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Abstract 

The current COVID-19 pandemic has highlighted a need for rapid, point-of-care (POC) 

antibody testing. Antibody testing would allow for a determination of which members of 

the population have already been infected with the SARS-CoV-2 virus, and also which 

members have built up sufficient immunity after vaccination. Current POC diagnostic 

platforms which screen for antibodies in bodily fluids are typically either lateral flow or 

vertical flow based, and make use of labelled colloidal gold, which exhibits a red colour, 

as the visual interpretation for the test. In this thesis work, we are seeking to use the 

colloidal gold in these platforms as the enhancing element in surface-enhanced Raman 

spectroscopy (SERS) which would make such tests not only qualitative but also 

quantitative. For SARS-CoV-2 infections, this means that antibody levels could be 

monitored over time, which would be very useful. In this work, colloidal gold nanoparticles 

(AuNP) were synthesized, characterized and modified for use in such rapid test platforms. 

The AuNPs of varying diameters were characterized using UV-Vis and scanning electron 

microscopy. The SERS performance of the AuNPs was ascertained using a probe molecule 

as a tag. The AuNPs were modified with a capture agent and the SERS tag components, 

and were explored for use in a flow assay prototype. These results indicate that modified 

AuNPs in conjunction with SERS may be useful for quantitative readouts for COVID-19 

antibody testing platforms.  
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Introduction 

Overview of COVID-19 

 

A novel disease known as COVID-19 has recently surfaced as a result of a new 

strain of coronavirus. On March 11, 2020, COVID-19 was declared a global pandemic by 

the World Health Organization. The virus responsible for COVID-19 is the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2). COVID-19 is a respiratory disease 

and is related to the family of viruses that cause Severe Acute Respiratory Syndrome 

(SARS) and some viruses related to the common cold. The namesake of the new virus strain 

comes from the genetic similarities to the coronavirus strain that caused the SARS outbreak 

in 2003.1 Several symptoms of COVID-19 may present in infected individuals, including a 

cough, fever, difficulty breathing, among others. COVID-19 can be fatal and has a higher 

mortality rate for at risk populations, such as elderly individuals and those with chronic 

medical conditions or otherwise compromised immune systems. Some of the underlying 

medicals conditions that may place people in a higher risk category include cancer, 

cardiovascular disease, diabetes, among others.2 While fighting a COVID-19 infection, 

both the innate and acquired immune system are required. For populations who have 

weakened immune systems or those who are immunocompromised, the activation of the 

acquired immune system may be delayed, which can explain the higher mortality and 

morbidity of COVID-19 in those populations. When individuals of higher risk groups 

contract COVID-19, along with a higher mortality rate, they may be more prone to 

developing serious symptoms of COVID-19 with long-term effects. Additionally, in 

approximately 80% of all cases, infected individuals recover without the need for medical 

intervention, and experience mild illness similar to common influenza.3  
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The spread of COVID-19 can be slowed or prevented altogether by wearing masks, 

washing hands often with soap and warm water, staying home when sick, among other 

things. Fabric and disposable medical masks have been recommended for the general 

public, and the N95 mask should be reserved for healthcare professionals.4 Studies have 

been conducted which demonstrate the effectiveness of masks in protecting against the 

transmission of COVID-19. Konda et al. studied the aerosol filtration efficiency of common 

fabrics used in respiratory cloth masks and N95 masks.5 This study completed by Konda et 

al. is one example of a multitude of studies and research that has been completed relating 

to the COVID-19 pandemic.  

Several vaccines for COVID-19 have recently been evaluated and approved in 

Canada. To date, Moderna, Pfizer-BioNTech, AstraZeneca, and Janssen have had vaccines 

approved for use and other vaccines are currently under review. The Moderna and Pfizer-

BioNTech vaccines are mRNA vaccines. The mRNA vaccines provide information to cells 

on how to synthesize proteins that trigger an immune response against the SARS-CoV-2 

virus without using the live virus that causes COVID-19. Once the immune response is 

triggered, antibodies are made, which can help the body fight an infection if the SARS-

CoV-2 virus does infect the body in the future.6,7 The AstraZeneca and Janssen vaccines 

are viral vector-based vaccines. With the AstraZeneca and Janssen vaccines, an adenovirus 

is used as a delivery system, which is a type of harmless virus. The vector virus produces 

the SARS-CoV-2 spike protein, which is found on the surface of the SARS-CoV-2 virus. 

The body is able to recognize this protein as foreign and builds an immune response against 

the spike protein without ever having been exposed to the SARS-CoV-2 virus.8,9 The 

various vaccine types listed provide varying degrees of efficacy, but all vaccines 

demonstrate a significant reduction in hospitalizations and deaths. Vaccination is important 
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for the development of herd immunity in a population. Before the vaccines are readily 

available to the majority of the population, it is important to remain vigilant in preventing 

the spread of COVID-19 by taking preventative measures such as wearing masks and 

washing hands often to avoid transmission of the virus. 

The transmissibility of the SARS-CoV-2 virus has been studied extensively since 

the onset of the pandemic. Kawasuji et al. found that the viral load plays an important role 

in the transmission of COVID-19.10 The viral load refers to the amount or concentration of 

a virus in an infected individual’s blood. Higher viral loads were linked to severe COVID-

19 cases and lower viral loads were linked to milder cases of COVID-19. Treatment of 

COVID-19 can vary greatly between cases, and in severe cases with high viral loads, 

steroid treatments may be recommended rather than antiviral.11 This demonstrates the 

importance of quantitative rather than qualitative viral testing methods, as the viral 

concentrations can impact treatments when warranted.  

Various testing methods are used for the diagnosis of COVID-19. Polymerase chain 

reaction (PCR) tests, which are also called molecular tests, function by detecting genetic 

material of the SARS-CoV-2 virus and are considered the gold standard in viral diagnostics. 

Samples are collected via nasal swabs or throat swabs, and sometimes saliva samples are 

collected from tubes, for testing. Result time may vary depending on whether or not the 

test is being processed onsite (rapid testing) or if testing is taking place offsite in a 

laboratory. Offsite testing may take days or longer depending on the location of the test 

processing site and other processing delays, such as large testing volumes. PCR tests are 

generally very accurate. The rapid viral testing method is less accurate than PCR tests and 

may miss some positive cases, or result in false positive tests. Usually, positive rapid test 

results are confirmed via offsite laboratory PCR testing, due to their high accuracy.12,13  
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Antigen testing is another testing method used for COVID-19 diagnosis. Antigen 

tests function by detecting proteins associated with the SARS-CoV-2 virus. Nasal swabs 

can be used to collect samples and rapid test results are available quickly where onsite test 

processing is available. Similar to PCR testing, samples for antigen testing may be 

processed offsite in a laboratory for analysis, with longer processing times. False negative 

test results occur at a higher rate with antigen tests than PCR tests. As a result, a PCR test 

may be recommended to confirm a negative antigen test result.13 COVID-19 testing is 

important for a number of reasons. Individuals who test positive and need treatment can 

get treatment earlier. Increased testing allows for increased contact tracing for confirmed 

positive cases, which can lead to less transmission as confirmed contacts can quarantine. 

Isolating confirmed cases and close contacts can help prevent future outbreaks of the 

disease. Further, testing can help track the number of individuals who are infected in an 

area, which provides information concerning the level of risk in a community. Testing data 

can impact public health guidelines in communities.14 No existing technology can provide 

100% accurate test results, so it is important to follow public health guidelines regardless 

of COVID-19 diagnostic test results.  

 

Antibody Testing  

 

As a result of the current COVID-19 pandemic, rapid and reliable tests are 

necessary in order to track individuals who have been infected with, and have immunity to, 

the novel coronavirus. Antibody testing, also known as serology testing, is typically 

completed following a recovery from COVID-19. The tests typically function by taking a 

blood or other serological sample and testing the sample to verify whether or not antibodies 
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exist in a sample, which would indicate antibodies have been developed against the virus 

after infection. Positive antibody tests indicate that antibodies have been produced in the 

body as a result of a past infection with COVID-19 or due to vaccine efficacy, and also 

indicate some degree of immunity.15 Studies are ongoing to determine whether antibodies 

protect against reinfection from COVID-19, the length of time immunity lasts, and the level 

of immunity provided. The timing of antibody testing is important since testing too early 

in an infection may not detect antibodies, so it is recommended to test for antibodies no 

earlier than 14 days after symptoms are observed. Along with indicating how many people 

have recovered from COVID-19, including those who may not have had symptoms, and 

determining those who may have immunity, antibody testing can help determine those who 

may be eligible to donate plasma. Plasma donations for COVID-19 can function to treat 

others with severe cases of the disease and boost their ability off fight off the coronavirus.13 

To date, various antibodies of SARS-CoV-2 have been studied, along with their 

characteristics. There are three relevant classes of antibodies of concern while considering 

human infections and immunity. These antibody classes include IgM, IgG, and IgA, and 

total antibody count is also a worthwhile datum while considering SARS-CoV-2 antibodies 

and are often results of interest of COVID-19 serology tests. Briefly, the IgM antibody is 

one of the first antibodies produced and able to be detected during a COVID-19 infection. 

The IgM antibody exists in the bloodstream as a pentamer, where five of the IgM antibodies 

join together in a ring form. This antibody is the largest by size found in the body, however 

it makes up only 10% of the total antibody count. IgG in comparison is the most abundant 

in the bloodstream, making up 80% of the total antibody count. IgG is the smallest antibody 

and exists as a monomer. IgG presents later on in a COVID-19 infection, when mature B 

cells of the immune system signal the switch from production of IgM to IgG. IgG is highly 
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specific and long-lasting in the immune system, which makes IgG an important antibody 

while working towards long-term immunity post infection. Finally, the IgA antibody exists 

as a dimer in the secretory system. The IgA antibody comprises a small portion of the total 

antibody count.16 Studies are ongoing to determine the decline of SARS-CoV-2 antibodies 

over time following acute infection. For example, one study found that over one quarter of 

individuals who had been infected with COVID-19 tested serologically negative 

approximately 60 days after initial serological testing for COVID-19. The observed decline 

in antibody levels may not indicate a loss of protective immunity or an increased risk of 

infection, and must be studied further.17 Finally, a decline in antibody levels overtime could 

relate to the requirement of booster vaccinations, in an effort to maintain high antibody 

levels over time.   

Technology already exists, and some technology is currently in development, to test 

whether individuals have already been infected with and therefore have some immunity for 

COVID-19. Briefly, a lateral immunoassay test could be modified in order to act as a 

COVID-19 antibody test. The modifications may take place on a common lateral flow 

immunoassay test, for example, a store-bought take-home pregnancy test, as well as a more 

advanced test kit. The lateral flow immunoassay tests can be used to detect various antibody 

target molecules. Commercial test kits have been developed for the SARS-CoV-2, which 

allow for at-home testing. Test results may be acquired for clinical and research uses, 

including studies concerning COVID-19 infection rates at specific community levels.17 

Carter et al. describe various assay techniques and tests possible for use in COVID-19 

antibody testing. Highlighted in their literature are increasing trends relating to diagnostic 

and serological tests for COVID-19.17 Much of the existing commercial test kit 
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development that allows for at-home testing was based on content in this literature, 

including lateral flow assay tests.  

Since the majority of rapid testing platforms, including lateral flow (LF) and rapid 

vertical flow (RVF) assays use gold nanoparticles modified with capture agent as the visual 

readout, it makes sense to couple such platforms with spectroscopic techniques which rely 

on these noble metal nanoparticles. One example of such a platform is surface-enhanced 

Raman spectroscopy (SERS). In SERS, the Raman signal is magnified by one million-fold 

when the analyte of interest is on, or in very close proximity to a nanostructured coinage 

metal surface (Au, Ag, Cu). Gold nanoparticles may be conjugated with Raman reporters 

(molecules which exhibit large Raman cross-sections), surface coating(s), and surface 

ligands to form a particle for use in antibody testing. Raman reporters will enable 

quantitation of antibodies present and allow for greater sensitivity.18 Protein A is a surface 

ligand that may be coupled with Raman reported molecules and noble metal particles for 

use in SERS and allows the binding antibody to be anchored to the gold nanoparticle. The 

SERS technique is highly sensitivity, therefore it is the method of choice in this thesis 

project. In future research projects, the lateral flow immunoassay test coupled with SERS 

could be paired with a portable readout tool, and provide quantitative information 

concerning antibody concentrations and other valued information. This would also provide 

the user with positive or negative (qualitative) information regarding testing. By developing 

this existing technology, we could improve the quality of testing completed. This will be 

useful for applications relating to the COVID-19 pandemic, and potentially future viral 

illnesses that are contagious and require rapid or home testing.  

In the last number of months, there has been an increased demand for the 

development of point-of-care (POC) testing devices for diagnostic purposes as a result of 
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the novel coronavirus pandemic. It is important that these testing devices have high 

sensitivity and specificity for the target molecule. An overview of current technologies 

being developed for diagnostic purposes includes magnetic, fluorescent, electrochemical, 

and flow assay technologies, among others.19 For example, magnetic nanoparticles that 

have been developed by Zhao et al., are coated with poly-carboxyl for the detection of 

SARS-CoV-2 RNA.20 Similar magnetic nanoparticles have been conjugated with 

antibodies. The particles would self-assemble in the presence of the viral target molecule 

which resulted in structures with enhanced magnetic properties. The enhanced magnetic 

properties allowed for detection of these molecules by magnetic resonance methods such 

as NMR or MRI.21 Further, Wang et al. proposed a magnetic SERS strip which has shown 

rapid operation, stability, high specificity, and reproducibility. The magnetic SERS 

nanocomposite functions similarly to typical SERS tags, with a key difference in separating 

target molecules magnetically.  Overall, the drawback of low sensitivity has limited the use 

of magnetic sensors to date.22 Colorimetric and fluorescent sensors are often coupled with 

other assay tests. They are spectral detection methods in which a spectral change indicates 

the presence or absence of a target molecule.19 Colorimetric sensors offer limited 

sensitivity, and fluorescent sensors rely on expensive and labile fluorophores, therefore, 

both of which are not ideal, and their use is limited. Further, electrochemical biosensors 

have been developed which observe changes in resistivity or capacity in order to detect 

target molecules. The lateral flow immunochromatographic assay (LFIA) has become a key 

technology and a useful tool for rapid screening due to its simplicity and compatibility with 

other applications.23 

Typically, LFIA test interpretation is based on colour visualization using colloidal 

gold nanoparticles. It may be coupled with SERS, which is an analytical technique which 
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may be used in order to improve normal Raman scattering. SERS can enhance the detection 

of single molecules by a magnitude of 1010 to 1011 compared to normal Raman.18 

Combination of SERS and LFIA techniques have been developed and reported on in the 

literature. These LFIA-SERS systems used in combination overcome the limitations of 

each technique separately. For example, the use of SERS improves sensitivity of 

measurements, which is a drawback of LFIA systems used independently. Typically, LFIA 

systems used without enhancement offer low sensitivity. Although the mechanism of 

enhancement is not fully understood, enhancement is generally attributed to molecular 

absorption of Raman-active reporter molecules, which coat the silver or gold metallic 

surfaces that act as SERS tag substrates. Generally, the SERS tag consists of a substrate, 

reporter, surface coating, and surface ligand, with various material options for each 

component, allowing for optimization concerning specific experimental conditions.18  

Maneeprakorn et al. developed a LFIA-SERS test system for sensitive influenza 

detection.24 SERS was chosen in this study as an alternative signal measurement technique 

to optical or fluorescence readers, which lack precision of signal measurement 

conventionally.25 In this study, engineering of the SERS tag included a gold nanoparticle 

substrate. Although silver nanoparticles produce higher extinction coefficients than gold 

nanoparticles, they were not used because they are not highly stable under biological 

conditions. Rather than spherical particles, multi-branched nanostars were used as it was 

reported that the geometry would result in higher SERS activity. The increased SERS signal 

results from the increased surface area nanostars offer compared to nanospheres. The 

increased surface area offers additional space for the electromagnetic field, which is 

attributed to the increased SERS signal that results during analysis, compared to Raman 

spectroscopy without enhancement. However, nanostars have a lower long-term stability 
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in comparison to nanospheres and will often revert to nanospheres.26 Therefore, the choice 

to use nanostars may have been unnecessary and nanospheres would have been adequate. 

Maneeprakorn et al. used the Frens method to produce the spherical gold nanoparticles. In 

the standard Frens method, AuNPs are synthesized from HAuCl4 and sodium citrate.27 The 

resultant particles were used as the gold seed in the Perrault and Chan synthesis process. 

Briefly, in the Perrault and Chan process, the gold seed solution is diluted, stirred with heat, 

and stabilized by the addition of a trisodium citrate solution among several other 

compounds. Overall, AuNPs were synthesized using an aqueous synthesis via a reduction 

of a gold salt through a seed-mediated growth approach which included hydroquinone as a 

reducing agent.28 

Maneeprakorn et al. used 4-aminothiophenol (4-ATP) as the Raman reporter 

molecule in this study, and it was covalently attached to the surface of the nanosphere 

substrate. A number of types of Raman reporter molecules exist in the literature for similar 

applications. These include nitrogen-containing cationic dyes, sulfur-containing dyes, 

thiolated molecules, among others.18 This is due to the high affinity of nitrogen, and sulfur-

containing molecules to gold. A strong interaction between a Raman reporter and metal 

substrate is required in order to avoid desorption during Raman analysis, which could result 

in spectral interferences.19 It is also important that the Raman reporter SERS peak does not 

interfere or overlap with other signals. A selection of common Raman reporter molecules 

is listed in Table 1. 
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In the Maneeprakorn et al. study, their result was a gold nanostar-ATP (AuNS-ATP) 

SERS tag which required antibody conjugation. The preparation of the SERS tag and an 

overview of the SERS-LFIA test system is outlined in Figure 1. The monoclonal antibody 

(mAb) specific to nucleoprotein (NP) was conjugated to the AuNS–ATP. This was done 

using a physical adsorption coupled with buffer method. This conjugation method using 

the Tris-HCl buffer was also applied in a study completed by Huang et al. on SERS-LFIA 

detection of SARS-CoV-2 antibodies.29 Maneeprakorn et al. developed a LFIA strip 

consisting of 4 components, which included a sample pad, a conjugate pad, a fluid-flow 

nitrocellulose membrane, and an absorbent pad. The LFIA components were individually 

purchased and assembled. Tomás et al. conducted research using a LFIA development kit. 

The kit contained various components, including several types of nitrocellulose membranes 

with different protein binding capacities, two types of glass fibre sample pads, and two 

conjugate pads, and the given component options would come with various treatments and 

buffers, in order to optimize their test strip.30 Tomás et al. had more optimal methodology 

in their study in LFIA test strip production compared to Maneeprakorn et al. by allowing 

additional test component parameters to be exchanged for test strip optimization.  

Table 1. These are several commonly used Raman reporter molecules used in SERS tag 

preparation and some of their characteristics.18  

Type Example Advantages Disadvantages 

Nitrogen-

containing cationic 

dye 

Crystal violet Low cost Weak affinity to 

metal nanosubstrate 

Sulfur-containing 

dyes 

Malachite green 

isothiocyanate 

Strong affinity to 

metal nanosubstrate 

Limited options 

Thio-small 

molecules 

4-aminothiophenol Low cost Small Raman cross 

section 
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Figure 1. Illustrated above is the SERS-LFIA test system, including (A) SERS tag 

preparation, (B) the LFIA test, (C) positive, and (D) negative influenza A test results. 

Figure used with permission from Royal Society of Chemistry. 

 

Maneeprakorn et al. used a number of methods for the characterization of AuNS 

and AuNS conjugates which gave valued information and ought to be considered for use 

while developing LFIA-SERS based tests. The AuNS optical response was measured in 

this study using a microplate spectrophotometer. A transmission electron microscope 

(TEM) was used to determine the structure and morphology of the AuNS. A field-emission 

scanning electron microscope (FE-SEM) was used in order to obtain images of the SERS 

tag in the LFIA membrane. Additionally, Huang et al. used TEM to characterize the 

structure of their AuNPs in a comparable study using LFIA-SERS technology in order to 

detect SARS-CoV-2 antibodies. These characterization methods have been consistent with 

recent literature. Xiao et al. used scanning electron microscopy (SEM) rather than TEM to 
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determine the structure and morphology of nanostructures in their SERS-LFIA study.31 The 

differences between SEM and TEM methods are relatively minor and primarily stem from 

changes in sample preparation rather than results with TEM requiring a more extensive 

sample preparation step.  

Finally, Maneeprakorn et al. performed the assay test by introducing a 100 L 

sample liquid on a sample pad of the test strip. The target molecule was influenza A (H1N1) 

nucleoprotein in this study. Signal visualization was performed after 15 minutes, which is 

not an uncommon timeframe for visual results in LFIA testing. A positive test result appears 

when both a test and control line are visible, while a negative test result appears when solely 

a control line is visible, as illustrated in Figure 1. The presence of a test line without a 

control line, or a lack of both test and control lines, indicated inconclusive or invalid results. 

SERS measurements of the test and control lines were performed using a Raman 

spectrometer. The sensitivity of the test system was evaluated using various concentrations 

of the recombinant nucleoprotein (rNP). Maneeprakorn et al. defined the lower limit of 

detection as the lowest concentration of the rNP that produces a positive test line signal by 

both visual detection and SERS measurement detection. Liu et al. followed similar limit of 

detection methods in their SERS based LFIA study on the detection of SARS-CoV-2 

antibody samples. Also included were standard IUPAC method LOD calculations.32 

Maneeptakorn et al. evaluated specificity of the test system using a number of other proteins 

closely related to influenza A, including amicase, avidin, BSA, lysozyme, and tryptone. 

The results indicated high specificity for the influenza A nucleoprotein against the other 

proteins. The solutions of AuNS, AuNS–ATP, and AuNS–ATP–mAb were analysed with 

Raman spectroscopy in order to verify that the particles can be used as a SERS reporter in 
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the SERS-LFIA test system. The SERS tag also demonstrated a strong Raman signal after 

conjugation with the antibody.24 This is an excellent result if future quantification of results 

is to be considered.  

Brosseau et al. developed a point-of-care testing platform for the detection of 

hepatitis C virus (HCV) antibodies. Rapid vertical flow (RVF) immunotechnology was 

used in this study and tends to offer low sensitivity and has a limited capacity for 

quantitative analysis. Due to these limitations, RVF technology was coupled with SERS to 

improve sensitivity and allow for quantitative information to be gathered from tests. The 

AuNPs were used as the noble metal nanosubstrate in the SERS tag, and para-

aminothiophenol was the Raman reporter molecule used in this study. High quality SERS 

spectra were obtained in this study which were reproducible and had few interferences. 

This offered promising results for the use of RVF testing coupled with SERS for 

biomolecule detection.33 Further, this study is of particular interest in this thesis work, as 

the platforms have close similarities.  

After considering existing literature and theory, initial steps may be taken in the process 

of developing a SERS based LFIA test for SARS-CoV-2 antibodies for this thesis work. 

An existing method may be chosen, or a new method developed for the synthesis of AuNPs, 

an ideal noble metal nanosubstrate for SERS analysis involving biomolecules. The 

synthesized AuNPs require characterization to verify their size and morphology. The 

characterization methods used for nanoparticles may include UV-Vis spectroscopy, SEM, 

and TEM. The optimal AuNP size (diameter) for SERS analysis needs to be determined as 

that information will be required for future research. The optimal size may be determined 

by analyzing SERS spectra that have been obtained from AuNP SERS analysis with an 

appropriate Raman reporter molecule. Further particle size analysis may be explored to 
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determine the relation between particle size and SERS intensity. The particle conjugation 

process will be completed in order to conjugate the AuNPs to 5-(4-Pyridyl)-1,3,4-

oxadiazole-2-thiol (PYOT), Bovine Serum Albumin (BSA), Protein A, along with target 

ligands. A completed and optimized resultant particle which can act as a SERS tag for 

SARS-CoV-2 antibodies is the anticipated result from this thesis work, which would have 

application in SERS-based LFIA testing.  
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Theory 

Raman Spectroscopy 

 

Raman spectroscopy is a vibrational fingerprinting technique used for the 

characterization of molecules. Spectroscopic techniques, such as Raman spectroscopy, 

function by perturbing bond vibrations of molecules in question using light.34 In Raman 

spectroscopy, monochromatic light typically from a laser source is allowed to interact with 

matter and the scattered light is collected and analyzed. The scattered is typically collected 

at either a 90° or 180° angle using a CCD camera.35 As a result, Raman spectroscopy is 

considered a scattering technique. This differs from other vibrational spectroscopy 

techniques, such as infrared spectroscopy, which is an absorption technique.36 Different 

types of light scattering can result. The most common form of light scattering is Rayleigh 

scattering, where scattered photons have the same frequency as incident light. Rayleigh 

scattering is a type of elastic scattering, where there is no net exchange of energy, and 

therefore, no useful vibrational information about the molecule. On the other hand, a small 

proportion of the scattered photons are scattered inelastically, and there is a net energy 

change of the scattered photon – this inelastic scattering is referred to as Raman scattering. 

Raman scattering includes both Stokes and anti-Stokes components, as the scattered 

photons can both lose and gain energy, respectively. The energy level diagrams for the 

scattering processes are shown in Figure 2.  
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Figure 2. The energy level diagrams for Rayleigh, Stokes, and anti-Stokes scattering. 

In Stokes scattering, the scattered light has a lower frequency than the incident light. 

In anti-Stokes scattering, the light has a higher frequency than the incident light. Most 

inelastic scattering observed is Stokes scattering, where molecules gain energy.37 Most 

Raman spectroscopy analysis is conducted at room temperature, where most molecules are 

at their lowest vibrational level. Fewer molecules will be at a higher vibrational level than 

ground state at room temperature. This explains why Stokes scattering is more often 

observed. The anti-Stokes scattering results from molecules that start at non-zero or non-

ground vibrational energy starting points, so the likelihood of this type of scattering 

occurring is low.34  

In inelastic scattering, when the incident light interacts with the sample, the electric 

field component can interact with the electric dipole of the sample. When this occurs, the 

electron cloud surrounding the bonds in the molecule can become polarized. As a result, 

inelastic Raman scattering involves changes in the polarizability of bonds. Molecules that 
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contain bonds that undergo changes in polarizability, and that can be observed via Raman 

scattering are referred to as Raman active. This is different than other spectroscopic 

techniques, e.g., infrared spectroscopy, which rely on changes in dipole moment to be 

produced in order to be considered IR active.37  

In general, fewer peaks are observed in Raman spectra than IR spectra. This has 

both advantages and limitations, as Raman spectra tend to be less complicated, but can also 

provide less information. Differences in the relative strength of peaks can also be observed 

while comparing Raman and IR spectra. When Raman peaks are strong, IR peaks tend to 

be weak, and vice versa. Overall, IR and Raman spectroscopy are seen as complimentary 

techniques.38 Some additional advantages of Raman spectroscopy over IR include the 

ability to go to lower wavenumber regions (i.e., down to 50 cm-1 is routine) and also the 

fact that many materials, including water and glass, are weak Raman scatterers. 

 Raman instrumentation is made up of a laser source, sample cell, wavelength 

selector, radiation transducer, and a computer for data collection and processing. While 

analyzing a sample, the sample is first irradiated with laser light. The resultant elastic and 

inelastic scattered light is filtered in order to eliminate intense elastic Rayleigh scattering 

as well as weak anti-Stokes Raman scattering. A diffraction grating disperses the filtered 

light onto the CCD detector where it is then analyzed by a computer program to produce a 

spectrum.39 Laser types are chosen based on the laser wavelength. Fluorescence 

interferences can be observed for Raman spectra. Interferences of this type can be avoided 

or resolved by changing the laser wavelength to a less energetic wavelength, as Raman 

shifts are independent of the wavelength of excitation of the laser.40,41  
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Surface-Enhanced Raman Spectroscopy (SERS) 

Surface-enhanced Raman spectroscopy is an application of Raman spectroscopy, 

which enhances Raman scattering by a factor of up to 1010 to 1011. SERS uses colloidal or 

roughened coinage metal surfaces as substrates in the mechanism of increasing signal 

enhancement.42 Briefly, the interaction of the oscillating electric field component of light 

with the metal nanostructures causes a distortion of the free electron density in the metal, 

and results in a localized EM field at the surface of the metal. This collective oscillation of 

conduction electrons is referred to as a localized surface plasmon. As a result, adsorbed 

molecules nearby these metal substrates can exhibit remarkably enhanced Raman signals, 

down to even single molecule detection levels.42,43  

 Roughened coinage metal surfaces and metal nanoparticles are typically used in 

SERS analysis because they provide increased surface area where the field can exist and 

create plasmonic oscillations.44 The metals used in SERS analysis are typically gold or 

silver because they have strong plasmonic performance in the visible region of the 

electromagnetic spectrum. Aluminum, copper, platinum, and palladium have also been 

explored for use in SERS, with less uptake. The plasmonic response for aluminum is 

primarily in the UV region, which differs from gold and silver and makes aluminum 

potentially useful for SERS of biological substances in the future, since most biological 

molecules have an absorption below 400 nm.45,46 SERS analysis can be accomplished using 

colloidal solutions. However, it is more likely that SERS measurements will be performed 

by putting a liquid sample on a glass or silicon surface which contains a metal nanoparticle 

coating.47 There are several considerations to make while considering the formulation of a 

sample. One consideration concerns the noble metal nanoparticle used at the SERS 

substrate. The metal choice is important because changes in the metal nanoparticles can 
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affect the level of enhancement observed while using SERS. Additionally, the size and 

shape of the nanoparticles affects the ratio of absorption and scattering that occurs, and 

ought to be considered carefully.48 The ideal metal nanoparticle substrate would provide 

high Raman signal intensity enhancement and would be highly uniform. These 

characteristics lead to SERS sensors which provide signals that are both sensitive and 

reproducible. A myriad of methods exist for the synthesis of different shapes and sizes of 

noble metal nanoparticles, and many synthetic strategies allow for excellent control over 

the size and shape of the metal particles. 

SERS can be used to detect a broad range of chemical species, including proteins, 

enzymes, and other biomolecules. These substances may exist in low quantities in samples 

and be detected using SERS.49 Also, given the exceptional sensitivity afforded by SERS, 

such substrates can be used in applications such as environmental analysis, forensic 

science, food quality analysis, and pharmaceutical analysis, where the target molecules may 

exist in low quantity in given samples.50 Additionally, SERS has applications in 

immunoassay testing. SERS-based immunoassays can be used to detect various 

biomolecules in low quantity, with high specificity and selectivity.51,52 For example, gold 

nanospheres conjugated with antibodies can be used to detect other antibodies or antigens, 

through a “sandwich” method, a method of particular interest in this project. Further, based 

on a SERS spectrum, both quantitative and qualitative information can be gathered relating 

to the target molecule of interest during analysis.42  
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SERS Tags 

 

SERS tags have been developed for use in Raman analysis as signal boosting 

entities. SERS tags have typically been made from metal nanoparticles and Raman reporter 

molecules which offer a strong SERS signal. In more recent advances, SERS tags have 

been further developed for applications in bioanalysis.53 A typical SERS tag synthesized 

for use in bioanalysis is composed of four parts. The components include a metal 

nanoparticle to act as a SERS substrate, a signal boosting Raman reporter molecule, a 

blocking agent which functions as a protection shell, and targeting/capture molecules, 

which may include antibodies or antigens.18 

 SERS tags are made by combining the metal nanoparticle substrate with the Raman 

reporter molecule, which can be analyzed to see a known SERS spectrum of the tag thus 

far. Once a spectrum has been observed of the basic tag structure, blocking agents are added 

to protect the particle, and a biorecognition molecule such as an antibody or antigen is 

added to give the particle a specific binding feature, along with biocompatibility.18 These 

components can be added to the surface of the metal nanoparticle in different orders, and 

at varying concentrations. When building the SERS tag, it is important to avoid 

destabilizing the colloidal suspension which causes the metal particles to aggregate and 

“crash out” of solution. In addition, some SERS tags can be modified with additional layers, 

such as thin layers of silica, which protect the tag from environmental destabilization. 

 Other optical probes exist, which include quantum dots and fluorescent dyes. SERS 

tags offer several advantages over these other optical probes. First, SERS tags offer high 

enough sensitivity so they can be used for trace analysis of molecules. Also, Raman 

spectroscopy is more appropriate for advanced analysis because the spectral band width is 

typically lower than other spectral techniques, such as fluorescence. Therefore, this would 
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make SERS tags superior and advantageous to fluorescent dyes or quantum dots for use in 

complicated analyses.18 Raman analysis results in short Raman scattering periods, 

compared with methods which may have higher scattering lifetimes, and decay as a result 

of lower photostability. This would make the SERS tags highly photostable. Further, SERS 

can be used as a non-invasive spectral analysis technique for in vivo analysis.53,54   

 The synthesis of the SERS tag begins with choosing the desired characteristics of 

the noble metal nanosubstrate. Single-particle substrate options can be explored, which 

include nanospheres, nanoshells, and nanorods. Each nanoparticle shape has their own 

advantages and disadvantages, but it is noteworthy that specialized shapes have a tendency 

to revert to the sphere shape over time as spheres are most stable. Nanoparticle cluster-

based substrates are formed from aggregates of nanoparticles and have been developed for 

use as substrates for SERS tags. The aggregates generate strong electromagnetic fields and 

as a result have strong Raman scattering enhancing characteristics. Salt-induced 

aggregation is a common aggregation method for nanoparticles, among others. Gold and 

silver noble metals are most commonly used as SERS substrates. Gold offers high 

biocompatibility and easier controlled particle size distribution. In addition, a multitude of 

gold nanoparticle shapes and sizes have been reported in the literature with straightforward 

protocols. Silver offers a 10- to 100-fold higher SERS signal enhancement than gold but 

has poor biocompatibility and uncontrollable size distributions. Factors such as SERS 

signal enhancement and biocompatibility, among others, ought to be considered when 

choosing a noble metal substrate.18,55 

 Once the SERS substrate has been synthesized, the next step is to conjugate a 

Raman reporter molecule with the substrate. In order to achieve an optically enhanced 

Raman signal, the Raman reporter molecule must be either on or very close (ideally less 
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than 2 nm) to the surface of the SERS substrate. This is due to the distance-dependence of 

the electromagnetic field enhancement. Raman reporters are often materials containing 

nitrogen or sulfur due to their strong affinity for gold and silver. The interaction between 

the Raman reporter molecule and the noble metal substrate must be strong enough to avoid 

desorption during use in SERS or further modification steps, therefore materials of high 

affinity for each other are necessary.18 Another consideration to make while choosing a 

Raman reporter molecule is the scattering cross section which results from the reporter, 

which should be large enough to produce a strong SERS signal. Ideally, the Raman 

spectrum of the Raman reporter molecule will be simple containing few peaks to avoid 

overlapping with the sample analyte.  

 Once the Raman reporter molecule is conjugated to the noble metal substrate, a 

surface coating is applied for protection. Interferences can occur in spectra without coating 

materials blocking the metal nanosubstrate, so to avoid these issues surface coating is 

applied. Interferences can come from the metal substrate adsorbing molecules in the sample 

environment, along with dissociation of Raman reporter molecules. Several coating types 

exist and can be considered for use depending on necessary considerations, for example 

biocompatibility. Some coating types include biomolecule coating, polymer coating, 

liposome coating, and silica coating. Biomolecule coatings must offer a high 

biocompatibility. Bovine serum albumin (BSA) is a commonly used biomolecule coating 

that forms a protective shell once mixed with the primary nanoparticle-Raman reporter 

SERS tag. Denatured BSA has also been used successfully as a biomolecule coating 

agent.18 

 Finally, the last step in SERS tag fabrication involves attaching capture agents. A 

multitude of targeting molecules exist which can be conjugated to the SERS tag. Some 
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examples of capture agents include antibodies, antigens, other small-molecule ligands, just 

to name a few. Once the SERS tag is complete, sample analysis applications can be 

explored. Several ionic and molecular detection methods can be coupled using SERS tags. 

There are options such as analyte-induced SERS tag aggregation and analyte-induced 

alteration of Raman reporter’s signature that have been developed for ionic and 

biomolecular detection. The strategy of greatest interest in this project for detecting 

biomolecules is SERS-tag based immunoassay tests. This strategy started with antigen 

identification. These typically function as follows: antibodies exist immobilized on a 

substrate, and then antigen and antibodies that have been conjugated to SERS tags are 

added to the substrate. After washing steps to prevent non-specific binding, antigens can 

be identified via SERS analysis.18 In this strategy, antigens could be interchanged with 

antibody identification. Further, SERS analysis has the potential for both qualitative and 

quantitative analysis of biomolecule samples. Protein detection has been achieved via a 

sandwich immunoassay format, a technique known as an ELISA sandwich assay, which 

allows for both qualitative and quantitative analysis. In the ELISA sandwich assay 

technique, an antibody is anchored to either an antigen which allows for capture of 

antibodies that are conjugated to SERS tags.56 The sandwich technique can be seen in 

Figure 3 below. Finally, pathogen detection and live cell imaging are other bioanalysis 

applications where SERS tags serve as assets.18  
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Figure 3. Sandwich immunoassay technique. 

 

UV-Vis Spectroscopy 

 

Ultraviolet-visible (UV-Vis) spectroscopy is a spectroscopic technique often used 

for quantitative determination of analytes. The UV-Vis spectral region typically comprises 

wavelengths from 200 to 800 nm. Both qualitative and quantitative information of a 

molecule can be obtained from UV-Vis spectroscopy, but due to an excellent adherence to 

Beer’s law at low concentrations, quantitative analysis is the most useful application.57 

Most UV-vis spectrometers have similar instrumentation. The instrumentation typically 

includes a light source, a scanning monochromator, sample and reference cuvettes, a motor, 

mirrors, a detector, an amplifier, and a readout display or computer-based data analysis 

monitor.58 
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 In absorption spectroscopy, measures of irradiance at frequencies before and after 

passing through the sample are measured and compared. Transmittance is measured, which 

is the ratio of the irradiance of the light beam emerging from the sample medium, to the 

irradiance of the incident beam. Absorbance is the negative logarithm of transmittance. The 

amount of absorption that occurs is linearly related to concentration, as observed in Beer’s 

law. Also, absorption peaks can be used to identify compounds, most often by comparing 

unknown samples to known reference spectra.57  

 There are many useful applications of UV-Vis spectroscopy. Some of these include 

determining kinetics or rate constants of chemical reactions. An equilibrium constant of a 

reaction can also be calculated using UV-Vis spectroscopy.59 Another relevant application 

of UV-Vis spectroscopy is determining the size and concentration of gold nanoparticle 

solutions. Further, spectra collected from UV-Vis of gold nanoparticles before and after 

modification can indicate whether they have been damaged or deformed.60  

 

Scanning Electron Microscopy (SEM) 

 

A scanning electron microscope (SEM) is an electron microscope that can capture 

images of sample with nanometer resolution. It functions by scanning the surface of a 

sample with an energetic beam of electrons. Once the electrons reach the sample, signals 

are produced and collected which give information about the surface composition and 

topography of the sample.61 Signals are usually collected from the primary electrons, but 

additional signals are produced and can be collected from secondary electrons, back-

scattered electrons, characteristic X-rays, absorbed current, and transmitted electrons. 

Given the cost of the equipment required to collect and analyze all of the signal types 
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produced, it is unlikely that a SEM would have the necessary hardware to detect all of the 

signal types.62 Sample preparation for SEM can vary greatly based on the sample of 

interest. For example, the samples are typically small as they must fit inside the sample 

chamber. Additionally, some samples need to be coated in gold, copper, carbon, or other 

coating materials in order to increase the electrical conductivity or increase stability. 

Conductivity in samples is important as nonconductive samples may hoard charge from the 

electron beam, which may result in interference and inaccuracy of images. Most SEM 

samples are required to be dry because water or wetness can impact the images taken at the 

high vacuum.63 SEM is an excellent tool for identifying the size and shape of nanoparticles, 

as well as identifying unknown samples by comparing them to known references. In 

addition, many SEM systems are also equipped with energy-dispersive x-ray spectrometers 

which allow for semi-trace elemental analysis of the sample using the scattered x-rays that 

are generated by the electron beam. 

 

Lateral Flow Assay (LFA) Testing 

 

Lateral flow assay (LFA) testing is used for the detection of target molecules in 

complex mixtures, including biological samples. LFA tests allow for point-of-care 

diagnosis and can be used in clinical laboratories and also in physician’s offices and 

hospitals. They allow for detection of antibodies, antigens, along with products of gene 

amplification. Several biological samples can be used in LFA testing, including urine, 

saliva, sweat, blood, among others. There are various types LFA tests which differ based 

on the type of target molecule. These tests include nucleic acid lateral flow assay tests and 
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lateral flow immunoassay tests.64 A breakdown of the lateral flow assay test types can be 

seen in Figure 4.  

 

Figure 4. Common lateral flow assay test types.64 

Nucleic acid lateral flow assay tests detect nucleic acids. Lateral flow immunoassay 

tests antibodies. LFA tests are composed of a sample pad, conjugate release pad, 

membrane, and absorbent pad. The sample pad is used to evenly distribute the sample and 

direct it in the direction of the conjugate bad. The conjugate pad holds detector particles. 

The membrane holds immobilized antibodies and both test and control lines. The absorbent 

pulls the liquid sample through the test via capillary forces and collects the processed 

sample liquid.64 The components and arrangement of LFA tests can be seen in Figure 5.  
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Figure 5. The components of typical LFIA tests and their alignment in test system. The 

components lie on a backing card or other test cartridge backing.   

 

LFIA tests typically offer low development costs and production costs. However, they tend 

to have low sensitivity and selectivity.64,65 Their low sensitivity and selectivity is why LFIA 

tests coupled with SERS are ideal; the SERS aspect increases sensitivity and selectivity. 
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Methods and Materials 

Reagents and Materials Used: Table 2 lists the materials and reagents used in this thesis 

research. All reagents were used as received without further purification. All solutions 

were prepared using Millipore water (> 18.2 MΩ cm). 

 

Table 2. Materials and apparatuses used. 

Material Material 

Description  

Manufacturer Location 

Nitric acid 67-70% HNO3 Fisher Scientific Canada 

Hydrochloric acid 34-37% HCl Avantor USA 

Sodium bicarbonate 99% purity Sigma Aldrich USA 

pH paper N/A Fisher Scientific USA 

Sodium citrate >99% purity ACP Chemicals Montreal, Québec 

Chloroauric acid  >99% purity Stream Chemicals  Newburyport, MA, 

USA 

Ultrapure water >99% purity N/A Nova Scotia, Canada 

PYOT  97% purity Sigma Aldrich India 

Cellulose filter 

paper 

3.0 mm  diameter Whatman Maidstone, England 

Nitrocellulose  47 mm diameter, 

0.46 m pore size 

Whatman Maidstone, England 

Glass slides N/A Sigma Aldrich USA 

Carbon electrode N/A Pine Research USA 

Kimwipes N/A Kimberly-Clark USA 

Protein A N/A Sigma Aldrich Israel  

Bovine serum 

albumin 

96-99% albumin Sigma Aldrich St. Louis, MO 

Immunoglobulin G N/A Sigma Aldrich St. Louis, MO 

Eppendorf tube Type brand Sigma Aldrich St. Louis, MO 

Silica wafer N/A Ted Pella USA 

Double-sided 

carbon tape 

N/A Nisshin Em. Co. 

Ltd 

Japan 

Acetone N/A Fisher Scientific USA 

Petri dish N/A Fisher Scientific USA 

Micropipette Various volumes VWR Hannover, Germany 
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Methods: Sample Preparation 

 

AuNP Synthesis Procedure 

 

A method for the kinetically controlled seeded growth synthesis of citrate-stabilized 

gold nanoparticles was developed by Bastús et al. and is the synthetic method used in this 

study. In this method, the gold nanoparticle “seeds” are first synthesized. Next, the gold 

nanoparticles are grown via a seeded-growth method which allows for control over particle 

diameter. Briefly, a 2.2 mM solution of sodium citrate was prepared using ultrapure water. 

The solution (150 mL) was heated to boiling in a flask. A reflux condenser was used to 

avoid evaporation of the solvent. Once the solution reached boiling, 1 mL of 25 mM 

HAuCl4 was quickly injected into the flask. After boiling for approximately 10 minutes, 

the solution changed from yellow, to blue, to pink. The particles that result from the 

aforementioned steps are gold nanoparticle seeds coated in citrate ions. Next, the gold 

nanoparticles increase in diameter via a seeded growth process. The solution of gold seeds 

in the flask was cooled from boiling to 90C. Once the temperature reached 90C, 1 mL of 

25 mM HauCl4 was injected into the three-necked round-bottomed flask. At this point, the 

solution was left under reflux for 30 minutes and the temperature was kept at 90C. This 

process was repeated twice. Next, the solution underwent a two-fold dilution. This was 

done by extracting 55 mL of the solution and combining it with 53 mL of ultrapure water 

and 2 mL of 60 mM sodium citrate. This solution was then used as the seed solution for 

further dilutions, and the process was repeated again. Five dilutions were carried out in 

order to produce varied gold nanoparticle sizes. Several gold nanoparticle sizes allow for 

testing of each size, which allow for size optimization in future work. This method 

developed by Bastús et al. allows for careful control of size and shape of gold nanoparticles. 
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5-(4-Pyridyl)-1,3,4-oxadiazole-2-thiol (PYOT) solution 

 

PYOT is used as the Raman reporter in the development of the SERS tags explored 

in this thesis work. First, the glassware was soaked in a concentrated sulfuric acid bath 

overnight for thorough cleaning, then rinsed excessively with ultrapure water. The flask 

was left upside down to rinse and dry. Solid PYOT was weighed on the analytical balance 

to 0.0035 g to make the 0.8 mM initial stock PYOT solution. The solid PYOT was 

transferred to the volumetric flask from the weighing paper which was rinsed with water to 

ensure all PYOT was transferred. Next, the flask was filled with ultrapure water, but not to 

the line. The flask was then placed in a 250 mL beaker containing 100 mL of water which 

was heated close to boiling on a hotplate. After approximately 20 minutes, the solid PYOT 

was fully dissolved. The solution was then filled to the line and stored in the fridge. For use 

in the conjugation process, the solution was diluted to 0.12 mM concentration.  

 

SERS Sample Preparation 

 

Gold nanoparticle suspensions were analyzed using SERS. SERS analysis requires 

a Raman reporter molecule to be associated with the nanoparticle sample in order to 

enhance the signal. The Raman reporter molecule used in this study was 5-(4-Pyridyl)-

1,3,4-oxadiazole-2-thiol (PYOT). For the SERS analysis, 5 L of gold nanoparticle 

solution was placed onto the substrate and left to dry. This was repeated twice, for a total 

of 15 L of gold nanoparticle solution. Next, 5 L of PYOT was deposited onto the dried 

gold colloid and left to dry. A control sample was made without gold nanoparticle solution 

and with PYOT exclusively. Finally, a blank sample was included which was the substrate 

on its own (no PYOT). The aforementioned SERS sample preparation method was used 



 33 

 

with several different substrates. These included glass slides, carbon electrodes, cellulose-

based filter paper, and nitrocellulose membrane filters.  

Further, SERS analysis was conducted using the gold nanoparticles after the 

conjugation process (addition of PYOT, protein A and bovine serum albumin). The SERS 

analysis was completed on the modified particles before and after centrifugation. In each 

case, 5 L of solution was deposited on the nitrocellulose substrate and allowed to dry 

before SERS analysis.  

 

UV-Vis Sample Preparation 

 

In order to achieve a readable UV-Vis spectrum of gold nanoparticle samples, the 

suspensions needed to be diluted with ultrapure water. First, the glass UV-Vis cuvette was 

emptied and rinsed with the gold nanoparticle suspension. Once rinsed, the cuvette was 

filled with the appropriate amount of suspension in order to achieve the desired dilution 

factor. The suspension was filled near the top of the cuvette with ultrapure water, and in 

future scans the cuvette was filled with the same volume for the sake of consistency. The 

desired dilution factors in this study were three and six. It was ensured that the level of the 

blank and sample was high enough, so the light beam passed through the sample. It was 

also ensured that there were no air bubbles in the sample.  

 

 

SEM Sample Preparation 

 

For gold nanoparticle SEM analysis, silicon wafers were used as the substrate. 

These silicon wafers are atomically flat, and thus a preferred substrate for imaging of 
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particles which are close to the spatial resolution limit of the instrument. The aluminum 

SEM peg was cleaned with acetone and placed in the sample holder. A piece of double-

sided carbon tape covered the top of the peg. A silicon wafer was placed on the carbon tape 

and the corners were pressed down, with the shiny side facing up. Finally, 5 L of gold 

nanoparticle sample was placed on the silica wafer and allowed to dry. This procedure was 

repeated for all gold nanoparticle size samples. Tweezers and gloves were used throughout 

to handle sample materials. After sample preparation was done in the lab, further sample 

preparation was completed in the SEM workspace. Several of the samples were coated in 

gold and carbon to improve the image quality. 

 

Conjugation Process  

  

Gold nanoparticles, PYOT, Protein A, and BSA solutions are required for the conjugation 

process. This process is an adaptation of a method reported by Brosseau et al. for the 

preparation of SERS tags for point-of-care vertical flow assay technology.33 To start, the 

first step in the conjugation process involves adding 990 L of gold nanoparticle 

suspension to an Eppendorf tube using a micropipette. Next, 10 L of 1.0 mg mL-1 Protein 

A solution is added to the Eppendorf tube and aspirated with a micropipette. The tube is 

then taped to a piece of paper and rocked on a rocker for 30 minutes at a medium to high 

setting. Visual observations of colours is important before and after rocking the solution, 

since colour changes (i.e. red to purple or grey) can indicate particle instability during the 

process. Once the solution has been rocked, 320 L of 0.12 mM PYOT is added to the tube 

and aspirated with a micropipette. Then, 1 L of 1% bovine serum albumin is added to the 

tube and aspirated with a pipette. The tube is then rocked for another 30 minutes. After 30 
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minutes, the tube needs to be centrifuged for 30 minutes. In this thesis work larger 

nanoparticles were used, so 6000 to 8000 rpm speeds were used as settings while using the 

centrifuge. Careful attention is to be taken to ensure the centrifuge is balanced. The 

supernatant was removed using a micropipette, and a pellet remained in the tube. Samples 

were taken from the tube at various stages thorough the conjugation process for SERS and 

SEM analysis.  

 

IgG Activity Test Preparation 

 

The activity of immunoglobulin G (IgG) was verified using a new method. Protein 

A was used in the conjugation process as a way to anchor IgG to the SERS tag molecule to 

allow for is functionality. Protein A has a high affinity for IgG and has a high selectivity 

for target molecules, which makes it an optimal choice for use in serology testing. Recall, 

IgG is a long-lasting SARS-CoV-2 antibody present post-infection, so its use as a detection 

antibody in serology testing is sensible. In the conjugation process, once Protein A was 

conjugated to the gold nanoparticles, the IgG activity was tested. This was done by 

comparing the result of conjugated Protein A-nanoparticles mixed with IgG with 

conjugated Protein A-nanoparticles mixed with human saliva, known to contain active IgG 

protein. A control test was also completed which contained conjugated Protein A-

nanoparticles alone. The test platforms used were modifications of commercially available 

test cartridges for vertical flow assays. The active test membrane from the test cartridge 

was removed and replaced with cellulose and nitrocellulose substrates prepared in the 

laboratory. Then the 5 L of IgG solution and 5 L of saliva were deposited on their 

respective test substrates. They were immediately followed by 5 L of the Protein A 
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conjugated-gold nanoparticles, and then rinsed with 10 to 20 L of ultrapure water. The 

test components can be seen below in Figure 6. The tests were also run with diluted 

conjugated solutions with dilution factors of 3 and 6. SERS and SEM analysis were 

completed for the modified test cartridges. 

 

 

 

Figure 6. IgG activity test components. The components include a test cartridge backing, 

an absorbent pad, nitrocellulose membrane, and test cartridge cover with opening for 

blotting sample.  

 

 

 

SERS Analysis 
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An Advantage 785 benchtop Raman spectrometer was used for SERS analysis in 

this thesis work. This spectrometer uses a 785 nm laser and is equipped with an air-cooled 

CCD. For analysis of the substrates explored in this work, the right-angle optics attachment 

was used. It was essential that all jewelry was removed before use to avoid specular 

reflection. Laser safety glasses were also required to be worn during use. NuSpec software 

was used for SERS analysis. In order to ensure the detector was able to draw in cool air to 

cool the detector an oscillating fan was directed onto the back of the instrument. In order 

to verify the laser was focused on the sample, the integration time was set to 1 second and 

the power was set to low. A continuous spectrum is displayed, and the laser glasses were 

briefly removed to verify the position of the sample and optimize the laser focus. The 

continuous signal was then aborted, and the integration time was changed to acquire the 

desired spectra.  

For all SERS samples, 10 spots on the test sample were analysed on the same 

substrate. The average signal of the 10 plots were taken and reported. The integration time 

remained 30 seconds for every experiment run throughout the project. SERS analysis was 

completed at each dilution of gold nanoparticle solution. The different dilutions correspond 

to various nanoparticle sizes, and SERS was used to determine the optimal nanoparticle 

size with the PYOT Raman reporter. The optimal size determined via SERS analysis was 

used for future work, including the conjugation process. In general, nanoparticles with 

diameter between 40 and 100 nm work best for SERS analysis and biomolecular 

conjugation processes. SERS analysis was also complete at various steps throughout the 

conjugation process.  
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UV-Vis Analysis 

 

An Agilent Cary 60 Spectrophotometer was used to obtain UV-Vis spectra. The 

Cary WinUV online software was used for data interpretation. The range was set for 200 

to 800 nm, which is an optimal range when analyzing nanoparticles. Baseline correction is 

required, and water was used at the blank solution. Once the blank spectrum has been 

collected, a zero-transmittance spectrum is taken as another correction. Once these spectra 

have been obtained, the sample can be run and the spectrum of interest may be obtained.  

 

Chemical Cleaning Methods 

 

Aqua Regia Preparation 

 

Aqua Regia is a cleaning solution containing HCl and HNO3 in a 3:1 ratio. Aqua 

regia was used to clean the three-necked round-bottomed flasks, along with other 

glassware, that came in contact with gold. For the purpose of the 250 mL three-necked 

round-bottomed flasks, 15 mL of HCl and 5 mL of HNO3 were used to make the aqua regia 

solution. The 15 mL of HCl was first added to the three-necked round-bottomed flask, 

followed by the 5 mL HNO3. It is always required that the HCl be added first, followed by 

the HNO3. The mixture was stirred to reach all of the flask to ensure adequate cleaning. 

Once finished, the solution was transferred to a beaker and neutralized with NaHCO3. Once 

the pH was verified to be neutral with pH paper, the solution could be diluted with water 

and disposed of down the drain. Proper precautions, including a face shield, rubber apron, 

and rubber gloves were used as PPE, along with typical laboratory PPE.  
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Acid Bath Procedure 

An acid bath comprised of concentrated sulfuric acid was used to thoroughly clean 

all glassware used in this research. The glassware is rinsed, and labels removed before 

being added to the acid bath. Ideally, glassware remains in the acid bath for 24 hours, but 

as little as 1 hour may be adequate. Teflon-coated tongs are used to add and remove 

glassware from the acid bath, and additional personal protective equipment (PPE) are used, 

including a rubber apron and rubber gloves. Once removed, the glassware needs to be 

thoroughly rinsed 30 times with Millipore water. 
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Experimental Results 

AuNP Characterization 

 

UV-Vis Spectroscopy 

 

The gold nanoparticle solutions were characterized using various 

methods, including SEM and UV-Vis spectroscopy. SEM and UV-Vis analysis provide 

valuable information concerning the size and shape of the synthesized nanoparticles. A 

seeded-growth method was used for the purpose of synthesizing gold nanoparticles of 

various sizes. Once the particles of varied size are synthesized, the particles of different 

size may be tested to determine the optimal size for future work in the study. The results of 

the UV-Vis analysis are seen in Figure 7. The differences in maximum absorption 

wavelength indicate the gold nanoparticles vary in size. Particles exhibiting higher 

maximum absorption wavelength values are shifted towards the red visible wavelength 

spectrum. In addition, polydispersity of the sample results in broader peaks, and so a larger 

FWHM value typically indicates a larger distribution of particle sizes in the sample.  
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Figure 7. A UV-Vis extinction spectrum of bare diluted gold nanoparticle solutions at 

varied stages in the seeded-growth synthesis.   
 

The maximum absorption wavelengths vary from approximately 525 to 570 nm 

lying in the visible light spectrum. The maximum absorption wavelengths are consistent 

with spherical gold nanoparticles. The various dilutions appear different in colour, which 

is explained by the differences in maximum absorption wavelengths. The suspensions 

containing smaller particles appear dark reddish purple, whereas the solutions containing 

larger particles appear more reddish orange. A sample of the gold nanoparticle solutions 

can be seen in Figure 8.   
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Figure 8. The seed solution, first dilution, and fifth dilutions of spherical, bare gold 

nanoparticle solutions.    

 

 

 

 

 

 

 

 

 

 

 

 

Seed solution 1st Dilution 5th Dilution 
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SEM 

 

Once the AuNPs were synthesized, they required characterization by SEM in order 

to analyze their size and morphology. Figure 9 includes SEM images acquired for the 

AuNPs, prior to conjugation steps.  

 

 

 

Figure 9. SEM images of the AuNPs at various dilutions using the same parameters; 150 

kx magnification and 20 kV beam. (A) Seed solution, (B) first dilution, and (C) fifth 

dilution. 

 

A B 

C 
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Data analysis was performed on the SEM images using the software Image J. The data 

obtained using image J can be found in Table 3. The SEM images were analyzed with 

Image J to determine the average size of the AuNPs, specifically their diameter. The data 

generated from Image J is consistent with the particle diameter data acquired directly from 

the SEM software analysis. Determining the size of the AuNPs was crucial in this project 

because the various sizes are to be analyzed via SERS using PYOT as the Raman reporter 

in order to determine which size gives rise to the optimal SERS signal intensity. 

 

Table 3. The AuNP average diameter sizes in nanometers based on 10 measurements along 

with the standard deviation. 

Sample Average Diameter (nm) Standard Deviation (nm) 

Seed suspension 18.7 2.2 

First dilution 28.1 2.7 

Second dilution 42.8 2.6 

Third dilution 56.7 2.7 

Fourth dilution 74.1 2.9 

Fifth dilution 88.7 2.9 

 

The AuNP diameters found of the varied dilutions seen in Table 3 increase from 18.7 to 

88.7 nanometers. This is a promising result, as it is hypothesized that larger nanoparticles 

will be optimal for use in the SERS tag being engineered.  
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IgG Test 

The activity of IgG in an IgG solution was verified using modified Medmira test 

cartridges. The tests had originally been used for detecting target molecules such as 

hepatitis C virus, human papillomavirus, human immunodeficiency virus, among others. 

Visual analysis was the first method of detection possible for these tests. Following the 

visual analysis, the tests were analysed using Raman spectroscopy. The sample pads 

containing target molecules were removed and discarded from the test cartridges and were 

replaced with cellulose or nitrocellulose membranes which lacked target analytes at this 

stage. At this stage it was possible to obtain novel results from the tests. The starting point 

for visual analysis of the modified test cartridges is a bare sample pad.  

Since the IgG solutions have a shelf life where activity is optimal, before continuing 

with the conjugation process it was necessary to verify adequate activity remained in the 

IgG solution which is required for the SERS tag to be functional. To review, the conjugated 

particle being synthesized is composed of AuNPs which are conjugated to Protein A, 

followed by the addition of PYOT and finally BSA. The protein A on the AuNP surface 

has an affinity for IgG which is meant to be trapped by the fixed antibody on the test site 

of the LFIA test. The IgG must be active, or else the test line will not appear, and the SERS 

tag particle will not be functional.  

Figure 10 shows three of the modified cartridges with a cellulose substrate. The 

tests are composed of an absorbent pad, a substrate, and test cartridge backing and cover 

with an opening to allow for sample blotting. The sample analyte is blotted on the 

membrane and analysis. Their results can be read visually on the test sample pads. 

Additionally, the tests can be analyzed using SERS and SEM to verify results and obtain 

further information. SERS and SEM results can be seen in Figure 11 for further analysis of 
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the IgG tests. The coffee ring effect must be understood in interpreting the results visually. 

Briefly, the coffee ring effect describes the mechanism by which a pattern forms when 

solutions containing particles evaporate. The coffee ring pattern of the particles deposited 

result from a form of capillary flow. A contact line of the deposited liquid dries, and liquid 

flows from the interior of the drop to the contact line, to replenish the evaporated liquid. 

The flow of liquid outwards carries the particles to the edge of the drop, which creates the 

coffee ring effect. Gold nanoparticles tend to aggregate, so they strongly experience the 

coffee ring effect. This effect can be slightly observed in the IgG test cartridges seen in 

Figure 10. 

 

 

Figure 10. The gold nanoparticle-Protein A conjugated particle tested with IgG solution, 

human saliva, and a control containing the gold nanoparticle-Protein A conjugated particle 

alone. The test substrate is a cellulose filter paper. A faint ring can be seen in the IgG and 

human saliva test, and not in the control test, indicating the IgG is active.  
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Figure 11. (a) SERS results of IgG activity test using cellulose substrate at 55.9 mW laser 

power and 30 second acquisition time. The saliva, IgG solution, and control solutions are 

included, and were not diluted in this analysis (b) SEM images of the IgG activity test using 

a cellulose substrate from the parameters 10 kx magnification and 5.0 kV beam. The images 

include the control test, the IgG solution test, and the saliva test, respectively.  

A 
 

B 
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On the modified Medmira tests for IgG activity, visually, it appears that the IgG has 

bound to the Protein A-NP conjugated SERS tag when the coffee ring is apparent and 

intense, in comparison to the control which lacks IgG. The control lines appear more 

faintly. A slight line may still appear in the control line, because the Protein A-NP 

conjugated particle may experience the coffee ring effect on the substrate without the active 

associated IgG. The coffee ring effect does not apply exclusively to metal nanoparticles 

conjugated with proteins and antibodies, as other particles may aggregate and stick to the 

sample pad via capillary forces. The results of the SERS analysis of the test seen in Figure 

10 indicate the IgG solution is still active, which is additional support in the case that visual 

interpretation is not possible or is inconclusive. The intensity of the SERS signal is greater 

on the IgG solution test spot compared to the control spot and is less intense than the saliva 

control assumed to contain relatively high concentrations of active IgG. The results are 

promising and indicate the IgG solution can be used in the conjugation process with little 

risk of inactivity. Tests were done with concentrated gold nanoparticle solutions, along with 

diluted solutions to verify the coffee ring effect does not result from overly concentrated 

solutions staining the test substrate. 

The test cartridges were also modified to contain a nitrocellulose sample pad. The 

IgG activity tests using nitrocellulose as a substrate gave different results, as can be seen in 

Figure 12. This substrate was tested along with cellulose as nitrocellulose is the substrate 

used in SERS analysis and in typical LFIA testing. 
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Figure 12. Results of IgG activity tests using nitrocellulose as a substrate.  

 

Visually, it was much more difficult to interpret a difference between test and 

control lines. This is because nitrocellulose is less absorbent than cellulose filter paper. As 

a result, these tests relied more heavily on SERS and SEM analysis, which can be seen is 

Figure 13. 
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Figure 13. SERS results of IgG activity test using nitrocellulose substrate at 10.6 mW 

power and 30 second acquisition time. The saliva, IgG solution, and control solutions are 

included, and were not diluted in this analysis. 

 

The SERS results are promising indicators that the IgG solution tested contains 

active IgG. The SERS intensity is significantly greater in the IgG test compared to the 

control solution. Although the SERS results from the saliva test are less intense than the 

IgG test, it is not necessarily suggestive of an abnormal or inconclusive IgG activity result. 

A lower concentration of IgG could exist in the saliva sample and explain the difference in 

SERS intensity. Also, saliva would contain other biomolecules other than IgG, which could 

impact SERS results.  
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Initial SERS Tag Analysis 

 

Throughout the SERS tag engineering process, several analyses needed to be taken 

at various stages. After the synthesized AuNPs were characterized to determine their size 

and morphology, they could move forward with the engineering process. The AuNPs of 

various diameters were coated with the PYOT Raman reporter molecule as preparation for 

initial SERS analysis. This analysis is required in order to determine the optimal particle 

size to be used for future conjugation steps in the SERS tag analysis process. The optimal 

particle size would offer strong SERS signal with little variability and few to no spectral 

interferences 

Substrates are required while conducting SERS analysis to hold the sample being 

tested. These may include regular filter paper or glass material slides as substrates, among 

many other materials. The substrates should offer very weak SERS signals and provide 

very few interferences. First, glass slides were used as the SERS substrate. Some of the 

SERS results obtained of the AuNP conjugated with PYOT on glass slides may be found 

in Figure 14.  

 



 52 

 

 

Figure 14. SERS spectra collected from (A) 3 coatings and (B) 1 coating of 5 L AuNP 

seed solution covered with 5 L of PYOT at a 2.93 mW laser power and 30 second 

acquisition time.  

 

A 

B 
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The glass substrate proved to be an unsatisfactory SERS substrate in the analyses. As can 

be seen in Figure 14, there is a large broad peak near 1400 cm-1. This peak is a glass 

interference peak and does not allow for interpretation of the AuNP conjugated PYOT 

peaks. The setback due to the glass interference, although minor, slightly delayed progress. 

Upon the realization of the glass interference, new samples were prepared to acquire SERS 

signals using carbon electrodes as substrates. The carbon electrode substrates were only 

briefly explored, and results can be seen in Figure 15.  

 

 

Figure 15. SERS analysis of AuNP coated with PYOT on carbon electrode substrate at 

22.3 mW laser power and 30 second acquisition time.  

 



 54 

 

Unlike the glass slide, the carbon electrode substrate did not demonstrate the interference 

found at 1400 cm-1. No PYOT signal was observed using the carbon substrate, because the 

AuNP sample layer was too thin and the Raman spectra obtained is for carbon, with 

fluorescence interferences. The carbon electrode was not used as a SERS substrate for the 

duration of the research project, so the SERS analysis were not reattempted for improved 

spectral results. Given that nitrocellulose is the membrane material most often used in LFIA 

testing, it acted as the optimal material for use as the SERS substrate for future SERS 

analysis and other future work in the conjugation process. Nitrocellulose is ideal and would 

introduce less variables than alternative substrates. Nitrocellulose can be costly, and 

initially made it prohibitive for use as the substrate. Therefore, regular cellulose filter paper 

was used to continue with the SERS analysis. The SERS results obtained using a cellulose 

substrate may be found in Annex A. Once the nitrocellulose was obtained, it was used as 

the SERS substrate for all analysis. The SERS results obtained using a nitrocellulose 

substrate of the AuNP coated with PYOT may be found in Annex B. The SERS analysis of 

the 4th dilution of the AuNP solution coated with PYOT may be seen in Figure 16. 
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Figure 16. SERS analysis of the 4th dilution of three 5 L AuNP solution coated with 5 L 

PYOT with (a) demonstrating an offset of 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers 

and (b) demonstrating 10 sample spots averaged at 10.6 mW laser power. 
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The optimal AuNP size was determined to be from the 4th dilution. This was based on the 

spectra obtained which appeared generally free from substrate or other interferences. 

Further, the reproducibility was considered when choosing this as the optimal particle size. 

Therefore, the SERS tag engineering including the conjugation process was completed with 

the 74.1  2.9 nm particle diameter size from the 4th dilution.  

 

AuNP size analysis 

 

               The size and morphology of nanoparticles strongly impacts the characteristics that 

result when they are used in various applications. Since the implications of size and 

morphology are so significant, they are worth being studied further. Also, a significant 

portion of the optimization processes that take place in this project concerned AuNP size 

and its relation to SERS analysis. Therefore, the direct relationship between nanoparticle 

diameter and SERS intensity was studied and can be found in Figure 17 below.  
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Figure 17. The relationship between SERS intensity and AuNP diameter based on various 

AuNP dilution sizes and their SERS intensity at a 1600 cm-1 PYOT peak at 10.6 mW laser 

power. 

 

As can be seen in Figure 17, the SERS intensity appears to relate directly to AuNP size in 

diameter. The relationship appears to be linear, at least for the diameter range of 18.7 to 

88.7 nm. The relationship between SERS intensity and larger AuNP diameters was not 

explored, however it is reasonable to expect that eventually the relationship would level off 

and the SERS intensity would increase less with size increase after a point. The 

nanoparticles could become too large for practical use. Therefore, the particle size range 

obtained in this study is satisfactory for the purpose as a SERS tag noble metal 

nanosubstrate.  
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Conjugation Process 

 

The optimization was primarily concerned with finding the optimal volume of PYOT to be 

used in the conjugation process. Too much added PYOT will cause the AuNPs to aggregate 

and crash out of solution, while too little PYOT would result in an ineffective SERS tag. 

Figure 18 outlines the optimization process of the conjugation optimization.  

 

Figure 18. Outline of conjugation process. Varied PYOT volumes were explored while 

keeping other component volumes constant.  

 

Various SERS and SEM analysis were obtained from samples at various stages in the 

conjugation process. These results were good indicators of the optimal PYOT volume to 
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use in the conjugation process. Based on SERS analysis, 400 L PYOT was the optimal 

volume to use in the conjugation process. This PYOT amount offered the best SERS 

intensity and little interference. This is not an unexpected result, as Raman reporter 

molecules improve SERS signal, so an increased coating volume resulting in improved 

SERS signals and greater intensity is logical. 

             Additionally, samples were taken of the conjugation process solutions at a stage 

before and after the suspensions were centrifuged. The particle solutions offered improved 

SERS signals after they had been centrifuged, compared to the samples taken before being 

centrifuged. These SERS spectra can be found in Annex D, however, the results were 

obtained while the CCD was saturated and although gave some promising results, are 

unable to be accurately interpreted and need to be analysed further with a lower acquisition 

time. The increase in SERS signal after centrifugation is a result of AuNP aggregation, 

which results in the formation of many SERS-active “hot spots” where the local 

electromagnetic field is particularly enhanced.  
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Conclusion 

 

SERS and SERS tag molecules offer important improvements in Raman 

spectroscopy and other research applications. Developing a particle from a conjugation 

process to act as a SERS tag is one important application of this research. The particle 

development, which has applications in SERS-based LFIA testing, will prove useful in 

future testing technology where LFIA tests may be considered. Since LFIA tests offer low 

sensitivity and selectivity on their own, SERS is an asset which improves both of the 

aforementioned disadvantages. SERS tag engineering is therefore a useful and active field 

of study. The SERS tag particle developed by the modified and optimized conjugation 

process offered promising results. The SERS spectra obtained from the final product 

offered good SERS signal intensity and consistent results, as well as spectra with few 

observable interferences.  
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Future Work 

Particle stabilization must be verified and is a required future step before moving 

on to further studies using the SERS tag molecule in testing. First, the optimal AuNP size 

and PYOT amount used in the conjugation process must be verified. Once this has been 

completed, a fridge stabilization test should be performed. This would be performed by 

storing the optimized particles in a diluted solution for at least 10 days in the fridge. The 

particles would be deemed stable if after being removed from the fridge, the SERS signal 

were stable, and no aggregation or particle deposits are observed in the test container.  

The particle comprised of gold conjugated to PYOT could be modified to include 

different constituents which may prove to be more optimal in SERS analysis and as a LFIA 

test particle. One modification could include replacing the PYOT Raman reporter molecule 

with an alternate Raman reporter for the purpose of potentially improving the SERS signal 

produced, particle stability, and LFIA test results. An alternate Raman reporter molecule to 

consider is 4-aminothiophenol (4-ATP). Ideal Raman reporter molecules have a high 

affinity to the noble metal nanosubstrate, so small thiolated molecules such as 4-ATP make 

appropriate choices. Along with having a high affinity for gold, 4-ATP is low cost, making 

it a practical Raman reporter molecule to test. Overall, these modifications could improve 

the performance of the test particle, or the original particle could be superior. It would be 

difficult to put confidence on one or the other. However, for the purpose of creating novel 

research, using the Raman reporter PYOT for the SERS tag would be ideal.  

LFIA test kits are available for purchase and can be used to build an optimized test 

system. Optimal components could be chosen for the test by analyzing test particles with 

components using SERS and SEM, then comparing the results of the varied components of 

different materials and buffer treatments. Visual analysis of the test line results could also 
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be done comparing tests of different component and buffer types. The LFIA test kits 

available for purchase can be costly, which could hinder the ability to explore this option 

in the future.  

In the case that the LFIA test kits are too costly to be used in research, store bought 

pregnancy tests may be purchased and modified to function as COVID-19 antibody tests. 

The target molecule of pregnancy tests is human Chorionic Gonadotrophin (hCG). In a 

positive pregnancy test result, hCG is trapped by a free hCG antibody, which has been 

attached to an enzyme dye, on the reaction site where the sample is placed. On the test line 

lies a fixed anti-hCG antibody, which is used to trap the hCG, which has previously been 

anchored to the free antibody and dye enzyme. The success of the anti-hCG antibody 

capturing hCG anchored to the free antibody and dye enzyme results in a positive test line 

being observed. In a negative pregnancy test result, hCG is not present in the sample, 

therefore hCG is not trapped by a free hCG antibody attached to an enzyme dye on the 

reaction site. The fixed antibody has no reaction without hCG. Therefore, no positive test 

line being observed. In both positive and negative test cases, the control line results to 

demonstrate a successful test. The control line of pregnancy tests contain a fixed anti-mouse 

IgG antibody attached to a dye enzyme, which binds to the free hCG antibody attached to 

dye enzyme from the reaction site, results in a visible line. In order to make these tests 

compatible with a SARS-CoV-2 antibody target molecule, the test lines would need to be 

modified. Figure 19 is a depiction of the proposed test line for a SERS-LFIA test to detect 

SARS-CoV-2 antibodies.  
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Figure 19. Proposed test line of SERS based LFIA test for antibodies including fixed and 

free antibodies, with the SERS tag molecule conjugated with the free Human IgG antibody 

for SARS-CoV-2.  

 

Finally, multiple antibody types exist for SARS-CoV-2, including human IgG and IgM 

antibodies. A SERS-LFIA test could be created to test for multiple antibodies. This type of 

antibody test would contain multiple test lines, one for each antibody being tested, along 

with a control line.  

Further analysis would be required before immediately swapping out test and 

control lines of store-bought pregnancy tests with test and control lines for SARS-CoV-2 

antibodies. Fingerprinting methods such as Raman and IR spectroscopy could be used 

along with SEM to determine the chemical formulation of the test components of the store-

bought tests. In particular, it would be important to determine the formulation of the sample 

pad containing the test and control lines. This would be important for identifying possible 



 64 

 

interferences or other information which would make the test impractical for modification 

to a COVID-19 antibody test. Further, determining the treatment component parts may 

have had with buffers would be useful while considering test modifications.  

An additional consideration for future work would be using the SERS-LFIA test 

analysis to quantify the antibody concentrations. Most current rapid testing technologies 

are LFIA tests which only provide a positive or negative result and are not quantitative. 

This is due in part to rapid testing requiring visual interpretation of results, since laboratory 

equipment required for more accurate and slower tests would not be available at pop-up 

rapid testing sites. Since a SERS-LFIA testing system would be developed, once the test 

has been completed, they could be analysed in a laboratory setting to provide antibody 

concentrations when positive results are indicated. Further, the option would exist to 

analyze negative tests, and if antibody concentrations are detected, it could be an indication 

that false negative visual results were obtained. The antibody concentrations could be found 

from the SERS signal results that would result from performing SERS analysis on the test 

spots.  
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Annex/Appendix 

 

 Annex A – SERS Analysis of AuNPs coated with PYOT using Cellulose Substrate  

 

Figure 20. AuNP seed solution and PYOT on cellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  
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Figure 21. AuNP seed solution and PYOT on cellulose substrate 55.9 mW laser power 10 

spots averaged at an acquisition time of 30 seconds. 

 

Figure 22. AuNP solution 1st dilution and PYOT on cellulose substrate offset at 2.93, 

10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  
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Figure 23. AuNP solution 1st dilution and PYOT on cellulose substrate 2.93 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 

 

 

Figure 24. AuNP solution 2nd dilution and PYOT on cellulose substrate offset at 2.93, 

10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  
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Figure 25. AuNP solution 2nd dilution and PYOT on cellulose substrate 55.9 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 

 

Figure 26. AuNP solution 3rd dilution and PYOT on cellulose substrate offset at 2.93, 

10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds. 
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Figure 27. AuNP solution 3rd dilution and PYOT on cellulose substrate 10.6 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Figure 28. AuNP solution 4th dilution and PYOT on cellulose substrate offset at 22.3 mW 

laser power at an acquisition time of 30 seconds. All higher attempted laser powers gave 

saturated results.

 
Figure 29. AuNP solution 4th dilution and PYOT on cellulose substrate 2.93 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Figure 30. AuNP solution 5th dilution and PYOT on cellulose substrate offset at 2.93, 

10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds. This 

spectrum shows an example of a saturated CCD where spectral interpretation is not 

possible. 

  

Figure 31. AuNP solution 5th dilution and PYOT on cellulose substrate 10.6 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Annex B – SERS Analysis of AuNP coated with PYOT using Nitrocellulose Substrate 

 

Figure 32. AuNP seed solution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds. 

 

Figure 33. AuNP seed solution and PYOT on nitrocellulose substrate at 46.5 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Figure 34. AuNP 1st dilution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds. 

 

Figure 35. AuNP 1st dilution and PYOT on nitrocellulose substrate at 55.9 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Figure 36. AuNP 2nd dilution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  

 

 

Figure 37. AuNP 2nd dilution and PYOT on nitrocellulose substrate at 55.9 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds. 
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Figure 38. AuNP 3rd dilution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  

 

Figure 39. AuNP 3rd dilution and PYOT on nitrocellulose substrate at 10.6 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds.  
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Figure 40. AuNP 4th dilution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  

 

 

Figure 41. AuNP 4th dilution and PYOT on nitrocellulose substrate at 10.6 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds.  
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Figure 42. AuNP 5th dilution and PYOT on nitrocellulose substrate offset at 2.93, 10.6, 

22.3, 46.5, 55.9 mW laser powers at an acquisition time of 30 seconds.  

 

 

Figure 43. AuNP 5th dilution and PYOT on nitrocellulose substrate at 55.9 mW laser 

power 10 spots averaged at an acquisition time of 30 seconds.  

 

Raman Shift / cm-1 
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Annex C – IgG Activity Tests Including Various Dilution Factors using Cellulose 

Substrate 

 

Figure 44. IgG activity control test without a dilution factor of the conjugated Protein A-

AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  

 

Figure 45. IgG solution activity test without a dilution factor of the conjugated Protein A-

AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  
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Figure 46. IgG activity saliva test without a dilution factor of the conjugated Protein A-

AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds. 

 

Figure 47. IgG activity control test with a dilution factor of 3 of the conjugated Protein 

A-AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  
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Figure 48. IgG solution activity test with a dilution factor of 3 of the conjugated Protein 

A-AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds. 

 

Figure 49. IgG activity saliva test with a dilution factor of 3 of the conjugated Protein A-

AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  
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Figure 50. IgG activity control test with a dilution factor of 6 of the conjugated Protein 

A-AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds. 

 

Figure 51. IgG solution activity test with a dilution factor of 6 of the conjugated Protein 

A-AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  
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Figure 52. IgG activity saliva test with a dilution factor of 6 of the conjugated Protein A-

AuNP solution offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition 

time of 30 seconds.  

.  
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Annex D – SERS Analysis of Conjugation Process 

 

Figure 53. Preliminary conjugation results obtained before the centrifuge step in the 

conjugation process, with 400 L PYOT used. This shows an offset at 2.93, 10.6, 22.3, 

46.5, 55.9 mW laser powers at an acquisition time of 30 seconds. 
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Figure 54. Conjugation results obtained after the centrifuge step, with 400 L PYOT used. 

This shows an offset at 2.93, 10.6, 22.3, 46.5, 55.9 mW laser powers at an acquisition time 

of 30 seconds. These results cannot be interpreted due to the CCD being saturated. 
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