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Abstract

Raman spectroscopy and its analogues, surface enhanced (resonance) Raman
scattering (SERS and SERRS) have been widely applied in malaria research to target
early diagnosis of malaria infection in blood or plasma samples primarily via the
identification of the infection specific biomarker hemozoin. However, the capability
of Raman spectroscopy to contribute to tackling other areas of malaria research is
not as thoroughly investigated. In this work two such areas were studied. The first
looked to utilise Raman spectroscopy to differentiate malaria parasite infected tissue
from non-infected and the second investigated coupling portable Raman with malaria

diagnostic tests to improve detection levels.

Research commenced by investigating the potential of Raman spectroscopy to detect
tissue burden within malaria infected samples. Sequestration of parasite infected red
blood cells in the vascular endothelium is associated with features of severe malaria
pathology such as cerebral malaria. Currently, there is difficulty in assessing the
presence of parasites sequestered within tissue during the progression of the
infection, with many reported studies carried out post-mortem. Raman imaging
coupled with chemometric analysis showed very clear separation of malaria infected
mice spleen sections from non-infected, with an associated increase in concentration
of heme-based Raman vibrations within the infected dataset. An in-vivo mouse study
also highlighted the ability of Raman spectroscopy to gain biological information from
whole organs. These results demonstrated that Raman spectroscopy can be used to
easily discriminate the subtle changes in tissue burden upon malarial infection within

tissue sections.

Finally, the coupling of rapid diagnostic tests with a handheld portable Raman
spectrometer for the detection of HRP-Il malaria biomarker via SERRS was
investigated. By applying a 3D-microfluidic paper-based device in a sandwich assay
format, SERRS detection gave a theoretical LoD of 1.68 ng/mL HRP-Il which converted
to ~22 parasites/pL (~0.00044 % parasitemia). This detection limit of infection density

was lower than what is typically capable of a technician analysing a blood smear by



light microscopy (~100 parasites/pL, 0.002 % parasitemia), which is a current gold
standard detection method. The results displayed the advantages of high sensitivity
and specificity gained from SERRS and as it was conducted on a portable Raman
spectrometer it has the potential to be implemented as a point-of-care method. This
coupling could be applied to enhance the detection capabilities of the already widely
applied rapid diagnostic tests. The possibility of being able to reliably detect lower-
density parasitemia with this SERRS-3D-uPAD could also allow positive malaria

identification in asymptomatic individuals.
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1 Introduction

1.1 Nanoparticles

Nanoparticles are defined as particles with one or more dimensions less than 100 nm
in size.! They are of great interest due to their unique properties that differ from the
bulk material, including their interaction with light and properties such as size, shape,
and colour which can be tuned to suit a particular application. A number of metallic
elements, such as gold (Au),? silver (Ag),® iron,* and platinum,> can be found as

colloidal suspensions.

Examples of the use of nanoparticles can be seen throughout history, with one of the
most famous being the Lycurgus cup, dating back to 4™ century A.D. The cup was
found to have Ag and Au nanocrystals incorporated into the glass which gave it its
unique optical properties. These tiny crystals change the visual colour of the cup, with
it appearing green in reflected light but ruby red in scattered light.® In current
research, nanoparticles are also being applied in areas such as cancer cell imaging,’
biosensing® and DNA detection,”® with Au and Ag nanoparticles being the most

popular form of nanomaterial used for optical applications.

Nanoparticles are most commonly synthesised via the chemical reduction of metal
salts by reducing agents such as trisodium citrate, > ethelynediaminetetraacetic acid
(EDTA)? or sodium borohydride.'? Surface functionalisation of the nanoparticles can
also be carried out to impart selectivity and sensitivity for the specific target analytes
that do not have sufficient specific affinity to the metal surface. An example of this is
the conjugation of nanoparticles with antibodies, which combines the properties of
the nanoparticles themselves with the specific and selective recognition capabilities

of the antibody to the target antigen.!?

Their unique optical properties coupled with the ability to control their size, shape,
and surface chemistry make nanoparticles preferred substrates for diagnostic

applications. The most commonly exploited property of metallic nanoparticles is their



associated localised surface plasmon resonance, which occurs when the

nanoparticles interact with light of a specific wavelength.

1.1.1 Localised surface plasmon resonance

Nanomaterials consisting of metals, such as Au and Ag, display a strong surface
plasmon band in their extinction spectra due to their unique interaction with incident
light. This localised surface plasmon resonance (LSPR) arises due to the collective
oscillation of conduction band electrons on the surface of the nanoparticles which

occurs in the presence of an applied electromagnetic field (Figure 1.1).14%5

+ + \ I Nanoparticle
Electromagnetic————
Wave l | e ;
© 7 Electron / :
Cloud : ‘ )

Figure 1.1 Schematic representation of the localised surface plasmon resonance showing the oscillation of
electrons in spherical metal nanoparticles in an applied electromagnetic field.

Gustav Mie first described the LSPR phenomenon in 1908, when he solved Maxwell’s
equation for spherical nanoparticles.'® He concluded that the plasmon band was due
to dipole oscillations of the free electrons in the conduction band occupying the
energy states directly above the Fermi energy level.'®> The surface plasmon band for
~20 nm Au nanoparticles is ¥520 nm*° and for ~35 nm Ag nanoparticles it is ~400 nm.3
However, the surface plasmon band will shift depending on nanoparticle size, shape,
the inter-particle distance and changes in the local environment such as the refractive

index or the surrounding medium.’

An important feature of nanoparticles’ LSPR, which makes them ideal for bio-sensing
applications, is the distance dependant nature of the surface plasmon band. As the
inter-particle distance of the nanoparticles decreases, coupling of the surface

plasmons occur, resulting in a red-shift of the nanoparticle extinction to longer



wavelengths.'® Larger red-shifts result as the inter-particle distance becomes shorter.
This surface plasmon coupling can also be monitored through a colour change, for
example Au nanoparticles change from red to purple when the interparticle distance
decreases.’® The ability to cause controlled aggregation of nanoparticles, and in turn
have an observable colour change, has led to the development of colorimetric
biosensors for the detection of biological analytes such as DNA,%%%!
oligonucleotides,?? and proteins.?> With one of the most well-known biosensors
being the home pregnancy test. Not only can biorecognition events be detected
through changes to the nanoparticles’ extinction spectra, but they can also be studied
through the enhancement of the molecules’ Raman scattering due to the presence

of nanoparticles.

1.2 Raman Spectroscopy

Raman spectroscopy is a structural characterisation technique which relies on the
inelastic scattering of monochromatic light. The process of inelastic scattering of
photons was first postulated in 1923 by Smekal,?* however, the ‘Raman effect’ was
not observed experimentally until 1928 by Raman and Krishnan.?> This experiment
showed the existence of scattered radiation and proved that it had an altered
frequency from the incident light.?® These findings formed the basic characteristics

of Raman spectroscopy.

1.2.1 Theory of Raman scattering

When a photon of light interacts with a molecule, polarisation of the molecules
surrounding electron cloud occurs, which results in a short lived excited ‘virtual
state’.?” Rayleigh (or elastic) scattering, which is the dominant process, involves only
the distortion of the electron cloud without any nuclear movement, resulting in small
changes in the frequency. The photon is therefore scattered at the same frequency
as the incident light.?® However, if nuclear motion is induced during the scattering
process, a transfer of energy from the incident photon to the molecule (Stokes

scattering) or a transfer of energy from the molecule to the scattered photon (anti-



Stokes scattering) will occur.?® In this instance, a change of energy by one vibrational
unit occurs and this is known as Raman (or inelastic) scattering. These scattering

processes are shown in the form of a Jablonski diagram in Figure 1.2.

N
E, 1¢t Excited
Electronic State
Virtual Energy State
Energy
A A
v
E, h Y Ground Electronic
Rayleigh Stokes Anti-Stokes State

Figure 1.2 A Jablonski diagram illustrating the processes of Rayleigh and Raman scattering

In Stokes scattering, the photons are scattered with less energy than the incident
photons, as the molecules are promoted to a higher energy excited vibrational state
from the ground state. At higher temperatures, some molecules will be in an excited
vibrational state and when these molecules lose energy to the scattered photons and
return to the ground state, anti-Stokes scattering occurs.?® At room temperature,
most molecules will be in the ground vibrational state, therefore the intensity of
Stokes scattering is likely to be greater than that of anti-Stokes scattering and so
Stokes scattering is most commonly recorded. The population of the energy levels
and the ratio of the intensities of Stokes and anti-Stokes scattering can be calculated

using the Boltzmann equation3® (Equation 1.1), where N, is the number of molecules



in the excited vibrational energy level, Nn, is the number of molecules in the ground
vibrational energy level, g is the degeneracy of the energy level, E,-En is the
difference in energy between the vibrational energy levels E, and Em, k is the

Boltzmann constant (1.3807 x 1023 JK'!) and T is the temperature (K).

Equation 1.1 Boltzmann Equation

&: g_nex [_(En_ m)]
N, gn P kT

However, Raman scattering is an inherently weak process with only one in every 10°
— 108 scattered photons being Raman scattered.?® The intensity of the Raman
scattering can be described by Equation 1.2, where / is the Raman intensity, K consists
of constants including the speed of light, /; is the laser power, a is the polarizability

of the electrons in the molecule and w is the frequency of the incident radiation.

Equation 1.2 Intensity of Raman scattering

I = KI,a’w*

By changing the laser power (/;) and the frequency (w), the Raman scattering intensity
can be maximised. From the equation, the intensity (/) has a 4" power dependency
on the excitation frequency, therefore, the lower the excitation wavelength that is
used e.g. in the UV region, the more intense the Raman scattering will be.?® Although
many compounds will absorb UV radiation and along with higher energy photons in
this region, issues with sample burning and degradation can occur.?! To overcome
these problems and improve the signal obtained from Raman scattering, the
techniques of resonance Raman and surface enhanced Raman scattering have been

developed.?®

1.2.2 Resonance Raman scattering
The sensitivity and selectivity of Raman scattering may be enhanced by choosing a

laser frequency close to an electronic transition in the molecule of interest.?® This



effect, known as resonance Raman scattering (RRS), has been reported to give signal
enhancements of up to 10%; however, it is more typically in the region of 103 - 10%.32
When using RRS the absorption of a photon induces the excitation of the molecule
into an excited electronic vibrational state, as opposed to Raman scattering where
excitation is to a virtual state (Figure 1.3). As a result, when RRS is employed,
electronic and vibrational information of the molecule is simultaneously obtained?®
which can allow the identification of selected chromophore molecules within

complex biological matrices, such as heme structures within hemoglobin.3?
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Figure 1.3 A Jablonski diagram illustrating the processes of Raman and resonance Raman scattering

RRS does have problems with sample degradation and competing fluorescence
processes that can result in a high, unwanted fluorescence background. However, by
making use of the time discrimination between fluorescence, which takes places over
a nanosecond as nuclei relax to equilibrium geometry of the excited state, and Raman

scattering that occurs before nuclei reach equilibrium positions in the excited state,



interference can be minimised.?® To overcome the limitations of RRS, particularly

fluorescence backgrounds, surface enhanced Raman scattering can be used.

1.2.3 Surface enhanced Raman scattering (SERS)

The phenomenon of SERS was first observed in 1974 by Fleischmann et al.>®> who
reported an intense Raman signal from pyridine on a roughened Ag electrode, which
showed enhancement in comparison to adsorption on a smooth Ag electrode. This
enhancement was initially attributed to an increase in surface area allowing more
pyridine to adsorb on to the surface, however, subsequent studies later came up with
different theories which both disputed Fleischmann’s hypothesis.3*3> Jeanmaire and
Van Duyne proposed that the enhancement was due to an electromagnetic effect®*

whereas Albrecht and Creighton suggested a charge transfer effect.3>

It is widely accepted that SERS enhancement is a combination of both the
electromagnetic and charge transfer effects; however, the electromagnetic
enhancement is the dominant process. This occurs when an analyte is adsorbed onto
or held in close proximity to a roughened metal surface, i.e. nanoparticles, resulting
in an interaction between the analyte molecules and the surface plasmons.3® When
incident light interacts with the nanoparticle surface it causes the localised surface
plasmons to oscillate, which increases the local field that is experienced by the
analyte, causing greater polarisation around the molecule and thus increasing the
resulting scattering. To create scattering, the metal surface must be roughened to
create a component of the plasmon with a vector perpendicular to the surface.?”
However, the greatest enhancement does not occur evenly around all isolated
particles but at points where nanoparticles are touching or are clustered. These

points are known as ‘hot spots’ where the interstices between nanoparticles

generate large electric fields, resulting in strong SERS responses in these areas.?®

Chemical, or charge transfer, enhancement involves the formation of a bond
between the analyte and metal surface.3” This interaction induces a charge transfer

between the analyte and the metal, creating new electronic states that are in



resonance with the laser excitation wavelength and so increase the polarisability of

the molecule and, in turn, increase the scattering effect.2®

The roughened metal surface required for SERS may be introduced in several forms,
with the most common including electrodes, metal thin films, and colloidal
suspensions of metal nanoparticles.?” Au and Ag are the most commonly used
nanoparticles for Raman scattering as their surface plasmons lie in the visible region,
enabling good enhancement factors to be obtained?® and they are also relatively easy

to prepare.?’

1.2.4 Surface enhanced resonance Raman scattering (SERRS)

Surface enhanced resonance Raman scattering (SERRS) is a combination of RRS and
SERS that incorporates surface enhancement with resonant chromophores to
produce enhancement factors of up to 10'4.37 As with RRS, the laser excitation must
coincide, or lie close to, the absorption maxima of the chromophore. With SERRS
even greater enhancement is achieved if this frequency also coincides with the

resonant frequency of the metal surface plasmons.?®

The use of SERRS overcomes many limitations associated with Raman scattering, as
the combination of enhancements increases the sensitivity which allows lower laser
powers and shorter accumulation times to be used, which in turn can reduce sample
degradation. As only Raman bands originating from the chromophore of the analyte
are enhanced, selective detection of resonant analytes in the presence of non-
resonant contaminants is afforded.3® Any fluorescence interference is quenched by
the metal surface, so Raman peaks will dominate and any fluorescence background
is reduced, meaning both fluorescent and non-fluorescent dyes can be used as
analytes.®® Furthermore, by using a combination of dyes with varying resonant
frequencies, multiple laser wavelengths can be used to achieve multiplexed
detection. Its multiplexing capabilities and high sensitivity make SERRS a rival

detection method to fluorescence-based methods.3°



1.2.5 Raman imaging

Raman spectral imaging (or mapping) is a method used for generating detailed
chemical images from a samples Raman spectrum. It involves scanning a desired area
by moving the laser across the surface, whilst collecting a spectrum at each pixel.
False-colour images can then be generated for selected vibrations, showing the

intensity distribution of the Raman band over the mapped area.

This technique shows the distribution of chemicals and other components within a
sample, and has thus been applied to the analysis of cells,* tissue,** pharmaceutical
drugs,*? and even food.** As well as collecting spectral information in a 2D-setup
(within the x-y plane), 3D images of samples can also be built by moving through the
z-plane. 3D Raman mapping can be used to show the distribution of components

within the volume of a sample and to study its architecture.**

Overall, Raman spectroscopy provides characteristic structural information from
molecules and can be used in a label-free manner or can be coupled with
nanoparticles and resonant dyes to increase the sensitivity of the technique. It can

be used in many different applications, some of which are explored in this thesis.

1.3 An introduction to malaria

Malaria is a mosquito-borne infectious disease that is widespread in many tropical
and subtropical regions. A World Health Organisation report stated that in 2016 there
were over 200 million cases of malaria infection worldwide, with an estimated 445
000 deaths.*> A disproportionately high share of the global malaria burden is found
in Sub-Saharan Africa with 90 % of all malaria cases and 91 % of all reported deaths
occurring within these regions.* With these statistics, new techniques which could
enhance or replace current methods to help reduce malaria incidence and mortality

rates would be extremely advantageous.



1.3.1 Malaria parasite

The causative agent of malaria infection is a protozoan parasite of genus Plasmodium,
which is transmitted to humans through the bites of infected female Anopheles
mosquito vectors.*® Four species, P. falciparum, P. vivax, P. ovale, and P. malariae are
known to cause malaria in humans? along with the recently discovered P. knowlesi,

a zoonotic form of human malaria.*’

When a mosquito takes a blood meal, the parasite is injected into the human host’s
bloodstream with the mosquito saliva. An incubation period of between 7 - 30 days
occurs before the first symptoms appear.*® Shorter incubation periods are observed
more frequently with P. falciparum infection, while longer periods with P. malariae.*®
P. vivax and P. ovale parasites can remain dormant in the host’s liver for months or
years, producing no physical symptoms of infection and may reactivate and cause

disease long after the individual has left the malaria endemic region.*4°

Symptoms of infection typically include chills, fever, headaches, muscle aches and
vomiting, these will be found in cases of uncomplicated malaria.*® However, in
extreme circumstances, infections can be complicated by serious organ failure or
abnormalities in the patient’s bloodstream, known as severe malaria and
manifestations include cerebral malaria, severe anaemia, acute kidney failure, and
hyperparasitemia.*®4° All clinical symptoms, in both uncomplicated and severe

malaria, are caused by the asexual erythrocytic stage parasites.>®
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1.3.2 Lifecycle of malaria parasite
Through the course of an infection, the malaria parasite passes through two distinct
pathways known as the asexual (symptomatic) and sexual reproductive pathways

(Figure 1.4).

>

1. Transmission to human % -
(injects sporozoites via bite) —

2. Sporozoites enter liver and
infect hepatocytes

A

9. Sporozoites develop
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schizont
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midgut wall, bl
forms cocyst r ey

\ N

7. Gametocytes mate,
undergo meiosis

6. T ission to quit # S Sexual C)'d!
(ingests gametocytes via bite) =\ (merozoites produce gametocytes instead)

Figure 1.4 Diagram illustrating the life-cycle of the malaria parasite. The right side (red) details the asexual cycle
of the parasite. Here immature forms of the parasite, known as sporozoites, are injected into the human host’s
bloodstream where they quickly invade the liver cells and begin asexually replicating. After a period of ~7 — 30
days, the liver cells rupture, releasing thousands of merozoites into the bloodstream where they invade the red
blood cells (RBCs). Over ~48 hours the parasite multiplies while progressing through three distinct phases (ring,
trophozoite and schizont). At the end of the schizont stage, the RBCs rupture releasing more merozoites which
can go on an infect more RBCs. Large numbers of RBCs bursting at the same time, correspond to the cycle of fever
and chills in malaria. With each replication stage some of the merozoites will develop into gametocytes, instead
of producing new merozoites (left side). These can then infect susceptible mosquitos, bringing the transmission
cycle full circle.52 Reprinted from International Journal of Antimicrobial Agents, 41(4), Klein, E.Y., Antimalarial
drug resistance: a review of the biology and strategies to delay emergence and spread, 311-317, Copyright 2013,
with permission from Elsevier.

3. Liver cells rupture and
merozoites released

4. Intraerythrogytic cycle
(asexual [symptomatic cycle)

Following an infected mosquito bite, hundreds of sporozoites are released into the
host’s bloodstream where they quickly migrate to the liver and infect hepatocytes.

Here they can remain dormant (P. vivax or P. ovale) or initiate development to
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produce thousands of merozoites. This typically occurs over a 7 — 30 day period, after
which the merozoites burst out of the liver and invade the red blood cells (RBCs) to
initiate the intraerythrocytic phase. Within this phase the parasite begins replicating
mitotically, moving through three set phases: ring, trophozoite, and schizont.**>! The
schizonts then burst, often in close synchrony with other parasites,>! producing the
characteristic symptoms of high fever followed by chills and rigor. This cycle is
repeated every ~48 hours in falciparum, ovale, or vivax; every ~72 hours in malariae
infections; and ~24 hours in knowlesi.>> Once free in the blood these new parasites
can go on to infect further erythrocytes, resulting in exponential parasite
proliferation.>® However, after each replication some merozoites will instead develop
into gametocytes, which can go on to infect susceptible mosquitos and continue the

cycle.*®

Identification of parasites within the host’s blood is commonly used to diagnosis
infection;>® however, malaria-related biomarkers will also be present and these can

be studied to improve current diagnostic tools.

1.3.3 Malaria biomarkers

A biomarker is a measurable ‘biological marker’ that correlates with a specific state,
mainly those indicating the risk of contraction, presence or stage of a disease.>*
Biomarkers of various types can be used in research and clinical settings for disease
monitoring and diagnosis, to guide treatment or to observe a therapeutic response.
The ability to detect specific biomarkers of Plasmodium mediated infection,
particularly at early stages, is crucial for reducing malaria morbidity and mortality.
Several malaria-associated biomarkers have been utilised for disease identification

and the most common are briefly described below.

1.3.3.1 Hemozoin

During the intraerythrocytic phase the parasite catabolises up to 80 %>° of the host’s
hemoglobin (Hb) within the parasitic food vacuole.”® Degradation of Hb is believed to
be a key source of amino acids for the parasite®’ and is also necessary to make room

for itself as it multiplies within the cell.>®
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Along with amino acids the degradation of Hb also produces free heme moieties
(ferrous [Fe'] protoporphyrin 1X) that are toxic to the parasite. As the Plasmodium
species lack the heme oxygenase enzyme that is responsible for the degradation of
the heme moiety in vertebrates,”® an alternative route for detoxification must be
employed. The parasite achieves this by first oxidising heme to ferric [Fe'"]
protoporphyrin IX crystals (hematin). These single crystals then aggregate to form an

insoluble complex known as hemozoin (Hz) or ‘malaria pigment’.>%>°

Hz consists of an array of hematin units, linked into dimers through reciprocal iron-
carboxylate bonds between central iron atoms of one heme and the propionic acid
side chain of another. These dimers are then connected by hydrogen bonding to build
a large regular network (Figure 1.5).°2°® Aggregated Hz crystals are chemically inert
and stored within the parasitic food vacuole as brick-like shaped deposits with

maximum dimensions of 50 — 1000 nm.>°

Dimers are linked
_‘,f' by hydrogen bonds

) Detoxification !
—Jctoxication

HO' 0 He HO'

HO'

ferrous [Fe"] protoporphyrin IX feric [Fe"] protoporphyrin IX linked into dimers via

. . . a,
Heme Hematin reciprocal iron-carboxylate

bonds to one of the\;ﬁ !
propionic side chains of a
N 1 A

each porphyrin

Figure 1.5 Diagram illustrating the formation of hemozoin. Heme moiety is oxidised to form hematin molecules.
These then form dimers with other hematin units via reciprocal iron-carboxylate bonds. Dimers are then linked
via hydrogen bonds to form a large regular network. This forms what is known as the ‘malaria pigment’.
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At the end of the intraerythrocytic cycle when the RBCs rupture, Hz is released into
the bloodstream along with merozoites. These insoluble crystals are not degraded
under physiological conditions and so circulate in the blood until they are eventually

scavenged by macrophages in the liver and spleen.06?

The majority of Hb degradation takes place during the trophozoite and schizont
phases,*® therefore the presence of Hz is most prominent within these later stages

and has become a key biomarker for parasite identification.>?

When carrying out in vitro malaria studies, a synthetic form of Hz known as B-hematin
(or sHz) can be used as a substitute. This is chemically,>> spectroscopically,®? and
crystallographically®? identical to natural Hz and has the added advantage that it does

not have to be isolated and extracted from the parasite.

1.3.3.2 Histidine-rich protein-Il

Histidine-rich protein-lIl (HRP-II) is regarded as a vital biomarker unique to P.
falciparum and is produced by trophozoites and young gametocytes.>>%3 It is localised
in the parasite cytoplasm and on the parasitised erythrocyte membrane. The
concentration of HRP-Il is known to increase as the parasite develops from the ring
stage to the late trophozoite and can be detected at lower levels of parasitemia than
panmalarial antigens such as aldolase.®* This water-soluble protein can be detected

in serum, plasma, cerebral-spinal fluid and urine samples.®

The function of HRP-Il is not fully understood but reports have demonstrated that its
main role is heme-binding and initiation of hemozoin formation within the malaria
parasites.”? HRP-Il is a commonly targeted antigen for P. falciparum malaria diagnosis
in immunochromatography-based rapid tests in a need for more objective and

guantitative tools to replace traditional microscopy.

1.3.3.3 Plasmodium lactate dehydrogenase

Plasmodium lactate dehydrogenase (pLDH) is an enzyme found in the glycolytic
pathway of malaria parasites®® and is produced by both asexual and sexual
(gametocytes) stages.®’ Different isomers of pLDH for the Plasmodium spp. which

infect humans exist and, when coupled with the HRP-Il antigen in
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immunochromatographic techniques, non-falciparum malaria infection can be

distinguished from P. falciparum.>?

1.3.3.4 Plasmodium aldolase

Aldolase is a further key enzyme in the parasite glycolytic pathway>? having a key role
in the cleavage of fructose-1,6-bisphosphate into glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate.®® It can be found localised in the parasite cytoplasm as
an active and soluble form, or associated with the membrane fraction as an insoluble
form.%® This malaria antigen has also been investigated as a target in malaria

diagnosis, mainly for non-falciparum species identification.>3

1.3.4 Current malaria diagnosis techniques

Prompt and accurate diagnosis of malaria is crucial for the effective treatment and
management of infection. Diagnosis typically involves identification of the
Plasmodium parasite or antigen / by-products in the patient’s blood. However, the

efficacy of detection is dependent on the method chosen.

1.3.4.1 Clinical diagnosis

Clinical diagnosis is based on a patient’s signs and symptoms, and on physical findings
at an examination, which makes it a relatively inexpensive approach.®® However,
early symptoms are non-specific and variable and quite often overlap with other
tropical diseases, which can lead to the indiscriminate use of antimalarials and

compromise the quality of care for patients suffering from non-malarial fevers.%°

Where possible, suspected cases of malaria should be confirmed by laboratory tests,
as clinical diagnosis alone is unreliable. Two of the most highly utilised laboratory

techniques are microscopic diagnosis’® and rapid diagnostic tests (RDTs).>3

1.3.4.2 Microscopic diagnosis

The accepted ‘gold standard’ for malaria diagnosis is the preparation and microscopic
examination of blood films (Figure 1.6), typically stained with Giemsa, to directly
detect the parasite in the blood.>®’® Microscopy offers many advantages including

sensitivity of being able to typically detect ~100 parasites / uL blood,>? the ability to
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characterise parasites in terms of their species and of the circulating stage,’* and,

finally, the low cost involved in the method.®’
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Figure 1.6 Images of Giemsa stained blood smears. (A) P. falciparum rings in a thin blood smear. (B) P. falciparum
ruptured schizont in a thin blood smear. P. falciparum schizonts are seldom observed in peripheral blood. Mature
schizonts contain 8 to 24 merozoite, seen as dark pigment clumped in one mass.”2Scale bar are shown on both

images.

However, a disadvantage of microscopic diagnosis is that results can be subjective
and depend heavily on the experience and training of the diagnostician, particularly
at low levels of parasitemia.’? It is also a labour-intensive technique with the time
between specimen collection and results taking ~60 minutes, often with further
delays in clinicians receiving microscopy results which can hinder treatment
decisions.®” More recently the advent of RDTs, which measure the presence of

malaria parasite antigens, have expanded the range of diagnostic options.

1.3.4.3 Rapid diagnostic tests

RDTs are based on the detection of malaria parasite specific antigens in peripheral
blood, using lateral flow immunochromatographic techniques.®®> They employ a
prefabricated strip of carrier material bearing monoclonal antibodies directed against
the target parasite antigen (Figure 1.7). Their use is intended to allow simple and swift
diagnosis, particularly in areas where standard laboratory diagnosis is limited or not
possible. Many RDT kits are commercially available, although they have varying

degrees of performance quality.”3
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Figure 1.7 Example results and interpretation from a typical commercial RDT. Also labelled are the basic
component parts of a dipstick RDT.7 Copyright (2018) World Health Organisation.

RDTs are simple and quick to employ with a typical test taking 15 — 20 minutes to
run.%® Unlike traditional light microscopy techniques, they do not require a highly
skilled specialist to run and it has been reported that interpretation of results varies
little among users.”®> As RDTs detect circulating antigens, it is possible for them to
detect P. falciparum infection even when the parasites are sequestered in the deep
vascular compartment and so undetectable by microscopic examination of a
peripheral blood smear.®” However, when compared to microscopy detection
thresholds of 5 — 10 parasites / uL blood, limits are slightly higher for RDTs at 40 —
100 parasites / L blood.>* Many are also non-quantitative devices, only providing
visual indication of infection, and so do not provide information of the possible
prognostic importance. These immunochromatographic techniques also suffer from
the fact that, as of yet, they cannot differentiate between non-falciparum parasite

infections.®’

With further work to improve their disadvantages, RDTs offer a practical chance of
moving malaria diagnosis away from time-consuming laboratory microscopy and

nearer to the patient for quicker and more specific treatment choices.
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1.3.5 Applications of Raman in malaria diagnosis

Raman spectroscopy has been extensively used for the identification of malaria
infection, most commonly via the detection of the ‘malaria pigment’, Hz. It has been
widely reported by groups including Frosch et al.>> and Wood et al.”4 that the choice
of Raman excitation wavelength is key to gaining selective resonant enhancement of
Hb and Hz porphyrin ring bands over other non-resonant cellular components within

blood, plasma and tissue samples.

In 1999, Ong et al. used resonance Raman to study erythrocytes infected with P.
berghei, a rodent malaria parasite.”> From the Raman spectra they were able to easily
determine if erythrocytes were infected by studying the appearance of multiple
heme-resonance enhanced bands, including the 754 cm™ porphyrin band. Wood et
al.’® reported that by exploiting the resonance Raman characteristics of Hz, coupled
with partial dark field microscopy, there was potential to determine targets within P.
falciparum infected erythrocytes as the Hz deposits within the parasites ‘light up’
under a dark field effect. Rapid confocal Raman imaging then allowed the presence
of Hz to be confirmed, which in turn confirmed the presence of malaria infection.”®
More recently, Hobro et al. applied resonance Raman imaging to study the
progression of P. yoelii non-lethal parasite infection via blood and plasma samples.”’
They showed, with the aid of chemometrics, that within infected blood samples,
changes associated with a loss of Hb and an increase in Hz could be detected after
four days of infection. However, when plasma samples were analysed, it was shown

that Hz could be detected one day post-infection due to a reduced heme background.

These studies highlight how valuable Raman spectroscopic techniques are for the
study of biological matrices within malarial infection. Extensive research has been
carried out to understand the Raman spectral profile of Hz and its detection within

erythrocytes using both rodent’>”778 and human malaria parasite models.>®7476.7°

However, to date, little work has been done to discover if Raman spectroscopy can
be utilised to understand and diagnose tissue burden within malaria parasite infected

tissue or if SERRS can be coupled with RDT’s to improve their sensitivity in detecting
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malaria specific biomarkers. These possibilities will be explored further within this

thesis.
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2 Project aims

This thesis investigates the application of Raman spectroscopic techniques for the
detection of malaria parasite infection and can be separated into two main sections.
The initial aim was to investigate the application of label-free Raman imaging to
differentiate malaria parasite infected from non-infected tissue. Malaria parasite
sequestration within the vascular endothelium of organs is largely responsible for the
symptoms and severity of infection. Therefore, Raman imaging coupled with
chemometric analysis was applied to mouse spleen tissue sections, both infected and
non-infected, to determine if any biological alterations associated with infection
could be detected and linked to tissue burden. Following this, the ability of Raman
spectroscopy to be applied in-vivo to non-invasively detect tissue burden was
studied. A portable Raman system was used to interrogate the spleen and liver of

mice that had been injected with infected and non-infected red blood cells.

The second objective was to investigate the coupling of rapid diagnostic paper-based
devices with SERRS for the sensitive detection of the P. falciparum specific biomarker,
HRP-II. Quantification of the target antigen via SERRS detection was converted to
parasite densities of infection and compared to the current ‘gold standard’ detection
of light microscopy analysis of blood smears. Colourimetric analysis of the device test
spots was also carried out determine whether SERRS detection could improve the
conventional colourimetric method for analysing these paper-based diagnostic tests.
Finally, the ability of a 3D-paper-based diagnostic device and SERRS to detect HRP-II

in a biologically relevant matrix was tested.
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3 Label-free Raman imaging of malaria parasite infected
tissue

3.1 Introduction

As reported in section 1.3, at the end of the parasite erythrocytic cycle, RBCs rupture,
releasing Hz and parasites into the bloodstream. However, under physiological
conditions, the Hz is not degraded and circulates in the bloodstream until it is
digested by macrophages present within specific organs.®! The spleen is the primary
organ involved in the development of an immune response®® during the erythrocytic
stage of infection, along with the elimination of parasitised RBCs and Hz.8%82
However, P. falciparum parasites have developed mechanisms to avoid clearance

which can lead to diagnostic difficulties.

3.1.1 Parasite sequestration

Erythrocytes infected with mature forms of the P. falciparum malaria parasite are
known to cytoadhere to the vascular endothelium of several organs, including the
brain, liver, and spleen to avoid clearance from the bloodstream.%? Proteins of the P.
falciparum erythrocyte membrane protein 1 (PfEMP1) family mediate this adhesion
through specific binding to multiple endothelial cell receptors.®* Binding to
endothelium results in widespread sequestration of infected RBCs and therefore

their reduced splenic clearance (Figure 3.1). Also because they are sequestered in the
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deep microvasculature, diagnosis is more challenging as they are not seen in the

peripheral blood.%3

IE
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Figure 3.1 Schematic of a typical microvessel found in multiple organs and tissues in malaria parasite infected
patients. P. falciparum parasites sequester in microvessels to avoid splenic clearance from the bloodstream. The
parasite on the left is expressing a PfEMP1 variant on the infected erythrocyte (IE) surface that binds CD36 on
endothelial cells. In addition to CD36, endothelial cells may also express EPCR, PECAM-1, and ICAM-1. Infected
erythrocyte binding to these different receptors is encoded by specific P/EMP1 domain cassettes. Activation of the
endothelium by developing parasites and downstream events such as secretion of proinflammatory cytokines (IL-
1 and TNFa), deposition of fibrin, and loss of barrier integrity, result in microvascular inflammation, obstruction,
and perivascular leakage.®> Reprinted with permission from Aird, W., et al., Plasmodium falciparum picks (on)

EPCR. Blood, 2014, 123(2), 163-168. Copyright (2018) American Society of Hematology.

PfEMP1 — P. falciparum erythrocyte membrane protein 1; CD36 — platelet glycoprotein 4; EPCR — endothelial protein C receptor;
PECAM-1 — platelet endothelial cell adhesion molecule-1; ICAM-1 — intercellular adhesion molecule-1; IL-1 — interleukin 1; TNFa

—tumor necrosis factor alpha.

Sequestration of parasite infected RBCs is largely responsible for the severity and
symptoms of infection®® and is associated with a number of features of severe
malaria pathology such as cerebral malaria, severe anaemia, and hyperlactataemia.®
Cerebral malaria is a major complication of P. falciparum infections®”88 and is linked
with a high risk of death, particularly in young children. The sequestration of
parasitised RBCs to vascular endothelium can cause microvascular obstruction and is
considered to be a major feature leading to cerebral malaria related pathology.86:8
Studies carried out on brain tissue, post-mortem, have shown numerous sequestered
parasitised RBCs within the cerebral microvasculature,®®®! however, there is a
difficulty in assessing the presence of parasites within the tissue during the

progression of the disease. Therefore, a technique, such as Raman spectroscopy,
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which could non-invasively detect tissue burden would be a great step forward in
diagnosing cerebral malaria at an earlier stage, so treatment plans could be

implemented.

The rodent parasite, Plasmodium berghei (P. berghei), is one of the most widely
employed models in malaria research to understand infection in humans.8> RBCs
infected with mature schizont stage P. berghei ANKA parasites, sequester effectively
in a large number of mice organs, such as lungs, spleen, liver, and brain.8>°2 This
accumulation has been visually highlighted by Franke-Fayard et al.?° who reported a
system for the real-time in vivo imaging of sequestration (Figure 3.2). Through
modifying the parasite genome with GFP-luciferase, only the schizont stage was
made visible when bioluminescence signals were detected which showed this mature

stage of the parasite was specifically localised in lungs, the spleen and adipose

tissue.®?
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Figure 3.2 Imaging of transgenic P. berghei ANKA parasites in vivo. CD36-mediated sequestration of schizonts
were visible in the lungs, spleen, and adipose tissue of a wild type mouse.?® Reprinted with permission from
Franke-Fayard, B., et al., Murine malaria parasite sequestration: CD36 is the major receptor, but cerebral
pathology is unlinked to sequestration. Proceedings of the National Academy of Sciences, 2005, 102(32), 11468 -
11473. Copyright (2018) National Academy of Sciences.
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The absence of P. berghei schizonts in peripheral blood has also been observed in
mice and rat models.®2 This P. berghei ANKA infection in mice resembles P. falciparum
infection of humans in that parasite sequestration and tissue accumulation does
occur and the process is limited to only mature parasite stages.®> As a result of these
characteristics with spleen recognised as a key tissue for sequestration of this
parasite, P. berghei ANKA infected spleen was chosen to carry out proof-of-concept
work on the ability of Raman spectroscopic imaging to identify infected tissue via

differentiation from non-infected controls.

3.1.2 Raman analysis of biological tissue samples

The coupling of Raman spectroscopy with microscopy within biology is becoming
increasingly popular as it can provide both biochemical and structural information,
along with direct visualisation of the sample.3! Along with single point spectra, Raman
microspectroscopy can also produce highly informative Raman images of selected
sampling areas non-invasively, non-destructively, and with high molecular
specificity.® These studies can accumulate large, information rich spectral data sets
and to effectively extract the relevant underlying chemical and compositional data,
multivariate analysis techniques can be applied allowing conclusions to be drawn

with statistical significance.

During the pathogenesis of disease, biological alterations occur, that lead to changes
in the biochemical composition of affected tissues. These changes in structure,
concentration, and composition of biomolecules can be reflected in the Raman
spectra of tissue samples. Indeed, Raman spectroscopy has been used to study the
subtle molecular changes in tissue samples associated with many diseases. Kochan et
al.®> utilised Raman microspectroscopic imaging to investigate the pathological

changes in the liver induced by diabetes and atherosclerosis.
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Their work focussed heavily on the changes in content and distribution of lipids within
the mouse model livers. By creating false colour Raman images (Figure 3.3) Kochan
et al. visually highlighted that lipid content was highest in diabetic mice livers,
relatively high in atherosclerotic mice, whereas in control mice lipid-rich areas were
comparatively small. This study showed Raman imaging as a powerful tool for

accurate chemical analysis of tissue sections.
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Figure 3.3 Raman maps providing an accurate insight into the biochemical composition of mice livers analysed
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with this vibrational technique. White light images of the cross-section of liver tissues taken from control (top),
atherosclerotic (middle), and diabetic (bottom) mice with interrogated areas outlined in red. False colour Raman
maps of lipid and protein distributions obtained by integration of marker bands in regions of 2800 — 3020 cm-(C-
H), 1240 — 1340 cm™ (lipids), and 1215 — 1275 cm- (amide Il band of proteins). Scale bars also shown.%
Reproduced from Kochan, K., et al. Pathological changes in the biochemical profile of the liver in atherosclerosis
and diabetes assessed by Raman spectroscopy, Analyst, 2013, 138, 3885-3890, with permission of The Royal

Society of Chemistry.

Raman spectroscopic imaging has also been proven successful in differentiating
dysplastic tissue from normal gastric mucosa tissue,® in the differential diagnosis of
lung malformations,®” and in accurately classifying breast lesions from samples of

benign and malignant human breast tissue.®®
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SERS studies of ex-vivo tissue sections have also been investigated using both Au®®
and Ag'%%191 nanoparticles incubated on top of the tissue sections, to differentiate
between a variety of diseased and healthy samples. Schlucker and co-workers!® also
showed in situ detection of antigens in tissue sections via SERS from Au nanoparticles

with an aromatic Raman label covalently linked to the antigen-specific antibody.

Traditional Raman spectroscopy has generally been restricted to probing surface or
near-surface areas of biological tissues with penetration depths of only several
hundred microns into tissue, which limits its ability for application to in vivo disease
detection.1 However, with the development of spatially offset Raman spectroscopy
(SORS), accurate analysis through millimetres of material, when obscuring barriers
such as skin are present, is now achievable.1®1%> Along with the development of
handheld portable SORS instruments, that have also been shown to be able to detect
through millimetres of obscuring barriers,'% the ability to gain biochemical

information to detect diseased tissue in vivo has become a real possibility.

3.1.3 Choice of Raman excitation wavelength

For biological tissues, a near infra-red (NIR) laser excitation is commonly used as the
optical window (700 — 900 nm) for these specimens exists within the NIR region,
where the absorption of light within tissue is minimal.1%”1%8 Within this optical
window, tissue is relatively transparent to light, and measurements in this region
minimise contributions from tissue autofluorescence.’®® Although scattering
efficiency is higher at lower wavelengths, such as 532 nm, resulting in the use of
shorter integration times and lower laser powers, significantly less tissue damage
occurs when NIR lasers are employed.'”” As a consequence of this, a 785 nm
excitation laser was used to interrogate both the malaria parasite infected spleen
tissue and the uninfected samples. As some substrates, particularly glass, emit a large
fluorescent background signal in the NIR region,'% spleen tissue sections were placed

on Raman-grade calcium fluoride (CaF;) slides.

It is well documented that resonance Raman enhancements of the porphyrin rings of

Hb can be gained through excitation in the regions of the Soret absorption band
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(near-UV ~400 — 436 nm) or the Q-bands (visible region ~490 — 650 nm).}1%113 As the
malaria pigment, Hz, shares the same porphyrin core as Hb, resonance enhancement
of this compound can also be achieved by selecting the correct laser wavelength.
Within malaria research, it has been widely reported by groups including Frosch et
al.>> and Wood et al.”* that the choice of Raman excitation wavelength is key to
gaining selective enhancement of Hb and Hz bands over other non-resonant cellular
components. Wood et al.”® reported that by exploiting the resonance Raman
characteristics of Hz through using a 532 nm excitation source, coupled with partial
dark-field microscopy, there was potential to detect low-pigmented phases of the
malaria parasite’s life-cycle within infected erythrocytes. Further on from this, Hobro
et al.”’ applied resonance Raman imaging, with a 532 nm laser wavelength, to study
the progression of malaria infection via blood and plasma samples. Their work
showed that within infected blood samples, changes associated with a loss of Hb and
an increase in Hz could be detected after four days of infection. They also showed the
ability to detect Hz in plasma after only one day post Plasmodium infection. This
potential for earlier diagnosis was attributed to the reduced heme-background
associated with the plasma samples. These studies highlight how valuable Raman
spectroscopic techniques are for the study of biological matrices with malaria
infection. Therefore, a 532 nm laser excitation was also chosen to study the spleen
tissue sections, on glass slides, to gain resonance Raman enhancement of any heme-

based (Hb &/or Hz) components within the samples.

In this work, two laser excitation wavelengths were used to gain Raman (785 nm) and
resonance Raman (532 nm) information to study the subtle changes in the
biochemical composition of mouse spleen tissue sections following infection with the
rodent malaria parasite, P. berghei, to determine if Raman spectroscopy could be

utilised as a tool for detecting tissue burden.
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3.2 Results and discussion

Spleen tissue samples were obtained from two female BALB/c mice infected with
asynchronous P. berghei ANKA (euthanised when peripheral blood parasitemia
reached 5 %), along with two female control uninfected mice. At this level, although
high, the infection is asymptomatic in BALB/c mice. Ten tissue sections were taken
from the infected spleens, along with a further ten from the uninfected spleens (at a
thickness of 10 um) and placed on poly-L-lysine glass slides for analysis at 532 nm.
For analysis with a 785 nm laser excitation, four infected and four uninfected 10 um
spleen tissue sections were placed on poly-L-lysine coated Raman-grade CaF; slides.
These CaF; slides were used for analysis at 785 nm as the standard glass slides gave
a large fluorescence background that interfered with any Raman peaks present.
Tissue-Tek O.C.T compound,'* a formulation of water-soluble glycols and resins, was
used as a tissue freezing medium to preserve the whole spleen structure for
cryosectioning. This was also used to aid the attachment of spleen sections to the
glass and CaF; slides. Prior to Raman analysis the sample slides were washed once
with PBS (10 mM, pH 7.2), followed by a rinse with dH,0 to remove the Tissue-Tek
O.C.T. This left no residue on the slides and the polycationic nature of poly-L-lysine
allowed interactions with the anionic sites of the tissue sections,'** resulting in strong
adhesion of the samples even after the freezing medium had been removed. This
method of tissue preparation was chosen over traditional formaldehyde fixation as
formaldehyde fixation can cause change to the biochemistry of the tissue as it works
by cross-linking chemical groups such as amines, and therefore it can cause significant

changes to the Raman spectrum.16

Once washed, Raman spectroscopic imaging was performed using a Raman
spectrometer equipped with a 532 nm (resonant) and 785 nm (non-resonant) laser
excitation to study the changes in the biochemical composition of the mice spleen
tissue sections following infection with P. berghei. Firstly, the Raman spectra of
infected samples were compared with non-infected samples to detect any changes

in the Raman spectral signature associated with infection. The multivariate
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chemometric analysis technique, principal component analysis (PCA) was then
applied to decompose the spectral data into components and attempt to identify
subtle changes to biological groups within tissue sections that could differentiate
infected tissue burden from non-infected samples. A synthetic form of hemozoin, B-
hematin, was synthesised to be used as a reference spectrum in the analysis of tissue
imaging results. This was synthesised using an acid catalysed dehydration of hematin
method adapted from Egan et al.''” and Egan et al..'® Characterisation of the B-
hematin crystals was carried out using IR, Raman, and UV-visible spectroscopic
techniques (Appendix ). B-hematin will be referred to as sHz in the following results

and discussion section.

3.2.1 2D Raman imaging

Multiple areas of infected and non-infected tissue sections were mapped to gain
large, information rich data sets. Firstly, an infected and non-infected (control) map
were selected, for both wavelengths, to study the resonant (Figure 3.4) and non-
resonant (Figure 3.5) spectral features of the tissue and changes in relative peak
intensity were investigated using spectra subtraction and intensity ratio maps. At
each wavelength, both tissue types showed a very similar spectral profile,
highlighting that the biochemical compositions were closely linked (Figure 3.4(A) &
Figure 3.5(A)). Tentative peak assignments of the Raman bands for the data collected

with a 532 nm and 785 nm excitation are listed in
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Table 3.1 and Table 3.2, respectively. Similar Raman peaks were recorded using the
532 nm and 785 nm laser excitation (~1130, 1338, 1585, and 1618 cm™) for both the
control and infected spleen tissue. However, the relative Raman peak intensity for
the ~1130 cm™* and ~1585 cm™ peaks were much greater when the 532 nm laser was
used. Both peaks can be assigned to vibrations from Hb (1130 cm™ - vs and 1585 cm™*?
- v37)112119 35 well as smaller contributions from some other proteins!® and lipids.®’
Resonance Raman contributions from the Hb vibrations can be used to explain the
observed increase in peak intensity from the tissue analysed with a 532 nm laser,

compared to the non-resonant 785 nm spectra.

30



532 nm

~—— Non-Infected Spleen 8
—— Infected Spleen Ll
A, - Bo.m- g T
- gﬁ - N e
3 0 E “
I - 8
> 081
0 >
= | £ 0054 0
c (o] (] N
(] o0 I c N
2 ) 9 o
£ 06+ M c
: T : L)
g ® S oo A \ ) i
: R A VT
o 04- o) 2
m
T
0 X T
n 2
= 0 0054
£ 024 o N )
o _S 00 m
0 3 = <
P4 n Ll
0'0 T 1 '0‘10 T T T T T T T T T 1
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Raman Shift (cm™) Raman Shift (cm™)
‘__|7_4§[,|;397 . L1130 / 1307 . lys0/ |1_3‘OZ .
fa— =5 - T e
0° 5 . Lo ‘t = )
C s . . «-,f-‘ s
c . ¢
-~
8 lA.- [ 2 .
..... =3 sig
o
-
0
L
£

Figure 3.4 Analysis of Raman peak intensity for control and P. berghei-infected tissue sections mapped at 532
nm. (A) Averaged, normalised spectra from a mapped area of control and infected tissue (41 x 41 um, step size 1
um). Spectra were then normalised against the peak at 1585 cm™1. (B) Subtracted Raman spectrum. The average,
normalised control spectrum was subtracted from the average, normalised infected spectrum, both shown in (A),
to highlight any potential biological components that were being altered within the malaria infected tissue. (C)
Image shows white light images of both tissue sections, with the grey box indicating the area that was mapped,
along with peak intensity ratio maps for selected Raman peaks. Intensity ratio maps were created using the peak
intensities for: 745 cm~1, 1130 cm™2, 1170 cm™%, and 1307 cm™1 (l74s/11307; l1130/11307; 11170/ l1307). These ratio maps
visually show relative changes in the intensity of these Raman peaks within the area of P. berghei-infected tissue
that was mapped compared to the uninfected area. These maps suggest an increase or alteration to some key
biological components within the infected tissue including, multiple hemoglobin vibrations,13 120 |ipids,®® and
proteins.117
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Figure 3.5 Analysis of Raman peak intensity for control and P. berghei-infected tissue sections mapped at 785
nm. (A) Averaged, normalised spectra from a mapped area of control and infected tissue (20 x 20 um, step size 1
pm). Spectra were then normalised against the peak at 1337 cm~1. (B) Subtracted Raman spectrum. The average,
normalised control spectrum was subtracted from the average, normalised infected spectrum, both shown in (A),
to highlight any potential biological components that were being altered within the malaria infected tissue. (C)
Image shows white light images of both tissue sections, with the grey box indicating the area that was mapped,
along with peak intensity ratio maps for selected Raman peaks. Intensity ratio maps were created using the peak
intensities for: 1255 cm™2, 1448 cm1, 1585 cm™1, and 1004 cm™ (11255/11004; |1448/11004; 11585/ 11004). These ratio maps
visually show relative changes in the intensity of these Raman peaks within the area of P. berghei-infected tissue
that was mapped compared to the uninfected area. These maps suggest alterations and possible decreases in
intensity to some key biological components within the infected tissue including, multiple protein vibrations,

including Amide 111,°7 and lipids.%8
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Table 3.1 Tentative peak assignments for the main peaks observed in the spectral profile for both non-infected

and P. berghei infected spleen samples, Raman imagined with a 532 nm laser excitation source.

532 nm laser excitation

Raman
shift (cm™)  Assignment?
745 vis Hb [v(pyr breathing)]
998 vas Hb [v(CC)asym], Proteins (Phe)
1087 DNA/nucleic acids [vs(POy), v(CC)], Hb
1130 vs Hb [6(=CH,)4], Lipids (C=C backbone stretches)
1170 v3o Hb [v(pyr half-ring)asym], Proteins (Tyr)
1225 v13/Va> Hb [6(CH)], Proteins (amide Ill)
1307 v21 Hb [6(CH)], Lipids (CH2 deformation band)
1338 va1 Hb [v(pyr half-ring)sym], Nucleic acid modes
1370 va Hb [v(pyr half-ring)s,m]
1396 Va0 Hb [v(pyr quarter-ring)], CH, deformation
1439 Lipids [6(CH.)]
1561 v11 Hb [v(CC)]
1585 va7 Hb [v(CC)asym]
1618 v1g Hb [V(CC)asym], Proteins (Tyr, Trp C=C stretches)
1636 vio Hb [V(CC)asym], Proteins (amide 1)

a Abbreviations: v — stretch vibration; 6 — in-plane bending vibration; sym —

symmetric; asym — asymmetric; Hb — hemoglobin; Phe — phenylalanine; Tyr —

tyrosine; Trp - tryptophan. Assignments from ref, 9395119

When comparing the averaged, normalised spectra, differences in the relative Raman

peak intensities for infected vs. control tissue were observed for both wavelengths.

These were highlighted through subtraction of the average, normalised control

spectra from the infected (Figure 3.4(B) and Figure 3.5(B)). With the resonant Raman

tissue data, subtraction emphasised some peaks that appeared to increase (~745,

1130, 1170 and 1225 cm™) and decrease (~1087 and 1439 cm™) in Raman signal

intensity within the P. berghei infected tissue compared with the non-infected,

control. This change in relative peak intensity suggested an alteration in the biological
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composition of the spleen at this level of infection, characterised by changes in level

and/or composition of the biological species assigned to these Raman signals.

Table 3.2 Tentative peak assignments for the main peaks observed in the spectral profile for both non-infected

and P. berghei infected spleen samples, Raman imagined with a 785 nm laser excitation source.

785 nm laser excitation

Raman

shift (cm™)  Assighment?

966 Lipids

1004 Proteins (Phe sym ring breathing mode), Hb

1048 Glycogen, Protein (C—O & C—N stretching)

1104 Proteins (Phe)

1128 Phospholipids, vs Hb [6(=CH,)4]

1210 Proteins (Trp, Phe)

1255 Proteins (amide Ill), Lipids (CH; in-plane deformation)
1320 Phospholipids, Nucleic acids (CHsCH; twisting modes)
1337 Proteins (amide Ill), CH,/CH3 wagging, collagens & lipids
1448 Proteins (8(CH.), 6(CHs), collagen), Lipids (6(CH.) scissoring, phospholipids)
1556 Proteins (amide Il, Trp), Hb

(

(

(

1585 Proteins (Phe, 6(C=C)), vs7 Hb [V(CC)asym]

1605 Proteins (Phe, Tyr)

1618 Proteins (v(C=C), Trp), vio Hb [V(CC)asym]
(

1658 Proteins (v(C=0) amide I, a-helix, collagen, elastin)
3 Abbreviations: v —stretch vibration; 6 —in-plane bending vibration; sym — symmetric; asym —asymmetric; Hb

— hemoglobin; Phe — phenylalanine; Tyr — tyrosine; Trp - tryptophan. Assignments from ref, 93,96,97,116

When studying the subtraction of the control spectrum from the infected, using a 785
nm laser, a similar trend of peaks appearing to increase (~1448 and 1658 cm™) and
decrease (~¥966, 1255, 1585 and 1618 cm™) in Raman signal intensity upon infection
was again observed. However, different peaks were highlighted to be potentially

altering upon infection, showing that by using a 785 nm excitation, complementary
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biological information could be gained about the spleen tissue. The prominent Raman
peaks at 1448 cm™ and 1658 cm™ that appeared to increase in intensity for infected
tissue were characteristic of the CH,CHs bending modes of proteins (collagen)/CH,
vibrational modes of lipids®’ and the Amide | band of proteins in the a-helix
conformation'!®, respectively, implying that P.berghei infection within spleen tissue
may increase the relative amount of these biological species. However, vibrations
attributable to amide Il proteins (1255 cm™)®¢, C=C vibrations of phenylalanine®?
(1585 cm™), and some Hb vibrations®® (1585 cm™ and 1618 cm™) that showed a
decrease in signal intensity, suggested that infection may be associated with a

decrease and/or alteration in the relative amounts of these particular proteins.

Intensity ratio maps (Figure 3.4(C) and Figure 3.5(C)) were also created to visually
show these relative peak changes. The 1307 cm™ and 1004 cm™ peaks were used as
constant backgrounds for the ratio maps created from the 532 nm and 785 nm data,
respectively. With respect to the resonant heat intensity maps, a clear overall
increase in the peak intensity ratios within the infected mapped areas compared to
the control samples were observed. This suggested alterations to possible biological
components including Hb'2119 (~745, 1130 and 1170 cm™), lipids®® (~1130 cm™)
and other proteins® (~1170 cm™) at this level of P. berghei infection. However, the
presence of lipids is typically associated with prominent Raman band at ~1448 cm™,%3
and its absence within the difference spectrum (Figure 3.4(B)) may indicate that lipids
are not being seen. Also, within these maps, for both uninfected and infected
samples, particularly intense regions were present (Figure 3.4(C)). This could be
explained through enhanced Raman intensity from resonance contributions of the

biological components within these areas of tissue.

Slightly different trends were observed for the non-resonant heat intensity maps,
with an overall decrease in intensity for the infected tissue maps compared to control
for 1255 cm™ (amide lll proteins and lipids)®” peak and 1585 cm™ (phenylalanine and
Hb),*® which was in good agreement with what was observed in the subtracted
Raman spectrum (Figure 3.5(C)). Again, providing evidence of alterations and/or a

decrease in concentration to these components upon infection. Whereas, the heat
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intensity map liaas / l100a showed a similar trend of low and high intensity areas for
both the control and infected areas that were analysed. Therefore, although from the
average, subtracted spectrum it appeared that this biological peak (~1448 cm™ —
protein CH2CHs modes and CH; vibrations of lipids)!® increased slightly within the
infected spleen sample, when the whole mapped area was studied the distribution
of this component was very similar in the non-infected and infected tissue sample.
These ratio maps visually showed relative changes in biological peaks in a simple
manner and can be used alongside empirical analysis and PCA to aid in classification

of tissue types from Raman spectroscopy data.

3.2.2 Empirical analysis

Diagnostic algorithms based on peak intensity ratios have been widely employed in
the literature for tissue classification using Raman spectroscopy.®>%¢11¢ These have
been shown to successfully correlate variations in tissue spectra with tissue
pathology®® in a simple manner. An empirical analysis based on the peak intensity

ratio of two Raman bands was used for tissue classification within this study.

In this study, the empirical analysis focused on the ratio of the Raman peak intensity
at ~745 cm™ (vis Hb),?>1%° to the peak intensity at ~1307 cm™ (v21 hemoglobin &
lipids)®>11° for both tissue types imaged at 532 nm. With regards to analysis of the
data collected with a 785 nm excitation, the ratio of the peak intensity at ~1255 cm™!
(amide Ill protein vibrations) to the peak intensity at ~1004 cm™ (phenylalanine)!®
was investigated. An unpaired Student’s t-test was used in both instances to assess
whether the difference in the Raman intensity ratios (I74s/l1307and l12s5/11004) between

non-infected and infected tissues was statistically significant.®>®

To manage the data for analysis, all infected Raman maps were combined to give one
large data matrix containing thousands of Raman spectra, the same process was
carried out with the uninfected data. These were then averaged to leave 43 final
infected Raman spectra and 43 control spectra (n = 43) for both the 532 nm and 785
nm analyses. These data were subsequently used for empirical and multivariate

analysis. The intensity ratios for all samples were plotted to observe sample
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distribution, along with the average intensity ratio plot for both the control and
infected tissue at both wavelengths. This analysis was performed on the same data

set used for the PCA model.

Figure 3.6(A) shows the scatter plot of the ratio of Raman peak intensity at 745 cm™
to 1307 cm™ (l7as/l1307) for the 43 averaged P. berghei infected samples and 43
uninfected samples analysed with 532 nm excitation. A clear separation was
observed in the scatter plot for the two data sets, with replicate data within each
tissue type being grouped closely together, indicating little intra-sample variation in
the intensity ratios. The mean ratio values (mean # std. dev.) for both control (0.90 +
0.02) and infected (1.12 + 0.02) data sets are also given (Figure 3.6(B)). It was shown
that the differences between the mean ratios for each tissue type were statistically
significant (unpaired Student’s t-test, p < 0.0001). The infected tissue showed a
higher ratio value compared with control, which could be explained by the increase
in heme-based Raman vibrations (~745 cm™ assigned to vis Hb'?°) due to the

potential presence of hemozoin within the infected samples.

Very good separation was also observed in the scatter plot for the control and
infected peak ratios (l1255/11004) analysed at 785 nm (Figure 3.6(C)). As with the 532
nm data, there was little intra-sample variability within the scatter plot for l1255/11004,
however, in this instance the non-infected (1.55 + 0.06) data-set displayed a higher
ratio value compared with the P. bergheij infected (0.91 + 0.03), Figure 3.6(D). This
lower average ratio within the infected data-set could be attributed to a decrease in
the relative amounts of amide Ill protein vibrations and CH, modes of lipids upon
infection (assigned to 1255 cm™ peak). This correlates well with what was observed
in both the subtracted Raman spectrum (Figure 3.5(B)) and the intensity ratio maps

(Figure 3.5(C)) relating to the 1255 cm™ Raman peak.
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Figure 3.6 Empirical analysis results for 532 nm (l7as/ l1307) and 785 nm (l12ss / l1004) tissue imaging data. (A) Scatter
plot of peak intensity ratios (l7as / l1307) for 43 average Raman spectra from all the control and malaria infected
mice spleen tissue sections that were mapped with a 532 nm laser excitation. (B) Average intensity ratio plots for
the control (0.90 £ 0.02) and infected (1.12 + 0.02) data sets at 532 nm. This difference in mean ratios was shown
to be statistically significant (unpaired Student’s t-test, p<0.0001). (C) Scatter plot of peak intensity ratios (l12ss /
l100a) for 43 average Raman spectra from all the control and malaria infected mice spleen tissue imaged with a
785 nm laser excitation. (D) Average intensity ratio plots for the control (1.55 + 0.06) and infected (0.91 + 0.03)
785 nm data sets. This difference in mean ratios was shown to be statistically significant (unpaired Student’s t-
test, p<0.0001). The scatter plots for both data sets (A and C) showed very clear separation of the control and
infected groups, with very little intra-sample variability. Error bars (B and D) highlight the standard deviation of

the 43 control and 43 infected tissue spectra.
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For analysis at both wavelengths used, these results highlight that intensity ratios
could be a potential simple and reliable marker to indicate the presence of infection
within tissue samples. It was also shown that other peak ratios can also be used to
classify the two tissue types with good results (Appendix Il). However, this method
did not consider the entire Raman spectrum. So, to help improve tissue analysis and
classification, PCA was employed to highlight the most diagnostically significant

Raman peaks.

3.2.3 Principal component analysis

PCA was applied to decompose the spectral data into components and attempt to
identify subtle changes to biological species within tissue sections which could
differentiate infected tissue burden from non-infected samples, in an unsupervised
manner. The PCA results for the 532 nm data set are shown in Figure 3.7, which gives
the scores plot for PC1 (97.6% variance) against PC2 (1.45% variance), along with the
corresponding loadings vectors. As can be seen from the scores plot (Figure 3.7(A)),
PC1 was primarily responsible for the separation of the two tissue types. The loadings
plot (Figure 3.7(B)) for PC1 indicated that the peaks in the negative half of the plot
were spectrally important as they described the Raman peaks that were increasing
within the infected tissue vs. the control (~750, 1130, 1170, 1225, 1370, 1529, 1588
and 1628 cm™), with the latter few being more indicative of Hz than Hb. The negative
peaks at ~1529 and 1628 cm™! matched closely with that of the sHz reference spectra
in Figure 3.8 (core structures of Hb and Hz shown in Appendix lll to highlight structural
similarities) and therefore suggested detection of the insoluble pigment by Raman.
This conclusion was drawn as the ~1628 cm™* peak matched closely to an intense peak
observed at 1625 cm™ in the sHz reference spectrum but in the Hb reference
spectrum this peak was found to have shifted to 1636 cm™. Also, a shoulder peak
occurring at 1530 cm™ in the sHz spectrum matched closely with the ~1529 cm™ PCA
peak, whereas this shoulder was seen at 1538 cm™ in the Hb reference. The negative
~1370 cm™ peak was present in both reference spectra; however, it was much more
prominent within sHz and so suggested that Hz was likely contributing to this peak’s

appearance within the PC1 loadings plot. It is well known that Hz accumulates within
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the spleen,®%8! therefore it follows that there will be an associated increase in
concentration of heme-based Raman vibrations. This is clearly shown in this PCA
model as many of the peaks separating the infected tissue from the uninfected
samples can be assigned to heme-vibrations, including Hz. Although other proteins
and lipids will be present within the tissue and exhibit many similar Raman shifts to
those of Hb (~1130, 1170, 1225 & 1396 cm™), resonance effects would mean Hb
would tend to dominate the spectra (excitation in the regions of Q-absorption
bands),114112.119 with the other biological components, such as proteins and lipids,

having only small contributions to the observed spectra.

To verify if the Raman peaks being assigned to Hz were correct, its presence within
the infected spleen sections was confirmed through tissue staining. An uninfected
spleen section and P. berghei infected section, on a glass slide, were stained with
Prussian blue stain (Figure 3.9). Prussian blue stain was chosen as this can
differentiate between the malaria pigment, Hz, from hemosiderin (a normal by-
product of Hb degradation). With a typical Giemsa stain, both will stain brown.
However, with Prussian blue Hz stains brown and hemosiderin stains blue, therefore
allowing differentiation.'?® Images of the stained tissue sections were taken at 10x
and 20% magnification and within the P. berghei infected images in Figure 3.9 brown
hemozoin deposits were clearly observed (indicated by the black arrows). This
provided extra confidence, along with the reference spectra, that Hz was contributing
to the infected tissue Raman spectra and that the ~1529 cm™ and ~1628 cm™ peaks

could be assigned to Hz.

Within the positive peaks in the PC1 loadings plot, the relatively broad ~1087 cm™
peak was likely to have a significant contribution from Hb (Figure 3.8), however, its
broadness suggested contributions from other components. Raman bands within this
region could also be assigned to C—C and O—P-0 vibrations of nucleic acids.®®>®> The
other prominent positive peak at ~1439 cm™ could primarily be assigned to Raman
vibrations from lipids,®>®” although it may also have had slight Hb contributions
(~1432 cm™ peak in reference spectrum). The direction and magnitude of these

peaks in the loadings plot indicated that they had increased in Raman intensity within
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the control tissue over the infected and so contributed to the separation of the two
sample groups along PC1. Analysis of the PC1 loadings plot indicated that at this level
of P. berghei malaria infection Raman spectroscopy could clearly detect Hz
accumulation within the spleen, with the positive peaks (~1087 and 1439 cm™)
indicating that as the amount of Hz increased within the spleen there was a

corresponding decrease to Hb and some lipids/ nucleic acid vibrations.
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Figure 3.7 PCA plot for control (n = 43) and malaria infected (n = 43) samples from mouse spleen tissue sections
analysed with 532 nm excitation. (A) Scores plot showing very clear separation of the control (green) and infected
(blue) data sets. Separation occurred mainly across PC1, with little separation across PC2. (B) Loadings plots for
PC1 and PC2, with the main peaks in both indicated. The peaks in the negative half of PC1 described the prominent
biological species that were increasing in Raman signal intensity within the infected tissue when compared to the

control samples.
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Figure 3.8 Raman reference spectra of hemoglobin (Hb) and synthetic hemozoin (sHz) with the key Raman bands
indicated. Spectra were obtained using 532 nm excitation, 30 s acquisition time with 0.1 mW laser power. Spectra
were the average of five replicates of each sample and were baseline corrected using Matlab. They were then

normalised to the highest peak and offset for clarity.

PC2 described little separation between the control and infected samples. From the
PC2 loadings plot (Figure 3.7(B)) the positive peaks (~1550, 1568, 1601 cm™)
originated mainly from Hb vibrations, whereas the negative peaks had contributions
from Hb as well as from other proteins®3%> (~1170, 1225 and 1636 cm™) and lipids®’

(~1127 cm™).

With analysis at 532 nm excitation, the separation highlighted an overall increase in
heme-based Raman vibrations within the infected samples, which correlated with the
accumulation of Hz within the spleen. Hz detection was clear with the identification
of key peaks occurring at ~1370, 1529, 1588, and 1628 cm™ which matched closely
with the reference spectrum. PCA also showed that at the level of P. berghei infection

reported here, changes to Hb and possibly some other lipid/nucleic acid vibrations
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corresponded with an increase in Hz content within the spleen. Other proteins
(tyrosine ~1130 cm™, and amide Ill ~1225 cm™) were also observed to be
contributing to the separation of infected tissue from control. Lipids were also
assigned to some Raman shifts (~1130 cm™) within Table 3.1 and could possibly have
been contributing to the separation of the infected tissue within the PCA model
(Figure 3.7). However, due to the lack of the prominent lipid band, particularly at
~1448 cm™%, in both the 532 nm difference spectrum (Figure 3.4(C)) and the PCA
loadings plots (Figure 3.7(B)) it is unlikely that lipids were involved in the differences

observed between healthy and diseased tissue at this excitation wavelength.

Also due to the resonance effects of heme-based compounds, the separation
contribution from other non-heme biological components was slightly smaller as
indicated by the peaks in the loadings that were increasing within the infected
samples being assigned predominantly to Hb or Hz vibrations. When analysed with
532 nm excitation, the separation of non-infected from infected tissue was
dominated by the resonance effects from any Hz that had been deposited within the
infected tissue. However, as can be seen from the stained tissue sections (Figure 3.9)
there was not a homogeneous distribution of Hz throughout the spleen and it is well
documented that the majority of Hz deposits are found in the red pulp zones of the
splenic structure.8%12! This makes resonance Raman enhancement and separation of
infected spleen tissue reliant on accurately finding the areas within the tissue where
Hz may be accumulated. Also, Raman imaging would be applied in-vivo at the early
stages of a suspected malaria infection when the presence of Hz may be small.
Therefore, PCA was also carried out on the tissue data obtained with 785 nm
excitation to determine if a clear separation of non-infected from infected tissue

could be obtained without the aid of heme-based resonance enhancements.
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Figure 3.9 Images of uninfected and P. berghei infected spleen sections, stained using Prussian blue stain. Brown
Hz deposits within the infected samples are indicated by the black arrows. Other results: iron (hemosiderin) -

blue; nuclei - red; background — pink.

Figure 3.10 shows the results of the PCA applied to the tissue imaging data set
obtained with 785 nm excitation. As with 532 nm data, very clear separation of the
two sample groups was observed in the scores plot (Figure 3.10(A)) and as before PC1
accounted for the largest variance (98.3 % variance), with a slight spread of data over
PC2 (1.3 % variance). The PC1 loadings plot (Figure 3.10(B)) described the spectral
features that contributed to the separation via an increase in the intensity for
infected compared to control samples (~1004, 1048, 1320, 1337, 1448, 1585, and
1605 cm™). Tentative peak assighments (Table 3.2) and comparison with Hb/sHz
reference spectra (Figure 3.11) showed very little contribution from Hb and/or Hz to
these PC1 peaks, with only ~1585 cm™ being assigned to Hb vibrations (v37)°” and a
slight shoulder at 1589 cm™ in the Hz reference spectrum. Also, there could have
been a slight contribution from Hb at 1004 cm™. This clearly highlights that with 785
nm excitation there was no resonance enhancement from Hb or Hz and other
biological components, that were previously masked with 532 nm excitation, were

being detected.
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The two most distinct peaks that appeared to have an influence on the infected tissue
separation were 1004 cm?, assigned to a-amino acid phenylalanine ring breathing
mode®’, and 1448 cm?, that originated from CH,CHs deformation vibrations of
proteins®” and CH; bending mode of phospholipids.®® Other peaks were assigned to
multiple CHsCH; twisting modes of proteins, amide lll, phenylalanine, and tyrosine
(1048, 1337, 1585, and 1605 cm™).939637.116 Also, phospholipids (1320, and 1337
cm™1),%3 collagen (1337 cm?),%1% and some nucleic acid vibrational modes (1320, and
1337 cm™).%3%% These spectral features indicated that P. berghei infection within the
spleen may have caused an increase in the concentration of biological species such
as proteins (Amide Ill, tyrosine, phenylalanine) and phospholipids. The increase in
protein concentration upon infection may have had contributions from parasite
proteins, for example the highly variable protein PfEMP1 that is expressed by the

parasite and involved in sequestration of infected RBCs.%°

Within the positive peaks in the PC1 loadings plot, one relatively broad and intense
peak was observed at 1255 cm™, that could be assigned to amide Ill proteins (mainly
in a-helix conformation)®® and CH; in-plane deformation of lipids.>® There were also
two less intense peaks in the loadings around ~1104 cm™ and 1128 cm™ that were
attributed to the biochemical components phenylalanine®® and phospholipids / Hb
vibrations (vs),%’ respectively. Analysis of the PC1 loadings plot indicated that at the
level of P. berghei infection studied here, there was a decrease in the total amount
of these biomolecules, relative to the non-infected tissue studied. This decrease was
also highlighted in the intensity ratio map in Figure 3.5(C) for l1255/11004a Which showed
a much lower intensity distribution throughout the infected tissue, suggesting a
decrease in the abundance of these biomolecules upon infection. This indicated that
P. berghei infection within the spleen altered the structure of key proteins (Amide )

as they were of much greater concentration within the non-infected samples.
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Figure 3.10 785nm PCA plot for control (n = 43) and malaria infected (n = 43) samples from mouse spleen tissue
sections. (A) Scores plot showed very clear separation of the control (green) and infected (blue) data sets.
Separation occurred mainly across PC1, with a slight spread of data across PC2. (B) Loadings plot for PC1 and PC2,
with the main peaks indicated in both. The peaks in the negative direction in PC1 described the biological

components that were increasing in Raman signal intensity within the infected tissue compared to the controls.
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Figure 3.11 Raman reference spectra of hemoglobin (Hb) and synthetic hemozoin (sHz) with the key Raman
bands indicated. Spectra were obtained using 785 nm excitation, 6 s acquisition time with 190 mW laser power.
Spectra were the average of five replicates of each sample and were baseline corrected using Matlab. They were

then normalised to the highest peak and offset for clarity.

As before, PC2 described little of the separation between the two sample groups,
only 1.3 % of the variance. From the PC2 loadings plot (Figure 3.10(B)) the positive
peaks (~966, 1128, 1255, 1585 cm™!) originated primarily from lipids (phospholipids,

116 and Hb vibrations

CHz in-plane deformation),?® amide Il protein,®” phenylalanine,
(vs and v37).°” Whereas, the negative peaks (~1337, 1448, 1658 cm™) can be
attributed to CH2CH3 deformations of collagen,®® amide | and Il (a-helix),®>°” and CH;
vibrations of lipids/phospholipids.®® Within the scores plot there was a large intra-
sample spread of the infected tissue along PC2. This range of data most likely
occurred because the tissue had a heterogenous distribution of infection so the

infected peaks in the positive half of PC2 had a much greater contribution from the

biochemical components assigned to these peaks, whereas the infected data in the
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negative half of PC2 had much greater characteristics from the molecules assigned to
~1337, 1448 and 1658 cm™ peaks. However, this spread of infected data along PC2
did not influence the separation from the controls in the scores plot and it was very
clear that the information rich PC1 loadings was the most important one to use to

describe the separation.

These PCA results indicated that Raman imaging, using both a resonant and non-
resonant excitation wavelength, provided rich biochemical information about tissue
samples and excellent discrimination was achieved between P. berghei infected
spleen from uninfected samples. When a 532 nm excitation was used the separation
of the two data sets highlighted an overall increase in heme-based Raman vibrations
within the infected samples, which correlated with the accumulation of Hz within the
spleen. Hz detection was clear with the identification of key peaks occurring at
~1370, 1529, 1588, and 1628 cm™ that matched closely with its reference spectra.
Chemometric analysis also showed that at the level of P. berghei infection under
study, changes to Hb and some other lipid/nucleic acid vibrations corresponded with
an increase in Hz content within the spleen. Other proteins (tyrosine ~1130 cm™,
and amide Il ~1225 cm™) and lipids (~1130 cm™) were also contributing to the
separation of infected tissue from control. However, due to the resonance effects of
heme-based compounds, mainly Hz, the separation contribution from these
biological components was smaller. By imaging the tissue with 785 nm excitation,
biomolecular information was gained about the non-resonant components that were
possibly masked by the intense heme-based Raman peaks in the 532 nm data
collection. From analysis of the Raman spectra and the resulting PCA loadings, it was
noted that there was very little influence from Hb or Hz, highlighting that this

excitation wavelength was not giving resonance Raman enhancement.

Imaging tissue sections demonstrated the potential use of Raman spectroscopy to
provide detailed chemical information from a biological matrix, however, this needs
to be transferable to in-vivo diagnostics to be useful in detecting malaria infection

burden. So, to investigate this possibility, an in-vivo mouse model that had been
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injected with human P. falciparum infected RBCs was analysed using a portable in-

house built Raman spectrometer equipped with 785 nm laser.

3.2.4 Animal models

An in-vivo Raman imaging mouse model was used to study the potential of Raman
spectroscopy to gain biological information from whole organs and to discover if the
data gained from the tissue sections was translatable to what was observed in-vivo.
Raman measurements were performed using an in-house built system with a 785 nm
excitation laser (Figure 3.12). The laser was coupled to a fibre-optic Raman probe
(Probe 1), with the probe being mounted, at a 90° angle, on a xyz translation stage

for precise positioning of the mouse.??

All animal dosing and handling was carried out by Dr Gavin Meehan at the University
of Glasgow. Five NSG mice (an immunodeficient mouse strain) were imaged, three of
which were injected, via intravenous tail vein injection, with human Plasmodium
falciparum parasite infected RBCs (purified parasitemia 60 - 70 %). Once injected, the
infected RBCs circulated the mouse body and rapidly entered the spleen and liver.
Two control mice were also studied and received uninfected RBCs via tail vein
injection. Once anaesthetised the fur was removed and the mouse was manipulated
underneath the Raman probe to allow imaging of the spleen and liver. Single point
spectra were taken in three different areas of the spleen and liver. Once the spectra
had been collected the mice were culled, and the spleen and liver harvested to allow
ex-vivo spectra to be recorded from three different areas of each organ. All the
collected spectra were then averaged to give a single averaged spectrum for each
mouse. The results from the analysis of the liver and the spleen, both in-vivo and ex-

vivo, are shown in Figure 3.13 and Figure 3.14, respectively.
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Figure 3.12 Photograph of in-house built 785 nm system used in animal experiments. Each mouse was
manipulated underneath probe 1 to allow Raman spectra from either the liver or spleen to be collected. Ex-vivo
organs were placed on glass slides and positioned underneath the probe. Although angled in the photograph, for
Raman measurements probe 1 was positioned at 90° angle to the sample stage. The sample stage could be moved
in the xyz plane to allow precise positioning of each mouse. The key components of the instrument are also

labelled.

Imaging of the liver and spleen both in-vivo and ex-vivo showed very similar Raman
peaks for both the infected (Mouse 1-3) and non-infected (Mouse 4-5) mice, with
tentative peak assignments in Table 3.3. Multiple peaks recorded from the mouse
models match closely with those seen in the spleen tissue sections mapped at 785
nm (~1255, 1320, 1337, 1448, 1585, and 1658 cm™). These biochemical peaks can be
attributed to multiple protein assignments including amide | (a-helix), amide Ill,
collagen, elastin, and phenylalanine, native C-H, and &(CHz) of lipids in tissue, fatty

acids, and some nucleic acid vibrations within the whole organs.
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Figure 3.13 Analysis of mouse liver with in-house built 785 nm (A) Average spectra from the 5 mice studied,
taken from the liver in-vivo. (B) Average liver ex-vivo spectra for the same 5 mice. The spectra for control
mouse 1 (cyan), control mouse 2 (orange), infected mouse 1 (red), infected mouse 2 (purple), and infected
mouse 3 (dark blue) are the average of 3 spectra taken from different points on the liver. Spectra were
recorded with 1 s acquisition time, 0.45 mW 785 nm laser excitation, and baselined using Matlab software.

The most prominent Raman peaks are also labelled.
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Spleen in-vivo
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Figure 3.14 Analysis of mouse spleen with in-house built 785 nm (A) Average spectra from the 5 mice
studied, taken from the spleen in-vivo. (B) Average spleen ex-vivo spectra for the same 5 mice. The
spectra for control mouse 1 (cyan), control mouse 2 (orange), infected mouse 1 (red), infected mouse
2 (purple), and infected mouse 3 (dark blue) are the average of 3 spectra taken from different points
on the spleen. Spectra were recorded with 1 s acquisition time, 0.45 mW 785 nm laser excitation, and

baselined using Matlab software. The most prominent Raman peaks are also labelled.

53



Table 3.3 Tentative peak assignments for the main Raman peaks observed for Raman imaged liver and spleen

organs both in-vivo and ex-vivo, with 785 nm excitation source.

Liver

Spleen

In-vivo

Ex-vivo

In-vivo

Ex-vivo

Raman Shift (cm™)

Assignments®

389
465
573
646
870

1267

1302
1442

1582
1654

386
454

868

1251

1319

1583
1661

473

867

1067
1085
1263

1300
1440

1655

386
456

871

930

1241

1353
1440

1580
1658

Ring torsion of phenyl, Polysaccharides
Tryptophan/cytosine, guanine

C-C twisting mode of Phe & Tyr

v[single bond] for amino acids proline & valine &
polysaccharides

v(C-C) amino acids proline & valine, skeletal C-C, a-helix
Proline (collagen)

Phosphodiester groups in nucleic acids

Proteins (amide Ill), C-H (lipids in tissue), DNA ring
breathing modes, [PO2Jasym (nucleic acids)

Amide Ill, §(CH2) lipids & proteins (collagen), fatty acids
Proteins (6(CH2), 6(CHs), collagen), Lipids (86(CH2)
scissoring, phospholipids)

Proteins (Phe, 6(C=C)), va7 Hb [v(CC)asym]

Proteins (v(C=0) amide | a-helix, collagen, elastin), Fatty

acids

a Abbreviations: v — stretch vibration; & — in-plane bending vibration; sym — symmetric; asym — asymmetric; Hb —

hemoglobin; Phe — phenylalanine; Tyr — tyrosine. Assignments from ref.%3

Many of the same Raman peaks were observed in the ex-vivo spectra, for both

organs, as those in the in-vivo interrogation. This highlighted that Raman spectra

were being recorded from the surface of the target organs in-vivo, although there will

have been large contributions from biological components such as lipids within the

mouse skin. Raman contributions from animal skin may explain the slightly sharper

and more resolved peaks seen in the in-vivo spectra (Figure 3.13(A) and Figure

3.14(A)). From analysis of the average spectra from both organs no clear peak

variations were observed between the control and P. falciparum infected mice. To
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investigate if any subtle changes to the biological components within the organs
could be detected, PCA was applied to decompose the spectral data. Six spectra of
infected tissue, selected randomly from the nine point spectra collected from the
infected mice (each of the three infected mice were interrogated with the laser three
times), and the six control mice spectra (three from each control mouse) for in-vivo
and ex-vivo samples of both organs were used in the PCA models, with the scores plot

results shown in Figure 3.15.
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Figure 3.15 PCA scores plot results for PCA of each sample set. (A) Sores plot for the PCA of 6 control and 6

P. falciparum infected mice spectra gained from the liver in-vivo. (B) PCA scores plot of data gained from the same

mice liver ex-vivo. (C) Scores plot from PCA results of mice spleen recorded in-vivo. (D) PCA scores plot of the

same mice spleen, data recorded ex-vivo. PCA analysis overall showed no clear separation of the control and

infected data sets for the mice liver or spleen under the two conditions they were analysed under. Control

samples are shown in green and infected shown in blue within the score’s plots.
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Figure 3.16 PCA loadings plots. (A) Corresponding PC1 loadings plot for PCA carried out on in-vivo liver data. (B)
PC2 loadings plot for in-vivo liver PCA. (C) Corresponding PC1 loadings plot for PCA carried out on ex-vivo liver

data. (D) PC2 loadings plot for ex-vivo liver PCA.
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Figure 3.17 PCA loadings plots. (A) Corresponding PC1 loadings plot for PCA carried out on in-vivo spleen data.
(B) PC2 loadings plot for in-vivo spleen PCA. (C) Corresponding PC1 loadings plot for PCA carried out on ex-vivo

spleen data. (D) PC2 loadings plot for ex-vivo spleen PCA.
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PCA for the liver and the spleen, both in-vivo and ex-vivo, showed little to no
meaningful separation of the two mice groups. Analysis of the liver in-vivo scores plot
(Figure 3.15(A)) highlighted a cluster of three control data-points appearing to
separate from the rest of the data along PC1 to the negative side (25.0 % variance)
and a slight cluster of four P. falciparum infected spectra separating along PC2 (11.9
% variance). PC1 loadings plot for the in-vivo liver PCA (Figure 3.16(A)) highlighted
the data within the positive part of PC1 had slightly more influence from the peaks
occurring at ~1302 (amide Il protein, 6(CH>) lipids, and fatty acids), 1442 (proteins
[6(CH2), 8(CHs), collagen], 6(CH,) lipids), and 1654 cm™ (amide | proteins, elastin,
collagen, and fatty acids). Little information was gained from in-vivo liver PC2
loadings (Figure 3.16(B)) with the infected data appearing in the positive half seeming
to separate due to peaks ~1582 (6(C=C) proteins, phenylalanine) and 1654 cm™
(amide | proteins, collagen, and fatty acids). However, these peaks were not well
resolved within the PC2 loadings plot, describing little variance within the whole data
set for the liver in-vivo analysis. With regards to the ex-vivo liver analysis, PCA
described even less variance within the data compared to the in-vivo model showing
no statistical difference between the infected and control mice livers. The
corresponding loadings plots for PC1 and PC2 (Figure 3.16(C and D)) were poorly

resolved.

The spleen in-vivo scores plot (Figure 3.15(C)) showed little separation of the data,
with a grouping of three control spectra and then three infected in the negative part
of PC1 loadings (31.9 % variance). From the PC1 loadings plot (Figure 3.17(A)) the
peaks that appeared in the positive side ~1263, 1300, 1440, and 1655 cm™ were
attributed to biological components including amide Ill, C-H lipids, collagen, fatty
acids, amide | proteins, and elastin. Also, one intense peak seen in the negative half
of PC1 loadings, ~473 cm™, was assighed to ring torsion of phenyl and
polysaccharides. As with the liver in-vivo PC2 loadings, the corresponding spleen in-
vivo PC2 loadings (Figure 3.17(B)) provided little information on the data, with the
peaks that were identified being noisy and poorly resolved. PCA carried out on the

spleen ex-vivo data also showed no statistical separation of the control and P.
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falciparum infected mice, with both PC1 and PC2 (Figure 3.17(C and D)) describing

very little variance, 16.9 % and 13.5 %, respectively.

With the very small data set studied in this investigation, no relevant separation was
achieved between the control and infected mice groups, either in-vivo or ex-vivo for
either organs. To study further if Raman spectroscopy has the capability to
differentiate infected mice from a control group, a larger n number of mice must be
used with a greater number of spectra taken from each organ to perhaps gain a more
representative Raman spectrum of the whole organ. Also, a common problem that
was observed with imaging live animals, and ex-vivo, within the optical tissue window
(650 — 950 nm) was large backgrounds due to tissue autofluorescence (Appendix IV).
These backgrounds were removed with subtraction, although it is possible that some

biological information could have been lost in this process.

A further drawback of in-vivo Raman measurements is the surface selectivity of the
measurement. The observed spectrum has major contributions from the surface
layer of the sample, such as the mouse skin, which makes the collection of spectral
information from the subsurface challenging. However, with the development of
SORS, biological information can be collected from the subsurface of a multi-layered
system.105109122 SORS provides a means of subsurface analysis when obscuring
barriers such as tissue are present. By varying the distance of the collection probe
from the laser excitation (sometimes by a few millimetres), Raman contributions
from subsurface layers can be acquired.®® The in-house built spectrometer used in
this study to collect Raman spectra has the capability to carry out SORS
measurements by using probe 1 as the laser input and probe 2 (shown in Figure 3.12)
as the SORS collection probe. Further animal studies could look as using a SORS set-
up to gain more relevant spectral information from depth within the spleen and/or

liver of mice.
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3.3 Concluding Remarks

Here work was carried out primarily as a proof-of concept to highlight the ability of
Raman imaging to be able to differentiate malaria parasite infected tissue from non-
infected samples. P. berghei malaria infected mouse spleen was chosen as it is a well-
used model in malaria research to understand human infection and parasitised RBCs
are known to sequester within this organ. This was investigated with the idea that
Raman spectroscopy, or more likely an analogue such as SORS, could non-invasively
be applied to assess tissue burden in suspected cerebral malaria cases and assist in

earlier identification of this severe form of malaria.

A combination of 532 nm laser excitation, to give resonance Raman information from
the tissue, and 785 nm excitation to study the Raman contributions, along with
multivariate analysis, resulted in very clear discrimination of P. berghei infected tissue
sections from the non-infected samples. From the resonance Raman data, the PCA
separation highlighted an overall increase in heme-based Raman vibrations within
the infected samples, which correlated with the accumulation of Hz within the spleen
contributing to this. Hz detection was clear with the identification of key peaks
occurring at ~1370, 1529, 1588, and 1628 cm™! which matched closely with the sHz
reference spectrum. It was also concluded that changes to Hb and potentially other
lipid/nucleic acid vibrations corresponded with an increase in Hz content. Other
protein bands assigned to tyrosine and amide Ill were also found to be contributing
to the separation of infected from the non-infected tissue. However, as discussed
above, resonance effects from exciting in the region of the Q-absorption bands of Hb
and Hz (as it shares the same heme-core as Hb) meant that contributions to the
observed Raman spectra from other biological components would have been

minimal.

Tentative peak assignments and comparison of reference spectra for the 785 nm data
revealed very little contribution from heme-based Hb or Hz within the spectra,
showing no heme-resonance enhancement was gained using this laser excitation.
Chemometric analysis identified two key peaks at ~1004 cm™ (phenylalanine) and

1448 cm™ (proteins such as collagen) that appeared to be altered within the P.
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berghei infected tissue compared with the control. Further peaks attributed to
multiple CHsCH; twisting modes of proteins, amide Ill, phenylalanine, and tyrosine
(1048, 1337, 1585, and 1605 cm™) phospholipids (1320 and 1337 cm™), collagen
(1337 cm™), and nucleic acid vibrational modes (1320, 1337 cm™) were also
important in describing the alteration of spleen tissue in the infected state. This
analysis highlighted that P. berghei malaria infection within the spleen had altered
the concentration and/or the composition of these assigned biomolecules, relative
to the non-infected control samples. It was also concluded that infection led to a
decrease in the total amount of some biomolecules when compared to the control,
mainly ~1255 cm™ (amide Ill and CH; lipids), 1104 cm ! (phenylalanine), and 1128
cm™! (phospholipids and Hb vibrations, vs). These changes, seen in both the tissue

analysis at 532 nm and 785 nm, were also reflected within the intensity ratio maps.

The use of peak ratio maps and empirical analysis for the tissue analysed at 532 nm
highlighted an overall increase in biological components including Hb (vis, vs, v3o),
lipids, and proteins (tyrosine) going from the control towards an infected tissue state.
Analysis with 785 nm excitation revealed different trends to what was observed in
the resonance Raman images. Within the infected areas of the ratio maps, an overall
decrease in Raman peak intensity, and so abundance of biological components such
as amide Ill proteins (1255 cm?), phenylalanine, and Hb (1585 cm™) occurred. The
tissue area studied also showed that the distribution and relative Raman intensity of
the 1448 cm™ peak (CH,CHs deformation vibrations of proteins, and CH, bending
modes of lipids) was similar between the control and infected area. However, in the
PCA model, which was carried out on a data set obtained from the accumulation of
multiple Raman tissue maps, this peak was shown to vary in the infected samples vs.
the controls. This shows that Raman peak ratio maps should be interpreted with
some caution as they are only focussing on small areas of a larger sample. Empirical
analysis carried out for both the resonant and non-resonant data gave very good
discrimination between control and infected samples, with little intra-sample

variability. These two simple data analysis methods could be used as tools in
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combination with PCA to help improve efficiency of Raman tissue analysis and

classification.

Results from in-vivo animal studies, with a 785 nm excitation, gave spectra that
matched very closely with the Raman peaks recorded from the ex-vivo tissue
sections, with components including amide | and Il proteins, collagen, elastin,
phenylalanine, and fatty acids being detected from the whole intact spleen and liver.
These peaks were also observed ex-vivo for both organs highlighting the capability of
the instrument, when focussed correctly, to hit the target organ and not just gain
signal from the surface layer which in this case would have been mouse skin.
However, with the small data set collected in this study no statistically relevant

separation in the PCA model was observed.

As discussed previously, the Raman imaging technique used in this study had a short
penetration depth and would not be suitable for in-vivo diagnostics moving on from
small animal models. However, with the development of SORS techniques it may be
possible to gain biochemical information from millimetre depths in-vivo in the near
future. A further consideration to be made if Raman spectroscopy could ever be
employed to detect tissue burden in cerebral malaria cases would be the ability to
penetrate through the skull and into the delicate microvasculature of the brain to
gain Raman spectra. Investigations have been carried out into gaining compositional
information from within bone material using SORS.??3%24 Sharma et al. have also
shown the ability of surface enhanced SORS to measure spectra from tissue through
varying thicknesses of bone (3 — 8 mm).1>> However, this was gained through
enhancement with nanoparticles and would not be suitable for most in-vivo

investigations.

Overall, this approach demonstrates the potential use of Raman spectroscopy to
provide detailed chemical information from both malaria parasite infected and
control tissue. By interrogating the tissue with two laser excitations complimentary
information about the samples was collected. From the resonant 532 nm data spectra

centred mainly around changes to Hb levels upon infection and the accumulation of
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Hz within the infected tissue was detectable. Whereas, by studying the biological
information gained from a 785 nm excitation the effect P. berghei infection had on
other components, that were previously masked by the strong heme-resonant
signals, was discovered. With regards to the ex-vivo tissue sections, when this label-
free Raman imaging was coupled with PCA, discrimination due to infection burden
was achieved between the P. berghei infected spleen sections and the non-infected

controls.
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4 Lateral flow assay and 3D-paper-based microfluidic device

4.1 Introduction

The first step in treating a disease is being able to detect it quickly and effectively. To
meet this aim, antigen-detecting RDTs are typically employed as mentioned
previously (Section 1.3.4). A typical substrate material for RDTs is paper and related
porous hydrophilic materials. Paper has many advantages over traditional device
materials including power-free fluid transport via capillary action and the ability to
store reagents in active form within its fibre network.'?¢ This chapter focuses on the
SERS detection of the P. falciparum specific antigen, HRP-II, using a traditional lateral

flow assay platform and a 3D printed paper-based microfluidic device.

4.1.1 Antibodies

Antibodies, also known as immunoglobulins (lg), are a group of glycoproteins typically
produced by plasma cells in an immune response to the introduction of foreign
pathogens, such as bacteria and viruses.'?’ They can be divided into five major classes
(IgA, IgD, IgE, 1gG, and IgM) which can then be further grouped into subclasses (1gGs,
IgG, etc.). 1gG is the predominant class present in human serum, constituting ~75 %

of total serum 1g.1%®

IgGs consist of four polypeptide chains, two small light chains and two large heavy
chains, linked together by several disulphide bonds to form an antigen-binding
fragment (Fa) and a crystallisable fragment (F¢) (Figure 4.1).12° The two identical
heavy chains have a molecular weight of around 50 kDa and the two light chains

about 25 kDa.130.131
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Figure 4.1 Structure of an IgG antibody.132

The Fap region consists of one constant and one variable domain of the heavy and
light chain, respectively. It is the variable region of the light chain which is unique to
an antibody due to its variable amine terminated paratope, which binds to the
epitope of its target antigen. Whereas, the F. in the tail region of the antibody is
composed of the heavy chains. This is known as the constant region and is the same

within each class of antibody.*3¢

Each tip of the “Y” of an IgG antibody contains a paratope (lock) that is specific to a
particular epitope (key) on an antigen.'3! The specific association of antibodies and
antigens is based on weak, non-specific molecular forces (hydrogen bonds,
hydrophobic interactions, electrostatic forces, and Van der Waals forces) therefore,

all antigen-antibody binding is reversible.1?7:132

Antibody-antigen binding complexes can be easily detected using a lateral flow
immunoassay, which is a commonly employed method for the screening and

detection of biomarkers.
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4.1.2 Lateral flow immunoassays

Lateral flow immunoassays or immunochromatographic assays are paper-based
platforms for the detection of analytes in complex mixtures.'33 These devices have
high sensitivity and selectivity and are designed for single point of care use, often
with a simple on/off signal.’3* A typical lateral flow rapid test strip consists of four

basic components3*13> (Figure 4.2):

1. Sample pad —an absorbent pad that is placed into the test sample.

2. Conjugate pad — area where antibodies specific to the target antigen that have
been conjugated to coloured particles, typically Au nanoparticles, are deposited.

3. Reaction membrane — typically a nitrocellulose membrane onto which capture
antibodies for the target analyte are immobilised to create a test line. A control
line is also present above the test line.

4. Wicking pad — a further absorbent pad that wicks away excess reagents and

prevents backflow of the liquid.

Analyte Ab conjugated to Control Ab

\ Au nanoparticles Capture ib (typically anti-IgG Ab)
0 45 Z
¢ BT — v
- Y

O Capill ti

- Ly apillary action

\ L

SAMPLE CONJUGATE NITROCELLULOSE TEST CONTROL WICKING
PAD PAD MEMBRANE LINE LINE PAD

Figure 4.2 Schematic illustration of the principle components that make up a basic lateral flow strip. The four
basic components are (1) Sample pad, (2) Conjugate pad, (3) Nitrocellulose membrane, and (4) Wicking pad. Strips

are then mounted on backing card.

Within the literature, these rapid tests have been used to screen for pathogens,*3®
toxins in foodstuff,!37138 water pollutants,'3>1%° and animal diseases.’*' Although
these strips are attractive biosensing tools for these applications due to their low cost
and ease of use, they can suffer from limitations in terms of detection sensitivity and

limited quantification capability.’3* To tackle these problems, methods have
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developed to create SERS-based lateral flow assays for highly sensitive and rapid
detection of target biomarkers. Blanco-Covian et al.'*?> developed an antibody based
SERRS-tag as a labelled probe on a lateral flow device for the ultrasensitive detection
of pneumolysin. Their SERRS-based work achieved a limit of detection of 1 pg/mL that
outperformed previous literature reports for pneumolysin detection with the same

system: 0.6 ng/mL using an electrochemical immunosensor!43

and 5.5 pg/mL via a
chemiluminescent immunoassay.'** The ability of SERS-based lateral flow assay
platforms to be multiplexed has also been shown by Wang et al.'*> This work
achieved simultaneous detection of dual DNA biomarkers with much higher
sensitivity than previously reported values using an aggregation-based colorimetric
method. Coupling lateral flow immunoassays with SERS detection methods have

been shown to give very sensitive analyte detection that can compete with current

detection methods.

The area of lateral-flow immunoassays has been very well studied, with many more
examples of these devices being coupled with SERS.1#67148 A growing area of research
that is becoming an attractive alternative for point-of-care diagnosis are three-

dimensional paper-based devices that use a combination of lateral and vertical flow.

4.1.3 Microfluidic paper-based devices

Microfluidic paper-based analytical devices (UPADs) are a relatively new class of
point-of-care diagnostic tests that present a promising alternative to traditional
laboratory methods and current RDTs (lateral flow strips) for diagnosing disease,
particularly in resource-limited environments. uPADs are simple and portable
platforms!*° that have low consumption levels of reagents and analytes, requiring
only small microlitre volumes of target sample.'>>> A further advantage of uPADs is
that, unlike conventional microfluidic devices, there is no need for mechanical
components, external pumps or controllers, as fluid movement through the device is

via capillary action.49:152

Whitesides and co-workers first reported the simple method for patterning paper

into hydrophilic channels bounded by hydrophobic barriers in 2007 for the detection
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of glucose and proteins in urine.®? This fundamental principle of creating fluidic
channel networks continues to be applied within healthcare-related
diagnostics,>>%* and within other research fields such as environmental metal
contamination,'>>°¢ and food and water screening methods to detect bacteria.*>’*>8
A schematic of a hydrophilic uPAD channel with its hydrophobic barriers is shown in

Figure 4.3.

Hydrophilic Hydrophobic
matrix_(paper) Chapnel bal;rier

200 pm ¥ 200 um

Figure 4.3 A schematic of a paper-based microfluidic channel. The channel comprises a porous matrix of
hydrophilic cellulose fibres (e.g. Whatman chromatography paper) that wick fluids along the length of the
channel. The sides of the channel are bounded by hydrophobic barriers. The height of the channel is defined by
the thickness of the paper and the resolution of the hydrophobic barriers are defined by the method of patterning
employed.130 Reproduced from Martinez, A.W., et al., Diagnostics for the Developing World: Microfluidic Paper-
Based Analytical Devices. Analytical chemistry, 2010, 82(1), 3-10 with permission of The Royal Society of
Chemistry.

Several techniques have been reported over the years to fabricate uPADs such as
photolithography,215960 jnkjet printing,61-163 wax printing,>316416> and chemical
vapour deposition.’*® Each technique has its own advantages and drawbacks,
however, the device used within this project was fabricated via a wax printing

method and so this technique will be discussed further.

The wax-printing fabrication process involves two simple core steps: (i) printing
desired wax patterns on the surface of the paper, and (ii) melting the wax into the
paper to form complete hydrophobic barriers.1®* This process is fast,%
inexpensive,*?® and well-suited for producing large numbers of uPADs in a single

batch.1%®
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These devices have also been extended from simple single layer channels to 3D
devices with more complex microfluidic paths, by stacking layers of patterned paper.
They distribute fluids both vertically and horizontally and allow controlled mixing of
different components on each layer. The first 3D uPADs were also reported by
Whitesides and co-workers,> who stacked individual, photolithographically
patterned 2D uPADs together using double-sided tape. Since then the use of 3D
UPADs has grown and has highlighted their ability to detect an array of analytes in
both singleplex and multiplex formats. Schonhorn et al.*®’ reported the development
and application of a 3D layered uPAD for the detection of a pregnancy biomarker,
human chorionic gonadotropin, in buffer and urine. This singleplex sandwich
immunoassay showed that the visible colour produced by the Au colloidal conjugates
was proportional to the concentration of biomarker in a sample and results could be
both qualitative (by eye) and quantitative (colourimetric image analysis). This same

device has since been modified to allow multiplex detection of disease biomarkers.'8

Typically, these uPADs use Au nanoparticles due to their strong colour and
colourimetric analysis can be used to quantify the results. However, as with lateral
flow immunoassays, research has been carried out into coupling these uPADs with

SERS detection.

This chapter investigated the application of SERRS-based lateral-flow immunoassays
and SERRS-based 3D uPADs for the sensitive detection of the unique P. falciparum
biomarker, HRP-II. Comparison with current antigen detection limits was carried out
to assess if point-of-care devices coupled with the SERRS detection could improve the
sensitivity. SERRS limits of detection obtained from each platform were also
compared, along with analysing the devices with a more common colorimetric

technique.
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4.2 Results and discussion
4.2.1 Au nanoparticle synthesis and characterisation

Citrate capped Au nanoparticles were synthesised via a standard method first
devised by Turkevich in 19512 and later refined by Frens.1° This involved the reduction
of chloroauric acid (HAuCls) in the presence of citrate and heat. As well as being the
reducing agent, the citrate also acted as a stabilising agent, providing a negative
surface layer that prevented aggregation of the nanoparticles due to electrostatic
repulsion. The Au nanoparticles were characterised using extinction spectroscopy,
dynamic light scattering (DLS), zeta measurements, and scanning electron
microscopy (SEM) to evaluate their quality. The results from the extinction

spectroscopy and SEM are shown in Figure 4.4.
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Figure 4.4 (A) Extinction spectrum and (B) SEM image of citrate reduced Au nanoparticles (scale bar is 500 nm).

As observed in Figure 4.4(A), the Au nanoparticles had an LSPR at 529 nm, a typical
value expected for Au colloid of this size.’®® The extinction spectrum also suggested
that the nanoparticles were monodispersed, which was achieved by calculating the
full width half maximum value (FWHM) of the LSPR peak. The smaller the LSPR FWHM

value is, the more monodispersed the nanoparticles (<100 nm is typically
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acceptable).1’%171 The FWHM of the LSPR in this case was 59 nm, indicating

monodispersity.

The Au colloid was then analysed using DLS to determine the particle size and zeta
potential of the particle surface. These measurements showed the nanoparticles to
be 52.7+0.7 nm in diameter, with a zeta potential of -40.2+2.9 mV. This demonstrated
that the nanoparticles were stable as it has been reported that nanoparticles with a
zeta potential lower than -25 mV have high degrees of stability.'”?> The concentration
of the nanoparticles was 0.1 nM. This was calculated using the Beer-Lambert law and

a molar extinction coefficient of 1.19x101° M1 cm1.173

To further confirm the monodispersity and the size of the nanoparticles, SEM images
were obtained by Dr Samuel Mabbott at the University of Strathclyde. The SEM image
in Figure 4.4(B) indicated that the nanoparticles were spherical and had a size of
49.7+4.4 nm. Due to the successful synthesis of Au colloid, conjugation of antibodies

to the nanoparticles was then carried out.

4.2.2 Antibody conjugated Au nanoparticles
There are various conjugation methods that can be used to functionalise Au

nanoparticles with antibodies (Figure 4.5).174

Covalent conjugation Directional conjugation Physical conjugation

y

y

Carbodiimide crosslinking Biotin-Streptavidin link pH correction

Figure 4.5 Schematic diagram indicating how antibodies can be functionalised and orientated on a nanoparticle

surface.

As shown in Figure 4.5, antibodies will orientate on the nanoparticle surface

differently depending on what conjugation method is chosen. This will leave different
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areas of the antibody exposed. Covalent conjugation most commonly makes use of
carbodiimide crosslinking chemistry, allowing amine groups on the antibody to bind
to the carboxylic acid groups on a carboxyl-polyethylene glycol-thiol (CT(PEG)n)
molecule. Following this the antibody can be functionalised to the Au nanoparticles
via the strong binding affinity between the Au surface and the thiol groups on the
PEG molecule. This orientation allows the paratopes to be free to bind to an antigen,
if the covalent bond doesn’t involve binding to an amine in that region.**° Directional
conjugation uses streptavidin-coated nanoparticles that can form a strong bond to a
biotinylated antibody. As the biotin is on the antibody Fc region, the streptavidin-
biotin bond will leave paratopes free for binding.'’> Finally, physical adsorption
involves altering the pH of the nanoparticle solution so that it is at or near to the
isoelectric point of the antibody, allowing hydrophobic interactions to occur between
the protein and the nanoparticle surface.'’* However, with pH correction methods,
the orientation of the antibody on the surface is unknown, which may lead to
paratopes being blocked and a subsequent decrease in antigen binding efficiency. In
this work, covalent conjugation was utilised to attach HRP-Il mouse monoclonal

antibodies to spherical Au nanoparticles.

4.2.2.1 MGITC functionalisation to Au nanoparticles

A Raman reporter was needed in this work to produce a unique Raman fingerprint
spectrum to indicate detection of the target analyte. The signal intensity of the
reporter could then be correlated to the concentration of target detected. A good
Raman reporter molecule should exhibit a strong and distinctive SERS signal, attach
strongly to the nanoparticle surface, and ideally possess unique Raman peaks that
would allow multiplexing with other reporters. The Raman reporter chosen for this
research was malachite green isothiocyanate (MGITC). Au nanoparticles were
functionalised with MGITC dye (final concentration of 100 nM) as the Raman
reporter. Characterisation of the dye-coated Au was carried out using SERRS and

extinction spectroscopy (Figure 4.6).
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Figure 4.6 (A) Structure (inset) and SERRS spectrum of MGITC, with the most prominent Raman peaks labelled.
MGITC was attached to Au nanoparticles at a final concentration of 100 nM. (B) UV-visible absorption spectrum
of MGITC. The dashed line indicates the 638 nm excitation laser line that was used for analysis. SERRS spectrum
is the average of 3 spectra recorded with 638 nm laser excitation, 26.7 mW laser power, 1 s acquisition time.

Stock MGITC (1 mM) was diluted 1 in 80 (10 uL MGITC in 790 uL dH,0). Spectrum was normalised to 1 for clarity.

An isothiocyanate group and large conjugated system within the dye structure
allowed it to form strong thiol bonds with the Au for attachment and resulted in well
resolved Raman peaks (Figure 4.6(A)). As shown in the MGITC absorbance spectra
(Figure 4.6(B)) it had an absorbance maxima at ~“617 nm which allowed a laser line to
be chosen to give SERRS rather than SERS. An excitation wavelength at 633 nm was
chosen for analysis of the lateral flow immunoassays and 638 nm for interrogation of
3D uPADs so that resonance enhancement of the dye signal could be obtained. The
two laser excitation wavelengths varied slightly (by 5 nm) as two different Raman

spectrometers were used.
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4.2.2.2 Carbodiimide crosslinking conjugation

Carbodiimide crosslinking conjugation was carried out using an off-nanoparticle
approach as it allowed a simple one-pot reaction of the carbodiimide chemistry to
occur before the nanoparticles, pre-functionalised with Raman reporter, were added.
This involved first forming an amide bond between the carboxyl groups on CT(PEG)12
and the amine groups on the antibody. This was then mixed with a dye-coated
nanoparticle solution to allow terminal thiol groups on PEG to bind to the Au
nanoparticle surface (Figure 4.7). Carbodiimide compounds provide a versatile
method for crosslinking to carboxylic acids. The most commonly used is the water-
soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). It reacts with the
carboxylic acid groups, such as those on CT(PEG),, to form an O-acylisourea
intermediate that is easily displaced by nucleophilic attack from primary amine
groups within the reaction mixture. However, the O-acylisourea intermediate is
unstable in aqueous conditions and failure to react with an amine results in hydrolysis
and subsequent regeneration of the carboxyl with release of an N-unsubstituted
urea. If this reverse process occurs, a decrease in the efficiency of the coupling
follows. To prevent this from happening, the stability of the O-acylisourea
intermediate is increased through the addition of water-soluble sulfo-N-
hydroxylsuccinimide (sNHS). EDC couples sNHS to the carboxyl group forming an
amine-reactive sNHS ester that is considerably more stable than the initial

intermediate and allows successful conjugation to primary amines.74176
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Figure 4.7 Schematic representation of the off-nanoparticle carbodiimide crosslinking chemistry. The process creates an amide bond between the carboxylic acid groups on the PEG

and amine groups on the antibody. This is then added to a solution of MGITC-coated Au nanoparticles to allow the terminal thiol groups of the PEG to bind to the Au nanoparticle

surface.
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CT(PEG)12 was first mixed in excess (final concentration 40 uM) with EDC (1 mg/mL),
before being added to a sNHS (1 mg/mL) / monoclonal mouse HRP-II (malaria)
antibody (final concentration 10 pg/mL) mixture and left to shake overnight. The PEG
concentration was calculated to give theoretical monolayer coverage on the Au
nanoparticles at the later stage of the conjugation. Following formation of the amide
bond between the PEG carboxyl groups and antibody amines, this mixture was added
1:1 to MGITC-Au nanoparticles (0.1 nM) to give a final antibody concentration of 5
ug/mL. This was left to incubate on a shaker for 2 hours to allow binding of the Ab-
PEG to the Au. A centrifugation step was carried out to remove any unreacted Ab-
PEG and any MGITC that may have been displaced by the PEG. The conjugate pellet
was then reconstituted in 10 mM PB + 0.1 % bovine serum albumin (BSA) to the

desired concentration for either the lateral flow assay or 3D uPAD.

Characterisation of the Au-PEG-Ab conjugates was then carried out using extinction
spectroscopy, DLS, gel electrophoresis, and lateral flow. The extinction spectra
(Figure 4.8(A)) showed a red-shift in LSPR with each layer that was added to the Au
nanoparticles, moving from 529 nm for bare Au to 534 nm for the final Au-PEG-Ab
conjugates, indicating an increase in size and therefore successful conjugation to the
nanoparticle surface. Furthermore, the final conjugate extinction spectrum did not
show any additional peaks in the higher wavenumber region that may indicate
particle aggregation. This observation suggested that the Au nanoparticles were
stable after the addition of the PEG-Ab layer. DLS measurements also showed
successful conjugation (Table 4.1), with the nanoparticles increasing in size from the
bare Au to the final conjugate mixture, along with a more positive zeta potential for
the Au-PEG-Ab layers compared to the bare Au nanoparticles (-36.60 vs. -40.20 mV,

respectively) implying Ab was attached.
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Figure 4.8 (A) Extinction spectra of bare Au (blue), Au-MGITC (orange), Au-PEG (green), and Au-PEG-Ab (purple).
80 pL of was diluted in 720 pL of dH20 for analysis. Spectra were normalised to one for clarity and ease of
comparison. (B) Image of gel showing the distance travelled by Au, Au-MGITC, Au-PEG, and Au-PEG-Ab

conjugates.

Table 4.1 Table showing the LSPR, average size, and average zeta potential measurements for bare Au, Au-MGITC,

Au-PEG, and Au-PEG-Ab conjugates.

Sample LSPR (nm)  Average Size (nm) Average Zeta (mV)

Bare Au 529 52.7+0.7 -40.2 £3.0
Au-MGITC 529 57.9+1.0 -36.0+0.5

Au-PEG 530 60.7 £ 0.5 -43.7+1.5
Au-PEG-Ab 534 91.4+29 -35.6+1.9

Due to the increase in size observed moving from each conjugation layer (Au to Au-
PEG to Au-PEG-Ab), these samples could also be separated using gel electrophoresis.
Larger samples would be expected to travel slower through the gel compared to

smaller samples that can travel faster through the porous gel matrix. Figure 4.8(B)
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illustrates how each sample behaved in the agarose gel, depending on the coating
present. Both bare Au and Au-MGITC aggregated in the well (dark purple colour) due
to the loading buffer as the nanoparticle surface was not protected. Whereas the Au-
PEG (used as control for Ab binding) moved much further through the gel due to its
smaller size compared to the Au-PEG-Ab which travelled a shorter distance. This

result gave a strong indication that the antibody had bound to the nanoparticles.

A final method carried out to confirm successful antibody conjugation was a simple
lateral flow spot test. A solution of HRP-II antigen (0.5 pL, 100 pg/mL) was spotted
onto the nitrocellulose strip, along with anti-mouse IgG (0.5 uL). Concentrated
conjugate mixture (10 puL) was added to running buffer and the dried strips dipped
into this. Figure 4.9(A) illustrated that the conjugates only bound when the specific
HRP-1l antigen was spotted (compared to when none was spotted). The excess
conjugate was then captured by the anti-IgG control on both strips. Binding of
antibody conjugates to the HRP-Il antigen and at the control spots was clearly evident
as red spots. Interrogation of the bound HRP-ll-antibody conjugates with a 633 nm
laser produced the characteristic SERRS spectrum of MGITC (Figure 4.9(B))
highlighting that the conjugates would give a strong signal following binding to their

target.
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Figure 4.9 (A) Images of lateral flow strips. When no HRP-II antigen was spotted, no binding of the Au-PEG-Ab
conjugates occurred. However, when 100 pg/mL of antigen was spotted on the strip, binding between the HRP-II
and the malaria HRP-Il monoclonal Ab on the conjugates occurred and a clear spot was observed. Anti-mouse 1gG
antibody was used as a control line in both strips. (B) SERS spectrum of MGITC recorded from the 100 pug/mL HRP-
Il spot on the lateral flow strip highlighting successful conjugation of the Raman reporter molecule and the
detection Ab onto the Au nanoparticles. The most prominent Raman peaks of MGITC are also highlighted. SERRS
spectrum is the average of 5 replicate spectra from the 100 ug/mL HRP-Il spot. Spectra were collected with a
633 nm laser excitation, 4 mW laser power, and 3 s acquisition time. Spectra were baseline corrected and averaged

using Matlab R2013a software.

The characterisation steps completed for the antibody-conjugated-nanoparticles
gave a strong indication that antibody had been successfully bound to the Au and
that the MGITC Raman reporter could still produce a strong SERRS signal. From the
extinction spectrum, the conjugates showed no aggregation and were stored in
buffer with BSA for added stability. For both diagnostic devices studied in this work,
the same conjugates were used as SERRS tags, with the final concentration deposited

being the only variation between the two.
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4.2.3 Development of a lateral flow immunoassay for HRP-II detection

HRP-II specific antibody functionalised SERRS tags were tested for the detection and
quantification of HRP-Il in a lateral flow immunoassay by SERRS and via a more
traditional image analysis technique. The principle of the SERRS-based lateral flow

assay used in this work was based on a sandwich immunoassay (Figure 4.10).

Control spot ' .
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Sample pad dipped into  Test spot: Capture Ab spotted on  Control spot: Anti-IgG binds to any
running buffer with HRP4I  strip, binds to Au-AbjAntigen excess Au-Ab conjugates
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Figure 4.10 (A) Schematic illustration of the SERRS based sandwich lateral flow immunoassay (B) Qualitative
analysis of the strip, where only one red spot is observed in the control zone when no HRP-Il is present (negative)
and two spots appear in the presence of HRP-II (positive). SERRS analysis of the test spot with 633 nm laser

excitation produces characteristic MGITC dye spectrum and allows quantitative analysis.

HRP-1l (malaria) mouse monoclonal antibody (capture antibody) and anti-mouse IgG
antibody were immobilised on the strip as test and control spots, respectively (Figure
4.10(A)). In this work the capture antibody used was the same as the detection
antibody conjugated to the SERRS tags as it was recommended for both positions and
was able to self-pair.1’” Antigen (at a calculated final concentration), Ab-conjugated-
Au-MGITC SERRS tags, and the running buffer were added to the sample wells and
gently shaken for 15 minutes before the lateral flow strips were added. Due to

capillary action, the sample mixture migrated along the strip before being
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immobilised by the capture antibody at the test spot. Any excess of the SERRS tag
continued along the membrane before being captured by the anti-mouse IgG
antibody. The accumulation of the Au-Ab conjugates in either the test or control
spots produced the characteristic dark red colour, with the colour intensity at the test
area being related to the concentration of the target analyte. Two spots appeared in
the presence of HRP-Il indicating a positive test, whereas, only one spot was observed
in the control zone when no antigen was present (Figure 4.10(B)). To record a SERRS
response from the immunoassay, the test spots were analysed using a confocal
Raman system equipped with a 633 nm laser line excitation. The characteristic
spectrum of MGITC dye could then be monitored and the Raman peak at 1619 cm?

was used for SERRS quantitation.

However, before quantitative analysis could take place the concentration of both the
capture antibody that was spotted on the strips and the Au-Ab conjugates used had
to be determined. Concentrations were chosen based on those that gave the
strongest SERRS response but also gave minimal non-specific binding when the blank

controls were run.

4.2.3.1 Immunoassay design and SERRS detection

The nitrocellulose membrane is a very important part of the test system with various
capillary flow times being available. This is the time required for a liquid to move
along and completely fill a strip of defined length. For this work, a Millipore Hi-Flow
Plus membrane was used with a quoted capillary flow time of 180 + 45 sec/4 cm.’8
This was chosen as it was a slow flow rate which should provide increased sensitivity,

particularly when analysing targets at lower concentrations.

Two capture antibody concentrations were considered, 100 pg/mL and 300 pg/mL,
for the lateral flow immunoassay. To assess these concentrations both were spotted
on assembled lateral flow strips (0.8 pL) left to dry and then placed in running buffer
containing Au-Ab conjugate and buffer blank (to act as a control when no antigen is

present). The same concentrations were spotted on a further 2 strips and run in a
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mixture containing target antigen (100 ng/mL final concentration), Au-Ab conjugate

and running buffer, to observe binding in the sandwich assay (Figure 4.11).
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Figure 4.11 Determining capture Ab concentration (A) Images of the lateral flow strips that have been treated
with either 100 pg/mL or 300 pg/mL of capture Ab. The top 2 strips were run as blanks to assess any non-specific
binding when target antigen was not present. From the images, no clear spot was visualised in either blank.
100 ng/mL HRP-Il was also added, and 2 different strips run with the 2 capture Ab concentrations. A much darker
spot formed with the 300 ug/mL capture Ab strip indicating greater binding of the conjugates. Anti-IgG was
spotted above the capture Ab in each strip to act as a positive control. (B) Average SERRS spectra from the 4 test
spots shown in image (A). Conjugate-antigen-capture Ab spot gave the most intense SERRS signal. A slight SERRS
response was observed in both blank controls but the intensity was similar in both and much less intense than the
positive signals. 100 ng/mL HRP-II + 300 ug/mL capture Ab (cyan), 100 ng/mL HRP-Il + 100 ug/mL capture Ab
(orange), Blank + 300 pg/mL capture Ab (blue), and Blank + 100 pg/mL capture Ab (purple). Spectra are the
average of 50 spectra from each spot, recorded with a 633 nm laser excitation, 0.8 mW laser power, and 6 s

acquisition. Spectra were baseline corrected and averaged using Matlab R2013a.
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No visual non-specific binding was observed for either capture Ab concentration and
a more intense spot resulted with the 300 pug/mL when the strips were run in a
sample containing antigen, indicating increased conjugate binding with increased
capture Ab. This was confirmed with SERRS analysis of each spot, which showed the
most intense SERRS signal for the HRP-Il bound to 300 pg/mL capture spot. Although
no coloured spot was observed for the blank controls, a slight SERRS signal was
recorded for each. This was similar in intensity for both capture Ab concentrations
and because of this and the increased signal in the positive sample, 300 pg/mL was

chosen as the capture Ab concentration going forward

A second condition that was studied was the concentration of the Au-Ab conjugate
applied. Following synthesis, the conjugates were diluted to 0.7 nM and 0.4 nM and
run on 2 strips with HRP-II (final concentration 100 ng/mL) and 300 ug/mL capture
antibody (Figure 4.12).

300 pg/mL
capture Ab anti-IgG )
A L . ' 0.4 nM Au-Ab conjugate

B C . ‘ 0.7 nM Au-Ab conjugate

0.4 nM Au-Ab conjugate
- Blank '

!‘ D . 0.7 nM Au-Ab conjugate
] - Blank

Figure 4.12 Determining Au-Ab conjugate concentration. (A) Lower concentration of 0.4 nM was run along with
HRP-II (final concentration 100 ng/mL) and 300 pg/mL capture antibody. (B) Higher conjugate concentration,
0.7 nM, was run under the same conditions as (A). As expected the higher concentration resulted in increased
binding and a brighter spot. (C) 0.4 nM conjugate was run in a blank (no HRP-Il) and showed only a slight spot in
the capture area. (D) 0.7 nM conjugate was also run in a blank and as with the 0.4 nM only a slight spot was
observed. This showed that no significant non-specific binding of the conjugate was occurring on the capture spot

at either concentration. Anti-lgG was spotted as a positive control on each lateral flow strip.
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As was expected, the higher conjugate concentration gave a more intense spot
colour, indicating a greater amount of binding in the sandwich assay. When a blank
control, with no antigen present, was run in the presence of both 0.4 nM and 0.7 nM
conjugates only a faint spot was observed on each capture spot indicating that at
either concentration, no obvious non-specific binding was occurring. Consequently,
the higher Au-Ab conjugate concentration of 0.7 nM was chosen for use in the lateral
flow sandwich immunoassay as it would result in a more intense SERRS response.
With these conditions set, quantitative analysis of the target HRP-II antigen could be

carried out.

4.2.3.2 Quantitative analysis of HRP-II using SERRS

Initial analysis was carried out using SERRS mapping, with a 633 nm laser excitation
line, to gain information from the whole test spot. Heat maps of the signal-to-
baseline intensity for the peak at 1619 cm™ for MGITC were generated and allowed
a visual observation of the distribution of the antibody-conjugates on the strip (Figure
4.13). When a high concentration of HRP-II antigen was present (1 pg/mL) a very
bright spot was observed, and the Raman spectrum taken from a selected image pixel
showed a very intense MGITC signal. Whereas when no HRP-Il was added (blank),
little signal from the Raman reporter was detected. These initial results were
promising as they showed that only slight non-specific binding of the Au-Ab
conjugates was occurring when HRP-Il was absent. From analysis of the 1 ug/mL HRP-
Il heat intensity map (Figure 4.13(A)) it was also clear that binding of the Au-Ab-
antigen complex to the capture Ab (spotted on the nitrocellulose) was not
homogenous. Some pixels appeared much brighter (white) within the spot indicating
more sandwich conjugate had formed in these areas where others were darker

(orange) highlighting a decrease in signal-to-baseline intensity of 1619 cm™ peak.
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Figure 4.13 SERRS mapping of test spots. Images are heat intensity maps generated by the signal-to-baseline

intensity of the 1619 cm! MGITC peak at each pixel. (A) Heat intensity map when 1 pg/mL HRP-II antigen was

present. The arrow points to the pixel on the image where the intense Raman spectrum (blue) originated from.

(

B) Heat intensity map when no HRP-Il was present (0 ug/mL, blank). Arrow indicates the pixel where the Raman

spectrum (orange) was taken from. Both maps had the same upper and lower intensity limits applied. All SERRS

maps were recorded with a 633 nm laser, 5x objective, 0.8 mW laser power, acquisition time 4 s, and 150 um

step-size.

Although this method of spot analysis produced easy to interpret heat intensity
maps, it took between 10 — 15 minutes to complete each map using a relatively large
step-size which meant it was not suitable for high-throughput analysis of lateral flow
assays. To make the spot analysis quicker and to gain the most relevant information
from the sample under interrogation, single point spectra were collected. Seven HRP-
Il final concentrations were studied along with a blank control (250, 100, 50, 25, 20,
10, 5, and 0 ng/mL), with 20 point spectra being collected from each test spot and
taking only ~3 minutes per strip to complete. Each concentration was then also
studied in triplicate to give a total of 60 spectra for each concentration under

investigation. These were then averaged to give a final spectrum for each sample.
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Figure 4.14(A) shows images of the lateral flow immunoassay strips in the presence
of different concentrations of HRP-Il (0 — 250 ng/mL). The presence of the target
antigen was confirmed via the colour change at the test spot, where capture antibody
had been spotted. It was observed that the colour became more intense at higher
antigen concentrations as more sandwich conjugate formed. Consequently, at the
higher concentrations (250 — 25 ng/mL) the presence of HRP-Il could be identified by
the naked eye. At concentrations below 25 ng/mL the positive detection of target
antigen became more subjective by eye and it was at these concentrations where the
use of quantitative SERRS became most important. Also, in all of the lateral flow
strips, the control spot showed a reliably uniform colour intensity, regardless of the
HRP-II concentration present. The final averaged Raman spectrum for each target
concentration studied is shown in Figure 4.14(B). These spectra showed a very clear
decrease in Raman signal intensity as the concentration of HRP-Il present decreased.
Even at the lower antigen concentrations, that were difficult to observe by eye, a
strong SERRS signal was recorded allowing differentiation from the blank. This trend
was studied further by plotting the 1619 cm™ peak height against HRP-II

concentration (Figure 4.14(C)).
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Figure 4.14 SERRS quantitative analysis of HRP-Il detection. (A) Images of one of the lateral flow sandwich assay
replicates for HRP-II detection for each antigen concentration. Final antigen concentrations are labelled on each
strip, with a decrease in test spot colour intensity as the concentration of HRP-II present decreased. At the lower
antigen concentrations (10, 5, 0 ng/mL) the spots were not so visually clear. The control anti-IgG spots were the
same intensity for each sample. (B) Average Raman spectrum for each antigen concentration studied: 250 (cyan),
100 (orange), 50 (green), 25 (purple), 20 (blue), 10 (red), 5 (pink), and 0 ng/mL (black). A decreasing trend in
Raman signal intensity with decreasing HRP-Il concentration was observed. (C) Intensity of 1619 cm-! peak height
vs. final HRP-Il concentrations. The spectra shown are the average of 20 measurements of 3 replicates (60 in total)
for each concentration. Errors bars are the standard deviation of the measurements taken. The equation of the
line is also shown. Spectra were collected using a 633 nm laser excitation, 0.8 mW laser power, 9 s acquisition
time, 5x objective. Spectra had cosmic ray removal and noise filtering algorithms applied to them in Wire 4.2
software, before they were baseline corrected and averaged using Matlab R2013a. 1619 cm? peak heights were

calculated using the signal-to-baseline.
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Figure 4.14(C) showed a very good linear correlation between Raman peak height
and HRP-Il concentration with relatively small standard deviations, indicating that the
SERRS signals that were obtained between replicates had good analytical
reproducibility. This calibration curve was used to calculate a theoretical limit of
detection (LoD) for HRP-II using this SERRS-based lateral flow sandwich assay. The
LoD was calculated to be 3 times the standard deviation of the blank, divided by the
gradient of the straight line (the equation of the straight line is shown in Figure

4.14(C)). This method gave a theoretical HRP-II LoD of 65.3 pg/mL.

Using technical results presented in a World Health Organisation (WHO) report on
malaria diagnosis,'’° the antigen concentrations detectable by the lateral flow assay
could be converted to an estimated number of parasites per pL. Clinical ranges of
parasitemia can vary depending upon the Plasmodium infection. Some patients may
appear symptomatic at parasite densities of 100 — 200/pL (0.002 % parasitemia),
while hyperparasitemia in severe non-falciparum cases can reach 100,000
parasites/uL (burden of ~2 %), and up to 250,000 parasites/uL (overall burden of 5
%) in severe P. falciparum cases.'® So for a patient sample infected with P. falciparum
at a total of 200 parasites/ pL, the mean HRP-II antigen concentration was reported
to be 15.3 ng/mL. Using these numbers, the lowest detected concentration of HRP-II
in this SERRS-based sandwich assay (5 ng/mL) equated to ~65 parasites/uL and the
theoretical LoD (65.3 pg/mL) gave less than 1 parasite/uL. The ‘gold standard’ for
malaria diagnosis and quantification of parasitemia is a blood smear. A skilled
technician may be able to detect densities as low as 5 — 10 parasites/ plL blood,
however, under general field conditions it is realistically closer to 100 parasite/uL.%’
This lateral flow immunoassay coupled with SERRS detection was able to match the
sensitivity of typical in-field light-microscopy diagnosis detecting ~65 parasites/puL, at
the lowest HRP-II concentration of 5 ng/mL, compared to its ~100 parasites/puL. With
regards to the theoretical LoD of the assay it was shown to surpass current achievable
light-microscopy limits. However, it is perhaps unlikely that under in-field conditions
with clinically relevant biological matrices this theoretical HRP-Il detection

concentration would be achieved. Nevertheless, this assay highlights the sensitivity
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that can be gained by coupling these frequently used lateral flow devices with a

SERRS-based detection output.

4.2.3.3 Colourimetric analysis to quantify HRP-II

The sensitivity of this SERRS based lateral flow immunoassay was compared to the
theoretical LoD value that could be achieved based on colourimetry readings of the
test spots. To measure these values, the lateral flow strips were first scanned using a
flatbed scanner onto a computer. Imagel software was then used to quantify the
signal of the Green channel, from the RGB values of the test spots, as it was the most
sensitive to the colour produced by the colloidal gold. RGB measurements indicate
how much of the Red, Green, and Blue is in the channel you have measured. The
signal can then be normalised by subtracting it from the maximum signal that can be
obtained (this is 255 for each channel). A calibration curve of normalised signal

intensity against HRP-Il concentration can then be plotted (Figure 4.15).
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Figure 4.15 Colourimetric analysis of test spots on the lateral flow immunoassay. A calibration curve has been
plotted of the normalised signal intensity from the Green channel vs. HRP-Il concentration. The error bars shown
are the standard deviation of the 3 replicate lateral flow measurements for each concentration analysed. The

equation of the line is also shown.
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Analysis of this lateral flow sandwich assay via colourimetry measurements produced
a calibration curve with good linearity between the normalised signal responses and
the corresponding HRP-Il concentrations, however, there were very large standard
deviations between replicate measurements. One of the main causes of this replicate
variation may have been the variability in test spot size. To measure the RGB value of
a spot a defined area for the Imagel software to analyse must be set and kept
constant for all measurements. In this immunoassay design the capture Ab is spotted
directly onto the nitrocellulose lateral flow strip and left to dry. Once this reagent has
been spotted there is no control over how it spreads and dries on the strip, which can
create a non-homogenous capture area. This means the binding of the antigen-Ab-
Au conjugate when it flows over will not give a uniform spot colour and when
analysing a defined area in the software there may be large areas where there is no
colour from the Au colloid. This lack of conjugate binding homogeneity was also
observed when the test spots were Raman mapped (Figure 4.13(A)). Because of the
larger standard deviations, the theoretical LoD for the colourimetry measurements
was calculated to be 34.7 ng/mL (~454 parasites/puL), much higher than that
calculated for the SERRS-based detection (65.3 pg/mL vs. 34.7 ng/mL) and, therefore,

this method would not be able to compete with the current standard detection.

In this analysis the colourimetric quantification method was not as sensitive as using
SERRS, however, with better control over the capture Ab spot homogeneity it would
be possible to lower the standard deviations between replicates. Also, if a greater
signal response from the Green channel could be generated for each concentration
analysed, a steeper calibration line with a larger slope may be achievable and, in-turn,
the sensitivity of the optical measurement would be increased. This could be
achieved by increasing the final concentration of the Ab-conjugated SERRS tags in
solution, although this could also lead to an increase in non-specific binding within

the blank.

4.2.3.4 Issues with lateral flow immunoassay
Although SERRS-based analysis of the lateral flow sandwich assays showed low

measurement variability between replicates and had a good linear relationship
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between the Raman peak height and HRP-II concentration, they are currently not
able to compete with already available lateral flow RDTs. One of the main causes of
this is the way the capture antibody and the anti IgG control were applied to the
nitrocellulose strip. For reproducibility the application of reagents onto the
membrane requires a high level of consistency!’® that is typically achieved by using a
reagent dispensing system to spray a controlled amount of known concentration
onto the strip to give a homogenous test and control line.'3®142 The issues with

spotting on the reagents were discussed in section 4.2.3.3 above.

To be applied as an RDT with SERRS as the detection method, it would be preferable
if the lateral flow analysis could be carried out on a portable Raman system that could
be run in-field. This work was carried out using a large benchtop Renishaw InVia
confocal Raman microscope and so is not practical for the point-of-care diagnosis that
is targeted with these immunoassays. To address this issue a 3D-uPAD that could be
coupled with a handheld, portable Raman spectrometer to detect HRP-Il was

investigated.

4.2.4 3D-uPAD for HRP-II detection

An alternative to the traditional lateral flow immunoassays are pPADs. In this work,
a 3D uPAD was coupled with SERRS to study its potential to detect clinically relevant
concentrations of HRP-II. The layered components of the device used were designed

and printed by Professor Charles Mace’s group at Tufts University.

4.2.4.1 Running and optimisation of the 3D device

The paper-based device architecture was developed using wax printing to create
black hydrophobic barriers on each layer and, once assembled, the hydrophilic zones
(white areas) created a network of lateral and vertical channels that controlled the
wicking of fluids through the device (Figure 4.16). Devices were manufactured using
a combination of nylon membrane for the capture layer (pore size ~0.45 um) and
chromatography paper for the other layers (pore size ~25 um). Nylon membrane was
chosen over nitrocellulose, used in typical lateral flow immunoassays, as

nitrocellulose is more brittle and could be damaged during the wax printing
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process.'®” Adhesive film was used to assemble the layers with removable adhesive
applied to the incubation layer, so that the top 3 layers could be easily removed to
reveal the capture layer. Double-sided permanent film was applied to all other layers

to aid in the overall structural integrity.

Sample
addition

Conjugate
storage

Incubation
layer

Capture
layer

! (1

Wash ) 6 W

Wick pad

5mm

Figure 4.16 (A) Schematic of a 3D-patterned paper device for singleplex immunoassays. Black areas, created by
wax printing, are hydrophobic barriers and the white hydrophilic areas create the fluid channels. Blue dashed
arrows highlight the movement of samples and washes as they are applied to the top sample addition layer. A
yellow ring of wax was applied around the capture zone on the capture layer to help visualise the red colour of
the Au colloid. A thicker sheet was also used on the bottom layer to act as a sink to wick away any excess liquid
during the running of the device.1%® (B) Images of each individual layer of the 3D-device. (1) Sample addition, (2)
conjugate storage, (3) Incubation layer, (4) Capture layer, (5) Wash, and (6) Fully assembled device, approximately
1 cm in width. Figure 4.16(A) reproduced from Schonhorn, J., A device architecture for three-dimensional,
patterned paper immunoassays, Lab on a chip, 2014, 14, 4653-4658, with permission of The Royal Society of

Chemistry.
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Initially experiments were carried out to identify the conditions that would maximise
signals from positive HRP-Il samples and reduce any signal arising from non-specific
binding on the capture layer when the device was challenged with negative samples.
Two main conditions were varied to study this: (i) Concentration and volume of
capture Ab used, (ii) Concentration of conjugate Ab used. Only the conjugate layer

and capture layer were treated before the device was assembled and used.

When deciding on a concentration of capture antibody, previous literature that have
applied this device, or a form of, was considered. Schonhorn et al.'* highlighted the
application of this device to detect a biomarker related to pregnancy, using a capture
antibody concentration of 1 mg/mL (5 pL) and Deraney et al.*®' reported a
multiplexed version where capture antibody concentrations were either 1 or
2 mg/mL (1 puL). These concentrations were used as a guide and for the application
here, 100 pug/mL and 500 pg/mL of capture antibody were considered. 2 uL of each
concentration were spotted on the capture layer and left to dry, before being blocked
with blocking buffer (3 uL). Once dried and assembled, Au-Ab conjugate in a buffer
blank were run through each device to assess any non-specific binding occurring
(Figure 4.17). From this experiment it was found that using the higher antibody
concentration on the capture layer did not increase the non-specific binding and it
was concluded that using this higher concentration, at a low volume, should lead to

good binding when target antigen was present.
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Figure 4.17 Investigation to determine capture antibody concentration to be applied. (A) Scanned image of
capture layer following flow through of Au-Ab conjugate in blank buffer. (B) Images of capture layers were
analysed to give RGB values. Shown are the normalised signals from the Green channel of each concentration. (C)
Average 1619 cm! peak height from the SERRS of both capture layers. Error bars show the standard deviation of
the SERRS measurements at 1619 cm-! for both concentrations. These results show some non-specific binding
occurring at both concentrations although it is slightly lower with the 500 pg/mL capture antibody. 1619 cm
peak heights are the average of 20 spectra collected with 638 nm laser excitation, 26.7 mW laser power, 0.1s

acquisition time.

The chosen concentration of Au-Ab conjugate was also important as it had to be
concentrated enough to give a distinct red colour when bound to HRP-Il on the
capture layer. However, too much conjugate may have overloaded the device and
stuck to the capture layer even when no antigen was present, leading to false
positives. The conjugate concentration used for lateral flow immunoassays was
studied (~0.7 nM) along with a lower concentration (~0.4 nM). Conjugate storage
layers were treated with 10 % BSA (3 uL), left to dry, followed by the application of

5 pL Au-Ab conjugate at both concentrations. Once dried the devices were assembled
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and a buffer blank ran through (30 uL) followed by two washes (2x20 uL). At the end
of the runs the capture layers were exposed, and it was found that with the higher
conjugate concentration a considerable amount had bound to the capture layer,
whereas with the lower one relatively little colour was present due to Au
nanoparticles (Figure 4.18). From this, a Au-Ab conjugate concentration of 0.4 nM

was chosen for future experiments with the device.

A B

Conc: ~0.7 nM Conc: ~0.4 nM
(0.D.~8) (0.D.~5)

Figure 4.18 Scanned images of the capture layers with different Au-Ab conjugate concentrations. (A) Conjugate
concentration of 0.7 nM (Optical density, O.D., ~8) was used and resulted in significant binding to the capture
layer when a buffer blank was run through. (B) Conjugate concentration of 0.4 nM (0.D.~5) gave very little binding
in the capture layer when a buffer blank was run. This was the Au-Ab conjugate concentration chosen going

forward with further experiments.

With these parameters chosen and shown to be contributing minimal signal from
non-specific binding when negative samples were run, this 3D-uPAD could be used

to quantify HRP-Il using SERRS and colourimetry measurements.

4.2.4.2 SERRS quantitative analysis of the capture layer

Once the concentration and volume of capture Ab and Au-Ab conjugate had been
determined to give the best performance of the assay, the LoD was tested using 8
concentrations of target analyte prepared by serial dilution in the range of 100 —
0.75 ng/mL in sample buffer. Each concentration was tested in triplicate along with a
buffer blank, also run in triplicate. Unlike the lateral flow immunoassay that was
analysed using a confocal Raman microscope, a handheld CBEx spectrometer from
Snowy Range Instruments was used to analyse the results on the capture layer (Figure
4.19). This used a 638 nm laser excitation wavelength and so SERRS enhancement

was still achieved using this handheld, portable spectrometer.
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3D Printed

Capture
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Figure 4.19 Image of the handheld CBEx 638 nm spectrometer from Snowy Range Instruments used to analyse
the results on the capture layer of the 3D uPAD. A 3D printed sample mount was placed on top of the point and
shoot adapter, so the capture layer could be placed on top. This mount had a precise hole that matched the size
of the capture layer spot so only this was interrogated by the 638 nm laser. Three plastic pins on top of the mount

held the capture layer in place while it was analysed.

CBEx instruments have an orbital raster scanning (ORS) feature that was also used
when analysing the capture layer read-outs. The ORS technology enables accurate
and precise measurement of heterogeneous materials by keeping the beam tightly
focussed while increasing its size with a large patterned laser excitation.®? Raman
information was then obtained over the whole capture layer spot area without losing
spectral resolution. Using this feature, 20 spectra were collected in triplicate for each
HRP-1l concentration and the blanks. These were then averaged to give a final SERRS
spectrum for each and a calibration curve created by plotting the 1619 cm™ peak

height against HRP-Il concentration (Figure 4.20).

Visual inspection of the capture layer showed that, particularly at the higher HRP-II

concentrations (100 — 12.5 ng/mL), the spots had a mottled appearance and were
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not homogeneous with respect to the distribution of the Au-Ab conjugate red colour
(Figure 4.20(A)). Therefore, the ORS feature was used to gain an average spectrum
from the whole spot. Also, a positive visual identification of HRP-Il detection was
difficult/not possible below 12.5 ng/mL. However, with SERRS, positive
discrimination of the lowest concentrations from the blank was made. From the
calibration curve, the theoretical LoD was calculated to be 1.68 ng/mL which
converted to ~22 parasites/uL (~0.00044 % parasitemia). This detection limit of
infection density was lower than what is typically achievable by a technician analysing
a blood smear by light microscopy (~¥100 parasites/uL, 0.002 % parasitemia). The
possibility of being able to reliably detect lower-density parasitemia with this SERRS-

3D-uPAD could also allow positive malaria identification in asymptomatic individuals.
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Figure 4.20 Results of concentration study using 3D devices. (A) Scanned images of the capture layer for one of
the replicates at each target antigen concentration. A gradual decrease in the red colour from the Au
nanoparticles was observed going from the highest concentration (100 ng/mL) to the lowest (0.75 ng/mL). (B)
Average Raman spectrum for each antigen concentration analysed: 100 (cyan), 50 (orange), 25 (green), 12.5
(purple), 6 (blue), 3 (red), 1.5 (pink), and 0.75 ng/mL (black). A decreasing trend in Raman signal intensity with
decreasing HRP-Il concentration was observed. (C) Intensity of 1619 cm peak height vs. final HRP-II
concentration. The spectra are the average of 20 measurements of 3 replicates (60 in total) for each
concentration. Error bars are the standard deviations of the replicate measurements. The equation of the line is
also shown. Spectra were collected using a 638 nm laser excitation, 26.7 mW laser power, 0.1 s acquisition time.
Spectra were baseline corrected and averaged using Matlab R2013a. 1619 cm™! peak heights were calculated

using signal-to-baseline.
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In these experiments the capture layers were analysed by SERRS as soon as the top
layers were removed, however, it was noted that after 10 — 15 minutes of the capture
layer being revealed the colour of the capture spot had changed from red to a darker
purple colour indicating that the Au nanoparticles were beginning to aggregate on
the surface as the spot dried (Figure 4.21). Aggregation of nanoparticles as they dry

on a surface is known to occur!®

so care must be taken with this device to analyse
the capture layer as soon as it has been revealed to give reproducible SERRS spectra

between replicates.

100 ng/mL HRP-II

Initially after 10— 15 min after
revealing capture revealing capture
layer layer

Figure 4.21 Images of the same capture layer for 100 ng/mL HRP-Il sample, taken ~15 minutes apart. When the
capture layer was first revealed by peeling off the top layers, the capture spot appeared red in colour typical of
Au nanoparticles. However, after 10 — 15 minutes of being exposed, the nanoparticles appeared to have

aggregated as they dried, turning a dark purple colour.

Coupling this uPAD with SERRS detection gave low, nanogram per millilitre detection
limits for HRP-II that fell in the lower range of parasite density that can be detected
via a blood smear. These capture layers were also quantified using colourimetric
methods, used in section 4.2.3.3, to evaluate if the portable, handheld Raman
spectrometer brought a level of sensitivity that could not be achieved using these

colour analysis techniques.

4.2.4.3 Colourimetric analysis of the capture layer
As with the lateral flow immunoassay, the capture layers were scanned, and Imagel

software was used to analyse the RGB values for each capture layer spot. The
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normalised signal from the Green channel was then plotted against HRP-II

concentration to generate a calibration curve (Figure 4.22).
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Figure 4.22 Colourimetric analysis results. (A) Scanned images of the capture layer for one of the replicates at
each target antigen concentration. Within ImageJ software an area was set to read the RGB value of the whole
capture layer spot and give an average value for each spot. This was done for all 3 replicates. (B) Calibration curve
of normalised signal vs. HRP-Il concentration. The reading for each HRP-Il concentration and blank are the average
of 3 replicates. Error bars are the standard deviations of the replicate measurements. The equation of the straight

line is also shown.

Colourimetric analysis showed good linearity between normalised Green channel
signal and HRP-Il concentration, giving a theoretical LoD of 25.5 ng/mL (~333
parasites/uL). However, this was much higher than that achieved using SERRS (1.68
ng/mL) and was over 3x higher than the 100 parasites/uL detectable by conventional
methods. Under the experimental conditions used in this work, colourimetric analysis

was not as sensitive as SERRS for the detection of low HRP-Il concentrations.
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4.2.4.4 3D-uPAD selectivity

The selectivity of the 3D-paper device was investigated by performing the assay with
a different biomolecule to ensure that binding of Au-Ab conjugates and subsequent
signal from the Raman reporter was only present when HRP-Il was added. C-reactive
protein (CRP), an important inflammation biomarker, was chosen as the negative
control antigen. Although CRP would likely be present within the blood, sometimes
more so during an infection, the detection and capture antibody used within this
sandwich assay are specific to HRP-Il and so should only bind to any HRP-II that was
present within a blood sample. This was run through a device alongside HRP-II, both
at concentrations of 25 ng/mL, and analysed using the handheld 638 nm CBEx Raman

spectrometer taking an average of 20 spectra for each. The results are shown in

Figure 4.23.
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Figure 4.23 Selectivity results of the 3D-device. (A) Average Raman spectrum for 25 ng/mL of each antigen that
was run through the device: HRP-1I (cyan) and CRP (orange). (B) Average 1619 cm-! peak height for each antigen.
(C) Scanned images of each capture layer for both antigens. Although from the images of the capture layer it
appeared to show no binding of Au-Ab conjugate when CRP was run through the device, the average SERS
spectrum and 1619 cm! peak height did show some non-specific binding of CRP on the capture zone. The spectra
are the average of 20 spectra taken from each capture layer using the ORS feature. Error bars show the standard
deviation of the 1619 cm peak height measurements for the 20 spectra taken for each sample. Spectra were
obtained using 638 nm laser excitation, 26.7 mW laser power, 0.1 s acquisition time. Spectra were baseline

corrected and averaged using Matlab R2013a. 1619 cm™! peak heights were calculated using signal-to-baseline.
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As observed above, when HRP-Il was run through the device, the Au-Ab conjugates
bound to the capture layer and an intense SERRS response was detected from the
spot. In contrast, when CRP was run on a device no red spot was seen on the capture
layer showing no significant binding of the Au-Ab conjugates, however, when the
result was interrogated with 638 nm laser excitation a SERRS response was recorded.
The Raman signal intensity from this was much lower than that recorded when HRP-
Il was present, and this difference was observed by plotting the average peak height
of the 1619 cm™ peak for both samples. Non-specific binding of the Au-Ab conjugates
appeared to have been taking place in the negative antigen control run, resulting in
a slight SERRS response. As SERRS is a very sensitive detection technique, only a small
amount of sample needs to be present to give a SERRS response, as shown here in
the negative control. With further optimisation of parameters such as the blocking of
the capture layer, the number of washes, and perhaps pre-treatment of the
incubation layer this specificity could be improved. Despite this, these results showed

that overall the device was selective for HRP-Il under these conditions.

4.2.4.5 HRP-Il detection in a biologically relevant matrix

These results highlighted the ability of this 3D-uPAD to detect samples of antigens in
aqueous buffer successfully with a low theoretical LoD when coupled with SERRS. In
addition to this, it was important to demonstrate device performance when clinically
relevant sample matrices were present, such as whole human blood. To achieve this
using whole blood, a GR Vivid™ Plasma Separation Membrane was added to the top
of the sample addition layer. When a blood sample is spotted on top, the highly
asymmetric structure of this membrane allows the cellular components of blood to
become trapped in the larger pores while plasma flows down into the smaller pores,
allowing the analysis of the blood plasma. In addition, the protein concentration of
any clinical biomarkers that are present within the blood is not reduced, making it an

ideal material for diagnostic purposes.84

Whole human blood (10 pL) was spiked with HRP-II (1000 ng/mL, 2 pL) and 8 uL PB
added to give a final concentration of 100 ng/mL antigen. CRP was also spiked into

blood at the same concentration to be used as a negative control. These were spotted
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on top of the plasma separation membrane that had been attached to the top layer
of the device and allowed to migrate through the layers. Washes were added on top
to facilitate the flow (50 pL 0.1 % Tween-20 in PB). At the end of the run the capture
zone was revealed and the spot analysed as before (Figure 4.24). In this instance
when the capture layers were exposed, a further wash was spotted on top (20 uL) to
help clean the spot of any RBCs that may have flowed through and were adding to

the red colour of the spot.

C D
1200 4 1200 4

3

3 £
2 0
= 800 4 v
2 I
0 -
+ [y}
c ]
- o
[ 5
c

u §
n

c 3
n 400 o
£ -—1
[

4

HRP-II 0

T T T T T T
700 800 900 1000 1100 1200 1300 1400 1500 1500 1700 1800 HRP-|| CRP
Raman Shift (cm!)

CRP

Figure 4.24 Antigen detection in whole human blood (A) Image of device being run with GR Vivid Plasma
Separation Membrane. The blood spiked with antigen was spotted on top and allowed to flow through the
membrane and separate out and then through the device as before. (B) Scanned images of the capture layer
when HRP-Il and CRP were spiked into the blood at final concentrations of 100 ng/mL (C) Average SERRS spectra
for both capture layers: HRP-II (cyan) and CRP (orange). (D) Bar chart of the average 1619 cm peak height for
both antigens detected in blood. The spectra are the average of 20 spectra taken from each capture layer using
ORS feature. Error bars show the standard deviation of the 1619 cm™ peak height measurements for the 20
spectra taken for each sample. Spectra were obtained using 638 nm laser excitation, 26.7 mW laser power, 0.1 s
acquisition time. Spectra were baseline corrected and averaged using Matlab R2013a. 1619 cm! peak heights

were calculated using signal-to-baseline.
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Visual inspection of both capture layers showed significantly more conjugate binding
when HRP-Il was present, however, some non-specific binding occurred in the
negative control (when CRP was run through). The SERRS response also confirmed
this with signal attributable to the Raman reporter, MGITC, detected from both spots.
Although the 1619 cm™ peak height, that had been used throughout to track SERRS
signal, was much more intense in the positive HRP-II antigen sample. The SERRS
spectrum, particularly for the CRP spot, was noisier with a slight background. This
may have been attributable to some blood components not being trapped in the
plasma separation membrane and interfering with the SERRS response on the

capture layer.

These initial results with a higher HRP-II concentration highlighted that this device
was capable of detecting antigen in whole blood both visually and with SERRS.
Further work to bring the limit to within current detection ranges of other techniques
would require a much cleaner separation of the blood components from the antigen
so that there was less interference on the capture layer. In this instance the plasma
separation membrane was attached onto the top layer of the assembled device with
sticky tape, however, if this could be fixed to create maximum contact with the top
layer it may stop blood leaching through the device and causing interference on the
capture zone. Overall, this work has demonstrated the potential use of a 3D-uPAD
coupled with SERRS to detect low levels of P. falciparum specific HRP-Il antigen. As it
was coupled to a handheld, portable Raman spectrometer it could be easily
employed in point-of-care settings and wouldn’t require an operator as highly skilled

as those needed to analyse blood smears with light microscopy.

105



4.3 Concluding Remarks

SERRS has been used to enhance the detection capabilities of RDTs for the malaria P.
falciparum specific antigen, HRP-II. The technique was applied to two different RDT
platforms with varying success. A traditional lateral flow immunoassay was studied
using a sandwich assay design to detect target antigen through binding to Au-Ab
conjugates and capture Ab that had been spotted onto the nitrocellulose strip.
Positive identification resulted in a dark red spot that was then interrogated with a
633 nm laser excitation to gain a SERRS response. This method of analysis gave good
quantifiable detection levels of HRP-Il, down to 5 ng/mL, and a theoretical LoD of
65.3 pg/mL. These concentrations translated to ~65 and <1 parasite/uL, respectively.
Both were below the standard detection range of 100 parasites/uL that is achieved
through blood smear analysis. Although the theoretical LoD was very low, in practice
it is unlikely this concentration would be detectable. SERRS analysis of the lateral flow
immunoassays was carried out on a confocal Raman microscope that would have
provided much greater sensitivity, allowing the calculation of such a low theoretical
LoD, and is not suitable for in-field/point-of-care diagnostics that is the target of
RDTs. Problems were also encountered with the reproducibility of the test and
control spots as there was no control of the dispersion and drying of the capture
Ab/anti-IgG once it had been spotted. This led to very heterogeneous spots of

different sizes between replicate samples.

To move towards a more robust RDT coupled with SERRS, a 3D-uPAD was studied.
This gave a higher degree of reproducibility between sample replicates and as it had
a defined capture spot size, due to the hydrophilic/hydrophobic barrier, it could be
easily analysed with a portable, handheld CBEx Raman spectrometer. With this device
atheoretical LoD of 1.68 ng/mL (~22 parasites/uL) was calculated. This detection limit
surpasses the average of 100 parasites/plL from a blood smear and is close to the
parasitemia levels that a skilled technician can detect (5 — 10 parasites/uL). HRP-II
detection in a biologically relevant matrix, i.e. whole human blood, was also
demonstrated with this 3D device. 100 ng/mL final concentration of antigen spiked

into blood was detectable on the capture layer with SERRS. Although a large amount
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of non-specific binding occurred in the negative sample, this initial experiment
demonstrated the potential of this simple paper-based diagnostic test to be used

with clinically relevant samples at a point-of-care/in-field setting.

To assess if coupling these devices with SERRS detection added sensitivity to the
techniques, results were also quantified with a traditional colourimetric
measurement. Issues were encountered when using this technique on the lateral
flow test spots. Due to varying sizes and spot inhomogeneity, large standard
deviations within replicate samples were observed resulting in a higher theoretical
LoD of 34.7 ng/mL (~454 parasites/uL). However, future work could gain more control
over the capture Ab area by spraying it on in a controlled line and it is therefore
possible that this LoD could be improved. Replicate sample reproducibility was found
to be much better for RGB measurements taken from 3D-uPAD capture layers,
however, a much higher theoretical LoD was calculated, 25.5 ng/mL (~333
parasites/uL), compared to that gained using SERRS (1.68 ng/mL). This demonstrates
the increase in detection sensitivity that was achieved in this work by coupling the

RDTs with SERRS.

Detection limits calculated for the 3D-uPAD coupled with SERRS were shown to be in
the lower range of what is detectable by a trained technician studying a blood smear
with light microscopy. As these devices are made from paper-based materials, they
are cheaper to manufacture, only require a small sample volume, and results can be
run by someone with minimal training. The time taken from a sample, such as blood
shown above, being spotted on the sample addition layer to a quantitative answer
being recorded was ~15-20 minutes which competes closely with standard RDT’s that
are quoted as giving results within 15 minutes.'® 3D-pPAD also have the potential
to be easily applied to detect other disease specific biomarkers. Overall, these results
highlight the potential to improve the detection ability of RDTs for P. falciparum HRP-

Il by coupling them with a portable, handheld Raman spectrometer.
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5 Experimental

5.1 Materials

5.1.1 Chemicals

Mouse monoclonal antibody was purchased from BBI Solutions. Recombinant P.
falciparum HRP-II antigen was purchased from CTKBiotech. CT(PEG)12 and MGITC
were purchased from ThermoFischer. All other chemicals were purchased from

Sigma Aldrich unless otherwise stated.

5.1.2 Buffer Preparation

5.1.2.1 PBS
A 10 mM PBS solution was prepared by dissolving 8 g of NaCl, 0.2 g KCI, 1.44 g
NazHPOa4, and 0.24 g KH2PO4 in 800 mL of dH;0. This was then adjusted to pH 7.2 with

1 M HCI before adding enough dH.0 to give a final volume of 1 L.

5.1.2.2 PB
A 10 mM solution of PB buffer was prepared by dissolving 34.4 mg of PB powder in
20 mL of dH,0. This gave a working PB buffer solution with pH 7.2.

5.1.2.3 HEPES buffer

A 100 mM stock solution of HEPES buffer was prepared by dissolving 2.38 g of HEPES
powder in 50 mL of dH.0. This was adjusted to pH 7.2 with 1 M NaOH before adding
enough volume of dH,0 to give 100 mL of 100 mM HEPES buffer. 10 mM HEPES buffer
was then prepared by taking 10 mL of the 100 mM stock HEPES buffer and diluting

this in 90 mL of dH>0, giving a total volume of 100 mL.

5.2 Instrumentation

5.2.1 Extinction spectroscopy

All UV-vis spectroscopy was carried out on an Agilent Cary 60 UV-visible
spectrophotometer. A baseline measurement of the sample solvent was carried out
before the samples were analysed. The range of wavelengths scanned was 200 — 800

nm.
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5.2.2 DLS and zeta potential
Malvern Zetasizer Nano ZS was used to carry out all nanoparticle sizing and zeta

potential measurements.

5.2.3 SEM measurements
Samples were analysed using a Sirion 200 Shottky field emission electron microscope
operating at an accelerating voltage of 30 kV and a magnification of 500 nm. All SEM

measurements were carried out by Dr. Samuel Mabbott.

5.2.4 IR measurements
IR measurements of solid sHz and hemin chloride were carried out using an ATR-IR

instrument with Microlab PC software. Ethanol was used to clean the ATR crystal
before each measurement and a background measurement was taken before the

solid sample spectrum was taken.

5.3 Tissue work

5.3.1 Infections and tissue preparation

Procedures on mice were approved following local ethical review by the University
of Glasgow Animal Procedures and Ethics Committee and were performed in strict
accordance with the UK Home Office Animals (Scientific Procedures) Act 1986
(project licence no. P2F28B003). Two female, BALB/c mice (Harlan, Bicester, UK; 6—8
weeks old) were infected with asynchronous P. berghei ANKA, and euthanised when
peripheral blood parasitemia reached 5%. Spleens were removed from these and
from two uninfected control mice and embedded in tissue freezing medium (Tissue-
Tek O. C.T.).1'* This freezing medium was used to preserve the tissue structure.
Frozen tissue blocks were then positioned in a cryostat chamber at -22 °C, cut into
sections with a thickness of 10 um and placed on poly-L-lysine glass slides with Tissue-
Tek O.C.T. Ten tissue sections were taken from the infected spleens, along with a
further ten from the uninfected spleens. Four tissue sections from the infected
spleens and four from the control, were also taken and placed on poly-L-lysine CaF;
slides. Tissue sections were stored at —20 °C prior to analysis. Spleen tissue was

chosen as it is a key tissue for the sequestration of the parasite.
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5.3.2 Poly-L-lysine coating of Raman-grade CaF; slides
Raman grade CaF; slides were purchased from Crystran'® to enable analysis of tissue
sections using a 785 nm laser excitation. These slides were coated with poly-L-lysine

using the following protocol.

Slides were washed in 100 % ethanol, then washed with dH,0O before being left to
dry. Once dry, the slides were placed in a solution of poly-L-lysine (molecular weight
70 000 — 150 000, 0.01 %) for five minutes. They were then removed, washed three
times with dH,0 and left to dry.

5.3.3 Synthetic hemozoin preparation

75 mg of hemin chloride was dissolved in 3 mL of 0.5 M NaOH and then neutralised
with 1.5 mL 1 M HCI. 10 mL 3.9 M sodium acetate (pH 5) was then added and the
solution was stirred in a water bath at 60 °C for 3 hours. The solution was then diluted
in 40 mL of dH,0 and filtered through a Buchner funnel. The residue was washed with
dH>0 to remove any excess salts, before being resuspended in dH,0 and freeze dried
overnight to yield a powder. This was carried out to allow an estimate of the weight
of synthetic hemozoin produced. The final product was resuspended, at a
concentration of 2.5 mg/mL, in PBS (10 mM, pH 7.2) and stored at -20 °C. Before use,

the thawed aliquots were sonicated for 5 minutes to break up the larger particles.

The product was characterised using UV-vis spectroscopy by diluting the stock sHz (8
uL of sHz with 792 uL of dH,0). IR spectra of solid sHz, before it was resuspended in
PBS, and solid hemin chloride were also recorded to observe the additional peaks

seen within sHz spectrum.

5.3.4 Reference spectra

An aliquot of sHz was defrosted and a 10 mg/mL Hb solution prepared with PBS (10
mM, pH 7.2). 100 uL of each solution were spotted on glass coverslips and left to dry
overnight before analysis. Reference spectra were then collected using a x20

objective, 30 s acquisition time, and a 532 nm laser excitation (0.1 mW).
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100 pL of sHz and Hb were also spotted on Raman grade CaF; slides and left to dry.
Spectra were then collected using x20 objective, 6 s acquisition time, and a 785 nm

laser excitation (190 mW).

5.3.5 Raman mapping

Tissue sections were left to thaw at room temperature, washed once with PBS (10
mM, pH 7.2) and finally rinsed in dH,0. Raman mapping was performed using a
Renishaw inVia Raman spectrometer equipped with 532 nm laser excitation (1 mW)
and an 1800 | mm™ grating. Raman images of uninfected and infected malaria tissue
were recorded using a x50 objective (NA = 0.75) with an integration time of 3 s per

spectrum, a step size of 1 um, and in the spectral range of 680 — 2330 cm™.

For Raman mapping with a 785 nm excitation wavelength, the same Renishaw inVia
Raman spectrometer was used, equipped with a 1200 | mm™ grating and a laser
excitation power of 190 mW. Raman images of the tissue samples were recorded
using a x50 objective (NA = 0.75) with an integration time of 5 s per spectrum, a step

size of 1 um, and in the spectral range of 734 — 1765 cm™.

5.3.6 PCA Analysis

PCA was applied to highlight any spectral separation between the control and
infected data sets using Matlab software version R2013a (The MathWorks, Natick,
MA, USA). Multiple maps for both tissue types were combined and averaged to give
43 final spectra for both the control and infected tissue data sets. The data set was
then mean centred and normalised prior to PCA being applied. Principal component
one (PC1) was then plotted against principal component two (PC2). The loadings plots
were also plotted to determine correlation. All analysis within Matlab software was

performed using custom scripts.

5.3.7 Prussian blue staining of tissue

Control and infected tissue sections on glass slides were stained with Prussian blue
staining method.*®” Tissue sections were washed once with PBS (10 mM, pH 7.2) and
finally rinsed in dH,0. The slides were then immediately transferred into the working

solution, avoiding the tissue drying. The slides were then left to stand in the working
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solution at room temperature for 30 minutes. Following this, they were rinsed in
dH>0 and then placed in nuclear-fast red solution to incubate at room temperature
for 5 minutes. At the end of this incubation, slides were washed in dH,0. Finally, once
allowed to dry, a small drop of mounting solution was added to the corner of the
glass slide and a coverslip placed on top of the stained tissue. Tissue slides could then

be inspected using a standard laboratory light microscope.

5% potassium ferrocyanide — 25 mg potassium ferrocyanide was dissolved in 500 mL

dH,0 and mixed well.

5% hydrochloric acid — 25 mL concentrated hydrochloric acid was added to 475 mL

dH>0 and mixed well.

Working solution — 25 mL 5 % potassium ferrocyanide was added to 25 mL 5 %
hydrochloric acid solution to make the working solution for the Prussian blue stain.

This was made fresh on the day of use and discarded after.

5.3.8 Animal model

Procedures on mice were approved following local ethical review by the University
of Glasgow Animal Procedures and Ethics Committee and were performed in strict
accordance with the UK Home Office Animals (Scientific Procedures) Act 1986
(project licence no. P2F28B003). P. falciparum parasites in blood were purified to give
a high parasitemia of between 60 — 70 %. Three NSG mice were injected, via
intravenous tail injection, with these infected RBCs. While two NSG mice were used
as controls and received uninfected RBCs. Once injected, these infected RBCs
circulated the mouse bodily rapidly and entered the spleen and liver where they
sequestered. Mice were then anaesthetised individually, and depilatory cream was
applied to the torso to remove the hair and allow imaging of the spleen and liver. The
mice were placed under the spectrometer probe. Spectra were collected from three
different areas of each organ. After these Raman spectra had been collected the mice
were culled and the spleen and liver harvested. Ex-vivo Raman spectra were then

taken from three different areas of the spleen and liver.
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Raman measurements were performed using an in-house built system equipped with
a 785 nm laser. In-vivo and ex-vivo spectra were recorded with a 1 s acquisition time,

0.45 mW laser power, and in the spectral range 300 — 2023 cm'™.

5.4 Lateral flow assay and 3D-paper-based microfluidic device

5.4.1 Synthesis of Au nanoparticles
All glassware was soaked in aqua regia for 1 -2 hours and then rinsed thoroughly with

dH»0 before use.

50 nm Au nanoparticles were synthesised by adding sodium tetrachloroaurate (60.5
mg) to dH,0 (500 mL) which was heated until boiling in a 3-necked round bottom
flask (1 L). Upon boiling sodium citrate (57.5 mg) was added and the boiling
maintained for 15 minutes before being allowed to cool to room temperature.
Constant stirring was maintained throughout using a glass linked stirrer. The resulting
Au nanoparticles were characterised using extinction spectroscopy and DLS by
diluting 400 pL of Au nanoparticles in 400 pL dH;0. To minimise issues that arise from
batch to batch variation, experiments were performed using the same batch of

colloid.

5.4.2 SEM preparation
Samples for SEM were prepared by spotting 10 puL of Au nanoparticles onto a silica

wafer and left to dry overnight.

5.4.3 Antibody conjugated Au nanoparticles

5.4.3.1 MGITC functionalisation to Au nanoparticles

10 pL MGITC (1x10° M stock) was added to 990 uL Au nanoparticles. This solution
was left to shake for 30 minutes and then centrifuged at 5000 rpm for 20 minutes.
The supernatant was removed, and the pellet resuspended in 1 mL dH;O. The
resulting  MGITC-Au nanoparticles were then characterised using extinction

spectroscopy and DLS by diluting 80 uL in 720 pL of dH:0.
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5.4.3.2 Carbodiimide crosslinking conjugation

1 mg/mL solutions of EDC and sNHS were prepared in HEPES buffer (10 mM, pH 7.2).
74 uL EDC and 40 pL CT(PEG)12 (1 mM in dH20) were mixed together to activate the
carboxyl groups on the PEG molecule. At the same time, 20 pL mouse monoclonal Ab
(0.5 mg/mL) was mixed with 217 pL sNHS. The EDC/PEG mixture was then added to
the Ab/sNHS and the final volume made up to 1 mL with HEPES buffer (649 uL). A
blank solution was also made by substituting 20 uL mouse monoclonal Ab with 20 pL

HEPES buffer. The solutions were left to shake overnight.

The following day, this solution was added to 1 mL MGITC-Au nanoparticles, left to
shake for 2 hours and then centrifuged at 5000 rpm for 20 min. The supernatant was
removed, and the final Ab conjugated colloid solution was resuspended in PB buffer
(10 mM, pH 7.2 + 0.1 % BSA). Conjugates were then characterised using extinction
spectroscopy, DLS, gel electrophoresis, and a lateral flow immunoassay. For
extinction spectroscopy and DLS measurements, 400 plL of sample was diluted in 400

uL dH20.

5.4.3.3 Gel electrophoresis

A 1 % agarose gel was prepared by dissolving 1 g of agarose in 100 mL TBE buffer by
applying heat and then leaving the gel to cool and set. Bare Au, MGITC-Au, PEG-Au
(conjugate blank), and Ab-PEG-Au nanoparticles were centrifuged, and the
supernatant removed to concentrate the samples. 20 uL of each sample was mixed
with 5 pL of paraffin. 20 uL of each paraffin mixed sample was then transferred to
wells created in the agarose gel. A voltage of 165 V was applied to the gel and left to
run for 40 minutes. The samples were pre-mixed with paraffin as this helped them

settle within the wells of the gel.

5.4.3.4 Lateral flow immunoassay

HRP-1I (100 pg/mL, 0.5 uL) and anti-IlgG control (0.5 pL) were spotted onto the
nitrocellulose strip (8 um pore size), one above the other, and left to dry. 90 uL
running buffer (10 mM PB + 1 % BSA + 0.05 % Tween-20) and 10 uL Ab-PEG-Au

conjugate were added to a well on the running plate. Once dry, the strip was placed
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in the well which initiated flow. 100 pL running buffer was used as a wash once the

running buffer/conjugate mixture had been fully absorbed by the strip.

SERS analysis of the lateral flow test spots was carried out on a Renishaw inVia Raman
spectrometer equipped with 633 nm laser excitation (4 mW), a x5 objective and a3 s

acquisition time.

5.4.4 Fabrication and running of lateral flow immunoassay

HiFlow Plus 180 2mil membranes, cellulose fiber sample pads, and glass fiber
diagnostic pads were purchased from Merck Millipore. To fabricate the strip the
conjugate and absorbent pads were attached to both ends of the membrane with an
overlap between them. The complete strip was then cut into individual strips (~5 mm

in width).

A running buffer composed of 1 % BSA + 0.05 % Tween-20 in PB was used for all
lateral flow experiments. 300 pg/mL mouse monoclonal HRP-II capture antibody (0.8
uL) was spotted onto the HiFlow nitrocellulose membrane, with an anti-IgG control
spotted above (0.8 uL) and left to dry. 80 uL of running buffer, 10 uL Au-Ab conjugates
(0.7 nM), and 10 pL of target HRP-Il antigen or blank were placed in a plate well and
placed on a plate shaker for 15 minutes. The lateral flow strips were then placed in
the wells and the running buffer mixture allowed to run along the strip. Once all the
sample in the well had been absorbed, a further aliquot of running buffer was added
to the well as a wash (100 pL). Once dried the strips were analysed via SERRS and

colourimetry measurements.

5.4.4.1 SERRS quantification

Raman mapping of the test spots was performed using a Renishaw inVia Raman
spectrometer equipped with 633 nm laser excitation (0.8 mW) and an 1800 | mm™
grating. Raman images of uninfected and infected malaria tissue were recorded using
a x5 objective with an integration time of 4 s per spectrum, a step size of 150 um,

and in the spectral range of 680 — 1780 cm™_.

Single point spectra of the test spots were also collected using a Renishaw inVia

Raman spectrometer with a 633 nm laser excitation (0.8 mW) and a x5 objective.
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Samples were run in triplicate, with 20 spectra collected from each using a 9 s

acquisition time

5.4.4.2 Colourimetric quantification

The lateral flow strips were scanned with an 8-bit EPSON V370 Flatbed scanner using
a resolution of 1200 dpi. Imagel software was then used to generate the RGB
response from each test spot. The signal of the Green channel was quantified as it
was the most sensitive to the colour produced by the gold colloid. A normalised signal
was calculated for each response by subtracting it from the maximum RGB value of
255. Normalised signals for each replicate concentration were then averaged and a

calibration curve built.

5.4.5 Fabrication and running of the 3D-uPAD

Devices were manufactured using a combination of nylon membrane for the capture
layer (pore size ~0.45 um) and chromatography paper for the other layers (pore size
~25 um). The conjugate storage layer and the capture layer were pre-treated before

assembly and running of the device.

Conjugate layer treatment: 10 % BSA in PB (3 uL) was applied to this layer and allowed
to dry at room temperature (R.T.). Following this, the Au-Ab conjugate was applied

at a concentration of 0.4 nM (5 uL). This was left to dry at R.T.

Capture layer treatment: Mouse monoclonal HRP-II capture antibody (0.5 mg/mL, 2
pL) was applied and left to dry at R.T. Once dried, 3 pL of blocking buffer was then
applied and again left to dry at R.T.

Following treatment of these layers, the device was assembled and ready to be used.
Serial dilution of the target HRP-II antigen was carried out in sample diluent to give a
working range of 100 — 0.75 ng/mL. To initiate an assay, 30 pL of target antigen or
blank was applied to the top sample addition layer of the device. After the sample
was completely absorbed into the top layer of the device, 40 uL of wash buffer was
added to drive the flow of fluid through the device and reduce non-specific binding
at the capture layer. All assays were completed 15 — 20 minutes after the addition of

the sample.
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To determine the results of the paper-based immunoassay the three layers above the
capture layer were then peeled back. This allowed the results of the assay to be

interpreted by SERRS or by an electronic reader.

Blocking buffer: 1 % skimmed milk + 5 % sucrose + 0.1 % Tween-20 in PB.
Sample diluent: 1 % BSA + 0.1 % Tween-20 in PB.

Wash buffer: 0.1 % Tween-20 in PB.

5.4.5.1 SERRS quantification

SERRS analysis of the capture zones was carried out on a portable, handheld CBEx
spectrometer from Snowy Range Instruments, equipped with a 638 nm excitation
laser. Individual capture layers were mounted on top of the point and shoot tip using
a 3D-printed holder. Spectra were collected using the orbital raster scanning feature
of the CBEx instruments to gain a representative measurement of the entire capture

area. A laser power of 26.7 mW, and 0.1 s acquisition time were also used.

5.4.5.2 Colourimetric quantification

The capture layers were scanned with an 8-bit EPSON V370 Flatbed scanner using a
resolution of 1200 dpi. Imagel software was then used to generate the RGB response
from each capture zone, as with the lateral flow test spots. The normalised signal was
calculated for each concentration by subtracting it from the maximum RGB value of
255. Normalised signals for each replicate concentration were then averaged and a

calibration curve built.

5.4.5.3 3D-uPAD selectivity

25 ng/mL HRP-Il and 25 ng/mL CRP, both diluted in sample diluent, were applied to
separate devices to test the selectivity of the assay in this format. The layers were
treated, and the device initiated as described above. Both capture layers were then
analysed with SERRS using the handheld CBEx spectrometer as before. Only one
replicate for each antigen was carried out, with the results shown being an average

of 20 spectra taken from each capture layer.
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5.4.5.4 HRP-Il detection in biologically relevant matrix
The ability of the device to detect target antigen in a biologically relevant matrix was
also tested. To achieve this GR Vivid™ Plasma Separation Membrane was added to

the top of the sample addition layer.

Whole human blood was obtained through a finger prick test. A 10 uL aliquot was
then spiked with HRP-Il (1000 ng/mL, 2 pL) and 8 pL PB added to give a final
concentration of 100 ng/mL antigen. CRP was also spiked into blood at the same
concentration to be used as a negative control. 20 uL of the spiked blood sample was
then applied to the plasma separation membrane that had been attached to the top
layer of the device and allowed to absorb through the layers. Washes were then
added to facilitate the flow (50 pL 0.1 % Tween-20 in PB). At the end of the run the
capture zone was revealed and a further wash (20 pL) was applied directly onto the
capture zone to clean the spot of any RBCs that may have flowed through and were
adding to the red colour of the spot. Both capture layers, for the target and negative
control, were analysed by SERRS using the handheld CBEx spectrometer as described

above.
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6 Conclusions

This work has demonstrated the use of label-free Raman spectroscopic imaging and
SERRS for the detection of malaria parasite infection. Initial work was carried out as
a proof-of-concept to highlight the ability of Raman imaging to differentiate malaria
parasite infected tissue from non-infected samples. By applying a combination of PCA
along with a 532 nm laser excitation, to give resonance Raman information mainly
from heme-based tissue components, and a 785 nm excitation to focus on non-
resonant biological components, very clear discrimination of P. berghei infected
tissue sections from the non-infected was achieved. Chemometric analysis of the
resonance enhancement data displayed an overall increase in heme-based Raman
vibrations within the infected tissue which correlated with the accumulation of Hz
within the spleen. The presence of key Hz peaks (~1370, 1529, 1588, and 1628 cm™?)
that also matched closely with the Hz reference spectrum confirmed detection of this
insoluble malaria pigment. It was also concluded that with an increase in Hz content,
observed at higher levels of infection, there were corresponding changes to Hb and
other lipid/nucleic acid vibrations. Other non-resonant biological components were
found to be contributing to the separation of the infected samples from the non-
infected, including protein tyrosine, amide lll bands of proteins. Separation due to
lipids however, was not thought to be occurring due to the lack of the prominent lipid
peak at ~1448 cm™. However, as a 532 nm laser excitation was applied here,
resonance effects from exciting in the region of the Q-absorption bands of Hb and Hz
led to signals from these heme-based components dominating the spectra and

contributions from other biological components being much smaller.

Moving away from a resonant laser excitation allowed complementary biological
information to be gained from the tissue sections. From PCA of tissue data recorded
with a 785 nm laser excitation, two key peaks assigned to proteins phenylalanine
(1004 cm™) and collagen (1448 cm™) appeared to be altered within the P. berghei
infected tissue compared with the control. Other biological components including

amide Ill, multiple CH3CH; twisting modes of proteins, and phospholipids were found
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to be important in describing the alteration of spleen tissue in the infected state. This
analysis highlighted that P. berghei malaria infection within the spleen had altered
the concentration and/or the composition of these assigned biomolecules, relative
to the non-infected control samples. This analysis also concluded that P. berghei
infection led to a decrease in the total amount of some biomolecules within the
mouse spleen when compared to the control, mainly ~1255 cm™ (amide Il and CH3
lipids), 1104 cm™! (phenylalanine), and 1128 cm™ (phospholipids and Hb vibrations,
vs). The changes seen in the infected tissue relative to the non-infected, with analysis
at 532 nm and 785 nm, were also reflected within the intensity ratio maps and

empirical analysis.

From the small in-vivo and ex-vivo data sets collected using the in-house built
portable Raman spectrometer, key biological components including amide | and |l
proteins, collagen, phenylalanine, and fatty acids were detected from whole intact
mice spleens and livers. Although no statistically relevant separation in the PCA
model was observed, this experiment highlighted the capability of Raman

spectroscopy to detect biological signals from in-vivo models.

To date, the application of Raman spectroscopy within malaria diagnosis has focussed
heavily on the detection of hemozoin within erythrocytes by exploiting the huge
resonant enhancements from Hz bands.”>78188 Hobro et al.'® also applied Raman
spectroscopy to study the biochemical changes that occur within macrophages
following Hz uptake but work had not gone further to investigate its detection within
tissue. This work applies the technique of Raman spectroscopy to a challenging area
of malaria diagnosis and highlights its possibility as a detection tool for tissue burden.
To be applied as a method to detect tissue burden in-vivo, considerations about the
maximum penetration depth capability into tissue and the ability to penetrate
through obscuring barriers, i.e. through the skull into the microvasculature of the
brain, must be made and are not capable with the standard Raman techniques
studied in this work. Further work must look at moving towards a SORS set-up to

collect enough relevant biological information, at depth, from the large sample
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volume of whole organs to allow clear differentiation of infected from non-infected

samples in-vivo.

Further studies in this work to evaluate the ability of SERRS to enhance the detection
capabilities of RDTs for the malaria P. falciparum specific antigen, HRP-II, showed
overall success. When applied to the traditional lateral flow immunoassay, good
quantifiable detection levels of HRP-Il, down to 5 ng/mL, and a theoretical LoD of
65.3 pg/mL were achieved with SERRS. These concentrations translated to ~65 and
<1 parasite/uL, respectively. Both were below the standard detection range of 100
parasites/pl that is achieved through blood smear analysis. However, as this analysis
was carried out on a large benchtop confocal Raman microscope it would not be

suitable for in-field/point-of-care diagnostics that is the target of RDTs.

To develop a more robust RDT that had the capability to be applied in-field, a 3D-
MPAD coupled with detection on a portable, handheld CBEx Raman spectrometer was
studied. This device gave a theoretical LoD of 1.68 ng/mL (~22 parasites/uL) which
surpassed the average of 100 parasites/uL from a blood smear and was close to the
parasitemia levels that a skilled technician can detect (5 — 10 parasites/uL). Detection
of HRP-Il antigen, at a final concentration of 100 ng/mL, was also shown to be possible
from whole human blood samples using this 3D- uPAD coupled with SERRS. Although
a large amount of non-specific binding occurred in the negative sample, this initial
experiment demonstrated the potential of this simple paper-based diagnostic test to

be used with clinically relevant samples at a point-of-care setting.

Finally, to show the added detection sensitivity gained by coupling the devices with
SERRS, results were also quantified with a traditional colourimetric measurement.
Large standard deviations were encountered when analysing the lateral flow
immunoassays with this technique and resulted in a much higher theoretical LoD of
34.7 ng/mL (~454 parasites/uL) compared to that calculated using SERRS.
Reproducibility was better for the analysed 3D-uPAD capture zones, however, again
a much higher theoretical LoD was calculated, 25.5 ng/mL (~333 parasites/ulL),

compared to that gained using SERRS (1.68 ng/mL). This demonstrated the increase
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in detection sensitivity that was achieved in this work by coupling the RDTs with

SERRS.

The use of lateral flow immunochromatographic RDTs for malaria diagnosis is well
established and many reviews have been published which compare the performance
of these tests to detect both P. falciparum specific and non-falciparum species
antigens.®48731%0 However, the application of pPADs for biomarker quantification
and disease detection is an emerging field with great potential to be applied in
resource-challenged settings. Examples of the applications of these paper-based

devices have included the detection of infectious human norovirus®?

and measuring
enzymatic markers of liver function.>3 Recently, Deraney et al.1®® demonstrated the
analytical performance of singleplex and multiplex paper-based assays to detect
malaria HRP-II, malaria pLDH, and dengue NS1 type 2 biomarkers. This work showed
success in detection of these biomarkers by applying colourimetric analysis to the
detection zones, with an LoD for singleplex HRP-II of 20.3 ng/mL (~265 parasites/pL)
that was comparable to the HRP-II colourimetric LoD achieved here (25.5 ng/mL).
However, the work shown here goes further by successfully demonstrating how the
coupling of these paper-based devices with SERRS detection can greatly improve
device sensitivity by achieving an LoD of 1.68 ng/mL (~22 parasites/uL) for HRP-II. To
move this work forward the singleplex detection of HRP-II within whole blood
samples must be optimised. Improvement of the attachment of the plasma
separation membrane to the top layer of the device may lead to more efficient
capturing of the cellular components of the blood and reduce interference on the
detection zone. SERRS multiplex detection of P. falciparum and non-falciparum
malaria antigens should also be investigated as this would lead to a further advantage
over traditional lateral flow immunochromatographic assays that typically can only
detect single antigens. This would require a paper device with multiple channels and
separate detection zones for each target analyte, such as that demonstrated by

Deraney et al..1%®

Overall, this work demonstrated the versatility that Raman spectroscopy and its

surface enhanced analogues possess for use in biological applications and disease
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detection. Differentiation of parasite infected tissue from non-infected was possible
by using a combination of Raman and resonance Raman enhancement. Whereas, low
limits of detection of a malaria specific biomarker, compared to current detection
methods, was achievable by using SERRS. With the development and continuing
improvement in sensitivity of portable Raman spectrometers,'®? this opens up the
possibility of Raman spectroscopy to be applied in-field and at the point-of-care to
detect antigens specific to infection within blood or to gain biochemical information

from millimetre tissue depths in-vivo and determine tissue burden.
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Appendix | Characterisation of synthesised B-hematin (synthetic Hz). (A) Raman spectra of starting material,
hemin, and synthesised B-hematin (labelled as hemozoin). Both gave rise to similar Raman spectra because of
their structural similarities. However, there were some relative intensity differences between individual Raman
bands, especially in the 1500 — 1650 cm™! region where the two peaks in the hemozoin spectrum were more
intense and well resolved. Also, hemozoin had a band at ~1168 cm! that was not present in the hemin spectrum.
(B) FTIR spectra of starting material, hemin, and synthesised hemozoin. Spectra were similar to those previously
reported for both compounds. 61118186 Two sharp peaks were present in the hemozoin spectrum, ~1662 & 1710
cml, that appeared as only one peak in the hemin spectrum. These bands were assigned to the carbonyl
stretching mode of the propionate linkage and hydrogen-bonded carboxylate group that links the dimers
together, respectively. Also, a peak at 1208 cm™ in the hemozoin spectrum was assigned to C — O stretching
vibration of the propionate linkage. (C) UV-visible spectrum of synthesised hemozoin crystals. This showed the
key absorption bands of the synthesised hemozoin. Excitation of hemozoin in 425 nm region would lead to
enhancement of Soret bands, whereas, in the region above this (i.e. 532 nm that was used in this project) you
get enhancement of the Q-absorption bands.12113 The absorption at ~546 nm in the UV-visible spectrum

indicates resonance enhancement would be gained by exciting hemozoin with a 532 nm excitation laser.
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Appendix Il Empirical analysis results using different peak ratios. (A) Empirical analysis results for alternative
peaks at 532 nm and 785 nm. (A) Scatter plot of the peak intensity ratios (l1170/ l1sss) for the 43 average infected
and 43 uninfected Raman spectra analysed with 532 nm laser excitation. (B) Average intensity ratio plots for the
control (0.18 + 0.01) and infected (0.26 + 0.01) data sets at 532 nm (C) Scatter plot of peak intensity ratios (l1ss /
l1004) for 43 average Raman spectra from all the control and malaria infected mice spleen tissue imaged with a
785 nm laser excitation. (D) Average intensity ratio plots for the control (0.89 + 0.02) and infected (0.58 + 0.01)
785 nm data sets. A clear separation of the two data sets at both excitation wavelengths was observed, with little
intra-sample variability This difference in mean ratios for both the 532 nm and 785 nm data were shown to be
statistically relevant (unpaired Student’s t-test, p < 0.0001). Error bars highlight the standard deviation between

the control and infected datasets, respectively.
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Appendix lll Core heme-structure of hemoglobin and hemozoin units, highlighting the structural similarities of
the two compounds. Hemoglobin is composed of 2 a-polypeptide chains plus 2 B-polypeptide chains, with
inorganic heme structure. The iron core can be in either +2 or +3 oxidation state. Shown below is the core heme
structure of hemoglobin which is the basic building block for hemozoin. Hemozoin consists of an array of hematin
units (oxidised form of heme), linked into dimers through reciprocal iron-carboxylate bonds between central iron
atoms of one heme and the propionic acid side chain of another. These dimers are then connected by hydrogen

bonding to build a large regular network
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Appendix IV Average raw in-vivo spectra from infected Mouse 2 liver and spleen showing the large fluorescence
backgrounds due to tissue autofluorescence encountered when recording Raman point spectra of these organs.
This was also observed with ex-vivo analysis for all mice. Mouse 2 liver (cyan) and Mouse 2 spleen (orange) spectra

are the average of 3 spectra taken from different points on the organ. Spectra were recorded with 1 s acquisition

time and 0.45 mW 785 nm laser excitation.
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Introduction

Development of a label-free Raman imaging
technique for differentiation of malaria parasite
infected from non-infected tissuet

Laura Frame, (2@ James Brewer,? Rebecca Lee,? Karen Faulds? and
Duncan Graham () *2

During malarial infection, the host uses the spleen to clear the malaria parasites, however, the parasites
have evolved the ability to bind to endothelial receptors in blood vessels of tissues to avoid removal,
known as sequestration, and this is largely responsible for the symptoms and severity of infection. So a
technique which could non-invasively diagnose tissue burden could be utilised as an aid for localised
malaria diagnosis within tissue. Raman spectroscopy is a label-free imaging technique and can provide
unique and chemically specific Raman ‘fingerprint” spectrum of biological samples such as tissue. Within
this study, Raman imaging was used to observe the changes to the molecular composition of mice spleen
tissue under malarial infection, compared with non-infected samples. From analysis of the Raman
imaging data, both tissue types showed very similar spectral profiles, which highlighted that their bio-
chemical compositions were closely linked. Principal component analysis showed very clear separation of
the two sample groups, with an associated increase in concentration of heme-based Raman vibrations
within the infected dataset. This was indicative of the presence of hemozoin, the malaria pigment, being
detected within the infected spleen. Separation also showed that as the hemozoin content within the
tissue increased, there was a corresponding change to hemoglobin and some lipid/nucleic acid vibrations.
These results demonstrate that Raman spectroscopy can be used to easily discriminate the subtle
changes in tissue burden upon malarial infection.

malaria pigment.>” At the end of the erythrocytic cycle, red
blood cells (RBCs) rupture, releasing hemozoin and parasites

Malaria is a mosquito-borne infectious disease, caused by the
Plasmodium parasite’ and is a leading cause of morbidity and
mortality in the developing world.” Five species are known to
cause malaria infection in humans, with Plasmodium falci-
parum (P. falciparum) being responsible for a large number of
cases in Africa.”

During the erythrocytic infection phase, the parasite catabo-
lises up to 80% * of the hosts’ hemoglobin. This occurs within
the digestive vacuole of the parasite® and produces free heme
as a by-product (ferrous [Fe"] protoporphyrin I1X),® which is
toxic to the parasite.” To detoxify this, the parasite oxidises it
to an insoluble, crystalline material known as hemozoin or the
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into the bloodstream, with the parasites going on to infect
further RBCs and continue the cycle of infection. While hemo-
zoin, under physiological conditions, is not degraded and cir-
culates in the bloodstream until it is digested by macrophages
present within specific organs.” The spleen is the primary
organ involved in the development of an immune response®
during the erythrocytic stage of infection along with the elim-
ination of parasitised RBCs and hemozoin.”’® However,
P. falciparum proteins on the surface of infected erythrocytes
give these cells the ability to bind to endothelial receptors in
blood vessels of tissue, leading to sequestration®'" of these
infected cells and hence reduced clearance from the blood-
stream.” Sequestration of parasites into tissue is largely
responsible for the severity and symptoms of infection,'*"?
therefore, a technique which could non-invasively detect tissue
burden would be a great step forward.

Raman spectroscopy has been extensively used for the identi-
fication of malaria infection most commonly via the detection
of hemozoin. It has been widely reported by groups including
Frosch et al.* and Wood et al.'* that the choice of Raman exci-
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tation wavelength is key to gaining selective enhancement of
hemoglobin and hemozoin bands over other non-resonant cel-
lular components. Wood et al.'® reported that by exploiting the
resonance Raman characteristics of hemozoin, coupled with
partial dark field microscopy, there was potential to detect low-
pigmented phases of the malaria parasite’s life-cycle within
infected erythrocytes. More recently, Hobro et al.'® applied reso-
nance Raman imaging to study the progression of malaria infec-
tion via blood and plasma samples. They showed that within
infected blood samples, changes associated with a loss of
hemoglobin and an increase in hemozoin could be detected
after four days of infection. However, hemozoin detection limits
were shown to be reduced to only one day, following
Plasmodium infection, when plasma samples were analysed due
to a reduced heme background. Resonance Raman spectroscopy
has also been used within a multimodal imaging approach to
study the disease mechanisms of murine cerebral malaria.'”
This work by Hackett et al'’ showed strong evidence that
during cerebral malaria infection iron-mediated protein oxi-
dation occurs within the tissue.

These studies highlight how valuable Raman spectroscopic
techniques are for the study of biological matrices within
malarial infection. Because Raman spectroscopy is a powerful,
label-free technique, it can provide a unique and chemically
specific Raman ‘fingerprint’ spectrum of biological
samples.’®2° It has a number of advantages for studying these
types of materials including requiring minimal to no sample
preparation;'® being a non-destructive technique;*' and allow-
ing specific chemical information to be gained without the use
of stains.””> During the pathogenesis of disease, biological
alterations occur, which lead to changes in the biochemical
composition of affected tissues. These changes in structure,
concentration and composition of biomolecules can be
reflected in the Raman spectra of tissue samples. Indeed,
Raman spectroscopy has been used to study the subtle mole-
cular changes in tissue samples associated with other diseases
including, lung®® cancer; breast*>** cancer; and diabetes.®

In this work, we used Raman spectroscopic imaging to
study the changes in the biochemical composition of mouse
spleen tissue sections following infection with the rodent para-
site, Plasmodium berghei (P. berghei). We compared the Raman
spectra of infected with non-infected samples to detect
changes in the Raman spectral signature associated with infec-
tion. The multivariate chemometric analysis technique, princi-
pal component analysis (PCA) was applied to decompose the
spectral data into components and attempt to identify subtle
changes to biological components within tissue sections
which could differentiate infected tissue burden from non-
infected samples.

Materials and methods
Infections and tissue preparation

Procedures on mice were approved following local ethical
review by the University of Glasgow Animal Procedures and
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Ethics Committee and were performed in strict accordance
with the UK Home Office Animals (Scientific Procedures) Act
1986 (project licence no. P2F28B003). Two female, BALB/c
mice (Harlan, Bicester, UK; 6-8 weeks old) were infected with
asynchronous P. berghei ANKA, and euthanised when peri-
pheral blood parasitemia reached 5%. At this level, although
high, the infection is asymptomatic in BALB/c mice. Spleens
were removed from these and from two uninfected control
mice and embedded in tissue freezing medium (Tissue-Tek O.
C.T.).>° This freezing medium was used to preserve the tissue
structure. Frozen tissue blocks were then positioned in a cryo-
stat chamber at —22 °C, cut into sections with a thickness of
10 pm and placed on poly-i-lysine glass slides with Tissue-Tek
O.C.T. Ten tissue sections were taken from the infected
spleens, along with a further ten from the uninfected spleens.
Tissue sections on glass slides were stored at —20 °C prior to
analysis. Spleen tissue was chosen as it is a key tissue for the
sequestration of the parasite.

Reference spectra

Synthetic hemozoin was prepared using methods reported by
Egan et al.”®*” (full synthetic method is given in ESI S1{) and
a 2.5 mg mL " solution prepared with PBS (10 mM, pH 7.2).
Hemoglobin was purchased from Sigma-Aldrich and a 10
mg mL " solution prepared with PBS. 100 pL of each solution
were spotted on glass coverslips and allowed to dry overnight
before analysis.

Raman spectroscopy

Tissue sections were left to thaw at room temperature, washed
once with PBS (10 mM, pH 7.2) and finally rinsed in d.H,O.
Raman mapping was performed using a Renishaw inVia
Raman spectrometer equipped with 532 nm laser excitation
(5% laser power, 1 mW) and an 1800 ] mm™" grating. Raman
images of uninfected and infected malaria tissue were
recorded using a x50 objective (NA = 0.75) with an integration
time of 3 s per spectrum, a step size of 1 um, and in the spec-
tral range of 680-2330 cm ™.

Hemoglobin and hemozoin reference spectra were collected
using a x20 objective, 30 s acquisition time per spectra and a
532 nm laser excitation (1% laser power, 0.1 mW).

Data pre-processing

In all datasets, a cosmic ray removal algorithm was first
applied within WiRE 4.2 software. This algorithm sets values
for width and height of features to detect potential cosmic
rays, which are then accepted or rejected by the programmer.
Noise filtering was then applied within the same software, to
reduce the level of random noise within the data whilst main-
taining the important Raman spectral features. This pre-pro-
cessing method applies a form of PCA to the dataset, which
subsequently provides scores and loadings for each principal
component (PC) to determine whether components primarily
relate to real Raman signals or noise. The optimum number of
PCs, which describe all the real Raman signal with minimal
noise interference, can then be selected for each Raman map.
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Raman spectra were baseline corrected using an asymmetric
least square smoothing algorithm®® operating in Matlab
R2013a software (The MathWorks, Natick, MA, USA). Finally,
all datasets were truncated so only the fingerprint region of
interest was studied (700-1700 cm ™).

The reference spectra shown are the average of five spectra,
that were baselined using the same asymmetric least square
smoothing algorithm as above.

Empirical analysis

In this study, the empirical analysis focused on the ratio of the
Raman peak intensity at ~745 cm™" (v;5 hemoglobin),>*?° to
the peak intensity at ~1307 cm™" (v,; hemoglobin & lipids)*®>°
for both tissue types. An unpaired student’s t-test was used to
assess whether the difference in the Raman intensity ratio
(I745/11307) between non-infected and infected tissues was stat-
istically significant."®'® To manage the data for analysis, all
infected Raman maps were combined to give one large data
matrix containing thousands of Raman spectra, the same
process was carried out with the uninfected data. These were
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then averaged to leave 43 final infected Raman spectra and 43
control spectra (n = 43). These data were subsequently used for
empirical and multivariate analysis. The intensity ratios for all
samples were plotted to observe sample distribution, along
with the average intensity ratio plot for both the control and
infected tissue. This analysis was performed on the same data
set, used for the PCA model.

Multivariate analysis

PCA was applied to highlight any spectral separation between
the control and infected data sets using Matlab software
version R2013a (The MathWorks, Natick, MA, USA). Multiple
maps for both tissue types were combined and averaged to
give 43 final spectra for both the control and infected tissue
data sets. The dataset was then normalised and mean centred
prior to PCA being applied. Principal component one (PC1)
was then plotted against principal component two (PC2). The
loadings plots were also plotted to determine correlation. All
analysis within Matlab software was performed using custom
scripts.
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Fig. 1 Analysis of Raman peak intensity for control and P. berghei-infected tissue sections. (A) Averaged, normalised spectra from a mapped area of
control and infected tissue. Spectra were then normalised against the peak at 1585 cm™. Tentative peak assignments are also given in Table 1. (B)
Subtracted Raman spectrum. The average, normalised control spectrum was subtracted from the average, normalised infected spectrum, both
shown in (A), to highlight any potential biological components that were being altered within the malaria infected tissue. (C) Image shows white
light images of both tissue sections, with the grey box indicating the area that was mapped, along with peak intensity ratio maps for selected Raman
peaks. Intensity ratio maps were created using the peak intensities for: 745 ecm™, 1130 cm™, 1170 cm™2, and 1307 ecm™ (l745/l307; 1130/ h307; 1170/
l1307). These ratio maps visually show relative changes in the intensity of these Raman peaks within the area of P. berghei-infected tissue that was
mapped compared to the uninfected area. These maps suggest an increase or alteration to some key biological components within the infected
tissue including, multiple hemoglobin vibrations,?® lipids,** and proteins.*°
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Table 1 Tentative peak assignments for the main peaks observed in the
spectral profile for both non-infected and P. berghei infected spleen
samples

Raman

shift (em™) Assignment®

745 v15 Hb [v(pyr breathing)]

998 Proteins (Phe), v45 Hb [V(CC)asym]

1087 DNA/nucleic acids [v(PO,"), ¥(CC)], Hb

1130 Lipids, vs Hb [§(=CH,),]

1170 Proteins (Tyr), v3o Hb [v(pyr half-ring),sym]
1225 Proteins (amide III), v13/v4, Hb [§(CH)]

1307 Lipids, v,; Hb [§(CH)]

1338 Nucleic acid modes, v4; Hb [v(pyr half-ring)sm|
1370 vy Hb [v(pyr half-ring)eym]

1396 CH, deformation, v,, Hb [v(pyr quarter-ring)]
1439 Lipids [5(CH,)]

1561 v1;, Hb [¥(CC)]

1585 v37 Hb [V(CC)agym]

1618 V19 Hb [V(CC)asym)

1636 Proteins (amide I), v1o Hb [¥(CC)agym]

% Abbreviations: v - stretch vibration; § - in-plane bending vibration;
sym - symmetric; asym - asymmetric; Hb — hemoglobin; Phe - phenyl-
alanine; Tyr - tyrosine. Assignments from ref. 16, 18 and 29-31.

Results and discussion

Average spectra of non-infected and malaria parasite infected
tissue

In this study two approaches were used to analyse the large
spectral data sets. Firstly, spectral features were studied and
changes in relative peak intensity investigated using intensity
ratio maps and empirical analysis. The second approach used
PCA to determine the primary spectral features resulting in
correlations or anti-correlation between the infected and non-
infected tissue, by creating principal components to explain
the data set variance in an unsupervised manner.

Fig. 1A shows the averaged, normalised Raman spectra
obtained from a non-infected (control) tissue map and a
P. berghei infected mouse spleen tissue map. Both tissue types
showed a very similar spectral profile, highlighting that the
biochemical compositions were closely linked. Tentative peak
assignments of the Raman bands are listed in Table 1.
However, differences in the relative Raman peak intensities for
infected vs. control tissue were observed. These were high-
lighted through subtraction of the average, normalised control
spectra from the infected (Fig. 1B). This emphasised some
peaks that appeared to increase (~745, 1130, 1170 and
1225 cm™') and decrease (~1087 and 1439 cm™') in Raman
signal intensity within the P. berghei infected tissue compared
with the control. This change in relative peak intensity
suggests an alteration in the biological composition of the
spleen at this level of infection, characterised by changes in
level and/or composition of the biological species assigned to
these Raman signals.

Intensity ratio maps (Fig. 1C) were created to visually show
these relative peak changes, using the 1307 cm™" peak as a
constant background. These heat intensity maps showed a
clear overall increase in the peak intensity ratios within the

160 | Analyst, 2018, 143, 157-163

View Article Online

Analyst

infected mapped areas compared to the control samples. This
suggests alterations to biological components including hemo-
globin®**? (~745, 1130 and 1170 cm™"), lipids®® (~1130 cm™)
and other proteins®® (~1170 cm™) at this level of P. berghei
infection. Ratio maps were also created for different samples
to show this overall increase was common throughout the
infected tissue (ESI Fig. S2t). Within these maps, for both
uninfected and infected samples, particularly intense regions
are present (Fig. 1C and ESI Fig. S21). This can be explained
through enhanced Raman intensity from resonance contri-
butions of the biological components within these areas of
tissue. These ratio maps visually show relative changes in bio-
logical peaks in a simple manner and can be used alongside
empirical analysis and PCA to aid in classification of tissue
types from Raman spectroscopy data.

Empirical analysis of Raman spectra

Diagnostic algorithms based on peak intensity ratios have
been widely employed in the literature for tissue classification
using Raman spectroscopy.'®'>>* These have been shown to
successfully correlate variations in tissue spectra with tissue
pathology™ in a simple manner.

An empirical analysis based on the peak intensity ratio of
two Raman bands was used for tissue classification within this
study. Fig. 2A shows the scatter plot of the ratio of Raman
peak intensity at 745 cm™" to 1307 em ™" (Iy45/1307) for the 43
averaged P. berghei infected samples and 43 uninfected
samples. A clear separation was observed in the scatter plot for
the two data sets, with replicate data within each tissue type

120 4
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1.10

o Gasiest o

105

|745 / |1307

1.00

0.s5

0.0 I

0.5

T T
Control Infected

1.20 4

Nerage s 1y

Control Infected

Fig. 2 Empirical analysis results. (A) Scatter plot of peak intensity ratios
(I745/11307) for 43 average Raman spectra from all the control and malaria
infected mice spleen tissue that were mapped. A clear separation of the
two data sets was observed, with little intra-sample variability. (B)
Average intensity ratio plots for the control (0.903 + 0.015) and infected
(1.119 + 0.021) data sets. This difference in mean ratios was shown to be
statistically relevant (unpaired Student’s t-test, p < 0.0001).
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being grouped closely together, indicating little intra-sample
variation in the intensity ratios. The mean ratio values (mean +
std. dev.) for both control (0.903 + 0.015) and infected (1.119 +
0.021) data sets were also plotted (Fig. 2B). It was shown that
the differences between the mean ratios for each tissue type
were statistically relevant (unpaired student’s t-test, p <
0.0001). Infected tissue showed a higher ratio value compared
with control, this could be explained by the increase in heme-
based Raman vibrations (~745 cm ™" assigned to v;5 Hb*?) due
to the presence of hemozoin within the infected samples.

From these results, this intensity ratio is a potential simple
and reliable marker to indicate the presence of infection. It
has also been shown that other peak ratios can also be used to
classify the two tissue types with good results (ESI Fig. S37).
However, this method does not consider the entire Raman
spectrum. To help improve tissue analysis and classification,
PCA was employed to highlight the most diagnostically signifi-
cant Raman peaks.

Principal component analysis

PCA was used to analyse this data set to better distinguish the
spectral differences between the non-infected and infected
spleen tissue. Fig. 3 shows the scores plot for PC1 (97.6% var-

2 T T
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iance) and PC2 (1.45% variance), along with the corresponding
loadings vectors. As can be seen from the scores plot (Fig. 3A)
PC1 was primarily responsible for the separation of the two
tissue types. The loadings plot (Fig. 3B) for PC1 indicated that
the peaks in the negative half of the plot were spectrally impor-
tant for describing the separation of the infected tissue (~750,
1130, 1170, 1225, 1370, 1529, 1588 and 1628 cm™"), with the
latter few being more indicative of hemozoin than hemo-
globin. The negative peaks at ~1529, 1588 and 1628 cm™'
matched closely with that of the hemozoin reference spectra in
Fig. 4 (core structures of hemoglobin and hemozoin shown in
ESI S4t to highlight structural similarities) and therefore
suggested detection of the insoluble pigment by Raman. The
negative ~1370 cm™' peak was present in both reference
spectra; however, it was much more prominent within hemo-
zoin and so suggested that hemozoin was contributing to this
peaks appearance within the PC1 loadings plot. It is well
known that hemozoin accumulates within the spleen®® (pres-
ence of hemozoin within the infected spleen can be seen in
stained tissue images, ESI S5t), therefore it follows that there
will be an associated increase in concentration of heme-based
Raman vibrations. This is clearly shown in this PCA model as
many of these peaks separating the infected tissue from the
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Raman bands are also indicated.

uninfected samples can be assigned to heme-vibrations,
including hemozoin. Although other proteins and lipids will
be present and exhibit Raman bands in similar positions to
those of hemoglobin (~1130, 1170, 1225 & 1396 cm™"), reso-
nance effects would mean hemoglobin will tend to dominate
the spectra (excitation in the regions of Q-absorption
bands),?*?**?* with the other proteins and lipids having only
small contributions to the observed spectra.

Within the positive peaks in the PC1 loadings plot, the rela-
tively broad ~1087 cm™" peak is likely to have a significant
contribution from hemoglobin (Fig. 4), however, its broadness
suggested contributions from other components. Raman
bands within this region can also be assigned to C-C and
O-P-O vibrations of nucleic acids.'®*° The other prominent
positive peak at ~1439 ecm™" can mainly be assigned to Raman
vibrations from lipids,'®*' although it may also have slight
hemoglobin contributions (~1432 cm™" peak in reference
spectra). Analysis of the PC1 loadings plot indicated that at
this level of P. berghei malaria infection Raman spectroscopy
can clearly detect hemozoin accumulation within the spleen,
with the positive peaks (~1087 and 1439 cm™") indicating that
as the amount of hemozoin increases within the spleen there
is a corresponding change to hemoglobin and some lipids/
nucleic acid vibrations.

PC2 describes little separation between the control and
infected samples. From the PC2 loadings plot (Fig. 3B) the
positive peaks (~1550, 1568, 1601 cm™") originate mainly from
hemoglobin vibrations, whereas the negative peaks have con-
tributions from hemoglobin as well as from other proteins'®>°
(~1170, 1225 and 1636 cm™") and lipids®' (~1127 cm™"). This
PCA analysis indicates that Raman imaging can easily dis-
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tinguish between P. berghei infected spleen tissue from unin-
fected samples, through identification of hemozoin accumu-
lation and alterations to other key biological components.

Conclusions

In conclusion, a combination of Raman imaging with multi-
variate analysis resulted in very clear discrimination of
P.  berghei infected tissue from non-infected samples.
Separation highlighted an overall increase in heme-based
Raman vibrations within the infected samples, which corre-
lates with the accumulation of hemozoin within the spleen
contributing to this. Hemozoin detection was clear with the
identification of key peaks occurring ~1370, 1529, 1588, and
1628 cm™' which matched closely with the reference spectra.
Chemometric analysis also showed that at the level of
P. berghei infection reported here, changes to hemoglobin and
some other lipid/nucleic acid vibrations corresponded with an
increase in hemozoin content within the spleen. Other pro-
teins (tyrosine ~1130 cm™, and amide III ~1225 cm™') and
lipids (~1130 em™") were also contributing to the separation of
infected tissue from control. However, due to the resonance
effects of heme-based compounds the separation contribution
from these biological components would have been small.

The use of peak ratio maps and empirical analysis also
highlighted changes to the biological components as you move
towards an infected tissue state. These two simple data ana-
lysis methods could be used as tools in combination with the
PCA to help improve efficiency of Raman tissue analysis and
classification.

As the Raman imaging technique used in this study had a
short penetration depth, it would not be suitable for in vivo
diagnostics. However, with the development of spatially offset
Raman spectroscopy, which allows accurate analysis through
millimetres of material when obscuring barriers such as skin
are present,*"*® this may allow for biochemical information
from tissue to be detected in vivo in the near future. Overall,
this approach demonstrates the potential use of Raman spec-
troscopy to provide detailed chemical information from both
malaria parasite infected and control tissue and when coupled
with PCA, discrimination due to infection burden is achievable
between the two sample groups.
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