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Abstract 

 

The thesis focused on the diagnosis of blood-borne diseases include malaria and hepatitis employing 

Attenuated Total Reflection Fourier transform infrared (ATR-FTIR) spectroscopy, Raman 

spectroscopy, synchrotron FTIR spectroscopy and atomic force microscopy-based infrared 

spectroscopy (AFM-IR). Multivariate models were built for pathogens and analytes detection in blood 

and sera. Furthermore, a host-virus interaction was monitored in hepatoblastoma cell lines using a 

combination of synchrotron FTIR and Raman micro-spectroscopy.   

 

Chapter 1 introduces the literature background of malaria and hepatitis along with the key concepts 

of FTIR spectroscopy and the application in terms of diagnosis.  

 

Chapter 2 highlights the techniques that were employed to analyse sera and cell samples (infected 

and controls). This chapter overview details the working principles, related theory, instrumentation 

and data processing for all techniques and provides the reader with an insight into the capability of 

the analytical methods in characterizing biological samples. 

 

Chapter 3 outlines a new approach for blood sample preparation on glass slide along with ATR-FTIR 

based quantification of Plasmodium falciparum parasites, glucose and urea simultaneously in blood. 

The Partial Least Squares Discriminant Analysis (PLS-DA) model was able to detect >0.5% 

parasitemia with sensitivity of 98% and specificity of 70%. The lower specificity was due to the lower 

number of control samples in the model. The Root Mean Square Error of Cross Validation for the 

Partial Least Squares Regression models were 0.58%, 22.70 mg/dL and 30.48 mg/dL for parasite 

detection (0-5%), urea (0-250 mg/dL) and glucose (0-400 mg/dL), respectively.  

 

Chapter 4 focuses on the application of ATR-FTIR technology for developing point-of-care testing 

for hepatitis due to the infection of hepatitis B and hepatitis C. Using basic blood separation 

techniques and multivariate data analysis I developed powerful models to identify specific disease 

markers. These markers were found to be associated with the virus particles or due to the immune 

response. The prediction capability of PLS-DA models for HBV vs controls and HCV vs controls 

were >90% for the Area Under the Receiver Operator Curve with an error value of 11.20% and 

11.30%, respectively. The separation was predominantly based on Immunoglobulin (Ig), glucose and 

lipid components. An AFM-IR confirmed band at 1093 cm-1 was assigned to the hepatitis B surface 

antigen (HBsAg).  
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Chapter 5 investigates the response of the human hepatoblastoma cell line to HBV infection using IR 

spectroscopy and Raman micro-spectroscopy. The aim of the study is to assess the cell's physiological 

behaviour to HBV infection and to determine the contribution of the intracellular viral particles to the 

spectrum. In the previous chapters I have shown the ability of the approach identify the presence of 

HBV infection using ATR-FTIR combined with multivariate data analysis in human serum samples 

(infected vs uninfected).  The next step is to understand the mechanisms leading to the spectral 

changes, and gain a holistic understanding of the HBV infection (together with its consequences) and 

explore in detail subcellular level changes in response to the virus. Utilizing a combination of  Raman 

micro-spectroscopy and synchrotron FTIR micro-spectroscopy it was possible to identify and locate 

lipid deposits in virally transfected and control cell lines. The results showed lower lipid accumulation 

in the HepG2.2.15 cell line compared to the control cell line upon transfection with HBV complete 

DNA.  

 

Chapter 6 suggests the future scopes, which can be performed for in detailed investigation of malaria 

and hepatitis by applying other spectroscopic analysis.   
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Chapter 1. Introduction 

1.1 Background 

Blood borne diseases including viral, bacterial and parasitic infections have an enormous 

impact on mortality, and in some cases can be very difficult if not impossible to treat.  Human 

Immunodeficiency Virus (HIV) is the causative agent for Acquired Immune Deficiency 

Syndrome (AIDS), whereas hepatitis B (HBV) and hepatitis C (HCV) viruses are responsible 

for causing hepatitis in humans. These are generally transmitted by direct contact with infected 

blood and body fluids through injured skin or splashes on mucosal surfaces. Also, unscreened 

blood transfusion, intravenous drug abuse and unprotected sexual intercourse are the main 

vectors for infection. Malaria, a parasitic disease, is transferred via a mosquito bite and 

contaminated blood transfusion 1–3. Malaria alongside HBV and HCV are the most devastating 

diseases (cumulative mortality accounts over 1.7 million per year, as reported by WHO) to 

afflict humanity and consequently new, rapid, inexpensive and highly sensitive techniques are 

urgently required, especially in the developing world where these diseases cause most deaths.  

This investigation aims to demonstrate potential for ATR-FTIR as a portable state-of-the-art 

technology with the capability to instantaneously diagnose blood borne infections including 

those caused by HBV, HCV and malaria at the point-of-care (POC). This will be achieved for 

a fraction of current costs and with unprecedented levels of sensitivity and speed, in remote 

field locations. 

1.2 Infection and Impact  

1.2.1 HBV 

HBV belongs to the family of viruses called Hepadnaviridae. It is an enveloped virus with a 

relaxed genome consisting of a partially double-stranded DNA molecule of approximately 3.2 

kb. In spite of being a DNA virus, HBV genome replicates through RNA intermediates4,5. Its 

compact genome, represents four overlapping ORFs (open reading frames) and encodes for 

seven viral proteins. Among those proteins, 3 envelope proteins are required to form the HBV 

surface antigen (HBsAg). Others are the core proteins HBcAg, the e antigen (HBeAg), theX 

protein and the viral reverse transcriptase, which also possess the activity of DNA polymerase 

and RNaseH5. 
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Hepatocytes are the primary cellular location for HBV replication. After the entry of the virus 

into a host cell, it uncoats in the cytoplasm and transports its relaxed circular DNA to the 

nucleus. In the nucleus, both host and viral polymerase combine to repair the relaxed genome 

into an enclosed double-stranded cccDNA (covalently closed circular DNA). Transcription of 

all viral mRNA occurs from the cccDNA. There are also some pre-genomic viral RNAs, which 

can function as templates for reverse transcription and are responsible for synthesizing the viral 

core proteins and polymerase. The 3 subgenomic mRNA translates the viral envelope and X 

proteins during this time. In the cytoplasm, translation of viral proteins occurs after 

transportation of viral messenger RNA to the cytoplasm. The assembly of viral particles and 

replication also occurs at this stage6,7.  

 

Figure 1: Schematic representation of HBV viral life cycle8 

Approximately, 80% of hepatocellular carcinoma cases are directly related to chronic infection 

due to HBV and HCV9. Globally, hepatocellular carcinoma (HCC) or liver cancer is ranked 

sixth in prevalent cancer and  is the second most common reason for deaths resulting from 

cancer (approximately 0.7 million deaths occur per annum). Worldwide, around 90% of 

primary liver cancer cases are HCC10,11. Liver cirrhosis is also an emerging global health 

burden with more than one million cases accounting for 2% of deaths in the world in 201012,13. 

It has been reported that liver cirrhosis precedes the majority of HCC cases14,15. 
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The association between chronic HBV infection and developing hepatocellular carcinoma was 

first identified in early 197016. Later studies indicated that the majority (80%) of patients with 

hepatocellular carcinoma were serologically positive for HBsAg (HBV surface antigen) and 

more than 90% of patients with HCC carry the anti-HBc (HBV core antigen) in their serum17. 

In recent years, the global burden of viral infection by HBV has increased significantly. 

Worldwide, there are more than 240 million people who are living with HBV chronic 

infection18, and yearly up to one million individuals die from HBV-associated consequences 

including liver cirrhosis or cancer19. Studies suggest that, between 1965 and 2013, Africa 

(prevalence rate estimated at 8.83%) and the Western Pacific Region (prevalence rate 5.26%) 

were the most prevalent areas which reported HBsAg due to HBV infection and the number of 

infected persons was 75.6 million and 95.3 million, respectively. Moreover, the Africa and 

Western Pacific regions contributed around 70% of the total (686000 deaths) global burden of 

infection in 2013 because of HBV infection20,21. 

In developing countries, childrens are prone to HBV infection via horizontal and perinatal 

transmission routes. While in developed countries, infections are generally common in young 

adults because of promiscuous sexual behavior and injection drug use22–25. Lavanchy et al.26 

identified that people who develop HBV infection in their childhood, have a 25% chance of 

developing cirrhosis or primary liver cancer in their adult lives, however a complete 

understanding of the development process is not known.  

According to a report from China27, the HBV vaccine works well in neonates and helps to 

decrease the viral load significantly. However, considering that the vast majority of the world 

population chronically infected with HBV and remains untreated, it appears there will be a 

massive increase in liver cirrhosis and hepatocellular carcinoma within the next 10 years9. 

Thus, there is an urgent need for action. 

In 2005, the WHO of the Western Pacific Region, set a regional goal to combat HBV by 2012, 

in an effort to prevent the global spread of both HBV and HCV infection. In the 67th World 

Health Assembly organized by WHO in 2014, the resolution was passed that prevention of 

viral hepatitis through viral hepatitis diagnosis, control and treatment was an urgent priority28.  

1.2.2 HCV 

HCV is a member of the Hepacivirus genus of the Flaviviridae family. It is also an enveloped 

virus that contains single-stranded (+)RNA genome of about ~9.6 kb in length. The genome 

possesses a large open reading frame (ORF) which is flanked by untranslated regions (UTRs) 

at both 5’ and 3’ ends of the RNA molecule29. The ORF encodes a polyprotein precursor, which 
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goes through several co and post-translational processing by both cellular and viral proteinases 

and is cleaved into individual viral proteins. The HCV proteins include structural proteins (core 

protein and E1, E2 envelope glycoproteins and p7) as well as non-structural proteins (NS2 

protein, NS3-4A complex, NS4B protein, NS5A protein and NS5B protein)30.  CD81, a host-

cell surface protein, serves as HCV receptor for the attachment and viral entry. The soluble 

form of HCV envelope protein E2 is necessary for the identification of surface proteins like 

CD81 which are involved in the HCV attachment and entrance procedure31. 

A 5’ non-translated region of HCV genome, internal ribosome entry site (IRES) mediates the 

translation of viral proteins in the cytoplasm and yields a polyprotein precursor32. Along with 

other viral proteins, NS5B-RNA dependent RNA-polymerase (RdRp) also produces a 

polyprotein precursor during the translational process. Just like other positive RNA viruses, 

HCV replication starts by using its own (+) RNA genome as a template to synthesize (-) RNA. 

Then the same NS5B RdRp catalyzes the 2nd step to yield positive stranded RNA from the 

negative one. This time, the new RNA replicons (positive RNA progeny) are 5 to 10 times 

more powerful in transcription level30. 

HCV virion comprises of an outer envelope (made up of a single lipid membrane along with 

some envelope proteins) and nucleocapsid. The virion assembly is assumed to initiate in the 

cytosolic part of the endoplasmic reticulum (ER) membrane during the structural core protein 

synthesis by the action of signal peptidase in the ER. When the core proteins are come into 

contact with the progeny genome, they form the viral capsid. After maturation in the ER, the 

viral particles are assembled and released as an individual progeny infectious virion on the 

luminal side of the ER membrane. The ER plays a vital role in HCV replication and packaging 

as a specialized site known as the membranous web, which is responsible for RNA replication 

of the HCV virus33–36. 
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Figure 2: HCV virus attachment, replication, and release30 

Hepatitis C virus has threatened many countries worldwide by causing over 500,000 deaths 

through HCV associated liver illness. Reports suggest that around 185 million patients are 

living with HCV chronic infection37,38. In developing HCC, persistent HCV infection has 

proven as a high-risk factor. The risk of HCC is 15 to 20 times higher for patients with HCV 

in their serum. Though, several individuals infected by HCV have not seen effects for over 25-

30 years, studies have been forcasted that about 15-35% of these individuals may eventually 

develop liver cirrhosis and then HCC39–41. 

In the 1970’s most of the blood transfusable diseases occured either from HAV or HBV. A 

new disease form designated as “non-A, non-B” hepatitis39 was speculated thereafter in 1989. 

HCV was discovered as a virus with distinguishing features42 compared to HBV and HBV but 

it was considered at that time to be limited to small numbers of people who were intravenous 

drug users or people that received a contaminated blood product. Twenty years later the 

scenario changed entirely and now HCV infection is considered  as a  leading public heath 

problem in the world43. 

HCV has become the major pathogenic virus for causing HCC. Using a mouse transgenic 

model Koike et al.44 demonstrated that HCV can directly cause liver carcinogenesis leading to 

chronic inflammation, cell proliferation, and cell death. The core protein of the virus is 

responsible for the oncogenic characteristics44. Studies have also shown that HCV can induce 

active free radical production, which is an integral feature of the protein core of the virus45.  

HCV infection is not limited to liver disease and can cause extrahepatic clinical manifestations, 

which make the host-virus interaction more complex. Roughly 74% of individuals with HCV 
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infections also acquired extrahepatic manifestations46. These manifestations are mostly 

associated with the autoimmune disorders, which can be lymphomas (HCV-related 

lymphotropism), palpable purpura and immune-complex deposition46,47. Most recent studies 

have reported that extra-hepatic disorders are also involved in cardiovascular problems, renal 

tumor and disease related to the central nervous system48. 

1.2.3 Plasmodium 

Five strains of a unicellular parasite - Plasmodium are the causal agents for malarial infection 

in humans. These include Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, 

Plasmodium malariae and Plasmodium knowlesi. 99.7% cases of malaria infection in sub-

Saharan Africa were due to Plasmodium falciparum and 74% malarial infection cases in 

tropical region of South America is caused by Plasmodium vivax49,50.  

A schematic representation of Plasmodium spp. life cycle is presented in Figure 3. The 

Plasmodium parasites use female Anopheles mosquitoes as their vector for spreading malaria. 

These parasites develop into infectious and motile sporozoites within the mosquito and then 

transfer to human host via mosquito bite. The sporozoites travel through the bloodstream, 

invade the hepatocytes and mature into schizonts (asymptomatic), which eventually produce 

tens of thousands merozoites. A fraction of merozoites invades, matures and replicates in red 

blood cells. The stages include pathogenic-asexual ring stage, trophozoites and formation of 

new merozoites. The remaining fraction of the merozoites are differentiated into sexual male 

and female gametocytes, which are non-infectious but can  transmit into a new vector and later 

on infect a new host.50,51  

 

Figure 3: Schematic representation of Plasmodium spp. life cycle51 
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Malaria has infected over 200 million people worldwide and caused around half a million 

deaths in 2017, and is still a leading cause of mortality. Case studies represents that around 

90% of the total infected population were from African sub-Saharan region 49. 

1.3 Current Diagnosis 

1.3.1 HBV and HCV 

Current diagnostic techniques for HCV and HBV infections include serological assays, 

molecular assays, and rapid diagnostic tool52. Serological assays work on antigens and 

antibodies detections. Several types of serological assays which are commonly used in hepatitis 

diagnosis are enzyme immune assay (EIA)53,54, Radioactive immune assay (RIA)55,56, Enzyme-

linked immunosorbent assay (ELISA)57,58  and immunoblot assay59. Molecular assays detect 

the viral genome (DNA or RNA)54. Different types of molecular assays used in HBV and HCV 

diagnosis are Nucleic Acid Sequence-Based Amplification (NASBA), Transcription-Mediated 

Amplification (TMA), multiplex and Real-time PCR, reverse transcriptase PCR60 and loop-

mediated isothermal amplification (LAMP)61,62. The Rapid Diagnostic Tool (RDT) kit is 

another quick, cost-effective method for both HBV63 and HCV64 diagnosis, but due to low 

sensitivity (e.g. in HCV detection64) and sometimes giving only qualitative and false-positive 

results make the RDT’s not very suitable all time. Moreover, the kits require proper 

refrigeration for sample storage, making them inappropriate for using at remote locations.  

The antigenic part (HBsAg and HBeAg) of HBV virus and antibodies to HBV core antigen 

(IgG and IgM), surface antigens and envelope proteins which changes according to the stage 

of infection can be assessed by serological assays65. For serological tests for HCV, anti-HCV 

is the usual target. This allows a deeper understanding of the human response to infection and 

presents a scenario for treatment.  

Acute hepatitis is diagnosed before the clinical manifestations by the presence of surface 

antigens (HBsAg, a serum marker) which appear in the blood. IgM antibody to hepatitis B core 

antigen can be detected as soon as the onset of symptoms. The persistent presence of HBsAg 

in blood for more than 6 months is an indicator of chronic infection66,67. Person having anti-

HBsAg antibody in their serum after recovery from HBV infection shows a sign of developing 

immunity against the virus. Despite the presence of anti-HBs, some HBsAg mutant viruses 

have the ability to actively infect and can elude detection in the HBsAg assay68.  

The presence of HBeAg (another serum marker) in serum is directly related to the viral loading, 

virus replication and the infectivity status69. A strong positive correlation is observed between 
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HBV DNA titer and HBeAg presence. The DNA level is significantly higher when tested in 

HBeAg positives than HBeAg negatives70. However, there are some HBV mutants (which do 

not interfere with the replication of the infectious virus) with a pre-core regional mutation in 

their genome preventing the expression of HBeAg. 

During antibody measurements (such as anti-HBc or anti-HCV), weakly positive samples are 

generally false positive. Further, there is a greater chance to have false-positive results because 

of non-specific binding. It then becomes necessary for a confirmatory test59,71, where isolated 

viral antigens are used to confirm the identification of the virus. In HBsAg testing, the 

manufacturers to confirm the presence of HBsAg provide a neutralization test. Chen and 

Kaplan et al.72 found that most of the weakly positive results become negative in the 

neutralization test by testing random samples. O’Brien et al.73 recommended this test is only 

appropriate for weakly positive results. The Center for Disease Control also suggested the same 

for weakly positive results obtained from anti-HCV assays74.  

The infected persons may develop protective antibody (anti-HCV and anti-HBe) with infection. 

A detectable amount of antibody takes 5-6 weeks after infection. This stage is known as 

seroconversion. However, there are several limitations in interpreting results from serological 

assays during different stages, which includes i) indistinguishability  of acute, chronic or past 

active infection, ii) time lag between the onset of symptoms and seroconversion of infected 

individuals (e.g. for HCV, 3 months is the maximum time for seroconversion), and iii) there is 

no significant correlation between the active replications and detection of antibody 75,76.  

The recombinant immunoblot assay is often not a good choice for HCV detection because of 

the poor cost-effectiveness and the difficulty in performing the test, which results in a high 

number of indeterminant results77. Moreover, ELISA and EIA for HCV Ag detection are time-

consuming and require highly trained operators. Although recently available 3rd generation 

tests are considerably more sensitive compared to the 1st and 2nd generation tests but tend to be 

less specific because of the high sensitivity giving a high number of false-positive results78.   

The improper development of anti-HCV can occur in immunocompromised people, and 

therefore, a qualitative HCV-RNA detection test is required for the verification of active viral 

infection79. This makes serological diagnosis for HCV more challenging because of the 

versatility of viral genome and antigen80. Further, detecting HCV RNA is a reliable method for 

HCV diagnosis, but, the method is time-consuming, expensive and requires considerable 

expertise. This method can also produce a high number of false-positive results because of 

cross-contamination81.  
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Recent advancements have introduced a new highly sensitive automated chemiluminescent 

technique (CLIA) for HCV core antigen detection which can overcome the limitations of 

previous core antigen methods82,83. Modern serological laboratory tests are especially based on 

automated but care should be taken during handling the sample to avoid hemolysis as it may 

interfere with the colorimetric signal measurement and hampers the accuracy in marker 

detection84.  

When serological approaches are not absolute, molecular diagnostic assays are useful for the 

detection of the hepatitis viral genome. The intelligent and logical combinations of both 

serological and molecular assays as diagnostic tools are more reliable and applicable in modern 

days for viral hepatitis diagnosis but are expensive and time-consuming85.  

1.3.2 Malaria  

Effective and accurate diagnosis of malaria is significantly important as misdiagnosis has 

a substantial impact on mortality, morbidity and drug resistance. Current methods for 

malaria diagnosis includes microscopy, rapid diagnostic test (RDT), serological and 

molecular-based techniques86. Of these, Microscopy is a ‘gold standard’ for Plasmodium 

parasite detection. However, expertise is required to distinguish the several stages of 

parasites in the red blood cells during microscopy detection. As reasoned above in HBV 

and HCV diagnosis, RDT, molecular assays and serological assays are less effective 

diagnosis methods, specifically when the detection needs a point of care diagnosis at 

remote place.  

1.4 Infrared Spectroscopy in Blood-Borne Diseases 

Vibrational spectroscopy provides the molecular information of functional groups and 

molecules for samples in all physical states. Infrared technology is gaining attention over the 

year in the stream of vibrational spectroscopy. Technological advancement in IR spectroscopy 

has broadened its application in a variety of fields, specifically in developing medicinal and 

biological sciences87–89. When a sample is probed with infrared radiation, the oscillating nuclei 

absorbs light at particular wavelengths and gets excited. Mostly, molecules or functional 

groups that have a change in dipole moment during the vibration tend to be good infrared 

absorbers. 

The infrared region of the electromagnetic spectrum begins at 780 nm (just after visible red 

light) and ends at ~1 mm wavelength (the starting point of microwave spectra). The IR spectral 

region is further divided into three ranges, NIR (Near‐Infrared Spectra), MIR (Mid‐Infrared 
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Spectra) and FIR (Far‐Infrared Spectra). NIR covers between 12500-4000 cm-1 range90. MIR 

represents the wavelength range 4000-400 cm-1, and the rest of the IR region 400-10 cm-1 is 

FIR91. 

The mid-IR spectral region is the first choice for biological research particularly for medical 

diagnostics, as this range shows many peaks from fundamental vibrational modes that can be 

readily assigned. The fundamental vibrations contain ‘fingerprint’ characteristics, which are 

directly correlated with the functional groups of the biochemical substances92. For example, in 

biological samples, the stretching vibrations of CH2 and CH3 fatty acids range from 3050–2800 

cm-1. The region between 1750–1500 cm-1 is attributed to the amide I and II bands (stretching 

of C=O, C-N and bending of NH bond) of peptides, and between 1300-900 cm-1 wavenumber 

represent vibrations of C-O, C-O-C bonds from polysaccharides and phosphodieter stretches 

from nucleic acids93,94. 

The three main types of infrared based techniques are transmission, transflection and 

Attenuated Total Reflection (ATR) spectroscopy. In a transmission experiment, IR radiation is 

transmitted through the sample and substrate before reaching the detector, which is usually a 

liquid N2 Mercury Cadmium Telluride (MCT) detector or a room temperature Deuterated 

Triglycine Sulfate (DTGS) detector. One of the drawbacks with transmittance measurements 

is that the IR transparent substrates are very expensive. Furthermore, the transmission spectra 

can be affected by various types of physical effects during the sample measurements. While 

algorithms have been developed for correcting the light scattering effect95, refraction and 

dispersion of light96 and some other optical effects particularly related to thin film 

measurements97, these are rather computationally demanding and the jury is still out as to 

whether these algorithms actually improve the diagnostic capability of the technique98.  

In transflection mode, detection of IR absorption occurs after transmission of radiation through 

the sample, which is then reflected from the substrate and transmitted again through the sample. 

This doubles the path length and therefore doubles the absorption (Beer-Lambert law) and 

increases the signal-to-noise ratio. According to recent studies, a standing wave can be 

generated when low-emissivity slides are used as the substrates. Due to this standing wave, the 

resulting spectra show significant differences across the spectrum depending on the sample 

thickness99. 

A more direct approach that does not necessarily require the use of substrate and avoids the 

physical effects observed in transmission and transflection measurements is Attenuated Total 

Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy, which is based on the 
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principle of total internal reflection. This sampling mode is well suited to both dry films and 

bio-fluids100 and has been used to study protein and lipid components within cellular 

membranes101. The ATR technique has a wide range of applications in the quantitative analysis 

of a variety of serum components of clinical interests102.  

 

Figure 4: A typical ATR-FTIR spectrum of serum showing the major bands 

ATR-FTIR instruments contain an internal reflection element (IRE), which is usually a 

germanium, diamond, silicon or zinc selenide crystal103. The sample should be placed in 

direct contact with the IRE so that the evanescent wave can penetrate into the sample. 

Sample thickness is not important because the IR wave usually penetrates to a depth of 1-

3 μm depending on the wavelength, angle of incidence and refractive indiex of the material 

under investigation. Providing the sample is greater than 3 μm there will be no 

contributions from the background substrate104. 

 

Figure 5: Diagram of the three main Infrared spectroscopy modes105 
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ATR has proven to be a powerful diagnostic tool that is a fast, cost-effective, 

high-throughput, non-destructive and reagent-less technique, which has a huge range of 

applications in bioscience. Furthermore, the sample can be directly analysed with minimal 

preparation resulting in low waste generation. ATR instruments are generally small and 

affordable and can be battery operated, which is an advantage in developing countries,  

giving the technique a number of advantages over current diagnostic tools. However, 

limited sensitivity and selectivity in complex biological samples during IR measurements 

can be a disadvantage compared to an enzyme-based colorimetric method. To further 

enhance the diagnostic capability of the technique robust and validated chemometric 

modelling is required. When analysing wet samples, the contribution to the spectrum from 

water is significant and water subtraction is required. Drying the sample before ATR 

measurements can remove this step but adds more time to the measurement94. 

The application of the FTIR technique for biofluid analysis, especially serum is very 

limited. In the medical field most studies have been performed on tissues and cells92 with 

a few studies investigating the concentration of lipid, protein, and glucose molecules in 

serum106–108. ATR spectroscopy using serum has also been applied to investigate 

spongiform encephalopathy, acute pancreatitis and rheumatoid arthritis along with analyte 

detection109–111.  

A study applied FTIR spectroscopy to assess hepatic fibrosis in individuals with chronic 

HCV infection. The serum makes an ideal medium to detect disease markers because it is 

relatively homogenous compared to cells and tissues. Moreover, a number of sophisticated 

processing and preprocessing techniques have been developed to compare and classify 

spectra112. In summary, ATR-FTIR has been established as an outstanding spectroscopic 

tool for serum analysis due to its simplicity and rapidity in the clinical laboratory105. There 

is one paper in the literature on the detection of metabolites in HIV-infected serum 

samples113.  

This work entailed liquefying the frozen serum slowly at room temperature followed by 

30 min incubation in a 56°C water bath, 5–10 μL serum was transferred onto separate glass 

slides (Kevley Technologies, Ohio, USA) and air-dried overnight to form homogeneous 

dried films. Serum samples were then scraped off onto the diamond crystal surface area 

and the spectra recorded. The findings indicated that ATR-FTIR has a potential to monitor 

the progression of HIV infection and evaluation of treatment by detecting metabolites 

associated with the infection but not the virus per se113,114 . The time was taken to prepare 



15 

the samples, in this case, is over 24 hours whereas our approach will entail  analyzing the 

serum directly in the liquid state. 

In another study, a structural analysis of HIV protein (HIV-1-gp41) was performed using 

ATR-FTIR spectroscopy. This study indicated that ATR-FTIR may be applied  to an 

immunological screening of HIV-related antigens115. A review114 in 2016, depicts a picture 

of vibrational spectroscopic applications in biofluids (serum, plasma and bile) where 

serum was dried and the time taken to dry the sample and the effects of differential drying 

can lead reduced sensitivity. 

1.5 Blood parameters associated with infection 

Glucose and urea are the two important blood parameters in Plasmodium infected 

individuals and their simultaneous detection along with the Plasmodium parasite by ATR-

FTIR can assist a clinical management of malaria patients. However, no previous studies 

using ATR-FTIR and other detection methods were reported for simultaneous detection.  

No study has investigated the use of ATR-FTIR for detecting HBV and HCV clinical 

serum sample, therefore, limiting its suitability as a point of care diagnostic tool. 

Moreover, the literature lacks a comprehensive and robust model as a standard for 

detecting an infected sample. 

As serum proteins typically reflect the proteins generated from host cells (infected/non-

infected), by comparing the hepatocytes infected with HBV with the non-infected control 

cells, it may be possible to identify spectral bands associated with the virus. However, 

incomplete knowledge of such spectral bands and the implicit mechanism upon infection 

limits the development in HBV diagnosis.  

Raman spectroscopy serves as a complementary technique for infrared spectroscopy and 

studying both will lead to a deeper understanding of the biochemical behaviour associated 

with HBV infection. Particularly, these powerful tools in combination show promise in 

monitoring changes at subcellular level. Due to lack of resources, infrastructure and 

clinical samples the subcellular biochemical changes have been under the shadow and 

should be investigated. 
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1.6 Specific objectives and motivation 

1. To simultaneously quantify glucose, urea and Plasmodium parasites using ATR-FTIR 

from single pinprick, which can potentially be used as a point-of-care malaria 

diagnostic in remote regions. 

2. To develop a robust multivariate model using ATR-FTIR spectra to differentiate HBV 

and HCV infected serum from uninfected controls from clinical samples. 

3. To identify unique infrared marker bands for each type of infection and assign them to 

specific macromolecule functional groups. 

4. To determine the absolute detection limit of the ATR-FTIR technique by spiking serum 

with HBV and HCV of known viral load. 

5. To discriminate between infected and uninfected cells, based on infrared and Raman 

spectroscopic signatures as well as identify the changes related to the presence of virus. 

6. To distinguish the HBV infected hepatoma cells from control by comparing the cluster 

analysis at subcellular level (cell membrane, cytoplasm and nucleus).  

1.7 Thesis organization 

This thesis is organized into six chapters:  

 Chapter one introduces the literature survey of the target diseases, scope of ATR-FTIR, 

research problems, objectives of the study and articulation of the thesis.    

 Chapter two describes the instrumentation and chemometrics analysis, which have been used 

to perform the study 

 Chapter three depicts the simultaneous detection of two essential blood analytes (glucose and 

urea) by using ATR-FTIR method along with the malaria parasites.  

Chapter four discusses about the implementation of ATR-FTIR in diagnosing hepatitis B and 

hepatitis C viral infection in infected human serum.  

In chapter five, hepatitis B viral infected and uninfected hepatocyte are monitored by using 

Raman micro-spectroscopy and synchrotron FTIR micro-spectroscopy.   

 Chapter six talks about future scopes of this study 
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Chapter 2. Instrumentation and 

Chemometrics 

2.1 Fourier Transform Infrared (FTIR) Spectroscopy 

2.1.1 Michelson Interferometer 

Fourier Transform Infrared (FT-IR) spectroscopy is a technique that utilises an infrared 

beam to generate an interferogram that interacts with the sample before impinging onto a 

detector. Fourier Transformation is performed on the interferogram to generate the final 

spectrum.  Modern FTIR spectral analysis is almost entirely based on an apparatus known 

as Michelson Interferometer. The heart of the Michelson Interferometer is the beam splitter 

along with a fixed and moving mirror. The moving mirror moves back and forth within a 

specific distance that determines the resolution. At the beam splitter 50 % of the wavetrain 

is directed to the moving mirror and the other 50% is directed to a fixed mirror. Both the 

mirrors reflect the wavetrains back to the beamsplitter where they recombine. The Optical 

Path Difference (OPD) between the reflected wavetrains enables the wavetrains to 

constructively and destructively interfere when recombined at the beam splitter leading the 

generation of individual frequencies which impinge on the sample and then the detector 

simultaneously in a process known as the Multiplex Advantage.1   

 

Figure 1: A schematic diagram of the Michelson Interferometer system 
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2.1.2 Spectral Resolution 

In a Michelson interferometer, the spectral resolution is equivalent to 1/OPD. Therefore, 

if the distance is 0.25 cm then the resolution will be 4 cm-1. 

2.1.3 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

The ATR-FTIR system consists of a Michelson Interferometer, infrared detector and an 

internal reflecting element (IRE). The IRE can be a prism, crystal or similar structural 

material that enables internal reflection of the source IR radiation. The material usually 

has a high refractive index such as germanium, zinc selenide or a diamond crystal. The IR 

beam is directed to the IRE surface and interacts with the sample. The evanescent wave 

penetrates only about 3 micron into the sample depending on the wavelength, angle of 

incidence, and the refractive index of the IRE. This small penetration depth gives ATR a 

major advantage over transmission or transflection measurements for analysing cells and 

biofluids because the water spectrum does not totally saturate the sample spectrum and 

can be easily subtracted yielding a high quality spectrum of the biological material. The 

small amount of light penetration by the evanescent mitigates detector saturation. It is 

important to maintain good contact between the sample and the crystal at the time of data 

acquisition to achieve spectra with a good signal-to-noise ratio and a clamp is often 

employed to apply pressure to the sample to improve the contact. The IR radiation source 

is usually a hotwire or globar that generates a blackbody of infrared frequencies. The 

detector is usually a Deuterated Triglycine Sulfate (DTGS), which can operate at room 

temperature or a Mercury Cadmium Telluride (MCT) semiconductor device, which 

requires cooling with liquid nitrogen.2 Another advantage of ATR technology is its size 

and portability, which enables the technology to be moved from site to site and can easily 

fit into a biosafety cabinet. This was a critical necessity in this project because the 

measurements were recorded at the Victorian Infectious Diseases Reference Laboratories 

(VIDRL) where no samples are allowed outside the building, and must be handled within 

the biosafety cabinets. 
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Figure 2: A general sequential process for performing infrared spectroscopy (IR) -based 

analysis 

2.2 Raman spectroscopy 

2.2.1 Basic theory  

Raman spectroscopy proposed by Sir C.V Raman in 19283, is the technique, which uses 

scattering effect to characterize molecular and crystalline structure of a sample. A single 

frequency monochromatic laser beam is used as the incident light to induce a dipole 

moment in the sample molecule. When the monochromatic laser hits the sample, it distorts 

the electron cloud of the sample molecule, which creates an unstable virtual state and 

causes polarization. The photon reradiates quickly the original scattered light. Most of the 

scattered radiation is in the form of elastic incident light called Rayleigh scattering. In this 

process, the electron is excited to the virtual state and falls back to the ground level without 

changing the energy state and hence the scattered photon is the same as the incident 

photon. 
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Figure 3: The energy diagram of Raman and Rayleigh scattering process 

Only a small portion (one photon per 106-108 photons) is scattered as inelastic radiation 

known as Raman scattering. The change in frequency, which is detectable, originates from 

the induced nuclear motion (dipole moment) that changes during the photon scattering 

process. A Raman spectrum arises from a change in polarizability due to the molecular 

vibration of the sample molecule. The sample molecule either absorbs energy from 

incident photon or transfers the energy to the scattered photon. Stokes scattering results 

when the scattered photon is at a lower energy than the incident photon, while anti-Stokes 

scattering occurs when the scattered energy is at a higher energy than the incident photon. 

Thus, anti-Stokes scattering has more energy and is shifted towards the blue end or shorter 

wavelength of the spectrum compared to the incident photon. On the other hand, Stokes 

scattering has less energy and is red shifted towards the longer wavelengths compared to 

the incident light4,5.  
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Figure 4: A schematic representation of the scattering of light by sample molecule 

Conventional Raman spectroscopy uses Stoke’s-scattering rather than anti-stokes, because 

Stokes scattering is more intense due to the Boltzmann distribution, which states more 

molecules are in the ground vibrational state at room temperature compared to the excited 

vibrational states.  Because the total number of molecules positioned at the higher excited 

vibrational state is always less than the number present in lower ground state at room 

temperature. However, anti-Stoke’s scattering can be useful to avoid interference from 

fluorescence that can occur in Stoke’s shifted spectra. Due to increased temperature the band 

intensity ratio of anti-Stoke’s and Stoke’s scattering increases, which can be useful for sample 

temperature measurements5.   

2.2.2 Major components of a Raman spectrometer  

Modern Raman spectrometers are generally of two types, dispersive and non-dispersive. The 

dispersive spectrometer uses a prism or a grating for dispersion and a multichannel CCD 

detector (charge-coupled-device) for detection of the spectrum. The non-dispersive type is an 

interferometer-based system such as Michelson interferometer and uses Fourier transformation 

to produce the Raman spectrum. In Raman spectroscopy, a wide range of laser sources are used 

for excitation of the sample molecules. For example, Krypton ion laser (647.1 and 530.9 nm), 

Argon ion laser (515.5 and 488 nm), Helium-Neon laser (632.8 nm), NIR (near infrared) diode 

lasers (830 and 785 nm), frequency doubled Neodymium–Yttrium Ortho-Vanadate (Nd:YVO4) 

and Neodymium–Yttrium Aluminium Garnet (Nd:YAG) diode lasers (532 nm) and Nd:YAG 

and Nd:YVO4 lasers (1064 nm)6.   

Coupling with an optical microscope allows the Raman spectrometer to have both visible and 

spectroscopic analysis providing mapping and/or imaging capability. A highly sensitive 

confocal (same focus) technique is used in Raman micro-spectroscopy to reduce the intense 

fluorescence background. Confocality results when light is at the same focal plane of the 
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illuminating point source and the pinhole. This technique allows the optical microscope to 

selectively pass the light in the focal plane, therefore, the light emitted from any position above 

or below the focal plane is restricted from passing through the detector, thus, not contributing 

to the image7. 

 

Figure 5: A typical Raman microscope system consisting of an excitation laser, a microscope, 

and a spectrometer with CCD detector7 

2.3 Infrared Micro-spectroscopy using Synchrotron radiation 

2.3.1 Basic theory 

A synchrotron is a circular, large, Giga volt facility using high energy electrons, forcing them 

to travel in an extremely strong electromagnetic circular orbit (a storage ring), which has been 

‘synchronized’ in a way that the created electron beam travels at the speed of about 299792 

kmsec-1(just a bit below than the speed of light), known as synchrotron light. The light is so 

intense that, comparing to the sunlight intensity, the synchrotron light is even more than a 

million times brighter. After a filtering process, the generated intense synchrotron light can be 

used to probe the molecular structure of a material including biological samples at a sub-

microscopic scale. Previously the application of synchrotron light was limited to particle 
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physics, nowadays this advanced technology is applied to a vast range of fields including 

agriculture biomedicine, advanced materials, defence science, food and food technology, 

environmental sustainability, cultural heritage, forensic science, energy industry, mining, 

electronics, planetary science and many more.8,9  

The 1st generation synchrotron beamlines were based on available facilities designed for 

studying particle physics. Second generation synchrotrons was mainly focusing on the 

synchrotron radiation production and by implementation of electron storage rings. In current 

3rd generation synchrotron facilities long straight magnets (undulators and wigglers) are 

incorporated as ‘insertion devices’ for optimizing the synchrotron light in the storage ring. For 

creating broad intense incoherent radiation, wiggler magnets are used whereas undulators are 

used for creating narrower beams of coherent light, which are significantly more intense. The 

wavelength of the coherent radiation can be selected (known as ‘harmonics’) and ‘tuned’ when 

the magnetic field is manipulated in the device. For the establishment of a 4th generation 

synchrotron sources, the technical challenges are there, and will be generally be used in hard 

X-ray FEL (free electron lasers).9 

2.3.2 Australian Synchrotron 

The Australian synchrotron beamline facility is a 3rd generation synchrotron technology at the 

advanced level. Three types of light sources (bending magnets, unduators and multipole 

wigglers) are used in the Australian synchrotron to perform an extensive range of advanced 

research experiments.  

 

Figure 6: Schematic diagram of the Synchrotron beamline source 

Electron guns produce electrons at the centre of the facility and a linear accelerator or ‘linac’ 

accelerates them at the speed of about 299792 kmsec-1 (99.9997% percentage of light speed). 

The generated electrons travel to the booster ring in a circular trajectory and within a half of a 

second, increase the energy level up to 3000 MeV from 100 MeV. A storage ring with 216 
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meters circumference is in action for storing these high energetic electrons. A series of magnets 

(bending magnets, unduators and multipole wigglers) are incorporated in the storage ring, 

separated by long straight sections so that the created magnetic field can cause the electron 

deflection. Therefore, the electrons release electromagnetic radiation and each bending magnet 

produces a beam of synchrotron light. The released electromagnetic radiation is emitted in the 

forward direction in narrow cone maintaining the tangent of electron’s orbit.  Infrared and x-

ray radiation created by synchrotron are channelled down as ‘beamlines’ and ending up to the 

work-stations.9 

2.3.3 Synchrotron IR source  

Synchrotron infrared radiation is 100 to 1000 times intense than the conventional globular 

sources, when the aperture size is less than 20 µm. By providing high spectral resolution, in 

mid IR range even up to 3 micron, the highly collimated and polarised infrared beam offers the 

scope to analyse the sample components in microscopic level, including the production of 

chemical images through mapping of diverse materials such as biological tissues, surface 

coatings and composite materials.8  

2.3.4 Synchrotron IR micro-spectroscopy  

The combination of a Bruker VERTEX 80v FTIR spectrometer with Hyperion 3000 IR 

microscope allows a collimated beamline of synchrotron IR source and increases the signal to 

noise ratio at diffraction limited spatial resolutions in the range of 3-8 µm. Both the collimated 

synchrotron IR and conventional thermal IR lights follow the same beam path. Therefore, only 

a flat mirror needs to be incorporated in a commercially available microscope to shift between 

the synchrotron-light from the traditional globar source. Hence, the collimated synchrotron IR 

beam at first enters the FTIR spectrometer and then directed towards the microscope. The 

detectors used in the infrared microscopes are usually highly responsive narrow- band or broad-

band mercury cadmium telluride (MCT) detectors, cooled by using liquid nitrogen. In the 

Australian synchrotron IR facility, the online Hyperion 3000 IR microscope is equipped with 

a single-point MCT detector.10 

2.4 Atomic Force Microscope Infrared-spectroscopy (AFM-IR)  

2.4.1 Basic theory 

Atomic force microscopy is an advanced analytical instrument that functions by interaction of 

the cantilever tip (probe) with the sample. The cantilever provides a force sensor and a force 
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actuator. The sample-probe interaction is monitored by a laser beam reflected over the 

cantilever, thereby, allowing visualization of the sample’s morphology when the cantilever 

scan the surface. A photo detector is present in most instrument to record the vertical and lateral 

motion of the probe and typically allows calibration of <20 nm. A number of methods that 

include tunneling current measurement, optical deflection technique, fiber interferometry, and 

piezo-resistive methods are used to achieve nanometer scale accuracy.11 

A much more enhanced spatial resolution can be achieved by combining AFM’s cantilever 

oscillation with infrared beam. On introduction of IR laser on the sample, an induced photo-

thermal expansion is observed which enables the cantilever probe to act as a detector, as the 

oscillation is proportional to the IR absorption.12,13  

 

Figure 7: Schematic diagram of AFR-IR A) and the cantilever oscillation B) is proportional 

to IR absorption spectrum C)12 

Atomic force microscopy can sense the mechanical interaction, which interacts at atomic level. 

When the AFM tip is located in a close proximity (0.1 -100nm) of the sample surface, the 

existing atomic scale forces are called attractive and repulsive forces, and can be detected by 

the AFM tip. The attractive forces are characterized as electrostatic interaction, Van der Waal’s 

force and chemical force. The repulsive forces are usually short-range forces, and can be 

categorized as Coulomb interaction, Pauli-exclusion interaction and hard sphere repulsion.14  

 

2.4.2 Major components of the AFM-IR spectrometer  
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An Atomic force microscope- infrared spectroscopy (AFM-IR) system has four major 

components, a microscope, a cantilever probe, a pulsed tunable infrared (IR) source and a 

photodetector.  

During data acquisition, a sharp AFM-tip is faced towards the surface of the sample, and the 

tip is attached with a long, thin, flexible micro-fabricated Silicon structure, named as cantilever 

probe. This flexible probe allows AFM to generate a topographic image by scanning back and 

forth over the sample surface area. After introduction of the tuned IR-source, the sample 

excitement leads to a molecular absorption and a rapid thermal expansion of that sample area. 

That expansion is detectable by the cantilever probe and the resulted cantilever oscillation is 

correlated to the conventional FTIR-spectra. The photodetector detects the cantilever 

deflection, when a red laser beam coming from a laser diode (photodiode) hits the back of the 

reflective cantilever and bounces back up to the detector. The primary signal generates by 

AFM-IR is usually called the ‘deflection signal’. This high-resolution measurement (deflection 

signal) can be interrupted by loud noises, strong air currents, vibrations or by other effects, as 

it operates for relatively longer period of time related to the relative positions of the tip over 

the sample. The AFM-IR microscope also has an attached IR-source, which covers the mid-IR 

region from 3600-900 cm-1. Some optics are active to direct the IR-radiation towards the probe 

position in the AFM system. Along with the optics, the electronics and an infrared power meter 

are also functional during the microscope operation. A bright field optical microscope is used 

to locate the probe on to the sample.  

2.4.3 Modes of AFM-IR operation 

Contact and tapping modes are two basic modes for operating atomic force micro-

spectroscopy. During the contact mode, probes contact with the sample surface and scanning 

back and forth to generate the imaging signal. The deflection signal varies with the bending of 

cantilever into various directions. As it bends upward, an increase of the signal can be detected 

by the photodetector. So, a pre-set increased signal can be achieved by pressing the probe with 

enough pressure into the sample surface. With the moving probe over the sample, the cantilever 

bends according to the topography of the surface. If the cantilever’s height (Z position) is 

constant, the deflection (cantilever’s angle) will be changing continuously and with an adjusted 

cantilever’s height, the Deflection signal will be at “the set point”. The force applied between 

the probe and the sample is directly proportional to the set point, which means more force 

should be applied to achieve a larger set point.  
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Another AFM height-imaging mode is tapping mode. In this mode, the tip and the sample 

usually uses smaller forces compared to the contact mode, where a mechanical oscillation of 

the probe creates an AC Deflection signal categorized by its amplitude. When the tip is tapping 

on the surface, if the cantilever is closer the amplitude will be smaller because of the less swing, 

and if the cantilever is far enough from the sample surface, the amplitude will be larger because 

of more swing. It changes according to the sample surface, where tall surface generates smaller 

amplitude and low surface generates larger amplitude.  

2.5 Multivariate Data Analysis  

2.5.1 Principal Component Analysis  

Principal Component Analysis or PCA is an unsupervised method which primarily decomposes 

a data matrix into signal and noise parts. A data matrix (X) is comprised of objects (n) and 

variables (p), where ‘objects’ belong to samples, observations or a number of experiments and 

‘variables’ are simply the measurements obtained from objects. The key purpose of all 

multivariate data analysis is to find “hidden phenomena” and it is a fundamental assumption 

that structure portion of a dataset is correlated with the phenomena. By using a PCA model, 

the original dataset can be decomposed into orthogonal components known as principal 

components (PCs), latent variables or factors. The maximum number of components that can 

be decomposed is N-1, where N represents the total number of objects or spectra. The 1st PC is 

derived along the direction in the data where maximum variance lies. “Maximum variance” is 

a term which defines the largest variance of objects within a dataset. The 2nd PC will account 

for the second largest variance and so forth.  

A PCA model is interpreted by examining two plots, score plot and loading plot. 

2.5.1.1 Scores plot  

The purpose of a scores plot is to map the samples according to their similarities and 

dissimilarities. The scores plot is obtained typically by plotting two pairs of score vectors 

against each other, where score vectors act as a snapshot of the objects and projected through 

the PCs. In a multivariate approach, the most common plot is PC1 vs PC2. Grouping the 

samples, identifying the outliers and trends, finding out similarities and dissimilarities are the 

goals for using a scores plot.  
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2.5.1.2 Loadings Plot  

In terms of spectral data, loadings represent the spectral features responsible for the sample 

clustering. It is the mapping of the variables onto the PCs and shows the contribution of each 

variable to construct each PC.  

2.5.1.3 PCA modeling  

A PCA model is basically comprised of four components, which are the dataset, scores, 

loadings and residuals. The X- data matrix can be decomposed in a PCA model as follow:  

X=TPT + E 

TPT is the signal part of X data and E is the noise part. T simply describes the score matrix and 

PT describes the loadings in the transpose form. E is the “residual matrix” and is not explained 

by the model.15  

2.5.2 Partial Least Squares Regression (PLS-R) 

PLS-R is a linear regression technique for predicting the dependent or response variables from 

a huge set of independent variables or predictors. The prediction depends on a range of 

orthogonal factors known as “latent variables (LVs)”. LVs are extracted from the dataset 

(predictors) and contain the best prediction power. Multivariate methods have adopted PLS 

regression as a tool for analyzing experimental and non-experimental dataset in a supervised 

way. The purpose of this model is to predict Y (dependent variable) from X (independent 

variables) and extracting their common features. In contrast, PCA only decomposes the X and 

extract the components (PCs) best describing the X, PLS-R searches for PLS-components 

(latent vectors) from X which can predict Y the best. These components are capable of 

decomposing both X and Y in a simultaneous manner. The goal of PLS-R is to use the predicted 

values for new observations derived from the same population used to construct the model. X 

has an influence on Y variables and PLS helps to understand that influence by developing a 

model for doing prediction.  

2.5.2.1 PLS-R modelling  

If N is the large number of objects for X and Y matrices, K and M are the moderate number of 

variables for X and Y respectively PLS-R can be modeled as follows: 

Y=X [B]+[F], 

Where B is the regression coefficient matrix of size (K x M) and F is the residual matrix of size 

(N x M). The regression coefficient is expressed as,  
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B=W(PTW)-1CT 

Here W is the X weights, P is the X loadings and C is the Y weights.16–18 

2.5.3 Partial Least Square Discriminant Analysis (PLS-DA)  

Partial Square Least Discriminant Analysis (PLS-DA) is a multivariate data analysis 

discrimination tool usually employed to separate two groups. In PLS-DA, PLS is used for 

discrimination where PLS (Partial Least Squares) and LDA (Linear Discriminant Analysis) are 

correlated to each other. It is a supervised method for developing a model to classify samples. 

If a data matrix contains only two groups of samples it is easy to predict the group by setting 

the y variable 1 or 0. If 1, has been set up for positive samples, 1 will represent the positive 

group and 0 for negatives.  

A threshold is calculated called the Bayesian threshold, which minimizes the error (false 

positive or false negative) and assuming that they value prediction will be similar for the future 

observations. Another method can be used to evaluate the PLS-DA models known as Receiver 

Operating Characteristics Curve or ROC curve. It is a graphical representation of sensitivity 

and specificity values of the model. In ROC curve X-axis denotes for 1-specificity (false 

positive rate, FPR) and Y-axis represents sensitivity (true positive rate, TPR). The TPR can be 

obtained by the number of true positive results achieved by the model divided by the number 

of actually true cases, similarly, the number of false positive results divided the number of 

positive cases states the false positive rate. The obtained values for TPR and FPR can be 0 to 

1, where a value closer to 1 for TPR and a value closer to 0 for FPR indicates a better model 

with a better prediction power. The assessment of a ROC curve also depends on area under the 

ROC curve (AUROC). By analogy with the TPR and FPR values, AUROC value can be 

between 0 to 1, where a value closer to 1 indicates more area has been covered by the curve 

means better accuracy of the model.19,20 
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Table 1: S1 Comparison of sensitivity and specificity in PLS-DA models obtained from thick 

film on glass and direct placement of serum onto the crystal slide. Preprocessing steps 

considered smoothing (9 points), baseline correction, SNV, and mean centering. 

 

Analyte 

Region 

(cm-1) 

(Cross Validation) (Prediction) 

LV 

Classification 

error (%) 

Sensitivity 

(%) 

Specificity 

(%) 

LV 

Classification 

error (%) 

Sensitivity 

(%) 

Specificity 

(%) 

HBV 

vs Controls 

(Glass slide)  

  

1762-

906 

  

 

10 

   

10 

   

21.3% 76.6% 80.6% 28.4% 69.4% 73.7% 

      

HBV 

vs Controls 

(ATR-crystal) 

  

  

1762-

906 

  

 

8 

   

8 

   

12.10% 84.3% 91.3% 11.2% 84.4% 93.10% 

      

HCV 

vs Controls 

(Glass slide)   

  

1762-

906 

  

 

11 

   

 

11 

   

19.6% 78.0% 82.8% 28.9% 51.3% 90.9% 

      

HCV 

vs Controls 

(ATR-crystal) 

  

  

1762-

906 

  

 

9 

   

 

9 

   

15.2% 77.2% 92.30% 11.3% 80.0% 97.20% 
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 Table 7: S2: LV vs cross validation error for whole sera directly placed on the crystal and 

analyzed with ATR-FTIR. Models were selected based on the lowest value of CV error 

Positives vs 

Negatives  HBV vs Negatives  HCV vs Negatives  HBV vs HCV  

LV CV Error LV CV Error LV CV Error LV CV Error 

1 0.315 1 0.327 1 0.226 1 0.359 

2 0.277 2 0.278 2 0.187 2 0.271 

3 0.269 3 0.229 3 0.186 3 0.246 

4 0.244 4 0.234 4 0.172 4 0.265 

5 0.231 5 0.19 5 0.162 5 0.221 

6 0.214 6 0.171 6 0.182 6 0.216 

7 0.207 7 0.17 7 0.147 7 0.231 

8 0.188 8 0.122 8 0.162 8 0.226 

9 0.195 9 0.151 9 0.152 9 0.221 

10 0.195 10 0.146 10 0.157 10 0.186 

11 0.194 11 0.131 11 0.152 11 0.187 

12 0.204 12 0.122 12 0.147 12 0.187 

13 0.207 13 0.131 13 0.162 13 0.182 

14 0.209 14 0.141 14 0.147 14 0.186 

15 0.208 15 0.112 15 0.152 15 0.186 
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Figure 8-S1: Latent variable vs Cross validation error plots A).HBV vs Negatives B)HCV vs 

Negatives C)HBV vs HCV D)Positives vs Negatives using the dataset of whole sera directly 

placed on the ATR-crystal. 
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Figure 9-S2: PLS-DA cross-validated models with the dataset of low molecular weight 

components A) Estimated Y values of HBV vs Controls and B) corresponding ROC D) 

Estimated Y values of HCV vs Controls E) corresponding ROC. 
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Chapter 5. Monitoring the infection of a 

human hepatoblastoma cell line by 

hepatitis B virus using synchrotron 

FTIR micro-spectroscopy and Raman 

micro-spectroscopy 
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Chapter 6. Conclusion and Future Work 

6.1 Conclusion 

The overall aim of the research project was to develop a point-of-care diagnostic tool 

using Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy to 

detect blood pathogens and analytes in host blood and serum samples. The target pathogens 

were Hepatitis B (HBV), hepatitis C (HCV) viruses (causal agents responsible for human 

hepatitis) and Plasmodium falciparum parasites, the causal agent for malaria infection. The 

hypotheses were two-fold: 1) Malaria infection in whole blood and associated analytes can be 

detected and quantified using ATR-FTIR spectroscopy. 2) Pathogenic and immune infrared 

markers for HBV and HCV viral antigens can be detected and used as diagnostic indicators to 

build multivariate models for point-of-care viral detection. Attenuated total reflectance-Fourier 

transform infrared (ATR-FTIR) spectroscopy, synchrotron infrared micro-spectroscopy, 

Raman micro-spectroscopy and atomic force microscope infrared-spectroscopy (AFM-IR) 

were applied to investigate the pathogenic response. 

Chapter 1 introduces the target diseases malaria and hepatitis, literature survey, background 

about spectroscopic techniques and scopes for ATR-FTIR. It also highlights the objectives of 

this thesis.  

Chapter 2 details the instrumentation used in the project, which includes ATR-FTIR 

spectroscopy, Raman micro-spectroscopy, synchrotron IR micro-spectroscopy, AFM-IR 

spectroscopy. Chapter 2 also explains the chemometric tools that were employed for data 

analysis.  

Chapter 3 describes the application of ATR-FTIR spectroscopic method to detect and quantify 

P. falciparum infection and two associated metabolites namely urea and glucose 

simultaneously in whole blood. Portable ATR-FTIR spectroscopy has several advantages 

compared to enzymatic diagnosis for glucose and urea. First, it can generate results within a 

very short time (10 minutes including sample preparation and measuring time). The technique 

only requires a pinprick of blood to obtain a spectrum, making it ideal for infants who are the 

primary victims in malaria epidemic regions. Moreover, the dried thick smear preparation of 

whole blood samples on a glass slide is well suited for the remote regions where facility of 

preservation and transportation is a big issue. However, as discussed in Chapter 4, it does not 

have the same contact on the ATR crystal compared to directly drying the blood on the crystal 
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and hence the signal-to-noise ratio is smaller. In combination with multivariate analysis, the 

PLS-DA model using this approach resulted in a 98% specificity but a low sensitivity (70%) 

due to the lower number of control samples. It should be noted that only higher parasitemia 

could be detected using whole blood (>0.5%) compared to isolated red blood cells, where the 

parasitemia detection was found to be 0.0001 %.1 The prediction capability using PLS-R 

models based on the root mean square cross validation error (RMSECV) values for malaria 

parasites (0-5%), glucose (0-400 mg/dL) and urea (0-250 mg/dL) concentrations were 0.58%, 

30.48 mg/dL and 22.70 mg/dL, respectively.  There is a still scope for improving the limit of 

detection using a digital filtration approach, recently developed by our group, by calculating 

the difference spectrum between control and infected samples and then squaring the difference 

spectrum and adding the standard deviation to generate a threshold function. This will be 

applied in future studies and would reduce the limit of detection.  

Chapter 4 focuses on the detection of hepatitis viruses (HBV and HCV) in human clinical sera 

samples and spectroscopic biomarkers to detect viral antigens and host-virus interactions. 

Initially we performed the PLS-DA models generated from the whole serum using the glass 

slide method as previously reported.2 The classification error for the predicted models were 

extremely high, 28.4% for HBV vs controls and 28.9% for HCV vs control, compared to the 

models obtained by placing the whole serum directly onto the ATR crystal due to insufficient 

contact between the sample and the ATR-crystal.  

To further, improve the modelling PLS-DA was performed on clinical serum samples and 

separated into high and low molecular weight fractions. The prediction error of the PLS-DA 

model of HBV vs controls was 11.20%, whereas for HCV vs controls was 11.30% using whole 

serum. The error values were significantly lower for high molecular weight molecules 

compared to the low weight components, proving that the discrimination between the infected 

and uninfected serum samples were largely dependent on the high molecular weight molecules. 

The differences in spectral features were observed in the region responsible for antibodies 

(immunoglobulins), lipid and glucose. A band observed at 1093 cm-1 was assigned to the 

HBsAg (surface antigen for HBV) and confirmed using AFM-IR of isolated HbsAg VLP.  The 

quantitative PLS-R regression analysis showed no linear relationship with the spiked viral 

samples, indicating the spectral signals are mostly associated with the other analytes in the 

sample (due to the host immune responses) rather than the viral particles. Overall, the ATR-

FTIR has proven to be a promising diagnostic tool for HBV and HCV as an initial screening 

approach. However, judicious choice of the spectral region for modelling is important in 

discriminating between the immune response and direct detection of viral components. 
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Chapter 5 focusses on monitoring the human hepatoblastoma cell lines with and without 

transfected HBV full length DNA. The aim of this study was to determine what are the specific 

marker bands of HBV and HCV viral infections. Raman and synchrotron FTIR 

micro-spectroscopy were employed to analyse cells at the single cell level. The average Raman 

and synchrotron spectra from singles cells demonstrated more intense C-H stretching in the 

HepG2 controls. Furthermore,  Unsupervised Hierarchical Cluster Analysis (UHCA) was used 

to discriminate and lipid bodies in the cytoplasm and Principal Component Analysis (PCA) 

performed on Raman data set of the two cell lines showed lipid confirmatory bands (2849 cm-1 

and 3007 cm-1) showing an increase in HepG2 control compared to the HBV transfected cell 

lines. The results indicate that, the storing capability of lipid molecules decreased with the HBV 

infection in the infected HepG2.2.15 cells. There is debate in the literature regarding the lipid 

accumulation in HBV infected cells. Our work is in agreement with a few other studies3–5 that 

reported lower lipid accumulation in HepG2.2.15 cells compared to controls. 

6.2 Future work 

ATR-FTIR spectroscopy has been proven to be an efficient tool for the diagnosis of HBV and 

HCV, malaria parasites and blood analytes. However, more work is required to make it a robust 

and applicable tool for point-of-care diagnostic tool. The proposed future work includes:  

1. To truly quantify malaria parasites, glucose and urea, the PLA-DA and PLS-R model 

needs to be applied in clinical Plasmodium infected blood samples.  

2. To increase the sensitivity of the PLD-A model the number of negative samples 

required needs to be increased.  

3. To diagnose hepatitis, the PLS-DA models of clinical serum samples (HBV vs negative 

and HCV vs negatives) requires more samples to be included in an independent test set 

from different geographical populations, the number in total should be at least 1000 

samples to be applied in real field.  

4. Coinfection with both HBV and HCV should also be modelled using ATR-FTIR 

analysis.  

5. To investigate the spectral signatures related to the increase in immunoglobulin (Ig) 

upon hepatitis infection, the experiment should be performed with other viruses (e.g. 

influenza, polyomavirus) infected serum to confirm whether the response is specific for 

hepatitis viruses (HBV and HCV) or generic for other viruses. 

6. Spiking experiments with known immunoglobulin (Ig) concentrations should be 

performed to quantify the Ig response.  
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7. Culturing of viruses is the next stage to investigate the spectral features in clinical 

samples. The culturing requires a biosafety level 3 facility and it was not possible to 

conduct these experiments at VIDRL. Spiking experiments with the cultured virus 

particles can be performed for ATR-FTIR analysis and generate PLS-R model to 

quantify viral particles.   

8. The isolated viral antigens hepatitis B core antigens (HBcAg), hepatitis B envelope 

antigens (HBeAg), HCV core antigen (HCVcAg) can be characterised using 

ATR-FTIR spectroscopy and analysing the clinical samples based on the antigenic 

spectral signature.  

9. Performing analysis using other spectroscopic techniques including using a portable 

Raman spectrometer or a hand held near-IR spectrometer to detect hepatitis in clinical 

samples. Similar to ATR-FTIR, Near-IR spectroscopy offers the potential for a fast, 

reagent-free, cost-effective and minimally invasive diagnosis of HBV and HCV in 

clinical samples. This technique is currently being trailed in our lab for malaria 

infection. Moreover, the water signal is relatively weak and narrow (1404-1454 nm-1) 

and it doesn’t interfere with the other spectral region in the Near-IR compared to mid-IR 

region and could be applied to aqueous blood/serum, which would expedite the 

diagnostic method by removing the drying step. 
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