 
signal.  
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detect the synthetic biomarker spiked-in blood lysate, control measurements were 

required to understand what signal convolution could occur due to the blood matrix. 

Whole blood and blood lysate control measurements were performed using the same 

operating parameters for the Raman microscope as the hybridization reactions in buffer. 

Additional control measurements were obtained by mixing the reporter probe with blood 

lysate to observe the SERS substrate signal in this matrix without running hybridization 

reactions. These three controls were tested using the 638 nm laser excitation but also with 

the 785 nm laser to see how changing the laser excitation for measurements in blood 

could impact the spectral profile of the Rose Bengal tag. The control measurements for 

the whole blood and blood lysate showed little to no signal at the Raman shift region of 

interest (1480 – 1490 cm-1) which indicated no signal interference should occur due to the 

blood matrix (Figure 17). The reporter probe in blood lysate produced the SERS signal to 

demonstrating the ability of the 1489.11 cm-1 peak to be observed in this matrix (Figure 

17). These controls were performed with no washing steps or purification steps. With the 

washing steps in the hybridization reactions the high baseline signal observed across the 

large range of Raman shift values for blood lysate will be reduced.  Following these 

control experiments, incubation time dependence studies were performed to optimize the 

hybridization efficiency in blood. Along with understanding the effects of time on the 

reactions another variable, purification after blood lysis procedure, was adjusted during 

these time trials to try and improve overall signal. Triplicates were completed for each 

time interval (three hours, four hours, & five hours) and for the blood lysate with and 

without purification (Figure 18) at a concentration of 10 µM. Based on the signal 
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intensity of the different time intervals, three hour incubation was determined to produce 

the highest overall signal.  

 

Figure 17. Blood control measurements using whole blood, lysed blood and 
reporter probe with lysed blood mixture. A) Represents the measurements taken 
with the 638 nm excitation at ~7 mW power, one second acquisition time, 10x 
objective and performed in triplicate. B) Represents 785 nm measurements taken 
using the same parameters as 638 nm with the exception of laser power (~12 mW). 

A B 

Figure 18. 10 µM Pfs25-mRNA system measurements for blood lysate trials 
with manipulating time of incubation, lysate purification protocol, and laser 
excitation. A & B) Compares the results for the 638 nm laser excitation without 
lysate purification and reactions with lysate purification, respectively. C & D) 
Comparison of 785 nm excitation results without lysate purification and with 
lysate purification, respectively. 

A B 

C D 
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After baseline subtraction of the averaged profiles for each variable, the signal 

intensity was compared for the peak residing around 1489.11 cm-1. The 638 nm laser 

excitation results were the main focus due to much higher signal intensity for every 

reaction with changing the variables in comparison to 785 nm laser excitation. The 

hybridization results indicated that the three-hour incubation period produced the best 

signal intensity for both methods of lysing the blood with and without purification. The 

increase in time does not increase the signal, possibly due to settling of the capture probes 

causing less interactions between the capture probes and the target/reporter probes. After 

determining the optimal time of the hybridization reactions in blood lysate, next the 

intensity of the three-hour incubation between the two types of lysate methods were 

compared (Figure 19).  

 

 

Figure 19. Comparison of purification methods, for the three-hour 
incubation with 638 nm excitation, on SERS signal output.   
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Further comparing the intensity at the 1489.11 cm-1 peak for the two lysing 

purification methods with the 638 nm excitation; the results show the purified lysate 

sample having an average intensity of 1571 ± 771 counts and the method without lysate 

purification producing an average signal of 1331 ± 120 counts. These results indicated 

the method using the three-hour incubation without purification of the lysate was the best 

moving forward. While the signal intensity from the purified lysate displayed a 240 

average count higher intensity than the non-purified lysate, the standard deviation 

between replicates for the purified lysate samples was seven-times higher than that of the 

method without lysate purification. Having a protocol that limits the variability of the 

results and can function with removing purification steps simplifies the protocol and 

improves the possibility of the assay to function in a POC setting. Which is why the 

three-hour incubation with no blood lysate purification protocol was used to quantify a 

limit of detection for the Pfs25-mRNA system with target spiked-in blood lysate.  

Once the optimized parameters for lysing the whole blood and the hybridization 

reactions were determined, a calibration curve was obtained for Pfs25-mRNA reactions in 

the blood lysate matrix from 10 µM to 125 nM (Figure 20) using the 638 nm excitation. 

785 nm excitation calibration curve with averaged spectra can be found in Appendix D. 

Similar to the buffer reactions, five replicates were performed at each sample 

concentration, including blank reactions. For these measurements the 638 nm laser 

excitation was used with the 10x objective, one second acquisition and 10 accumulations. 

As expected from the control measurements, the blood lysate matrix after washing steps 

in the hybridization reactions showed little interference. This allowed for 125 nM to be 

tested which was an improvement in comparison to the lowest concentration when using 
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the buffer matrix (250 nM). The averaged spectra for each concentration and blank 

measurements can be found in Figure 20 as well. The approximate linear range was 

determined to be 125 nM to 1 µM. The limit of detection calculation was performed 

using the same equation as the buffer. However, the standard deviation value used for 

blood came from the replicates of the lowest standard used in the calibration curve, 125 

nM. The calculated limit of detection for target spiked-in blood lysate was 99 nM or 1.2 x 

1012 RNA copies based on 20 µL reaction volume. 

 

 

 

 

 

 

 

A B 

Figure 20. Calibration data for spiked-in synthetic Pfs25-mRNA reactions in blood 
lysate. A) Calibration curve from 125 nM up to 10 µM with error bars. B) 
Averaged, stacked SERS spectra for each calibration curve concentration plus the 
averaged blank reaction spectrum. Five replicate reactions performed for each 
concentration and measured using 638 nm laser with 10x objective and one second 
acquisition time. 
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
 

The successful development of a SERS-based assay for detection of malaria nucleic 

acid biomarker, Pfs25-mRNA, was demonstrated in this thesis. A SERS substrate, 

Ag@AuNS, was synthesized with a two order of magnitude SER EF for use in the 

functional interface as an optical transducer for indirect detection. A new, novel SERS 

substrate, Au@AgNS was developed for future potential use in a SERS-based assay for 

biosensors. Synthetic Pfs25-mRNA sequences were successfully detected in buffer down 

to the nanomolar region after careful optimization of the sandwich hybridization reaction 

parameters. Pfs25-mRNA probes were able to differentiate between a PFs25-mRNA 

target and a 18s-rRNA biomarker, thus displaying the selectivity of the probe design. 

Blood lysate showed little interference in the Raman tag signal based on control 

measurements of just blood and blood with the reporter probe. Reaction optimization in 

blood lysate for time, laser type and purification steps were performed to achieve the 

highest possible signal in blood lysate.  

The results of this thesis indicate the possible use of this SERS assay in a POC 

setting. However, the use for asymptomatic detection may be limited due to the detection 

limit of the system. This work benefits the biosensor community for malaria detection 

due to the novel SERS substrate that was developed, and the simplified procedural steps 

needed to develop the assay. Having reagents that can be made within 24 hours and then 

run reactions with detection after only 4 – 5 hours is valuable for POC diagnostics. While 

this thesis covered a large basis for asymptomatic malaria detection, there is plenty of 

future work that can be done. 
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The next step for the developed biosensor would be to test clinical blood samples for 

patients who have tested malaria positive. Reactions and detection would be conducted 

using the same parameters as the spiked-in blood lysate work. Issues may arise during the 

lysing process when compared to spiked-in synthetic sequences. Control measurements 

of lysed infected blood would be necessary to see how the parasites might impact the 

background spectral profile when using SERS. A calibration curve would be made using 

similar concentrations as the buffer and spiked-in blood lysate samples to determine the 

limit of detection. The hope would be that as seen with comparing the buffer to blood 

lysate matrix in this work, clinical infected samples would be able to be detected at even 

lower concentrations. This would further indicate the possible use of this developed assay 

for not only a POC setting but for asymptomatic detection as well. Beyond the use of this 

system for infected clinical blood samples, challenging this system to be used in a field 

transferable POC setting would be necessary as well. 

The current system was performed in a laboratory using a large, non-portable Raman 

microscope. There are some issues with this for POC diagnosis, but the most problematic 

issue is that most countries with high malaria cases and transmission do not have the 

resources necessary to use this system in the same conditions. A portable, handheld 

Raman system would be used to make the field transferable applications more likely to 

work for this assay. With using a new detection system many controls and optimization 

steps will have to be performed to ensure the same detection abilities are possible with 

the handheld Raman. Synthetic target in buffer, spiked-in blood lysate and infected 

clinical sample reactions would all have to be repeated to obtain the figures of merit. Not 
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only would the experiments need to be repeated using the handheld Raman system, but 

also in conditions similar to the tropical countries where malaria is a serious problem. 

Since there are many countries where malaria can be a serious concern, finding 

conditions to use like temperature and humidity could prove difficult to determine. Since 

P. falciparum makes up a larger portion of the cases in Africa, the average climate taken 

from the most infected countries in Africa could be used as set parameters to mimic for 

future work. Attempting to run reactions in similar conditions to Africa and outside of a 

lab setting could be useful to understanding the assay’s capacity to function in a field 

transferable POC setting. Ideally, all that would be needed in those countries are the 

minimum equipment to store the reagents, run the reactions and collect the data. Outside 

of those factors the high temperatures of that region could prove to disrupt the ability of 

the assay to function because of the melting temperature of the probe sequences. Running 

hybridization reactions as the temperature of the climate in the African countries would 

provide meaningful information. Not only would the reaction conditions possibly be 

impacted by the tropical climate, but the stability of the reporter and capture probes 

would need to be considered.  

Stability time studies would be performed to determine how long one stock solution 

of each probe could be used for in both a laboratory and field transferable setting. Stock 

solutions in the laboratory setting would be refrigerated as they were throughout this 

thesis to function as control samples. Field transferable setting stock solutions would be 

left out under two conditions: room temperature and under the temperature conditions 

similar to the climate in the tropical countries. On a weekly basis, the reporter probe 

stock solution would be tested using UV-VIS and DFS-hyperspectral imaging to check 
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for the LSPR. SERS measurements would also be acquired to test the stability of the 

Raman tag profile and SERS EF over time. The capture probe would also be checked 

using UV-VIS, along with checking the magnetic abilities of the capture probe by placing 

the solution near the magnet used during hybridization reactions. It would be beneficial to 

not only check the stability of these probes in the matrices mentioned in the experimental 

section but to also consult literature on other possible matrices that could be used to store 

these solutions for longer periods of time. If a reputable matrix can be found in literature 

for these types of probes, they would be tested the same way as the above-mentioned 

samples for a stability time study. Beyond further developing the present system, the 

novel substrate (Au@AgNS) should be tested in hybridization reactions. 

This Au@AgNS substrate was designed for future use in SERS-based assays but 

should be tested in buffer before consideration in blood lysate. Similar to the SERS 

substrate used for the hybridization reactions in this thesis, Au@AgNS would be tested 

using higher concentrations of the synthetic Pfs25-mRNA in buffer before creating a 

calibration curve. Further optimization of washing steps, probe molar ratio and other 

parameters would probably be necessary in order to collect analytical figures of merit. All 

of these experiments listed for future work would be a great foundation for truly 

understanding the potential for this SERS assay to be used in a POC setting.  
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Abstract: Diagnosis is the key component in disease elimination to improve global health. However, 

there is a tremendous need for diagnostic innovation for neglected tropical diseases that largely consist 
of mosquito-borne infections and bacterial infections. Early diagnosis of these infectious diseases is 
critical but challenging because the biomarkers are present at low concentrations, demanding 
bioanalytical techniques that can deliver high sensitivity with ensured specificity. Owing to the plasmonic 
nanomaterials-enabled high detection sensitivities, even up to single molecules, surface-enhanced 

Raman spectroscopy (SERS) has gained attention as an optical analytical tool for early disease biomarker 
detection. In this mini-review, we highlight the SERS-based assay development tailored to detect key 
types of biomarkers for mosquito-borne and bacterial infections. We discuss in detail the variations of 
SERS-based techniques that have developed to afford qualitative and quantitative disease biomarker 

detection in a more accurate, affordable, and field-transferable manner. Current and emerging 
challenges in the advancement of SERS-based technologies from the proof-of-concept phase to the 
point-of-care phase are also briefly discussed. 

Keywords: optical biosensors; plasmonics; surface-enhanced Raman scattering; SERS; malaria; bacterial 
infections; diagnostics 

 

1. Introduction 

Accurate and timely diagnosis of infectious diseases is crucial for effective disease management and 
epidemic preparedness. Infectious diseases caused by parasites, viruses, bacteria, and fungi are 
responsible for 15 million deaths each year, while more than 95% of these deaths take place in low-income 
countries [1]. Among them, most of the mosquito-borne and bacterial infectious diseases are included in 
the list of neglected tropical diseases declared by World Health organization (WHO) that need to be 

controlled by 2030 [2,3], which emphasizes the current urge to develop rapid diagnostic tests for the early 
detection of infectious diseases. Current diagnostic modalities rely on highly sensitive polymerase chain 
reaction (PCR), which is technically challenging and expensive for widespread implementation in resource-

74



Appl. Sci. 2019, 9, 1448  
limited settings, or light microscopy-based cytological examination, which has high specificity but poor 
sensitivity. Therefore, it is a timely need to develop new detection modalities that bring affordable, 
accurate, and highly sensitive characteristics to diagnostic tests. 

Among new detection modalities, surface-enhanced Raman spectroscopy (SERS) has emerged as a 
powerful analytical technique for molecular analysis, which can be particularly advantageous for 

diagnostic purposes when the Raman spectroscopy is combined with inherent optical and chemical 

properties of plasmonic nanoparticles [4–13]. SERS is the main method of enhancing the inherently weak 

Raman intensity, such that Raman scattering can be widely utilized in analytical applications.  

In general, the Raman signal enhancement (commonly known as the SERS enhancement) is proposed to 

be a result of a combination of two main contributing phenomena, (i) electromagnetic enhancement (then 
main contributor) and (ii) chemical enhancement [14]. The electromagnetic enhancement is known to 
originate from the unique optical properties of plasmonic nanoparticles such as gold (Au) and silver (Ag). 
Plasmonic nanoparticles are known to generate localized electromagnetic field when their size is smaller 
than the wavelength of the interacting light, which is known as localized surface plasmon resonance (LSPR) 

[15,16]. In SERS, this intense localized electromagnetic field of the plasmonic substrate is exploited to 
amplify the intrinsically weak Raman scattering cross-section of analytes when they are either on or in 
close proximity to a plasmonic substrate [14]. The LSPR and the magnitude of SERS enhancement can be 
modulated by changing the size, composition, shape, and the local environment of the NP [17–25]. In the 

context of SERS, plasmonic nanomaterial are referred to as SERS substrates and their effectiveness as a 
SERS substrate is evaluated by the SERS enhancement factor [26–29]. 

In SERS-based sensing applications, the optical transducer (SERS substrate) and the molecular 
functional interface are the two main elements that dictate the performance of sensors. The optical 
properties of a SERS substrate affect the analytical sensitivity while the functional interface of a SERS 

substrate determines the detection specificity. A great deal of work has been done in designing different 
types of plasmonic nanoscale substrates to improve the SERS enhancement factor, hence the analytical 
sensitivities. The first generation of SERS substrates were mainly composed of spherical gold or silver 
nanoparticles or substrates [30–33]. Anisotropic nanoparticles such as rod-, cubic-, triangle-, and star-

shaped plasmonic nanoparticles and two-dimensional plasmonic substrates were then introduced [25,34–
39]. Due to the higher electromagnetic field concentration imparted by the antenna effect of the sharp 
features of the second-generation SERS substrates, higher SERS enhancement factors could be achieved 
[38]. As the next generation of SERS substrates, nanoparticle assemblies and three-dimensional nanoscale 
plasmonic substrates were then emerged, and they contain plasmonic “hot spots”, where the SERS 

enhancement factor is much greater [21,40–42]. In these nanoparticle assemblies, Raman active 
molecules are chemically or physically placed at the narrow gap between nanoparticles (“SERS hot spot”) 
where they can experience the maximum SERS signal enhancement [14,29,43,44]. The evolution of SERS 
substrates has resulted in 10–12 orders of maximum Raman signal enhancement, which, under optimum 

condition, could facilitate even single-molecule detection. 

The molecular functional interface of a biosensor, which is the interface between the optical 
transducer (plasmonic nanomaterials in SERS) and the biological environment, is the key element that 
needs to be carefully designed in order to attain high specificity, and hence, optimize the performance of 
a biosensor. There are two main factors that need to be considered when designing a functional interface 

of a nanobiosensor on SERS-based detection; (i) the stability of the SERS substrate in a biological sample 
matrix and (ii) the molecular recognition moieties (proteins, peptides, nucleic acids, aptamers) that 
specifically capture biomarkers such as cell membrane proteins, polysaccharides, lipids, or nucleic acids 
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or a matrix that capture and retain the biomarkers or pathogens or infected cells. In addition, the physical 
distance between the transducer and the analyte should be kept at an optimum, which is <5 nm, to obtain 
the higher SERS signal enhancement [14,45,46]. Therefore, the distance dependence of the SERS signal 

intensity should also be taken into consideration when designing the molecular recognition moieties 
and/or spacers. Polymer-derivatives, polyethylene glycol, and surfactants are usually used as capping 
ligands or surface passivation ligands to ensure the colloidal stability of plasmonic SERS substrates and 
also to control the non-specific surface adsorption of biomolecules in biological samples [47,48]. 
Molecular reignition elements such as antibodies, enzymes, complementary nucleic acid, aptamers, and 

peptides are either use directly as it is or attached to a passivation ligand or a molecular spacer and then 
incorporated in the functional interface. Surface functionalization of SERS substrate with molecular 
reignition elements and surface passivation ligands takes the advantage of inherent high affinity of gold 
and silver nanomaterials towards molecules bearing highly electronegative or charged atoms such as 

nitrogen, sulfur, oxygen, etc., [49]. Therefore, molecular recognition elements are usually modified to 
contain a functional group such as thiol (SH), primary amine (NH2), and carboxylic acid (COOH) that can be 
attached to SERS substrates through dative covalent bonds to ensure strong and lasting surface 
attachment [50–53]. In some cases, molecular recognition elements such as proteins naturally possess 
primary amines or sulfur, which allows their direct attachment to nanoparticle surfaces. Ligands and 

molecular recognition elements modified with zwitterionic groups or the charged domains of the 
molecular reignition elements are also used to electrostatically attach them to plasmonic nanomaterial 
surfaces. Electrostatic interaction between the charged domains of the biomarkers, such as cell 
membrane proteins, are often used to directly capture, isolate, and retain the biomarker on plasmonic 

surfaces. In this case, the overall surface charge of the SERS substrate is modified using charged surface 
passivation ligands to tailor the functional interface depending on the biomarker of interest. 

SERS as an analytical tool has been integrated into various disease diagnostic assays, including 
infectious diseases in two main formats; (1) label-free direct detection and (2) Raman label-enabled 
indirect detection. The direct detection format involves the adsorption of an analyte or the presence of 

an analyte in close proximity to a SERS substrate, which allows the analyte identification or quantification 
based on its unique SERS spectral fingerprints (intrinsic SERS signal) [54–59]. On the other hand, the 
indirect detection format uses a molecular recognition moiety on a SERS substrate, 

which capture analytes/biomarkers and bring them closer to the SERS substrate. The successful capture 

of analytes is then confirmed indirectly by monitoring the intense SERS signal of “reporter molecule” 
associated with the SERS substrate (extrinsic SERS signal) [20,21,33,40]. Reporter molecules are usually a 
dye or a molecule with high Raman scattering cross section that yield an intense SERS signal. Direct 
detection has the advantage of high specificity and capability to detect analytes without a known specific 
recognition element, but the spectral interference from the other components in the biological/sample 

matrix is a common issue. On the other hand, in indirect detection, spectral interference from the sample 
matrix is minimal as the analytes are isolated using molecular recognition elements, but it has the 
disadvantage of not being able to acquire the molecular information of the analyte/biomarker itself. 
Depending on the diagnostic need (binary identification, quantification, or multiplexing), and the sample 

matrix, the most appropriate SERS detection format could be selected. 

In general, SERS-based sensing approaches have become more attractive and advantageous over 
conventional methods such as fluorescence due to ultra-sensitivity, even up to single-molecule detection, 
rich spectroscopic information provided on the molecular structure of interest that enable direct 

biomarker detection, and higher multiplexing capability [8,34,60–70]. Among these advantages, the 
multiplexed SERS detection, in particular, is very attractive in clinical settings as it allows for the detection 
of a panel of biomarkers ensuring higher confidence in the diagnosis and poses as a better alternative to 
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the commonly used fluorescence-based multiplexed biosensing. This is because, (i) in comparison to 
fluorophores, Raman tags or Raman-active molecules are highly photostable, hence leading to stable SERS 
signal over a much longer analysis time. (ii) Raman/SERS peak widths are much narrower than 

fluorescence peaks, which leads to better spectral resolution, thereby facilitating higher-order 
multiplexing (in theory, >10) with spectrally unique Raman reporters, and (iii) different SERS tags used in 
a multiplexed assay can be detected under single-laser excitation source, but for each fluorophore used 
in a multiplexed biosensing assay, a separate laser excitation source is required. That means the less 
sophistication in instrumentation and experimental setup needed for SERS multiplexing is much more 

appealing when developing biosensors for point-of-care (POC) applications. 

In this mini-review, we highlight the progress in the development in SERS-based diagnostic assays 
mainly for bacterial infections and mosquito-borne infections. In each section, the current SERS-based 
assays for common disease biomarkers (nucleic acid, proteins, and metabolites) followed by pre-sample 

preparation for SERS analysis and diagnostic device designs are discussed. Throughout the review, 
analytical figure of merits is provided as a guide to the reader to decide the quantitative and qualitative 
detection capabilities and limitations of each SERS-based diagnostic assays. Challenges and areas of 
improvements in designing SERS substrates and devices to transform these SERS-based technologies from 
the lab bench to the field are also briefly discussed. A summary of the highlighted work outlining the 

disease, biomarker, type of SERS detection (direct/indirect), transducer, and limit 

of detection (LOD) is also provided for the readers’ benefit in the Table 1. 

2. Bacterial Infections 

SERS-based methods have enabled the detection of various types of bacterial biomarkers ranging 
from nucleic acids to proteins. The evolution of SERS-based detection methods improves the possibility of 

POC diagnostics by fabricating functional nanoparticles to achieve specific biomarker identification and 
higher SERS sensitivities. The functionality of nanoparticles can affect the efficiency and accuracy of target 
biomarker(s) detection. Device fabrication also plays a major role in the SERS-based detection of bacterial 
infections, particularly for field transferable applications. Recent advancements that have led to improved 
sensitivity and specificity in SERS-based bacterial infection detection are discussed in the following 

sections. 

2.1. Nucleic Acid Biomarkers 

Nucleic acids are a well-established group of biomarkers for detecting bacterial infections [5,59, 
66,71–74]. Knowing the pathogenic DNA and RNA sequences facilitates the design of complementary 
strand(s) to specifically capture pathogenic RNA or single-stranded DNA, and hence, to identify them 
either directly or indirectly using SERS [72,75,76]. The nature of DNA and RNA, however, poses challenges 

in preparing sample to develop SERS-based diagnostic assays. The presence of smaller copy numbers of 
pathogenic nucleic acid biomarkers at the early stages of disease onset and their extraction and isolation 
from sample matrices make nucleic acid biomarker detection with no amplification very challenging. 
Therefore, as a common practice, synthetic nucleic acid sequences and also polymerase chain reaction 
(PCR)-amplified nucleic acid biomarkers from clinical samples are usually used in the proof-of-concept 

assays to optimize the assay parameters, and hence, the assay performance. Once the assay is optimized 
for analytical sensitivities and specificities, analysis in real biological/clinical samples with no nucleic acid 
amplification is carried out for field-transferable adaptation and optimization of the SERS-based 
diagnostic assays. 

Most of the studies have used cultured bacterial suspensions to test SERS-based assays as a 
preliminary step for proof-of-concept testing [7,59,66,72,73,77–86]. The extraction of the DNA/RNA from 
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the cultured bacterial cells of interest is crucial in order to remove background noise from other 
biomarkers, like cell membrane and metabolite biomarkers. The extracted nucleic acid is often amplified 
using PCR in order to reach the analytical sensitivities of the instrumentation as the concentrations of 

nucleic acid biomarkers are very low at early disease stages. For instance, Popp’s group developed a 
combinatorial approach using PCR and SERS to detect epizootic pathogen DNA from cultured cells [72]. 
However, the sample preparation can be extensive when using PCR as it requires culturing of bacterial 
cells to extract DNA, followed by extensive purification and isolation steps. Clinical/biological samples 
have high background noise in SERS assays, which originates from the biological matrix in which the target 

DNA resides, therefore it requires more sample preparation. While sample preparation for nucleic acid 
detection has its inherent challenges, SERS-based high sensitivities at the picomolar to attomolar levels 
can still be achieved. For instance, in 2010, Bongsoo et al. used bacterial genomic DNA as the biomarker 
for four different pathogenic strains of bacteria and reported a limit of detection (LOD) of each pathogen 

ranging from 10 pM–10 nM using indirect SERS [66]. In their method, the target genomic DNA from four 
bacterial pathogens that causes various infections were first extracted and then amplified by PCR. The 
target DNA biomarkers for this study originated from reference bacteria and as well as clinically isolated 
samples such as cerebrospinal fluid, stool, pus, and sputum. 

Among SERS-based nucleic acid detection methods, direct and indirect sandwich assays are the most 

common approach. It involves hybridization of a target nucleic acid sequence (target probe) with a capture 
sequence (capture probe) and reporter sequence linked to a Raman tag (reporter probe) and a plasmonic 
nanoparticle. For instance, Kim et al. presented an indirect SERS detection of PCR-amplified pathogenic 
DNA using a sandwich assay (Figure 1) [66]. They used two modified complementary DNA sequences, a 

3’-thiol modified sequence attached to a gold nanowire (capture probe) and a 5’-Raman tag-modified 
sequence attached to gold nanoparticles through the 3’-thiol functional group (reporter probe), that 
hybridize specifically to two different sequence positions of the target DNA sequence. The complete 
hybridization of these three sequences is exhibited by the unique SERS signal of the Raman tag, indicating 
the presence of target DNA and resulting in a low LOD. Recently, Faulds’s group also developed a new 

assay format for multiplexed SERS-based indirect detection and quantification of three meningitis 
pathogens using a sandwich assay [5]. They used two modified complementary DNA sequences to the 
target DNA sequence, a 3’-biotinylated modified sequence (capture probe) and a 5’-Raman tag-modified 
sequence (reporter probe). The newly formed duplex is retained on a streptavidin functionalized bead. 

Then, they used l-exonuclease to digest the double-stranded DNA. The DNA sequences are designed in 
such a way that the digestion product contains the Raman tag. The digestion products were then added 
to a solution containing silver nanoparticles for the SERS detection of the digestion product. The complete 
hybridization of these three sequences provides the unique SERS signal of the Raman tag, indicating the 
presence of the target DNA and resulting the LOD in the picomolar range. This approach provides higher 

specificity due to the hybridization between the target and two complementary sequences. 
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Figure 1. (a) An indirect surface-enhanced Raman spectroscopy (SERS)-based method for PCR-amplified 
pathogenic DNA detection. This method utilizes a sandwich hybridization event between a capture DNA 
sequence on gold nanowires and Raman reporter-labeled DNA sequence on with a target pathogenic 
DNA. (b) SERS spectra from each of the four nanowire systems in the presence of only the target DNAs of 
Enterococcus faecium and Stenotrophomonas maltophilia. SERS spectra of the Raman reporter (Cy5) 
detected only for E. faecium and S. maltophilia sensors. (c) SERS-based identification of amplified 
pathogenic DNA in clinical samples. (d) SERS-based multiplexed detection when all four target DNAs are 

present at 10−8 M each. Reproduced with permission from Reference [66] American Chemical Society 
(2010). 

Direct, label-free SERS detection of nucleic acids has also been used despite common indirect 
detection methods [73,74]. Kaminska et al. introduced a new class of label- free (direct SERS) SERS-based 
assay to detect Neisseria meningitidis, Streptococcus pneumoniae, and Haemophilus influenzae in 
cerebrospinal fluid (CSF) using their unique cell membrane biomarkers such as lipids and polysaccharides 

[74]. Their assay is based on the Au–Ag coated polycarbonate membranes that allow simultaneous 
filtration of CSF and immobilization of CSF components to enhance their intrinsic SERS signature. This 
approach facilitates the direct detection of nitrogenous bases of target DNA and neopterin at the single-
bacteria cell level. Direct detection of nucleic acids can be challenging because of the background noise 

from the biological matrix. 

SERS-based diagnostic methods using clinical samples have also been conducted to determine the 
applicability towards POC applications [78–80,87–90]. Porter’s group reported a novel sandwich SERS 
immunoassay for an antigenic biomarker for tuberculosis found in bodily fluids using a handheld Raman 

spectrometer [90]. They used serum samples to detect phospho-myo-inositol-capped lipoarabinomannan 
(PILAM), a stimulant of an antigenic biomarker found in tuberculosis infected patients. Their method 
requires sample pretreatment in order to eliminate any possible non-specific interaction between the 
PILAM and the other constituents found naturally in the serum sample. It is important to eliminate 
unnecessary biological interactions to ensure high detection specificity and, more importantly, to remove 

the biological matrix interferences to achieve high signal-to-noise ratio in SERS signal for high analytical 
sensitivity. The sample was acidified in order to denature proteins that could bind to PILAM. These 
denatured proteins and insoluble components were separated from the PILAM by centrifugation. The 
PILAM-enriched supernatant was extracted and neutralized to be used for a SERS assay. While the added 
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sample pretreatment is not an extensive protocol, it shows the necessity of developing methods that 
require minimum or no sample preparation to transform these assays towards POC diagnosis of infectious 
bacterial diseases. 

With impressive technological and technical growth in the microbiology and gene sequencing, a wide 
range of nucleic acids (DNA, RNA, non-coding RNA) biomarkers for disease diagnosis are being reported 
more frequently than before. Having access to such rich genetic information is highly beneficial to the 
scientists working in the POC SERS diagnostics as it will allow us to design SERS probes and assays that 
ensure high detection specificities and high-throughput detection protocols. This will immensely assist the 

performance of analysis in biological samples with no nucleic acid amplification carried out in the field-
transferable adaptation and optimization of the SERS-based diagnostic assays. 

2.2. Cell Membrane Biomarkers 

Cellular membrane macromolecules, especially proteins, have proven to be a major pathogenic 
biomarker for SERS-based diagnostics [7,72,73,79–81,84–88,91]. Cell membrane proteins have been used 
as biomarkers to detect various bacterial infections such as Methicillin-resistant Staphylococcus aureus 
(MRSA) [73,86], urinary tract infection (UTI) [85], and strep throat [88]. For instance, Konkel’s group used 
silver nanoparticles in solution for the direct, label-free SERS detection of proteins and nucleic acids in 
MRSA [73]. Cell membrane proteins in Escherichia coli and Proteus mirabilis cells that cause urinary tract 
infections have also been detected using intrinsic Raman signature (e.g., ring breathing/stretching, 
carbohydrate, and protein vibrations). In this study, the required sensitivity for intrinsic SERS-based 

detection was achieved using a SERS platform that was composed of silver nanoparticles decorated on a 
glass substrate [85], Assay development for cell membrane biomarker detection has been integrated into 
microfluidic devices [7,73,79] and in solution assays [80,81]. For instance, in 2013, Ray et al. reported the 
use of intrinsic SERS signature a cell membrane biomarker to detect MRSA with a 10 CFU/mL limit [86]. 

The SERS spectra produced from the MRSA cell wall consisted of peaks corresponding to ring breathing of 
tyrosine protein, saturated lipids, and other vibrational modes of cell membrane biomarkers. In order to 
achieve such high sensitivity in label-free detection, they used graphene oxide modified with an aptamer 
that selectively binds to Enterotoxin B, which is a prominent MRSA protein, and gold nanopopcorn that 
provides good resolving power for SERS-based detection. It is reported that a higher analytical sensitivity 

was able to be achieved because they used the hybrid graphene oxide-based SERS substrates, which 
exhibited around 2 orders of magnitude higher SERS enhancement than only gold nanoparticle-based 
SERS substrates. They attributed the higher SERS enhancement effect originated from the hybrid 
graphene oxide-based SERS substrates to the contribution from both the electromagnetic and chemical 

enhancement effects simultaneously. This is an example that displays the improvements of the analytical 
sensitivities achieved by tailored designing of the SERS substrates. 

In SERS-based diagnostic methods, protein biomarkers offer more advantages; (i) the ability to 
capture bacterial antigens using antibodies and (ii) the availability and accessibility of a larger quantity of 
proteins in comparison to nucleic acid biomarkers. Krause et al. used P30 and P65 proteins to detect and 

differentiate Mycoplasma pneumoniae strains FH, M129, and II-3 from clinical throat swabs and cultured 
bacteria [80]. They observed a variation in the concentration of proteins of interests between different 
strains of M. pneumoniae. Their results showed >97% accuracy in identifying the strains from the throat 
swabs; thus, further displaying the clinical possibilities of SERS-based detection of protein biomarkers. This 

work shows the high sensitivity of SERS that enables protein biomarker detection that can even 
discriminate different bacterial pathogenic strains with increased specificity. Antibodies can act as good 
capture moieties due to specific binding affinity of proteins to antibodies, which ensures high analytical 
specificity for proteins biomarkers. Peripheral proteins, or surface proteins, are typically targeted as they 
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can be easily accessible by nanoparticles to come in close proximity for SERS signal enhancement [79,80]. 
If a specific integral protein or a protein naturally found inside the cell is targeted, then the sample 
preparation for that method would require protein extraction from the bacterial cells. Added sample 

preparation can result in POC diagnosis being out of reach, however, protein has still proven to be a good 
biomarker for possible diagnosis in clinical settings [77,80,82,84–86,88,91]. Han et al. detected 
muramidase-released protein antibody against Streptococcus suis II in pig serum to demonstrate the 
potential clinical applicability of their indirect immuno-SERS assay [88]. While not all methods are clinically 
viable, some can be adapted for field-transferable applications. For example, Boyacı, Ismail et al. 

developed a method for indirect detection of˙ E. coli in a water sample using a biotin-conjugated 
polyclonal antibody, which could be used by environmental scientists in the field [84]. 

Both direct and indirect SERS assays are commonly utilized for protein and cellular membrane 
biomarker detection. In comparison to nucleic acids, protein detection involves less sample preparation 

and nanoparticle fabrication. The close proximity of nanoparticles to the target bacteria provides an 
amplified Raman signal of the proteins, lipids, and carbohydrates directly, hence no extensive surface 
functionalization of nanoparticles is required [79,82,86,91]. Choi et al. used a gold nanoparticle-deposited 
paper for direct detection of cell membrane biomarkers in infectious keratoconjunctivitis (Figure 2) [91]. 

This method exhibited a SERS enhancement factor of 7.8 ×	108, 

which shows that the current approach can result in good sensitivities without the functionalization of 

nanoparticles. Depending on what proteins are being detected, extraction may be necessary. Extracted 
protein samples can still be used in direct SERS detection assays. Indirect detection of proteins involves 

antibodies adhered to the nanoparticles through bioconjugation method. For instance, Boyacı, Ismail˙ et 

al. used gold nanorods labeled with a Raman reporter and gold-coated magnetic nanoparticles both of 

which are functionalized with anti-E. coli antibodies for the detection of E. coli [84]. In this approach, 

immunoaffinity between the E. coli and anti-E. coli antibodies immobilized on gold-coated magnetic 

nanoparticles is first used to selectively separate and concentrate E. coli from the rest of the sample. 

Then, the resultant complex is allowed to form a sandwich with the anti-E. coli antibodies immobilized on 
gold nanorods for identification and quantification of E. coli using the SERS signal originated from the 

Raman reporter encoded in gold nanorods. Using this approach, they were able to achieve 8 CFU mL−1 

LOD and 24 CFU mL−1 limit of quantification. 

 

Figure 2. Direct, label-free cell membrane biomarker detection in bodily fluid using SERS. (Top) 
Photographs of a healthy and three types of keratoconjunctivitis, an infectious eye disease. Raman 
spectrum of (bottom left) a normal eye fluid and (bottom middle) fluid from the three types of eye 
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infections. (Bottom right) PCA score plot classifying the normal and the three infected eyes based on the 
SERS spectra. Reproduced with permission from Reference [91] American Chemical Society (2016). 

In general, immunoassays (traditional and SERS-based) that use protein biomarkers are still the most 
commonly used, widely studied, and even integrated into the commercialized diagnostics. However, in 

moving forward, we have two main important challenges to overcome; (i) the need for a known antibody 
for each protein biomarker and the cost associated with the production of antibodies for indirect SERS 
detection, and (ii) the complexity of the intrinsic SERS signature of proteins in direct SERS-based detection 
schemes. On a positive note, we believe that the current progress in finding alternatives to monoclonal 
antibodies, such as aptamers, and the machine learning for complex spectral analysis could contribute to 

overcome the abovementioned issues. 

2.3. Metabolites as Biomarkers 

In comparison to proteins and nucleic acids, cellular metabolites are not yet a common biomarker 
for SERS-based pathogen detection [74,77,78,83,87,90]. Metabolic processes can differ between bacteria 
that cause infections, therefore certain metabolites are targeted for increased specificity. Intrinsic SERS 
of metabolites is mostly used in direct SERS detection methods [74,78,87]. With the lack of work done on 

metabolites compared to proteins and nucleic acids, detection schemes are limited. Zughaier et al. 
targeted pyocyanin (PCN), a major secondary metabolic biomarker of Pseudomonas aeruginosa, which 
can cause pneumonia and urinary tract infections [78]. They and other groups reported above 90% 
sensitivity that can be achieved using similar bacterial metabolites [74,78,87]. Extensive background 
knowledge of the bacterium is necessary to understand the proper sample preparation and where the 

largest concentration of the metabolite resides. Sample fluids for metabolite detection of a bacterial 
pathogen can vary, ranging from clinical sputum, cerebrospinal fluid (CSF), to blood samples [74,78,90]. 
Sample preparation for metabolites can be challenging. Device substrates such as a “lab-on-a-chip” SERS 
platforms are common for metabolite detection. Ziegler et al. used an aggregated gold nanoparticle-

covered silica substrate as a SERS substrate to detect urinary tract infection pathogens [87]. They used an 
in situ, two-step reduction method to synthesize the aggregated gold nanoparticles on the silica substrate 
(Figure 3). With this device, they directly detected the vibrational modes of nucleic acid metabolic 
degradation metabolites such as adenine, hypoxanthine, xanthine, guanine, uric acid, and adenosine 
monophosphate. Direct detection suits for this method because of the varying concentrations of 

abovementioned metabolites in the extracellular region of different bacterial strains creating unique, 
intrinsic SERS spectra. Their work displayed >95% sensitivity and >99% specificity for direct SERS detection 
of target metabolites. With current methods achieving high sensitivities, metabolite detection does have 
a promising future in POC applications [74,78,87,90]. While it is still in its infancy to exploit the metabolites 

of the pathogen in the SERS biosensing assay, in our opinion, the metabolites could be one of the best 
biomarker options as they facilitate simple label-free SERS detection. Simplicity in the assay development 
and the detection scheme could be highly favorable for POC applications. We hope that more metabolite-
based SERS diagnostic assays 

will be seen in the future as biologists better understand the molecular level processes of the pathogens. 
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Figure 3. (Top Left) Sample preparation steps for urine samples spiked with bacterial strains of urinary 
tract infection (UTI) clinical isolates for SERS-based direct detection of nucleic acid metabolites. (Right) 
SERS spectra of 12 different UTI bacterial strains exhibiting unique biomarker signatures that were 
produced from sample on an aggregated gold nanoparticle-covered silica substrate. (Bottom Left) Intrinsic 
SERS spectra of seven key metabolite biomarkers used in the differentiation of the 12 UTI bacterial strains. 
Reproduced with permission from Reference [87] Springer (2017). 

3. Mosquito-Borne Infections 

Mosquito-borne diseases such as Malaria, dengue, West Nile Virus, River Valley Fever, and Zika are 
caused by either a virus or parasite, and they have gained the most attention in the global health-focused 

communities for the last few decades. These diseases are usually diagnosed by a blood test to identify the 
presence of parasites or virus. In order to improve the timely diagnosis of mosquito-borne infectious 
disease, specific biomarkers must be analyzed through more robust diagnostics. Herein, we discuss 
advances in the SERS-based approaches for the sensitive detection of mosquito-borne infectious disease 
biomarkers. 

3.1. Nucleic Acid Biomarker Detection 

Nucleic acids, both DNAs and RNAs (coding and non-coding), are valuable biomarkers for infectious 

disease detection. In 2011, Zhang et al. designed a proof-of-concept SERS assay to detect DNA 
oligonucleotides obtained from the West Nile virus (WNV) genome. They used the classical sandwich assay 
where hybridization between the complementary oligonucleotide probes covalently linked to 
paramagnetic nanoparticle (capture probe) and Raman-reporter conjugated-gold nanoparticles (reporter 
probe) and the target DNA sequence to design an indirect SERS assay for WNV detection [92]. They later 

simplified this method to do multiplexed detection of viral DNA of WNV and Rift Valley virus (RVFV) and 
also intensify the SERS response by magnetic enrichment [93]. They used a capture probe attached to a 
gold-coated paramagnetic nanoparticle that have both magnetic and SERS properties, and a reporter 
probe with a Raman tag as the key components. Each of these probes has specific complementary 

oligonucleotide sequences to the opposing ends of the target WNV DNA sequence. In the presence of the 
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target DNA, a hybridized complex between capture–target–reporter probe is formed. It is then 
magnetically enriched using Au-coated paramagnetic nanoparticle and the SERS signal is recorded. Herein, 
the capture of target DNA is indirectly detected by monitoring the SERS spectrum of the Raman tag 

associated with the reporter probe. The LOD was determined to be in the low nanomolar range (20–100 
nM) requiring only 1 h for the assay. 

Lab-on-a-chip SERS substrates are another common approach for DNA biomarker detection. The Vo-
Dinh group at Duke University developed a bioassay-on-chip using plasmonic bimetallic nanowave to 
detect dengue viral DNA [94]. They used gold and silver nanowaves to develop a highly sensitive SERS 

substrate, which was subsequently functionalized with reporter probes carrying a Raman tag for dengue 
viral DNA. They designed a new type of reporter probe with a placeholder, which is covalently linked to 
the plasmonic nanowaves. In the absence of the target sequence, the reporter probe and the placeholder 
maintain a partially duplex complex. It keeps the Raman tag at the end of the reporter probe away from 

the SERS substrate at a distance where the SERS effect is negligible and therefore no significant SERS signal 
is detected—SERS “off” state. In the presence of target viral DNA, placeholder hybridizes with the target 
DNA, leaving the reporter probe to form a hair loop. 

This hair loop structure brings the Raman tag back into very close proximity to the SERS substrate 

(SERS “ON”) hence producing a measurable SERS signal. The LOD of this approach was determined to be 
6 attomoles. The same group later developed another simpler detection strategy based on sandwich DNA 
hybridization to detect malaria DNA biomarkers [95]. The target DNA was identified using single 
nucleotide polymorphism discrimination via ultrabright SERS nanoparticles known as nanorattles and then 
enriched using magnetic beads. The ultrabright nanorattles are functionalized with SERS reporter DNA 

probes and the magnetic beads are coated with the capture DNA probes. Once the target DNA is 
introduced, complexation of magnetic beads and nanorattles takes place due to the sandwich DNA 
hybridization between target-capture and reporter DNA probes. This allowed them to concentrate 
hybridized complex in a localized position using a magnet for SERS measurements and achieve LOD at 3 

picomolar. 

The most recent work by the Vo-Dinh group reported a highly sensitive SERS-based diagnostic assay 
to detect Malaria ribosomal RNA (rRNA) in blood lysates without target amplification [96]. They 
introduced a lab-in-a-stick portable device concept that process blood samples for SERS-based detection 
of 18s rRNA (unamplified) from the Malaria parasite (Figure 4). Their detection strategy involves 

ultrabright SERS-encoded nanorattles. The nanorattle-based sandwich assay used magnetic beads 
functionalized with capture probes and nanorattles with reporter probes. In the presence of target, 
hybridized nanoparticle complex forms a pellet, which is localized inside the capillary tube using a magnet 
while leaving any unreacted analytes or other biological components behind. Passing the pellet through 

different washing compartments inside the capillary tube with the assistance of a magnet, non-specific 
binding can be largely eliminated/removed, thereby ensuring high specificity in the recorded SERS 
measurements. The most appealing feature of this approach is that it involves no RNA extraction nor PCR 
amplification yet achieves an LOD at 200 fM in Malaria-infected blood samples, which exhibits more field-
transferable characteristics for a SERS diagnostic assay. 
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Figure 4. (a) Direct detection of plasmodium falciparum, malaria parasite, using an unamplified DNA and 
RNA biomarker. RNA biomarker sequence hybridized to the capture probe sequence on a magnetic bead 
and the reporter probe sequence on an ultra-bright SERS nanorattle with in a lab-in-a-stick device 
detection scheme. (b) SERS spectra displaying malaria synthetic DNA versus blank and (c) Malaria 
synthetic DNA with a concentration range of 10 fM to 1 nM. (d) Quantification of target DNA using the 

SERS intensity at the reporter signature peak at 930 cm−1, (e). Malaria P. falciparum 18s rRNA detection in 
blood lysate. Reproduced with permission from Reference [96] Scientific Reports (2018). 

3.2. Proteins 

Antibodies are used in immunoassays to detect protein biomarkers associated with infectious 
diseases. Brolo et al. used SERS nanoprobes in an immunoassay to detect Zika virus [97]. They used gold 

shell-isolated nanoparticles as the SERS substrate, where a Raman reporter (Nile Blue) is embedded in a 
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silica shell to prevent leaching and the silica surface is functionalized with monoclonal anti-Zika NS1 
antigens. This method was able to ensure high specificity that they observed no cross-reactivity with DENV 
NS1 antigens and to provide 10 ng/mL LOD for ZIKV NS1. In 2010, Johnson et al. focused on designing a 

SERS immunoassay to detect the WNV. They used WNV antigen-coated gold nanostars and matchite green 
Raman reporter-conjugated proteins. When the antigen functionalized gold nanostars captures the target 
WNV proteins, it can be detected using the Raman spectral signature of matchite green. The LOD of this 
SERS immunoassay was determined to be 2 ng/mL while resulting sensitivity of 50 pg/mL [98]. Later, they 
designed another type of SERS immunoassay to detect the surface envelope and capsid antigens of WNV 

and RVF. Raman reporter coated-gold nanoparticles and paramagnetic nanoparticles were conjugated 
with disease specific polyclonal antibodies, which resulted LOD near 5 fg/mL [99]. Then, in 2018, they 
reported multiplexed immunoSERS for the detection of viral pathogenic antigens associated with WNV, 
RVF, and Yersinia pestis [100]. Both magnetic nanoparticles and SERS reporter-embedded silica-coated 

gold nanoparticles were functionalized with the polyclonal antibodies in order to capture the disease 
specific antigens. An external magnetic field was used to aggregate the antigen-, magnetic nanoparticle-, 
and silica-coated gold nanoparticle complex. The unique SERS spectrum of the Raman tags embedded in 
the silica-coated gold nanoparticles was then used to indirectly detect each captured antigen, which has 
enabled the multiplexed SERS-based protein biomarker detection with the LOD at 10 pg/mL. 

Protein-induced plasmonic nanoparticle aggregation has also been used to detect protein 
biomarkers using their intrinsic SERS signatures (direct SERS). Kah et al. used gold nanostars (GNS) to 
design an approach for label-fee direct SERS detection of Enterovirus 71 (EV71) [101]. This approach is 
very attractive for POC diagnosis given the fact that it is based on the intrinsic SERS of proteins (Figure 5). 

In this study, GNS were conjugated to a recombinant scavenger receptor class B, member 2 (SCARB2) 
protein, which has an established affinity for EV71. When the GNS-SCARB2 is introduced to the infected 
sample, they conjugate to EV71hence facilitating the direct detection of EV71 while preventing GNS 
aggregation. This method has yield LOD comparable to other approaches at 106 to 108 pfu/mL. In addition, 
the high sensitivity (107 pfu/ mL), low amount of sample preparation, and only 15-minute analysis time 

are favorable characteristics, which make this assay more appealing for POC applications. Recently, 
Hamad-Schifferli’s group developed a multiplexed SERS-based dipstick immunoassay to distinguish 
between Zika and dengue [102]. In this study, they used SERS tags-encoded GNS conjugated to Zika and 
dengue specific antibodies to detect nonstructural protein 1 (NS 1) specific to Zika and dengue as the 

biomarkers (Figure 6). This diagnostic assay combined the simplicity of lateral flow assay (LFA) with the 
high sensitivity of SERS where 15-fold and 7-fold LOD for Zika and dengue biomarkers, respectively. Serum 
and saliva have also been used as sources of diagnostic protein biomarkers for mosquito-borne diseases. 
Ray et al. used anti-flavivirus 4G2 antibody conjugated gold nanoparticle with Raman probes to detect 
dengue and WNV in serum samples. The LOD was determined to be 10 PFU/mL for both dengue and WNV 

due to the plasmon coupling in nanoassembly [103]. 
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Figure 5. Direct, label-free SERS-based detection of enterovirus 71 using gold nanostars conjugated to 
recombinant scavenger receptor class B, member 2 (SCARB2) protein. (a) Schematic representation of the 
enterovirus 71 detection by SCARB2 protein- functionalized gold nanoparticles. (b) SERS spectral 
differences of AuNS-SCARB2 in the presence of EV71 in comparison to other control proteins, which 
indicates analytical specificity of this approach and (c) concertation dependence of the SERS intensity of 
the AuNS-SCARB2- EV71 conjugate. Reproduced with permission from Reference [101] American Chemical 
Society (2011). 

  
Figure 6. Multiplexed SERS-based indirect detection of Zika and dengue using dipstick sandwich 
immunoassay. (top left) Schematic diagram of dipstick immunoassay where sandwiches are formed by 
each antibody pair, NS1, and gold nanostars–Ab conjugate for both ZIKV and DENV NS1. SERS spectra of 
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(top left) Zika and (bottom left) dengue test line separately and (bottom right) both Zika and dengue in 
the same test line. Samples: The control (C) (gray), ZIKV NS1 (blue), DENV NS1 (cyan), and a mixture of 
ZIKV and DENV NS1 (yellow). Reproduced with permission from Reference [102] American Chemical 
Society (2011). 

3.3. Metabolites as Biomarkers 

Changes in the red blood cells (RBC) have been traditionally used to detect mosquito-borne infection, 
and it has also been found that some of the molecular changes in RBC can also be detected using SERS to 

potentially achieve high diagnostic sensitivities. Zhao’s group at the University of Georgia used the SERS 
spectral features apparent in RBC infected with Plasmodium falciparum (iRBC) to differentiate varying 
stages of the parasite in the blood as iRBC at different post-invasion times exhibit different cell membrane 
modifications [104]. In this study, they analyzed and compared the intrinsic spectral signatures of healthy 
RBC and iRBC on silver nanorod array substrates. For instance, a unique SERS peak at ∆v = 1599 cm−1 for 

ring stage iRBCs, and a SERS speak characteristic to trophozoite, and schizoid stages were at ∆v = 723 cm−1 

identified while none of them were present in healthy RBC (Figure 7). This intrinsic SERS-based assay 

reported 1.5 ×	107/mL LOD for both RBCs and iRBCs. In addition, there are several other reports that uses 
either Raman or resonance Raman to identify the erythrocyte membrane alterations at iRBC at different 
post-invasion times [105–108]. 

Hemozoin, a metabolite found in malaria-infected blood has also been used as a biomarker for early 
malaria diagnosis [109–112]. In 2012, Yuen et al. used SERS-active magnetic nanoparticles composed of 
iron oxide core and silver shell to detect hemozoin in iRBC based on its intrinsic SERS signature [113]. 
Hemozoin, which is paramagnetic in nature, was enriched using an external magnetic field on the iron 

oxide core and then the amplified SERS signal on silver shell was measured. They observed that the SERS 
signal without the use of the magnetic field is about two orders of magnitude lower than signals reported 
without the magnetic enrichment (Figure 7). The LOD for β-hematin was determined to be 5 nM, which is 
approximately equivalent to 30 parasites/µL present at the early stages of malaria infection [113]. The 

same group later developed a method for SERS-based hemozoin detection in iRBC using only plasmonic 
nanoparticle, but with no need for an external magnetic field [109]. This improvement was done in order 
to eliminate any additional variation in SERS readings that could have originated from the magnetic 
enrichment and hence improve the SERS-based quantification capability. They used two approaches; (i) 
synthesized silver nanoparticles in the blood or (ii) pre-synthesized silver nanoparticles added to a blood 

sample. The first approach has exhibited lower variation in the SERS measurement, which could be more 
suitable for quantification of the parasitemia level. On the other hand, the second method has resulted in 
a higher sensitivity, with the LOD as low as 0.00005% parasitemia level in the ring stage, which is 
approximately 2.5 parasites/µL of blood. The reported LOD is comparable to the most sensitive detection 

techniques currently available, thus this approach could be more effective in early malaria diagnosis. 
Wood et al. also developed a novel SERS platform, which is composed of gold-coated butterfly wings for 
SERS-based direct detection of malarial hemozoin in lysed blood samples [114]. Using this new SERS 
platform, they identified key characteristic spectral features of the hemozoin in the iRBC lysate (e.g., 
strong pyrrole in-phase breathing vibration peak at 1375 cm−1) that indicate the presence of early-ring 

stage parasitemia levels and provided the LOD between 0.0005% and 0.005%. 
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Figure 7. SERS-based malaria metabolite detection. Intrinsic SERS signature of infected red blood cells 
(iRBC) using silver nanoparticle substrates. (top right) iRBCs with different infection time (up to 24 h: ring 
stage, after 32 h: late-stage trophozoite and schizont stage iRBCs). (bottom left) Principle component 
analysis (PCA) score plot for RBCs and different stages of iRBCs based on their SERS spectra. (bottom right) 
The SERS spectra of the mixtures of RBCs and schizont stage iRBCs at varying percentages. Reproduced 
with permission from Reference [104] Science Direct (2016). Detection of β-hematin crystals in blood as 
a malaria metabolite biomarker using magnetic nanoparticles with iron oxide and a silver shell. (a) 
Intrinsic SERS spectra showing the unique peak profile of β-hematin at varying concentrations and (b) 
changes in concentration of the target biomarker. Reproduced with permission from Reference [113] SPIE 
(2012). 

4. SERS-Based Diagnostic Devices and Assay Platforms 

Integration of biosensors into technological platforms/prototypes for field testing is critical in its 

transformation from the bench to the clinics or field. In particular, The World Health Organization (WHO) 
has identified the characteristics of a POC diagnostic that are appropriate for even the lowest-resource 
limited settings. They coined the acronym “ASSURED” to highlight affordable, sensitive, specific, user-
friendly, rapid and robust, equipment free, and deliverable to users as the main characteristics of a 
diagnostic biosensor. While accuracy, accessibility, and affordability are the three main important factors, 

some characteristics have to be traded off to prioritize others based on the application. 
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Among many different approaches, microfluidic devices, lateral-flow assays, and lab-on-a-chip assays 
are the most common diagnostic assay platforms that have been developed and tested for infectious 
diseases [94,115–120]. SERS-based assays have been integrated into these devices to be used for both 
qualitative and quantitative biomarker detection [7,8,70,73,91,94,121–124]. Integration of SERS detection 
schemes into lateral flow assays are commonly seen in the recent work related to infectious disease 
diagnosis [91,122]. Paper-based immunoassays such as LFA are desirable at the POC as they are cost-
efficient and can be user friendly for a non- technically specialized end user. For instance, Choo, et al. 
developed a simplified LFA using hollow gold nanoparticles encoded with Raman tags and functionalized 
with antibodies as the SERS detection probe to specifically capture and detect staphylococcal enterotoxin 
B (SEB), which is a common food-poisoning pathogen (Figure 8) [122]. This approach was able to yield highly 
sensitive quantitative detection of SEB based on the SERS signals measured at the test zone, where the SEB-
antibody conjugated SERS probe complex exist. The reported LOD for SEB using this SERS-based LFA strip 
was estimated to be 0.001 ng mL−1, which is in the range required for SEB to cause intoxication (less than 1 
ng mL−1). In comparison to the enzyme-linked immunosorbent assay (ELISA)-based method, the SERS-based 
LFA provides approximately three orders of magnitude higher detection sensitivity. Hamad-Schifferli’s 
group also developed LFAs using SERS nanotags for dengue and Zika detection [70,125]. The importance of 
their study is that they systematically examined the importance of gold nanostar morphological features 
and Raman reporter selection in order optimize the SERS enhancement and multiplexed detection in LFAs, 
respectively. They investigated the effect of the morphological features of gold nanoparticles 
(spherical vs. star-shaped and the varying tip curvature of gold nanostars) as SERS substrates on the 
sensitivity of SERS-based LFA [70]. The SERS enhancement of the Raman reporter molecules 1,2-bis(4-
pyridyl)ethylene and 4-mercaptobenzoic acid were optimized and compared using different types of gold 
nanoparticles for multiplexed detection of zika and dengue non-structural protein 1 (NS1). They concluded 
that the nanoparticles with sharp tips such as nanostars provide higher enhancement factors, hence 
enabling higher sensitivities in SERS immunoassays. In addition, they also observed that the SERS intensity 
distribution within the test zone is greater in the area where the fluid first encounters the immobilized 
antibody, and such factors can be used to strategically design LFA to decrease the overall assay cost. In 
2018, the same group focused on selecting Raman reporters for quantitative multiplexed SERS detection of 
protein (IgG) biomarkers in a dipstick immunoassay [125]. In this study, gold nanostars conjugated to 
polyclonal anti-human IgG antibodies were tagged with 15 different Raman reporters. They used machine 
learning to evaluate the spectral overlap and quantitative contribution of Raman reporters. Using the 
information gathered from the comprehensive correlation matrix analysis, they were able to select multiple 
reporters that provide sufficient spectral resolution and higher quantitative accuracy in multiplexed SERS-
based igG biomarker detection in LFAs. 
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Figure 8. SERS-based diagnostic devices and assay platforms. Lateral flow assay (LFA) designs: (a) 
Representation of a traditional LFA and a SERS-based LFA that utilized Raman reporter-labeled hollow gold 
nanospheres to detect the presence of staphylococcal enterotoxin B (SEB). (b) Average SERS spectra at the 
mapping area of the test zone for varying concentrations of SEB. (c) SERS maps acquired using a peak 

intensity at 1650 cm−1 for varying concentrations of SEB concentrations. (d) Photograph of the LFA strip at 
varying concentrations of SEB concentrations. Reproduced with permission from Reference [122] Royal 
Society of Chemistry (2016). Microfluidic devices. (a) Microfluidic device used for the detection of 
Entamoeba histolytica using antigen as the biomarker. (b) Schematic representation of an indirect 
detection scheme designed to detect Entamoeba histolytica antigen biomarkers. It uses gold nanoparticle 
clusters functionalized with aromatic thiols as Raman reporters. (c) The duplex detection of pathogen in 
the three-channel microfluidic device using false-color SERS images and the corresponding average SERS 
spectra. Reproduced with permission from Reference [7] American Chemical Society (2014). 

Microfluidic SERS immunoassays using antigen–antibody interactions are also a popular device 
architecture for POC infectious disease detection in clinical samples [7,73,124]. Trau et al. developed a 
conceptually new SERS diagnostic assay integrated into a microfluidic devices for duplex detection of two 
antigen biomarkers of the Entamoeba histolytica pathogen [7]. The bioassay platform was designed using 
a glass chip-coated with Raman tags-encoded gold nanoparticles (SERS substrate) which was then then fixed 
into a microfluidic device (Figure 8). The glass chip (SERS substrate) is comprised of multiple channels that 
carry different Raman tags-encoded gold nanoparticles for multiplexed detection of antigens. In order to 
reduce the cost associated with the device fabrication, this platform used inexpensive nanoyeast single-
chain variable fragments (NYscFv) reagents instead of antibodies as the recognition moieties of antigen 
biomarkers. Using this new SERS-based microfluid bioassays, they achieved highly specific and highly 
sensitive detection of individual E. histolytica antigen EHI_115350 and EHI_182030 at the LOD of 1 pg/mL 
and 10 pg/mL, respectively. Overall this microfluid device exhibits greater potential as a SERS-based 
analytical platform for high throughput multiplexed detection of pathogen antigens. Konkel et al. 
introduced a microfluidic system coupled to a “lab-on-a-chip” system that enables label-free SERS-based 
rapid detection and differentiation of Staphylococcus aureus (MRSA) and methicillin-sensitive S. aureus 
(MSSA) in clinical isolates [73]. This integrated device is based on the working principle of an optofluidic 
system where the SERS detection is carried under controlled flow conditions as opposed to traditional 
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stationary conditions. A microfluidic SERS-based assay with an optofluidic design provides many advantages 
such as highly reliable handling of small sample volumes and high sample throughput. By coupling the novel 
optofluidic-based “lab-on-a-chip” detection system to a confocal micro-Raman spectroscopic system, they 
were able to use the intrinsic SERS signature of MRSA and MSSA to investigate their epidemiology in clinical 
samples isolated from infected humans. 

5. Conclusions and Outlook 

The work highlighted in this review demonstrates the greater potential and the POC applicability of 
SERS spectroscopy as a bioanalytical technique for both qualitative and quantitative infectious disease 
diagnostics using biomarkers ranging from nucleic acids to proteins to metabolites. Intrinsic SERS enables 
the monitoring of the molecular structural changes of biomarkers during disease progression, and Raman 
labels- and molecular recognition elements-assisted indirect SERS detection of biomarkers offer versatile 
POC diagnostic potentials. Enabled by the excellent optical properties of plasmonic nanomaterials, the high 
sensitivity, selectivity, and multiplexing capability of SERS-based bioassays, collectively, offer characteristics 
of a powerful diagnostic tool that can be integrated into field-transferable devices for early and rapid 
infectious disease detection. 

While many of the SERS-based techniques demonstrate excellent and versatile biomarker detection 
capabilities, it is crucial to reconsider the sensory characteristics and practical needs for their clinical and/or 
POC applications. In order for SERS-based sensing platforms to reach the front line of the POC detection, 
technique standardization and validation is highly important. The performance of the SERS-based diagnostic 
assays mainly depends on the quality of plasmonic nanomaterials and the nano-bio functional interface. 
Therefore, we have to address two main aspects of the nanoparticles-based SERS diagnostic systems to 
further advance them for POC diagnosis; (i) both the SERS signal stability and the SERS enhancement factor 
depend on the quality of the plasmonic NPs. Therefore, it is vital to ensure the batch-to-batch consistency 
and reproducibility of plasmonic nanoparticles-based SERS substrates for reliable and quantitative SERS-
based biomarker detection. (ii) In addition, the careful fabrication of the functional nano-bio interface is 
critical to obtain high diagnostic specificity and accuracy. Thus, synthetic approaches for stable and 
reproducible surface functionalization of SERS substrates with molecular recognition elements and surface 
passivation ligands are needed. It will help eliminating non-specific biological interactions hence reducing 
SERS spectral interference and ensuring colloidal stability for stable SERS signal acquisition. An appreciable 
amount of effort is currently being invested by the research community to investigate these fundamental 
aspects of the nanoparticle-based SERS diagnostic assays [7,17,70,73,125,126]. Combining the current 
exponential improvement in both fundamental chemistry and device engineering, the widespread use of 
SERS-based diagnostics for infectious diseases at the POC and clinical setting is only a very few years away 
from us. 
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APPENDIX B 
 
 

The information provided in this section is for the Ag@AuNS SERS substrate 

development. The synthesis of the AuNS for the Ag@AuNS substrate followed a two-

step procedure. The first step was the synthesis of 12 nm spherical gold nanoparticles 

(AuNP) to function as the core of the second step branch formation. Below in Figure B1 

is the UV-VIS and TEM data for the AuNP stock solution. The synthesis was performed 

using the Turkevich method and provided AuNP with an average size of 12.9 nm ± 0.8 

nm. The max wavelength of the AuNP from the UV-VIS data is 521 nm. Successful 

synthesis of AuNP allowed for use of solution in the second reduction of gold to form the 

AuNS. 

Figure B1. UV-VIS and TEM data for synthesized 12 nm AuNP solution. 
The max wavelength of absorbance resides at 521 nm. The average size of 
the AuNP was calculated using ImageJ and determined to be 12.9 nm ± 0.8 
nm.  
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Multiple silver coating trials were performed in order to determine the optimal 

amount of silver nitrate to use for developing the Ag@AuNS. Three different 

concentrations of silver nitrate were used: 50 mM, 25 mM and 10 mM. 10 mM addition 

of silver nitrate was performed at two different volumes to see if any improvements could 

be made to the UV-VIS results (Figure B2). The results for the 25 mM and 10 mM 

reactions show very broad absorbance which indicates either the formation of silver 

nanoparticles or a varying distribution of the silver over the AuNS. The 50 mM silver 

nitrate addition, based on a narrower wavelength range of absorbance, was determined 

the best of the silver coating trials. The TEM of the 50 mM silver nitrate addition 

substrate can also be found in Figure B2. 

 

Figure B2. UV-VIS comparison of the 50 mM, 25 mM and 10 mM silver nitrate 
coating additions for the formation of Ag@AuNS. TEM image (inset) is the 50 
mM silver nitrate sample that displayed the best UV-VIS profile. 
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During the Ag@AuNS substrate synthesis, 4-MBA was used as a placeholder Raman 

tag to understand how the silver would coat the samples with a tag embedded. For actual 

SERS measurements and use in the hybridization reactions, CVL was embedded as the 

Raman tag of choice. However, after running blank SERS measurements (capture probe 

spectral profile) and low concentration hybridization reactions in buffer, a spectral 

overlap was observed (Figure B3). This spectral overlap was prominent only at low 

concentrations making it difficult to distinguish the complexes versus the blank 

measurements. The CVL Raman profile shows Raman bands with good resolution at 

1607.81 cm-1, 1440.92 cm-1, 1353.84 cm-1, and 1157.57 cm-1. When analyzing the blank 

and 200 nM hybridized complex SERS measurements there is an overlap at all of these 

peaks which makes developing a biosensor with a low limit of detection difficult. Thus, 

choosing another Raman tag was necessary to find a Raman band that does not have 

spectral overlap with the blank measurements.  
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After consulting literature on different Raman tags used and their spectral profiles, 

Rose Bengal dye was determined to be a good fit for the work in this thesis. SERS 

measurements were taken to compare Rose Bengal, CVL, and hybridization blank 

measurements (Figure B4). Rose Bengal does show some overlap of the CVL Raman 

bands at 1607.81 cm-1 and 1157.57 cm-1. In spite of these two peaks overlapping, Rose 

Bengal shows other notable peaks at 1489.11 cm-1, 1292.10 cm-1 and 1267.21 cm-1. The 

intensity of the 1489.11 cm-1 peak relative to the other peaks makes it the ideal Raman 

band to use for detecting the nucleic acid biomarker in hybridization reactions. Not only 

is this the dominant peak in the Rose Bengal profile but the 1489.11 cm-1 position shows 

Figure B3. Comparison of SERS spectral profiles for CVL, 200 nM 
hybridized complexes, and blank hybridization measurements. All 
measurements were obtained with five replicates using the 638 nm laser 
excitation, one second acquisition, and 10 accumulations. Spectral overlap 
between the 200 nM complexes and the blanks can be observed at the CVL 
main peaks 1607.81 cm-1, 1440.92 cm-1, 1353.84 cm-1, and 1157.57 cm-1.   
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the lowest intensity in the blank measurement spectral profile. These factors were the 

main reason that Rose Bengal dye was used at the Raman tag throughout this thesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure B4. Comparison of Rose Bengal dye, CVL, and blank 
hybridization SERS measurements. Measurements were obtained 
using the 638 nm excitation, one second acquisition, and 10 
accumulations. The dominant Rose Bengal peak at 1489.11 cm-1 
showed no overlap with the blank signal measurements, thus 
making it the peak of interest for the hybridization reactions. 
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APPENDIX C 
 

Synthesis of the novel Au@AgNS substrate required multiple attempts at applying 

the gold coating onto the AgNS surface. As mentioned in the main text, two methods 

were attempted for reducing gold onto the AgNS: CTAB surfactant stabilization and 

chitosan biopolymer. For the CTAB gold coating method, four different volumes of 0.1 

M gold (III) chloride solution (20 µL, 50 µL, 100 µL, and 200 µL) were added in 

different trials as an attempt to optimize Au@AgNS synthesis. Abbreviations for these 

samples correspond to the CTAB coating and the volume of 0.1 M gold solution used in 

microliters (CTAB20, CTAB50, CTAB100 and CTAB200). The UV-VIS data for these 

samples (Figure C1) indicate the lower two volumes of gold addition produce substrates 

that interact with light in the visible region with some homogeneity of the formed 

particles. However, the absorbance of particles CTAB20 (20 µL addition) and CTAB50 

(50 µL addition), is still broad across a few hundred nanometers. Analyzing the TEM 

images were the next step in identifying which substrate would work best for the CTAB 

coating method.  
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The TEM images for all four CTAB samples can be found below in Figure C2. 

CTAB100 and CTAB200 show a spherical morphology with short branches which do not 

match the original shape of the AgNS used for the synthesis of these substrates. Of the 

two substrates of interest CTAB20 and CTAB50, the CTAB20 sample produced 

substrates that retained some of the original morphology from AgNS. This combined 

with the UV-VIS data indicated that CTAB20 was the best of the four CTAB methods for 

synthesizing Au@AgNS. Once a substrate using the CTAB coating method was 

produced, it was compared to the best chitosan substrate for determining which would be 

the best Au@AgNS substrate. 

 

 

 

Figure C1. UV-VIS data for the four different CTAB coating 
methods to synthesize Au@AgNS. Each trial is denoted by the 
word CTAB with the number corresponding to the volume 
(µL) of 0.1 M gold used in each reaction. 
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For chitosan only two different trials were attempted using a similar approach as the 

CTAB trials. Only the volume of gold was adjusted while keeping the other parameters 

the same. The two chitosan trials consisted of using 10 µL (chitosan10) and 25 µL 

(chitosan25) of a 0.1 M gold solution. With these trials a control sample was performed 

with the absence of AgNS in the reaction to see how the chitosan behaves with only 10 

µL of 0.1 M gold solution (control10). The UV-VIS and TEM can be found below 

(Figure C3) for the comparison of chitosan10 and chitosan25 plus the control10 sample. 

The UV-VIS profile for all of three of these samples were similar in shape; however, the 

higher absorbance of chitosan10 and chitosan25 indicates the substrate was made due to a 

higher interaction with the light in the spectrophotometer. The TEM also supports since 

the overall morphology of chitosan10 and chitosan25 shows larger clusters or coated 

AgNS compared to the control10 sample. Overall, the chitosan10 sample exhibits the 

A B 

C D 

Figure C2. TEM images for all four CTAB synthesized 
Au@AgNS. Images correspond to: (A) CTAB20, (B) 
CTAB50, (C) CTAB 100 and (D) CTAB200. Morphology 
indicates that CTAB20 is the closest to maintaining the 
original shape of the AgNS core. 
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original morphology of the AgNS much better than the chitosan25 sample. The 

characterization of chitosan10 displays the more optimized synthetic method than the 

chitosan25 sample and should be compared to the CTAB20 sample.  

 

 

 

 

 

 

A B C 

D 

Figure C3. TEM and UV-VIS characterization data for chitosan10, 
chitosan25 and control10. TEM images are in the order of: (A) 
chitosan10, (B) chitosan25 and (C) control10. D) UV-VIS data for all 
three samples. Chitosan10 and chitosan25 display similar profiles based 
on shape and absorbance compared to control10. 
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APPENDIX D 
 

For the blood lysate reactions, the focus of the work and quantification of the assay 

was performed while using the 638 nm laser excitation. In this appendix is the SERS 

spectra and calibration curve in blood lysate for the 785 nm laser excitation (Figure D1). 

The measurements were done using the same parameters as the 638 nm laser with the 

only switch being the laser excitation. The 785 nm laser was used to gain a better 

understanding of how changing the excitation could impact the SERS intensity after 

hybridization reactions in blood. The change of matrix from buffer to blood can cause 

complications in some systems which is why it was necessary to not only collect data 

with the 638 nm laser but the 785 nm laser as well. The overall counts for each 

concentration in the calibration range of 125 nM to 10 µM were much lower for the 785 

nm excitation. However, the blank signal measurements were also lower when using the 

785 nm excitation. The trend remained the same between the two laser types as seen in 

between the two calibration curves. The linear range of this assay was approximately 

from 125 nM to 1 µM. This data supports that either laser source can be used for the 

hybridization assay in blood lysate even with lower overall intensity. 
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Figure D1. Calibration curve and SERS spectra for hybridization reactions in 
blood lysate when using 785 nm excitation. Measurements were acquired using 
the 10x objective, one second acquisition and 10 accumulations. A) Calibration 
curve ranging from 125 nM to 10 µM concentrations. Error bars are from the 
standard deviation of the intensity across five replicate samples for each 
concentration. Linear range was approximately from 125 nM to 1 µM. B) 
Averaged SERS spectra for every concentration in the calibration curve plus the 
blank average signal. 
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