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Abstract

Imaging ellipsometry as a novel detection method for protein-protein
interactions

by John James TOMES

This thesis describes the use of a novel imaging ellipsometry system to detect
protein-protein interactions (PPI) with an emphasis on antigen-antibody inter-
action (AAI) for potential use as a diagnostic technique. Consequently, a prac-
tical method for the detection of AAI using a bio-sensor based approach, im-
aged by the Aberystwyth Imaging Ellipsometer (AIE) is described. A case study
bio-sensor was fabricated by the immobilization of an anti-Fasciola hepatica sigma
class glutathione transferase (FhGST-S1) antibody and probed with analyte solu-
tions derived from the zoonotic parasite F. hepatica. Specifically, incubation of bio-
sensors with recombinant FhGST-51 produced a detectable change in film thick-
ness of 5.6(£0.91)nm in strong agreement with the protein size as described pre-
viously. Furthermore, analysis of the biosensor with F. hepatica extracellular vesi-
cles (EV) also generated a detectable change in film thickness of 8.2(+1.02)nm.
However, this observed change in thickness was less than that typically expected
for EVs, which at a minimum are noted to be 10-50nm. Nevertheless, this ap-
proach has indicated the use of AAI in combination with a bio-sensor and AIE,
for the potential diagnosis of F. hepatica infection. Given the early success docu-
mented throughout this work, this research highlights the AIE for detecting AAI
in a non-contact, non-destructive and label free way. Specifically the use of the
AIE has merit in its simplicity of operation and low cost, which holds the po-
tential for further improvement and development for use in the diagnostics of

infectious diseases.
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Chapter 1

Introduction

1.1 General introduction: overview

Protein-protein interactions (PPI) are fundamentally important to almost all bi-
ological processes [1], [2]. Given this importance, the primary objective of this
thesis was to investigate the interaction of light, via ellipsometry, with key tar-
get antigen and antibody proteins from Fasciola hepatica to better understand the
potential of imaging ellipsometry as a diagnostic tool.

The development of suitable observation and characterization techniques is
fundamental to the informed understanding of PPI given the complex biologi-
cal processes involved. This study concentrates throughout on the more distinct
PPI of antigen antibody interaction (AAI) , a mechanism first proposed by Gold-
berg [3]. A novel instrument for the observation of AAl is the Aberystwyth Imag-
ing Ellipsometer (AIE) which unlike many existing methods to detect AAI can
provide a non-contact, non-destructive and label free means to optically monitor
proteins as they interact to build and form ultra-thin films.

Specifically this study hoped to develop the AIE with the view of optimiz-
ing the observation of AAls. Such an approach required the identification of a
suitable model AAI system to validate the AIE. Furthermore, investigation was
required to develop the concept and means for constructing a protein micro array,

one that can be measured by the AIE in a reliable and informative way:.
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An AAI case study using proteins from the parasitic flatworm Fasciola hepat-
ica has clear societal and economic merit, with the World Health Organization
(WHO) estimating between 2.4 and 17 million human individuals suffering from
fascioliasis with a further 180 million at risk of infection [4]. Furthermore, the
economic costs to livestock production exceed $3billion annually [5]. Proteins
and protein containing extracellular vesicles (EVs) released by F. hepatica as ex-
cretory and secretory products offer themselves as both bio-markers of infection
and potential targets for chemotherapeutic and vaccine development [6]-[8].

Proteins are typically in the physical size range of 5-20nm [9] with EVs ranging
from 30-300nm [10], placing both beyond the optical diffraction limit imposed by
the wave nature of light, a feature that limits conventional optical microscopy to
a minimum size resolution limit of around 500nm [11]. However, it is possible
to measure the thickness of ultra-thin films down to a sub nanometer resolution
by means of the optical technique, ellipsometry. Ellipsometry is a powerful and
widely used method which measures the change in state of polarized light on
reflection from a sample surface, providing detailed information on the optical
properties and structure of the sample and any thin film over-layers. The term
ellipsometer was first used by Rothen et al. to describe an instrument that was
built for the specific purpose of observing AAI in the form of thin films formed

on a solid substrate [12].

1.2 Introduction to thesis topics and chapters

Chapter 1: Provides an introduction to the thesis subject by describing the details
of ellipsometry and how imaging ellipsometry in particular can advance the ob-
servation and exploration of AAlin a new and unique way. A description is given
for Fasciola hepatica and why the proteins and EVs from this parasite were used as

a model system for observation of AAI using the AIE. Importantly, the existing
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methods for observing PPI are reviewed, highlighting their relative strengths and
weaknesses thus leading to the use of the AIE as a novel approach.

Chapter 2: Presents a detail description of the AIE and development of the
unique features of the instrument that make it particularly suited to the observa-
tion of AAL

Chapter 3: Describes the details for the range of supplementary techniques
that have been used to develop the concept and construction of a bio-sensor pro-
tein array that can be used to indicate the presence of AAls when measured by
the AIE.

Chapter 4: Outlines the selection process to identify model AAI studies and
describes the developmental steps necessary to deliver them in a functional way
for observation and measurement by the AIE.

Chapter 5: Presents the key findings of the refined AIE instrument as applied
to the case study proteins and EVs. Highlighting the findings from specific AAI
observations.

Chapter 6: Provides a conclusion and discussion, outlining the areas of weak-

ness and indicating the implications and recommendations for future work.

1.3 Existing PPI and AAI methods

It has been proposed that the human genome encodes over 500,000 separate pro-
tein structures and each cell can produce more than 10,000 individual protein
types at any given time and in addition it has been suggested that over 80%
of proteins do not function in isolation but as some form of stable or transient
complex [2]. At present there are a wide range of existing techniques available
for investigating PPIs, all with relative merits and weaknesses and which can be
grouped into 4 main categories (Table 1.1), from which those most popular and

relevant as a comparison to this study are described in more detail.



TABLE 1.1: Existing techniques for monitoring PPIs; ordered by method, outlin-
ing the principal advantages and disadvantages.

PPI Group PPI Method Advantages Disadvantages
BioChemical Western blotting Low cost, high specificity Low throughput and difficult to automate

Immunoprecipitation & co-IP  Low cost Low throughput, potential for cross reactivity
Optical Ellipsometry Label free, can be real time Low throughput

Immuno-labeling Low cost Binary PPIs, potential for cross reactivity

ELISA Low cost, antibody availability = Slow, potential for cross reactivity
BioPhysical =~ Atomic Force Microscopy Label free High cost, low throughput

FRET Low cost, can be in vivo Dual labeling required

Surface Plasmon Resonance  Label free, real time Binary PPIs

Mass Spectrometry Label free, high throughput High cost
Genetic Yeast 2 Hybrid Low cost Binary PPIs

Tandem affinity purification = Low cost Binary PPIs

uononponuy ‘1 123deyd
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1.3.1 Bio-chemical observation of AAI
1.3.1.1 Western blotting

Reviews by Bass et al. [13] and Kurien et al. [14] give an excellent overview of tech-
nical considerations for western blotting and provides the basis for the descrip-
tion that follows. Western blotting is a very popular and refined technique, where
by a specific primary antibody binds to the target protein, a labeled secondary an-
tibody is utilized to bind to the primary antibody forming a protein complex and
is visualized through fluorescence, dye staining or less popularly now, radioac-
tivity. The process that became known as the western blot was first described by
Towbin et al. in 1979 [15]. The process first involves separating proteins by their
molecular mass using one dimensional sodium dodecyl sulfate (SDS) polyacry-
lamide gel electrophoresis (PAGE). Briefly, protein samples are denatured using
heat and SDS, loaded onto polyacrylamide gels then subject to a potential differ-
ence of around 150 volts, with the negatively charged SDS coated proteins being
drawn towards the positive anode during electrophoresis. Once separated on the
gel, and to further analyze the proteins, they are transferred, again electrophret-
ically, out of the gel and across onto nitro cellulose paper (NCP) or polyvinyli-
dene difluoride (PVDF) membranes, this is the blotting part of the process. Once
transferred, the proteins held on the solid support membrane should be incu-
bated with blocking agents such as bovine serum albumin (BSA) or a non-fat dry
milk powder to occupy unoccupied binding sites on the membrane, otherwise in
subsequent steps antibodies will bind directly to any available sites on the mem-
brane, producing high background noise. Following blocking the membrane can
then be incubated with a primary antibody to a target specific protein. The tar-
get protein antibody complex is incubated with secondary antibody which has a
binding association with the primary antibody and is conjugated with a visualiz-
ing agent, which can be seen using a final developing solution.

Analysis of the results can be both qualitative and quantitative. Typically
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qualitative analysis confirms the presence of the protein of interest by visual in-
spection and comparison to the molecular marker used in the 1D SDS-PAGE sep-
aration. Quantitative values can be obtained for protein quantity in relative or
even absolute terms by using advanced imaging techniques. Further improve-
ments in protein identification can be made by extending protein separation in
two dimensions, one by molecular weight and the second by isoelectric charge,
leading to protein spots as opposed to bands which can then be cut out and iden-
tified by mass spectrometry.

Western blotting has developed to be a powerful and important procedure for
the immuno-detection of proteins via AAI, while predominantly an investigative
tool to determine the presence of antigens against specific antibodies, there are
many disease diagnostic applications [16], including HIV [17], Lymes disease [18]
and bovine spongiform encephalitis [19], in addition to drug screening [20] ap-
plications.

Pros: Low cost, can be quantitative, high specificity.

Cons: Low throughput, multiple manual processing steps, not real time and
is limited to antigen-antibody interactions, with poor reproducibility in 2 dimen-

sions.

1.3.1.2 Immuno-precipitation and co-immuno-precipitation

Immuno-precipitation (IP) is widely used for antigen identification within a com-
plex protein solution, such as a cell or EV lysate [21]. An antibody raised against
a specific target protein is incubated with the target protein solution. The bound
antibody/antigen complexes are then removed from the solution, precipitated,
by binding attraction of the antibody to a capture antigen, such as protein A,
which has been conjugated to a supporting bead. The beads are removed from
solution and any protein not bound to the beads washed away. The target pro-
tein is eluted from the bead and then analyzed often by SDS-PAGE and mass

spectrometry.
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An extended derivative of IP, co-immuno-precipitation (co-IP) occurs when
the primary target antigen as well as secondary molecules already bound to the
primary protein by native attraction are precipitated and then eluted for analysis.
The principal difference between IP and co-IP is simply the focus of analysis,
either the primary target antigen or the secondary AAI partners. Co-IP is a very
popular technique that has identified many AAls by the use of specific antigen
antibody binding affinities [22], [23].

While well established and straightforward in execution, true identification
of physiological AAI can be difficult with IP or co-IP resulting from the complex-
ity of non-specific binding. Thus, the high number of process steps to reduce
non-specific binding often precludes analysis of low affinity or highly transient

interactions [24].

1.3.2 Optical methods for observation of AAI

Optical methods include ellipsometry, immuno-labeling and enzyme-linked im-
munosorbent assay (ELISA). With the exception of ellipsometry, optical methods
require the use of an identifying label of some sort, be it electron dense gold for

electron microscopy or a flurophore for ELISA.

1.3.2.1 Immuno labeling

A detailed description of immuno-gold labeling is given in Section 1.7. However,
the labeling tag can be any one of a number of different materials. Typical tags
include, gold, fluorescent molecules, a colour reactive enzyme or an epitope [25].
This is a popular method to identify AAI between a target antigen and antibody;,
immuno-labeling has been used to identify the location of antigens on the surface
of a number of organisms including, bacteria, on cell products such as EVs or

within the cross section of cells [26], [27].
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Immuno labeling can be direct, when the primary detection antibody has the
tag directly conjugated to it, or indirect when a secondary antibody reactive to
the primary is carrying the tag. Indirect labeling is the most popular method em-
ployed, with the advantage of more binding opportunities for interaction with
the secondary antibody and hence a higher likelihood of multiple secondary anti-
body attachment, producing a higher output signal [25], [28]. Visualization of the
immuno-label AAI is dependent on the type of label used. Gold immuno-labels
are observed using transmission electron microscopy (TEM), which is capable of
imaging nano size colloidal gold tags, conjugated to antibodies, which are be-
yond the limit of diffraction based optics. For TEM samples containing antigens
for evaluation are first fixed using a cross linking material, typically glutaralde-
hyde, then if necessary sliced into sections thin enough for the electron beam to
pass through, followed by exposure to an analyte solution for direct or indirect la-
beling [29]. TEM immuno-labeling is predominantly an investigative technique,
which is used to identify the presence of antigens using labeled antibodies raised
against specific antigens, it is not used commercially as a disease diagnostic.

By contrast, fluorescent immuno-labels are typically used in conjunction with
both wide-field and confocal microscopy. Samples, once prepared, are exposed
to a light source which stimulates the fluorophore to re-emit light at a longer
wavelength which can be observed and quantified.

Pros: Low cost, wide range of tagged secondary antibodies available.

Cons: Limited to binary AAls, low throughput, potential for cross reactivity.

1.3.2.2 Enzyme-linked immunosorbent assay.

Enzyme-linked immunosorbent assay (ELISA) is a plate based method for the
optical detection of AAls through immuno-labeling and antigen capture. A full
historical and technical review is supplied by Aydin [30]. Protein, often antigen
capture can be direct where molecules from the sample, such as a cell or EV lysate

are directly adsorbed to the surface of the plate well or indirect where wells are
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pre coated with specific capture antibodies, which bind to and capture the target
antigen from the sample solution. Detection is also described as direct or indi-
rect, with direct detection a primary antibody that has been conjugated with a
reporter molecule affinity binding with the captured antigen. Following wash
steps to remove any unbound proteins a reaction substrate is added to activate
the reporter molecule and produce an optical indication of AAIL For indirect de-
tection a specific primary is incubated in the well and binds to the target anti-
gen, a secondary reporter labeled antibody is incubated which will affinity bind
to the primary antibody. As with direct detection once any free molecules are
washed away a reaction substrate is added to activate the enzyme conjugated to
the secondary antibody and produce an optical indication of the AAI The indi-
rect method offers an opportunity for more than one reporter antibody to attach
to the primary antibody and this amplifies the output signal increases the system
sensitivity. Indirect ELISA capture is referred to as a sandwich ELISA because the
target antigen is trapped between a capture antibody immobilized on the plate
well surface and a primary detection antibody. A coproantigen ELISA (cELISA),
detects the presence of specific F. hepatica antigens found in small samples of host
faeces. Typical protocols and further process descriptions can be found at Ther-
mofisher.com [31].

Advantages of ELISA include, speed, low cost and wide availability of com-
mercial secondary antibodies. For indirect ELISA the high binding affinity of
the primary antibody is retained because it is not labeled and sensitivity can be
increased due to increased binding between primary and secondary antibodies
where several epitopes allow opportunities for a signal amplification. Disadvan-
tages however, may include the potential for cross reactivity between target anti-
gen and secondary antibody producing a non-specific output signal. Typical pro-
cessing times of 2-4 hours. Monitoring AAls in real time to determine the binding

kinetics of PPI is limited to those of the specific antibody.
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1.3.3 Bio-physical methods for observation of AAI

Biophysical techniques all rely on a physical response from the individual pro-
tein or AAI under analysis and are often used in combination with bio-chemical

methods of isolation.

1.3.3.1 Mass spectrometry for AAI analysis

Mass spectrometry (MS) is widely used within the biological sciences to iden-
tify molecules based on the mass to charge ratio of their ions. In a very sim-
plified description, a sample is ionized by bombardment with electrons or laser
ablation, charging and often fragmenting sample molecules. These ionized frag-
ments are electric field accelerated to a common kinetic energy and then sep-
arated through an analyzer using magnetic fields, into similar mass to charge
fractions, with lighter ions undergoing greater deflection than heavier ones. The
relative abundance of ions arriving at the detector provides a spectral finger print
of the original sample. This output can be compared to a protein database using
statistical search engines and a degree of confidence assigned to the identification
of individual proteins.

MS analysis of AAIs purified from bio-chemical processes such as SDS-PAGE
and western blotting can identify the individual bound partners. The most pop-
ular MS techniques for this type of proteomic analysis are electrospray ionisation
(ESI) and matrix assisted laser desorption / ionization (MALDI) time-of-flight
(TOF). ESI disperses proteins which are suspended in a liquid, into a fine aerosol
by passing the solution through a fine capillary tube which is subject upto a 5kV
potential. The liquid droplets progressively evaporate, inducing charge. When
the charge exceeds the Rayleigh instability limit the droplets further reduce, leav-
ing a stream of positive ions to enter the detector. MALDI-TOF by way of com-
parison uses a laser to ablate the proteins which are embedded into a matrix

on a solid support surface. The matrix is principally used to dilute and isolate
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the proteins under analysis and the correct choice is important to the success
of the process. Popular matrix for protein and peptide analysis are x-Cyano-4-
hydroxycinnamic acid and nicotinic acid. The basic principle of TOF is that pro-
tein ions of different mass to charge ratio are subject to the same electro-motive
force and are separated in time during their flight along a path of fixed length,
with lighter particles arriving at the detector sooner than heavier ones with the
same charge. A review of current methods employing mass spectrometry analy-
sis for the study of AAls is given by Kool et al. [32] and Rockwood et al. [33].
Pros: Well established data bases, high throughput, high sensitivity.

Cons: High cost, analysis is statistical and can be time consuming.

1.3.3.2 Surface plasmon resonance observation of AAI

Surface Plasmon Resonance (SPR) is a detection technique similar to that of el-
lipsometry. The principal of SPR is as follows; polarized light is incident on a
metal film through a high refractive index prism. When the light beam is set at
a resonant angle, the surface plasmons resonate which results in absorption of
the incident light. The incident light is spread over a narrow range of incident
angles and the reflected beam projects over a similar range. Within the reflected
beam is a dark band resulting from the plasmon absorption. An intensity profile
is plotted against the range of reflection angles (Figure 1.1).

Affinity binding of an antibody from solution to an antigen immobilized on
to the surface of the metallic substrate, changes the refractive index and causes
the SPR angle to change, producing a position shift in the angle at which the ab-
sorption band is detected. This gives a measurable indication of AAI and is often
employed as a bio-sensor detector [34]. The effect is caused by a local resonance
of group electron charge oscillations which occur in metallic particles that are
excited by stimulation from incident light [35], [36].

SPR in the form of the Biacore instrument has become the industry standard

method for measuring the affinity of AAIL Biacore is a highly developed system
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FIGURE 1.1: A schematic view of SPR; whereby the reflected light
from a polarized light source contains an absorption band which
shifts in position on interaction of binding molecules.
that uses up to four flow cells combined with a micro fluidics system to deliver
analyte solutions to the ligand immobilized on the sensor surface. The response
in a Biacore system is directly related to the change in mass concentration on the
surface [37]-[39] .

Advantages of SPR include the ability to detect real time and transient bind-
ing kinetics and it is a label free approach to antigen antibody interaction. The
detection surface offers the potential use of micro-arrays to increase AAI anal-
ysis throughput. However, disadvantages include the relatively complex sur-
face preparation and antibody immobilization process, with only binary interac-
tions detected. Care in data analysis is required as results can be easily misinter-

preted [40].

1.3.3.3 Forster resonant energy transfer

In conventional confocal fluorescence microscopy, applying several antibodies
labeled with individual fluorophores with each having separated excitation and

emission spectra, optical filters can reveal the proximity of labels within cells or
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tissue sections, revealing bulk information on AAI. However, the binding associ-
ation can only be presumed because direct observation is beyond the diffraction
limit of optical instruments [11]. By comparison, Forster Resonant Energy Trans-
fer (FRET) is a process in which a radiationless energy transfer passes from a
donor light sensitive molecule (fluorophore) to nearby receptor chromophor. The
separation distance between fluorophore and chromophor is limited to approxi-
mately 10 nm, beyond which the energy transfer cannot occur and no fluorescent
interaction is observed. Hence, by appropriate labeling of target antigens and
antibodies, observation of donor fluorescence emission confirms close (<10nm)
intermolecular association [41], [42]. The mechanism of fluorescence resonance
energy transfer was first proposed by Theodore Forster in 1948 [43], a comprehen-
sive history of the development is described by Clegg [44]. FRET has successfully
identified physiological AAls yet the variable stoichiometry between the two la-
beled molecules presents an added complexity to quantitative analysis [45].
Pros: Low cost and easy to use, it can also be real time in vivo.

Cons: FRET requires labeling of both interacting molecules.

1.3.3.4 Atomic force microscopy

The use of atomic force microscopy (AFM) to measure individual biomolecular
interactions and AAI along with force spectroscopy of single molecules is ex-
pertly covered by the review of Willemsen et al. [46], which details the rise of
AFM as an investigative tool to characterize AAIL. A description of AFM therory

and its application to this study is covered fully in Section 3.4.

1.3.4 Genetic methods for detection of AAI
1.3.4.1 Yeast 2 hybrid

The yeast 2 hybrid method was developed by Fields and Song in the late 1980’s [47].

The system is based on the recombination of a transcription factor which only
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occurs when two proteins of interest interact. A bait protein is fused with an
independent DNA binding domain, a prey protein is fused with a activation do-
main, only when the two interact can transcription of the reporter gene occur.
The interaction and recombination takes place within genetically modified yeast
strains, where the transcription of the reporter gene leads to a phenotype that
allows growth on a specific medium [48]. While this method is more appropri-
ate for the detection of true PPI rather than the focus of AAI investigated in this
thesis, some cross over is evident [49].
Pros: Simplicity, low cost, high throughput.

Cons: Occurrence of false negatives and false positives.

1.3.4.2 Tandem affinity purification

Tandem affinity purification (TAP) was originally developed in the late 1990’s
using yeast for the extraction and identification of AAIs [50]. The TAP method
involves conjugating a TAP molecule to the target protein, which is then intro-
duced into the host cell or organism. The TAP molecule is constructed in three
parts, firstly a protein A domain, then a tobacco etch virus (TEV) protease and
tinally a calmodulin binding peptide (CBP). The TAP molecule is fused to the tar-
get protein through binding of CBP at the C terminus. Cells containing the TAP
protein are lysed and the target protein with its associated AAls are recovered in
a two step affinity purification and elution process [51]. The first step removes
the target protein complex by passing the cell lysate solution through an affinity
column containing IgG coated agarose beads which attract the protein A of the
TAP tag. The target protein is then released from the beads using the TEV pro-
tease, and incubated in a second affinity column containing calmodulin coated
agarose beads which attract the CBP element of the TAP tag. The final elution
from the calmodulin beads recovers the protein complex for further analysis.
Pros: TAP has been successfully used to identify AAls and purify proteins in

a wide range of organisms [52]. It is a relatively straightforward process and the
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two step purification produces minimizes contaminants [51].
Cons: The TAP tag may inhibit certain binding interactions. Multiple wash

steps may reduce the ability to monitor transient interactions.

1.3.5 Conclusion

Given the diverse array of AAI analysis tools there is currently no established
gold standard for the evaluation of AAls. Despite no gold standard, popular
current techniques have individually and in combination provided considerable
advancement in knowledge and improved understanding of AAI and PPI net-
works [1]. However none of the proposed AAI analysis tools would seem to
answer a list of ideal features for analysis (Table 1.2). Based on the literature,

ideal features for a AAI analysis tool would likely incorporate:

* Label free analysis: Enabling the evaluation of a wider range of proteins.

* Real time analysis: Allowing the monitoring of transient interactions for

improved protein function analysis.

* Low Cost analysis: Allowing high throughput and low cost AAI investiga-

tion increasing the likely use towards diagnostics
¢ High speed analysis: Beneficial to both research and field based diagnosis.

¢ Field test application: For advanced diagnostics, analysis based on AAI de-

tection in the field away from a full laboratory set up.

Given the restraints demonstrated for current AAI analysis methodologies,
the current work focuses on the potential application of imaging ellipsometry to
AALI analysis. Specifically this work investigates the novel features of the AIE
which, unlike many existing methods to observe AAI, has the potential as an
instrumentation system capable of quantitative characterization of AAls, label
free, low cost, high speed, in real time and with the potential of being utilized in

tield based diagnosis. All of which has considerable merit.
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TABLE 1.2: Ideal features for AAI analysis; evaluation of a range of existing

AAI techniques, comparing their applicability to the idealized features of a AAI

process. Ticks indicate a process that fulfills the requirement and a cross those
that do not.

Bio-chemical methods

Feature IP & co-IP ELISA Western TAP
High speed X v’ X X
High specificity v’ v’ v’ v
Real time X X X X
Label free X X X X
Low cost v’ v’ v v’

Bio-physical methods

Feature AFM FRET SPR MS
High speed v v’ v’ X
High specificity X X X v’
Real time X v v’ X
Label free v’ X v v
Low cost X v v X

1.4 Introduction to ellipsometry theory & practice

1.4.1 Explanation of ellipsometry theory

Ellipsometry measures the polarization state of light reflected from a substrate
surface. The change in polarization is defined as an amplitude ratio, ¥, and phase
difference, A, these values respond very sensitively to nano-meter scale changes

in the film thickness of any substrate over-layers.

1.4.1.1 The origins of ellipsometry

In a report on optics published by Nature in 1874 Spottiswoode described how
the polarization of light can be achieved by passing light through a Nicol prism
and then reflecting it [53]. It is Spottiswoode who for the first time described the

element which first causes only polarized light to propagate as a polarizer and
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the element (another polarizer) which is adjusted to determine the actual angle
(or state) of polarization as an analyzer.

The change in state of polarized light, on interaction with a material, was
observed and used by the German physicist Paul Drude in 1887 in his work
on redefining the optical constants of crystals [54]. It was this work describing
polarimetry that is used today to characterize optical properties of a material
that has been subject to transmission, reflection or diffraction of electromagnetic
waves.

It was Rothen who in 1945 introduced the term ellipsometry to specifically
describe reflected light polarimetry of thin films in a publication describing an
instrument which was initially developed to monitor the reaction between mono
layers of antigens and antibodies [12]. The instrument was able, using the funda-
mental principals defined by Drude, to resolve film thicknesses to an accuracy of

+0.03 nm.

1.4.1.2 The nature of polarized light

The content of this section relies on the description provided by Jenkins and
White [11]. Light is an electromagnetic wave, consisting of both an electric field
vector E and a magnetic field vector M which are perpendicular to each other and

oscillate at a frequency (f) with wavelength (A) in the relationship:

c=Af (1.1)

Where c is the velocity of light.

The light wave propagates perpendicular to both the E and M vectors. It has
been observed that the electric field vector E has a much greater interaction with
matter than the magnetic field vector M and it is for that reason that the general
convention of optics considers only the E field (Figure: 1.2).

A light wave can be described mathematically:
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A= Aosin(—z%(z —ot) +¢€) (1.2)

Where A is the value of the electric field strength at any point in time t and
position z along the direction of travel, A, is the maximum field strength or am-
plitude of the wave, A is the wavelength of the light, v is the velocity of the propa-
gating wave and € is a phase angle to describe the offset of one wave from another

when considering a superposition of waves.

E field

S

FIGURE 1.2: A schematic view of an electromagnetic wave; E field
at a fixed point in time, propagating in the direction Z.

Considering two monochromatic (equal wavelength) light waves of equal am-
plitude propagating along the same path, with one orientated in the vertical plane
and the other at 90 degrees to it. If their amplitudes are in phase, then from the
vector nature of electromagnetic waves, their superposition will be seen as a light
beam that is orientated and polarized at 45 degrees to the vertical (Figure 1.3A).

Similarly, if the two monochromatic, in phase light waves had different am-
plitudes their resultant vector would still be linearly polarized but at and angle
proportional to the relative amplitudes. Should the amplitudes be equal but out
of phase by 90 degrees the maxima of one coinciding with the minima of the other

the resulting vector would have a constant amplitude but rotate circularly around
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FIGURE 1.3: Considering two monochromatic light waves of equal

amplitude propagating along the same path; A) Schematic view of

two electromagnetic waves, in phase thus, combining to produce

Linear Polarized light. B) The same two waves but 40 degrees out

of phase, their vectors combining to produce elliptically polarized

light.

the propagating axis. In most general cases the phase between waves is not zero
or 90 degrees and the resultant light vector is a form of ellipse (Figure 1.3B). Lin-
ear and circular polarized light are specialized cases of the more general state of
elliptically propagating light.

It is a fundamental of ellipsometry that upon reflection from a surface, light
undergoes a shift in phase and amplitude of the two vector components parallel
and perpendicular to the incident surface [55]. This change is, in most cases,
not equal for each component and if for instance, the incident light is linearly
polarized, there will be a shift from linear to elliptically propagating light at the
point of reflection. The amount of ellipticity induced into the reflected light is a
function of the optical properties of the sample under study and any thin films

that may be present on it’s surface. It is this change that forms the technique of

ellipsometry and by which materials and thin films can have their optical and
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mechanical properties characterized.

1.4.1.3 The ellipsometric co-ordinate system

The light beam that illuminates the sample surface is positioned at an oblique
angle to the sample so as to cast a specular reflection. We can define a plane of
incidence that contains both the incident and reflected beam of light and includes

the normal to the reflective (sample) surface (Figure: 1.4).

(lep, p-plane
T - ]

- -
- :” C‘@! 4
~{/ I Surface Normal

Sample surface

FIGURE 1.4: A schematic view of ellipsometry principals; demon-

strating the plane of incidence, light matter interaction and it’s effect

on the polarization state of light. Ep defines the E field component
in the p plane. Es defines the E field component in the s plane.

Plane polarized waves that are aligned with the plane of incidence are referred
to as p-waves and those polarized perpendicular to the plane of incidence as s-
waves, a convention introduced by Drude (s coming from the German Senkrecht

or perpendicular)

1.4.1.4 Reflections at a surface

Before considering the reflection at a surface it is best to understand the complex
index of refraction for light that enters the material under consideration. This
term is made up of two parts n the index of refraction and k the extinction co-

efficient.
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N=n—ik (1.3)

Where i is the imaginary number /—1. For dielectric materials such as dia-
mond and glass the extinction co-efficient k = 0 because no light is absorbed in
transmission.

The refractive index n is defined as:

(1.4)

I

Where c is the speed of light and v is the speed of light in the second medium
into which the light passes.

The extinction co-efficient k is defined as:

A

Where « is the absorption co-efficient. In an absorbing medium the reduction

in light intensity I per unit length Z is in direct proportion to I, that is:

dl(z) _

5= al(z) (1.6)
Which integrates to:

I(z) = Ie ™ (1.7)

For a light beam interacting with a surface, at the point of incidence the light
beam is divided and the law of reflection states that the angle of incidence is
equal to the angle of reflection ¢; = ¢r, (Figure 1.5). The portion of incident light
that is transmitted into the material is deflected to the angle ¢, this deflection is

governed by Snells Law:
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Nj sin¢; = Ny sin ¢ (1.8)

For dielectric materials where the extinction co-efficient k = 0 the equation
reduces to:

nysin¢g = ny sin¢, (1.9)

However in most cases for ellipsometry the first layer of the material interface
is air and so Ny = 1, the second medium N, (the sample) is more often complex

and k» is non zero.

=1
|_‘A

)
N

FIGURE 1.5: A schematic view of light matter interaction; with re-

flection from and transmission through the sample surface. Nj = the

complex refractive index of the first material. N; = the complex re-

fractive index of the second material. c = the velocity of light in the

first material. v = the velocity of light in the first material. ¢; = ¢r

= angle of incidence and reflection respectively. ¢, = angle of refrac-
tion.

Having described the elements of complex refractive index n and k it should
be noted that for any given medium these are optical constants that change as
a function of wavelength. This dispersion can be approximated by the Cauchy

co-efficients [55]:
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ky ks
k(M) _k1+ﬁ+ﬂ (1.11)

1.4.1.5 Fresnel equations and Brewster’s angle

Considering a light beam reflecting at the interface between two mediums (Fig-
ure 1.5) some light is reflected and some transmitted, the Fresnel reflection co-

efficient r is the amplitude ratio of the reflected light to the incident. Such that:

. Nzcos¢1 — ﬁlcosq)z s Nlcoscpl — Ngcosc[n

P == — = = —
Nycos¢y + Nicosgr Njcos¢q + Nacosgr

(1.12)

It can be shown that the intensity of light is directly proportional to the square

of it’s amplitude [11].

[= S%AZ (1.13)

And so the reflectance R can be defined as the ratio of reflected intensity to the

incident intensity. Considering a single interface:
RP =|rP|? and R® = |r’|? (1.14)

As an example, considering an interaction between air as the first medium
(n=1) and silicon dioxide as the second (n=1.54), the Fresnel equations as a func-
tion of angle are plotted (Figure 1.6 A) these being the ratios of the amplitudes
of reflected light to the incident light. Plotting the ratio of reflected intensities
to incident angle identifies the Brewster angle (Figure 1.6 B), which is the angle

whereby reflected light is only s polarized.
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FIGURE 1.6: Fresnel plots for silicon dioxide with a refractive index N = 1.54 —

0i: A) The Fresnel co-efficients r, and 1 as a function of angle of incident light.

B) The ratio of reflected intensities to incident intensities, R” and R® plotted as a
function of angle.
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When light enters a medium at an incident angle ¢, that results in an angle of
90 degrees between the reflected and transmitted rays the specular reflected light
is polarized in the s plane while the light transmitted is polarized in the p plane.

Geometrically as seen in Figure 1.5

¢1+ o = 90° (1.15)

From Snell’s law, (Equation 1.9):

n1 sin ¢p = ny sin(90° — ¢pp) = ny cos ¢p (1.16)
and hence
tan pp = 2 (1.17)
n

Where ¢p is the polarization angle or Brewster angle after it’s quantification
in 1815 by Brewser [56], following Malus” discovery of reflective polarization in
1809. Historically this was a method by which polarized light was first created in
a controlled way. The significance for ellipsometry being that if the incident light
was already polarized in the p plane then no reflected light would propagate from
the surface if incident at the Brewster angle.

Quite often, and as will be the current case, the reflection is that of a multiple
interface (Figure 1.7). Here the co-efficients have to account for a transmitted
light wave undergoing partial reflection from the interface between the second
and third medium. Azzam and Bashara [57] derived the total reflected wave to

be described by the total Fresnel co-efficients:

gp = T2+ rPasexp(—i2p) g = "2+ rixexp(—i2p)
1+ 7P127P23exp(—i2/3) 14+ r5127523exp(—i2’3)

(1.18)

Where subscript 12 denotes the Fresnel reflection co-efficient for the interface

between materials 1 and 2, similarly 23 denotes the Fresnel reflection co-efficient
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for the interface between materials 2 and 3. 8 is defined as the film phase thick-

ness and is given by:

B= 27((%)1% cos ¢ (1.19)

Where x is the film thickness of the surface layer.

/ / Index = N,

Dy

0, Index = N, \IJ_{/I
\ \ndex = ﬁ 3 ’."'JJ
. S

FIGURE 1.7: A schematic view of multiple reflections and transmissions from a
bi-layer material; with different refractive indices, where dimension x is the film
thickness of the over-layer. ¢; = the angle of incidence, ¢, = the angle of refrac-
tion in the over-layer and ¢3 = the angle of refraction in the substrate material.

As can be imagined for multiple interfaces Equation 1.14 becomes:

RP = |RP|> and R° = |R°|? (1.20)

1.4.1.6 Ellipsometric parameters Psi and Delta

It has been observed that upon reflection the light wave incident on a surface
undergoes a change in state [55], [57]. If we consider the initial phase between
the two elements of the incoming wave (Figure 1.3 B) to be d; and the phase
between the two elements of the reflected wave to be d, the change in the phase
between the two components of the reflected light wave can be described by the

term Delta; A or Del.
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A=d —dy (1.21)

Similarly the amplitude of the two incoming components may be changed on
reflection, Equation 1.18 defines the amplitude of each component as a ratio of
incoming to reflected light, these relative amplitudes defines the angle to which
the reflected light (elliptical or linear) is orientated to our co-ordinate system. This

angle is given the term Psi; ¥ such that:

tan'¥ = Ry| (1.22)
[Rs|
We can then define the fundamental equation of ellipsometry:
: R
tan Yo' = £ (1.23)

R

Because it is these two values that are measured by the ellipsometer, charac-
terization details that are calculated for the sample are contained within the total
reflection co-efficients R, and Rs. A very common requirement is to calculate
the thickness of the overlying thin film (x) and it can be seen from Equation 1.18
and 1.19 that with the term x appearing both denominator and numerator it is
not possible to simply invert the Fresnel equations to provide an analytical an-
swer to x. Instead it is necessary to construct an optical model and solve for x

numerically.

1.4.2 Instrumentation

The original ellipsometer instrument by Rothen was a development of that used
by Drude. Both Rothen and Drude adopted the terminology first introduced by
Spottiswoode in that the arrangement of polarizer P, quarter wave plate com-

pensator C, sample S and a second polarizer termed analyzer A (Figure 1.8).
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FIGURE 1.8: Schematic of a PCSA nulling ellipsometer.

1.4.2.1 Optical components

Light from a mono chromatic source such as a laser or filtered lamp is typically
un-polarized. The beam can be passed through a polarizing filter P and all prop-
agating light will be aligned with the axis of the polarizer. From here the light
passes through an optical retarder, referred to within ellipsometry, as a compen-
sator C. Compensators have a fast and a slow axis, the most typical being a quar-
ter wave plate where by wave components traveling through the slow axis will
be retarded 1/4 of a wavelength (a 90 degree phase shift) in comparison to the
component traveling along the fast axis. This induces in the general case, a ro-
tation in elliptically polarized light but in the specific case of linearly polarized
light a change in output to circularly polarized light when set at 45 degrees to the
axis of the polarizer P. The significance with this arrangement is that if the ampli-
tude of the p and s waves are equal at the point of input, by manipulation of the
axis of polarizer P and the angle of the compensator C relative to each other, any
desired state of elliptical polarization can be produced. To achieve this, in early

instruments, the components were placed in rotary mounts [55].

1.4.2.2 Nulling ellipsometry

As already stated, light upon reflection undergoes a change of state from the in-

teraction with the surface, there may be a change in both phase and amplitude of
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the wave components, whereby linearly polarized light can be deflected into an
elliptical state on reflection. The combination of polarizer and compensator can
therefore be adjusted in such a way as to generate an elliptically incident light ray
that is on reflection from the sample surface, deflected into a purely linearly po-
larized light beam. If the now linearly polarized reflected light is passed through
another polarizing filter, referred to as the analyzer A, when the analyzers axis is
rotated into a position 90 degrees with respect to the axis of the reflected beam,
no light will propagate. This is termed finding the null or just nulling. In prac-
tice adjusting three independent variables can prove troublesome. However, by
setting the compensator at a fixed angle and rotating the polarizer until a mini-
mum is found, followed by rotating the analyzer a null is achieved. This leads
to a set of angles P, C and A that are a function of the fundamental equation of

ellipsometry:

. R
tan ¥e'® = ?” = f(P,C,A) (1.24)

s

However, it is not simply a case of inverting the Fresnel equations and it is
necessary to develop an optical model, in which the parameters are varied and
solved numerically until the output from the model matches the values measured
for ¥ and A. This is computationally heavy work and restricted the use of ellip-
sometry until the advent of readily available programmable computing in the

60’s and 70’s. [58]

1.4.2.3 Rotating element instruments

The limitations of a single wavelength (required by the compensator) and a single
null point lead to two measurable real quantities ¥ and A which is only sufficient
to define a complex index of refraction or the real index of refraction and single

film thickness, or simply observe the relative change in a system [57]. To fully
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characterize a complex material structure it is necessary to have more indepen-
dently measurable data points. This can be achieved by taking data at multiple
angles of incidence, changing the values of ¥ and A as described by the Fresnel
equations (Figure 1.6). The polarizer and analyzer can be rotated in stages un-
der microprocessor control adjusting each alternately until the minima is found.
Alternatively multiple wavelength measurements can be taken leading to photo-
metric spectroscopic ellipsometry. This requires the removal of the compensator,
which will only operate reliably at one wavelength, and fixing the polarizer at 45
degrees. If only the analyzer is rotated the measured intensity will oscillate as a

function of time and can be described [55]:

I(t) = Ip[1 + acos2A(t) + Bsin2A(t)] (1.25)

Where I, is the average intensity with:

A(t) = 27tft + A, (1.26)

Where A, is a phase offset and f the angular frequency of rotation of the ana-
lyzer.

And the Fourier co-efficients « and f are described by:

x = —cos2¥ (1.27)

B = sin2¥ cos Ay, (1.28)

Where A, is the phase difference between the two wave components p and s
as measured at the analyzer. Both the above equations can be re-arranged to give
measured values for ¥ and A:
1+a p?

- and cosA, =+ T2 (1.29)

tanY =
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1.4.2.4 Imaging ellipsometry

Taking the concept of a nulling instrument and replacing the detector with a fo-
cusing objective and a camera that can spatially resolve the sample surface pro-
duces an imaging ellipsometer. Rather than averaging the sample surface as a
single element, any areas within the field of view that have different optical prop-
erties can be spatially resolved by signal intensity. If the polarizer, compensator
and analyzer are set to give a null condition for the underlying substrate, any
overlaid film will most likely cause a change in the optical parameters at that
position and result in the null condition not being met. This leads to areas of
brightness relating to the detail changes over the sample surface. These bright
spots can themselves be nulled, with ¥ and A values individually mapped over
the 2D surface [59].

The first practical imaging ellipsometer utilising a CCD detector was pro-
posed as a proof of pricipal by Cohn et al. in 1988 [60]. The technique is described
as dynamic imaging micro-ellipsometry (DIM) and offered an improvement over
the slow scanning techniques using a photo diode that were previously proposed
for evaluating spatially resolved film thickness [61]. Cohn’s work led to the direct
(radiometric) determination of ¥ and A adopted by the AIE and is described in
full detail in Chapter 2.

The earlier work by Arwin on quantification of AAI using nulling ellipsome-
try [62], [63] was developed into a practical imaging ellipsometry apparatus with
Jin and Arwin constructing a bio-sensor which recorded off null changes in a bio-
film thickness in grey-scale. These changes in film thickness were then correlated
to reference layers determined by spectroscopic ellipsometry or independent null
measurements taken on selected sample areas [64].

Further improvements lead to advances in imaging ellipsometry for the de-
tection of AAI including the covalent immobilization of proteins and the devel-

opment of a micro fluid systems to present an array of proteins for detection of
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AAI identifying bio-markers for hepatitis B in a label free way were reported by
Wang et al. supporting the fabrication of a bio-sensor array [65]-[68]. Off null
sampling by Chen et al. [69] which informed techniques to improve sample thick-
ness sensitivity.

Research applications have included screening for AAI in infectious disease;
detection of cytomegalovirus which is a cause of mental disability in newborns,
was quantitatively assessed using imaging ellipsometry to rapidly detect AAI
with cytomegalovirus antigen immobilized on silicon wafers and used to cap-
ture cytomegalovirus antibodies from serum samples. The results were in good
agreement with ELISA and displaying high specificity and sensitivity [70].

Commercial products have been introduced to the market based on single
wavelength imaging ellipsometry, such as those made by the Nanofilm com-
pany [59].

The detailed spacial resolution of imaging a sample surface would, at first
instance seem to offer a significant leap forward combining both ellipsometry
and microscopy. However, it is generally accepted that a major drawback for
imaging ellipsometry is brought about by the need for an oblique viewing angle,
with an inevitable limitation in the depth of field, so that only a narrow area of the
sample is within focus. Manufactures of commercial equipment and researchers
developing their own instruments [59], [64], [71] have sought to overcome this
problem by by adopting a low magnification to increase the depth of field or by
sequentially imaging the surface through a series of motorized steps. A digital
imaging system then selects only the focused parts of each sequential image and
reconstructs the whole surface from a series of individual segments. Poor focus at
the edges of the image or reconstructed strips leads to a large circle of confusion
and reduced lateral resolution [72]. Some attempts have been made to correct
the issue with Jin et al. [71] describing tilting the image detector but no formal
description has been given as to how this was related to the rest of the optical

system.
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Furthermore, imaging ellipsometry suffers from optical components that are
not perfect and rotating elements used to measure the values of ¥ and A can
cause deflection of the beam, leading to a movement between image frames. The
movement between frames further complicates the image processing and frame
registration. The time taken to accurately rotate optical components is finite and
the need to repeat this process iteratively over a measurement cycle slows the
process considerably, with acquisition times in the order of 10’s of minutes [73]
or even hours [74].

However, the AIE which was designed and built by Dr. Matt Gunn under the
supervision of Prof. Tudor Jenkins has a novel approach to resolve the issue of
image focus experienced with other imaging ellipsometers. The AIE introduces
Scheimpflug optical geometry [75] which brings the whole of the sample imaged
area into focus, the details of which are described in full in Chapter 2 Section 2.3.2.
In addition the AIE employs a rapid method for calculation of ¥ and A values
from the light intensity incident on each pixel in the imaging system. Both of
these features make the AIE extremely well suited to the study of AAIs in a new

and informative way.

1.5 Contact angle: substrate surface energy

1.5.1 Introduction

When investigating AAls, whether single proteins or EVs, using imaging ellip-
sometry, it is necessary to present on a solid flat substrate, the proteins of in-
terest suitably held, allowing the addition of analyte solutions and subsequent
measurement using the AIE. Fabrication of a protein micro-array functioning as
a bio-sensor to facilitate the AIE study of AAI requires chemical modification of
the surface substrate, using chemical processes delivered in a liquid form. The in-

terface between a liquid and solid is fundamentally influenced by the surface free
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energy of interaction [76]. The area of contact is described by the balance of ad-
hesive forces acting between the fluid droplet and the surface it sits upon, draw-
ing the two together, and the cohesive forces of surface tension acting within the
fluid, causing the droplet to form a sphere and resist contact with the surface [77].
In a pure liquid, each molecule is attracted to its near neighbours equally in all
directions causing a zero net balanced force. At the exposed surface however, the
molecules do not have an outward neighbour, resulting in an inward attraction
and generation of an internal pressure, which induces the liquid to contract and
reduce its surface area to maintain the lowest surface free energy [78].

To describe the interaction and balance of forces between cohesion and adhe-
sion Young introduced a verbal description in 1804 [79] that was rapidly adopted

and rendered mathematically as Equation 1.30:

Y =4 ’ylv cos(0) (1.30)

Where 7%, 95! and !¢ are the solid vapour, solid liquid and liquid solid inter-
facial tensions respectively. Equation 1.30 describes the surface energy of interac-
tion between the two materials through the contact angle 6 formed between the
liquid vapor and solid liquid interfaces (Figure 1.9).

Contact angle is most typically measured by imaging the profile of a droplet
as it sits statically on the solid substrate surface and calculating the angle formed
between the liquid droplet and the supporting solid substrate at the tri-point of
intersection. A range of alternative methods have been devised for alternatives
to liquids, such as fibers and powders, and these are reviewed by Yuan and Lee

[76].

1.5.2 Zisman theory

Quantitative determination of solid surface free energy values cannot be done

directly. However using Young’s equation (Equation 1.30) there is a correlation
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FIGURE 1.9: The principal of contact angle and its relationship to

substrate surface energy; where 7, 'ySI and 'ylv are the solid vapour,

solid liquid and liquid solid inter-facial tensions respectively. High

substrate surface energy enables the liquid to spread, increasing
wettability and reducing the contact angle 0.

between the contact angle of a probe liquid and the inter-facial tensions. The
work of Zisman determined that for a given surface, plotting the cosine of contact
angle 6 for a series of probe liquids with known surface tension, produces a linear
trend (Figure 1.10). The point at which the trend line passes through cos0 =
1, and hence the contact angle = 0 degrees, represents a highest surface tension

liquid that will completely wet the solid surface and, by Zisman theory, this is

equal to the surface energy of the solid [80].

1.5.3 Owens/ Wendt theory

However, Zisman'’s theory breaks down when polar interactions occur between
the surface molecular structure and probe liquid, for instance when the solid sur-
face is a hydrocarbon polymer. The Owens/Wendt theory [82] which comprises
both a dispersive and polar component, describes a two parameter model for

quantifying surface interactions.
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FIGURE 1.10: A representative example of a Zisman plot to deter-
mine surface energy of a solid substrate; multiple probe liquids are
used including those that completely wet the surface. Reproduced
using data from[81].
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P
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Using data obtained from a test surface, commonly polytetrafluoroethylene,
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determination of the polar and dispersive components for a series of probe so-
lutions can be made. The sample surface to probe liquid contact angle data can
be combined to the Owens/Wendt model and the trend line intersection with the
y axis read to give a surface free energy value for dispersive component of the
substrate, while regression of the line of best fit can be inverted in Equation 1.31
to give the polar component (Figure 1.11). This model is most applicable for sub-

strates that are semi polar with a low surface charge.
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FIGURE 1.11: An example of an Owens/Wendt plot: to determine
surface energy of a solid substrate, probe liquids of known polar and
dispersive values, which form a measurable contact angle are used.
[Reproduced using data from[81]]
The Owens/Wendt model leaves the choice of probe liquids open to the in-

vestigator and requires a number of data points (>5) to reliably assess the inter-

section point with the y axis, indicating the substrate surface free energy.

1.5.4 Fowkes theory

A significant simplification was proposed by Fowkes theory [83]. Which com-

bines Young’s equation with the Dupre definition of adhesion energy, such that:

Isp =05+ 01 — 051, (1.36)
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Where Ig; is the energy of adhesion between the solid substrate surface and
the probe liquid.
Fowkes theory divides the Dupre definition of adhesive energy into two con-

tributions of polar and dispersive components:

Is =2 (x/asDaLD + \/asPaLP) (1.37)

D

Where 05P, 01D are the dispersive components of the solid and liquid respec-

P

tively and 05”0 are the polar components of the solid and liquid.

The two equations combine with Young’s to give:

or(cosf + 1)

VosPo P+ \osPo P =
2

(1.38)

Using a probe liquid such as diiodomethane, which has no polar component

0 = 0and 0;.P = 07) the above equation reduces to:
q

p _ 0% (cosd + 1)

; (1.39)

Us

Hence o5” can be determined directly from contact angle measurements. Us-
ing a second probe liquid such as water, with well characterized dispersive and
polar components, and having previously determined ¢s” this leaves only og”
as an unknown in Equation 1.38. The total substrate surface free energy is then

determined to be:

0g = O'SD + U'SP (1.40)

In this way Fowkes theory requires only two probe liquids; diiodomethane
with 07 = 7P = 50.8 mN/m and de-ionized water with o7 = 26.4 mN/m and
01" = 46.4 mN/m. [84].

The van Oss theory [85] introduces a three component model. The disper-

sive element is kept with the polar term divided into acid and base components,
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which can take account of surfaces containing ions such as chemical powders,
dye pigments and paper. However, these factors extend beyond the scope of the
current study.

The understanding of surface free energy that exists between the solid surface
of a substrate and the range of chemical solutions used on it presents an oppor-
tunity to better control the assembly and function of a bio-sensor protein array.
Principally through the correct volume application of the liquids which seek to

modify the surface for the immobilization of proteins.

1.6 A target AAI for ellipsometry development

In order to develop ellipsometry, and the AIE, for the study of AAls a suitable
target AAI system was required. Ideally, the chosen system will be accompanied
with a wide range of suitable molecular tools for the study of a selected AAIL
Such tools would likely include recombinant and native proteins and antibodies
targeted towards these proteins. Furthermore, supporting these tools would be a
raft of molecular knowledge to allow the understanding of target AAls. Finally,
the chosen AAI to analyse using the AIE would ideally target a societal challenge.
To this end, target AAls from the parasitic helminth Fasciola hepatica conformed to

these ideals and thus is the principle biological focus for the current AAl analysis.

1.6.1 The parasitic helminth Fasciola hepatica

F. hepatica is a parasitic trematode flatworm. The lifecycle of F. hepatica is complex
involving two hosts [86] (Figure 1.12). Eggs are released from mature, hermaphroditic,
adult fluke and pass through the host via the faeces, into the wider environment
where they embryonate. The embryonated eggs hatch releasing miracidia which
invade, principally, the amphibious freshwater snail Galba truncatula which act as
an intermediary host. Development within the snail through generations of asex-

ual development, through sporocystrs and rediae, finally results in the release of
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free swimming cercariae. The cercariae encyst as infective metacercariae, onto
aquatic vegetation or grasses at the water boundary. Upon mammalian ingestion
of the infected vegetation the metacercariae excyst in the duodenum of the intes-
tine and then follows a period of migration through the intestinal wall to the liver.
The juvenile fluke develop to a patent (egg producing) stage in 8-9 weeks, where-

upon they migrate to the bile ducts prior to excreting eggs, and thus, re-starting

the cycle.
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FIGURE 1.12: A schematic which indicates the complexity of the

Fasciola hepatica lifecycle; outlining the development to the infective

stage (1-6), juvenile development within the mamalian host (7) to

maturity and diagnostic stage (8). Reproduced from the Center for
Disease Control and Protection (CDC) [87].

The associated disease, fascioliasis has an acute stage, as a result of the mi-
gration of juveniles from the intestine to, and then progression through, the liver.
Symptoms of acute infection include nausea, high temperature, internal bleed-
ing and severe abdominal pain [87]. As the fluke mature and settle in the bile

duct, a chronic stage occurs where long term inflammation of the liver causes



Chapter 1. Introduction 41

tibrosis and periodic blockage of the bile duct may occur. The WHO describes
that the hosts symptoms at this stage can include: anemia, jaundice and inter-
mittent abdominal pain. Long term inflammation can cause fibrosis of the liver
tissues. With further complications being the possible occurrence of pancreatitis,
gallstones and bacterial super-infections [4]

The WHO describes fascioliasis as a neglected parasitic disease [88]. Further-
more, the WHO estimates that between 2.4 and 17 million people in 70 countries
worldwide are infected, with over 180 million at risk [89], [90]. It has been de-
scribed as having the largest longitudinal, latitudinal and altitudinal distribution
of any known disease [91]. Human infection normally manifests from the inges-
tion of contaminated freshwater plants such as watercress and water mint, yet it
is also occasionally linked to the drinking un-boiled contaminated water [92].

A significant number of human infections occur in the Andes and the Middle
East [93]. Far from what might be expected, in the light of modern healthcare,
fascioliasis is seen as an emerging disease, with infections increasing following
both man-made and environmental changes [89].

The human impact is highest in low income countries where diagnosis and
record keeping can be poor, with hospital treatment often unavailable, present-
ing circumstances which may lead to under recording of already high incidence
rates [90]. In the UK fascioliasis is recognised as a significant disease in animals.
However, on average seven people are diagnosed by the National Health Service
(NHS) England with the infection each year. This is investigated in more detail
(Section 1.6.1.1).

The WHO published a report in 2015 [94] with a specific section dedicated to
parasitic diseases and within that, infections caused by Fasciola spp, comprising
Fasciola hepatica and Fasciola gigantica. The WHO Foodborne disease burden Epi-
demiology Reference Group (FERG) study of foodborne diseases identifies that
more than 75% of the burden of four hazards ( Fasciola spp., Giardia spp., dioxins,

and intestinal flukes) occurred among children under the age of five [94]. The
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specific age distribution of fascioliasis as identified by FERG is presented (Fig-
ure 1.13).

Age distribution
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FIGURE 1.13: The age distribution of human infection with fasciolia-
sis: as calculated by WHO FERG study 2007-2015. The five different
age distributions (G1-G5) are a function of country specific data.

The more popular European vision of F. hepatica as a veterinary problem is
also significant with the cost to livestock production estimated at $3 billion per
annum from lost production and associated impacts [5]. Clinical infections in
animals typically lead to weight loss, reduced fecundity, anemia, reductions in
wool and milk yields, cases of high infection have been seen to lead to morbidity
and increase in mortality [95]-[97]. Agricultural environmental controls typically
take the form of land drainage and fencing which are expensive to deploy and
maintain. These land management approaches are now proving a challenge even
in more economically developed parts of the world as a result of climate change.
Indeed, in a study looking climate change impacts on F. hepatica risk, Fox et al.

predicts serious epidemics in Wales by 2050[97].

1.6.1.1 Human infections in the United Kingdom

In the United Kingdom F. hepatica infections are typically considered to be a vet-
erinary concern. However, an analysis of hospital admittance data, available
through the NHS hospital episode statistics, to evaluate how prevalent cases of
fascioliasis are in the United Kingdom is presented in Tables 1.3 and 1.4. Di-

agnosis data is listed by ICD10 codes, a 3 digit general code eg. B66 for fluke
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infections, then a more detailed 4 digit specific code is used when a more com-
plete diagnosis is found, this is B66.3 for Fascioliasis. NHS digital England data
are clear and have 4 digit codes that identify diagnosis very well. NHS Wales is
less clear with a number of unspecified groupings eg. B83 (other helminthiasis)
and any patient numbers under 3 are redacted. Scottish NHS online data is not
listed by ICD codes and the diagnoses are grouped so broadly as to be unusable

in this analysis.

TABLE 1.3: Yearly count of all fluke infections identified by ICD10 code B66; as
diagnosed by NHS England for the years 2008-2018

B66 Fluke infections
Year All diagnoses Main diagnosis Male Female Mean age
2017-18 12 7 7 5 51
2016-17 5 1 2 3 40
2015-16 14 4 9 5 61
2014-15 11 - 5 6 58
2013-14 11 2 8 3 58
2012-13 7 4 3 4 59
2011-12 9 - 3 6 52
2010-11 2 - 1 1 54
2009-10 3 - 2 1 31
2008-09 6 - 2 4 42

TABLE 1.4: Yearly count of Fascioliasis infections as identified by ICD10 code
B66.3; as diagnosed by NHS England for the years 2008 to 2018

B66.3 Fascioliasis infections

Year All diagnoses Main diagnosis Male Female Mean age
2017-18 7 4 5 2 51
2016-17 2 - - 2 26
2015-16 6 4 3 3 52
2014-15 2 - 2 - 49
2013-14 3 1 3 - 57
2012-13 4 4 3 1 69
2011-12 9 - 3 6 52
2010-11 1 - 1 - 76
2009-10 2 - 1 1 17
2008-09 6 - 2 4 42
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Within Tables 1.3 and 1.4 the term; all diagnoses, refers to the total number
of instances that the ICD10 diagnosis code is recorded in any position on a fin-
ished consultant episode (FCE), if the code exists on the FCE more than once, it
is counted more than once. For the term; main diagnosis, this is the total number
of FCE with the ICD10 diagnosis code recorded in the primary position.

As can be seen from Tables 1.3 and 1.4 a small but stable numbers of annual
infections are diagnosed each year in England. Unfortunately it would not appear
possible to establish what portion of these diagnoses can be directly attributed
to UK sourced infection and those that may be from refugees, migrant workers
or visitors who may have been infected from overseas. Interestingly with only
one or two exceptions, the yearly mean age would appear quite high, with an
average over the 10 year period of recording being 51 years for all fluke infections
and 49 years for fascioliasis specifically, with a standard deviation of 9.3 and 16.8
respectively. This would appear to be a substantially different distribution to that
seen in the WHO study (Figure 1.13) which demonstrates 75% of cases occurring
in those under five years. Further investigation of this age discrepancy may go
some way to inform how the mechanism for infection may differ in the UK from
the global average.

There is considerable potential for an increase in the UK and Europe in both
human and animal infection rates. This arises from long term climate change
and specifically for human infections, a more immediate threat due to unfamil-
iarity with the associated risks brought about by a rapid rise in urban food for-
aging [97]-[101]. As outlined by Mas-Comma et al. a significant number of plant
species my contribute to infection over what is considered the traditional cul-
prit, watercress. With Taraxacum dens leonis (dandelion leaves), Valerianella olitora
(lamb’s lettuce), and Mentha viridis (spearmint) being cited as sources of infection
in France [89]. The activity of urban food foraging is something which has seen
considerable growth in recent years [102] and looks set to increase with online

content and apps promoting the activity, but providing little information of the
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associated risks [103], [104].

1.6.1.2 Post infection control

In the absence of vaccines, the primary treatment for both animal and human
infection is oral administration of the anthelmintic triclabendazole (TCBZ). This
anthelmintic was introduced in the mid 1970’s demonstrating a proven efficacy as
a flukicide against both mature and juvenile ontogenic stages. However, a reduc-
tion in the potency of TCBZ was first observed in Australia during the mid 1990’s
[105]. Since this initial discovery of TCBZ resistance, further animal cases of re-
sistance have been reported in a number of locations including South America,
Europe and the Middle East [106]-[108].

Effectiveness in human cases was observed to be at 100% until recently, where-
upon Cabada et al. have identified a number of human patients in Cusco-Peru
that have failed repeated treatment courses with TCBZ [109]. This raises con-
cerns that resistance to TCBZ may be emerging as a problem in the Andes, an
area with high levels of human infection. Cabada et al. have also raised concerns
regarding the preparedness to tackle resistant parasite infection and along with
the WHO have called for more research into new medication and evaluation of
resistance [89]. Therefore, continued dependence on TCBZ as a single, compro-

mised anthelmintic is clearly not sustainable.

1.6.1.3 Post infection diagnosis

Diagnosis of suspected F. hepatica infection for both human and animal cases is
traditionally based on faecal egg counting (FEC) via optical-microscopy identi-
fication of F. hepatica eggs in faeces. Unfortunately, FEC as a technique is unre-
liable [110], due in part to sporadic egg shedding [111] and occasionally from
pseudo-fasciolaisis caused by consumption of food that contains eggs, which
then pass through the individual unhindered and cause no harm [87]. However,

most importantly from a medical point of view, egg shedding from mature adult
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fluke, that are present in the host, only occurs at the chronic stage of infection,
by which time much of the damage to the liver has already occurred. Therefore,
early diagnosis is clearly a desirable option. However, at the moment there is only
one commercially available clinical test for prepatent infections. This is an ELISA
by DRG International marketed under the Bio-X brand name. This test was eval-
uated in cattle, obtaining a sensitivity of 98% and specificity of 96% at a cut-off
value of 15% positivity [112] Valero et al in 2012 found similar results in a human
study with sensitivity and specificity at 95.3% and 95.7% respectively [110].
While improvements are being made by researchers with their own in house
optimization and the use of more specific antigens such as FhCathepsin-L1 [113]
there is no gold standard for early stage clinical detection. This is despite the
evidence for early antibody response to infection [110]. The merits for further
research into this socially and economically important parasite is clear. There is a
strong economic and social pressure to resolve both the current and the potential

future issues associated with fasciolaisis caused by F. hepatica.

1.6.1.4 Fasciola hepatica target AAls

With regard to this study there are, it would seem, two themes of investigation
for assisting understanding of F. hepatica infection linked to AAls. The first be-
ing that of improving understanding of key proteins within and released by F.
hepatica and thus the interaction networks linked to these target proteins. The
long term aim of such an approach would be to support the development of new
chemotherapeutic compounds targeted to the disruption of the associated AAls
or to support the choice of a potential vaccine target. To this end, the sigma class
glutathione transferase (FhGST-S1) has been identified as one of these key pro-
teins [6], [114] with LaCourse and colleagues clearly stating the need for research

on this protein. This is especially so given that FhGST-51 is a recognized immune
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modulator protein and therefore a key protein involved in the host-parasite inter-
action, warranting further investigation as a potential vaccine candidate. In fur-
ther support of investigation into FnGST-51, many of the tools noted previously
(Section 1.6) to aid AAI investigation are available for this protein. Both recom-
binant, rFhGST-51, and native, nFhGST-5S1, are available [6], [115] alongside an
antibody that has been used and tested in a number of research applications [6],
[116]. In addition, FhGST-S1 has been subjected to increased investigation from
initial discovery [117] to structure elucidation [118] including the recent discov-
ery of FhGST-51 within EVs [7], [116].

The second theme is the development of a detection technique capable of early
clinical diagnosis for F. hepatica infection. Ideally, such a diagnostic would be a
significant advancement over the current options including increased sensitivity
and specificity. Development of such a diagnostic is clearly reliant on the dis-
covery of key biomarkers. Whilst there are now recognized biomarkers for early
stage infection and TCBZ stress already identified [114] these biomarkers are in
their infancy and thus require investment to develop. However, if a diagnostic
could be developed on AAI analysis which is adaptable to any AAI, this may
offer excellent opportunities for future diagnostics.

Both approaches are very grand aims but tempered by the reality of having to
start from humble beginnings and build a solid, reliable and repeatable method.
To quote Hans Arwin in his review of ellipsometry and protein study “Good
advice before undertaking analysis on layers of macromolecules is to take on a
humble attitude and accept the fact that nature is very complex. One should

always assume that each film is unique, requiring a start at square one.” [119].

1.6.1.5 Extracellular vesicles; the key to ellipsometry based diagnostics

Following their discovery, not just in F. hepatica but more broadly, there is consid-

erable emerging work on the role of EVs in the modulation of the host immune
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response to parasite infection [120]-[124]. The International Society for Extracel-
lular Vesicles (ISEV) endorses the term extracellular vesicles (EVs) as that used to
describe ‘particles naturally released from a cell which are delimited by a lipid bi-
layer and yet cannot replicate’. Given that EV sub-types and populations cannot
have their genesis pathways easily assigned, inline with the ISEV recommenda-
tions the term EV will be used throughout this document to describe all such

vesicles irrespective of physical characteristics or composition (Figure 1.14).
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FIGURE 1.14: Schematic showing production of EVs which vary in

size and content; A) Exosomes, microvesicles and apoptotic bodies

are produced by normal, dying and diseased cells. B) EVs can be

taken up by recipient cells in a range of ways including: Endocyto-

sis, fusion, phagocytosis, which deliver the EVs content of proteins,
lipids and a range of nucleic acids.

EVs have been isolated from easily accessible human and animal body flu-
ids such as blood [125], urine [126] and saliva [127] or, as in the current work
in vitro cultures of parasitic helminths including trematodes: F. hepatica [116],

Calicophoron daubneyi [128]; Cestodes: Anoplocephala perfoliata, Monezia expansa
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[Morphew, personal communication, 2019]; Nematodes: Heligmosomoides poly-
gyrus [124] and Ascaris suum[129]. These helminth EVs are now known to contain
cargo that includes proteins, lipids and a wide range of RNA species obtained
from their source cells. They have also been shown to possess unique marker
proteins on their surface, giving EVs significant potential as the source of disease
bio-markers [10], [123], [130], [131]. For this study, these surface proteins have the
potential to act as the binding agent, capturing the EV using a suitably selected
antibody held on a prepared surface. Such an antibody-EV capture could then

likely be detected using the AIE (Figure 1.15) [132].

Changein film thickness

Linker Antibody EVs

Silicon Substrate

FIGURE 1.15: Schematic representation of EV capture and measure-

ment; antibodies bound to the substrate surface (bio-sensor) capture

the EVs from solution and hold them in place using affinity with

their surface exposed antigens. Alternatively free protein could be
captured from solution in a similar manner.

In their 2015 review of EVs as communicators in parasitic infections, Coakley
et al [124] identified a range of literature that supports the role of EVs in influ-
encing host cells and as such having a direct action on the progress and outcome
of an infection. Mathivanan et al. further highlighted the role of EVs as a poten-
tial source of protein bio-markers that are reflective of the cellular origin [133].

In addition, it would seem clear that manipulation of the hosts innate immune
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response to infection is a key function of parasite EVs [123], [132], [134]. Such a
function is achieved by the uptake of the EVs by cells where upon they deliver
their contents cargo of proteins, lipids and nucleic acids.

EVs as a potential source of vaccine candidates is exemplified by the work
of delCacho et al, where by, chicken intestinal dendritic cells were incubated in
vitro with antigens extracted from three strains of Eimeria. The EVs released by
these cells were isolated and used as part of an immunization prior to infection.
Compared to non-immunized but infected controls, chickens immunized with
antigen-loaded Eimeria EVs were able to successfully improve symptoms and re-
duce the mortality rate of avian coccidiosis [135].

The relative newness of research into EVs has led to a range of methods that
try to tackle the challenge of analyzing, characterizing and discriminating be-
tween the range of EV that constitute the larger population. To that end refer-
ence has been made during this process to the Journal of Extracellular Vesicles
publication on minimal information for studies of extracellular vesicles 2018 (MI-
SEV2018) [136]. This publication provides guidelines on terminology, outlines of

protocols and steps to follow to identify specific EV related functional activity.

1.7 Immuno-gold labeling of EVs

A proven method to identify AAIs that can occur between antibodies and the
surface exposed proteins of EVs is that of immuno-gold labeling.

Colloidal gold was first conjugated to salmonella antibody by Faulk and Tay-
lor in 1971 [26], who used it in conjunction with TEM to identify the localization
of antigens on salmonellae bacteria. Gold (%7 Au) is an electron dense metal and
as such scatters the electron beam of a TEM, producing a high contrast dark spot
at the site of the gold particle. Samples for investigation are first incubated with
a specific primary antibody that will bind with the antigen of interest. Follow-

ing initial antibody binding, the sample is incubated with secondary antibody
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which has been conjugated with colloidal gold nano particles and has a binding
association with the primary antibody. Typically the primary antibody is synthe-
sized by immunizing an animal, for example a rabbit, with the specific protein of
interest and following an immune response, harvesting the polyclonal (heteroge-
neous mix) antibodies from whole serum. The secondary antibody is generated
by immunizing a host animal of a different species to the primary (eg. a goat),
with purified rabbit immunoglobulin G (IgG) which will generate in the goat,
anti-rabbit IgG antibodies capable of binding to a wide range of rabbit molecules
that will be present in the polyclonal primary antibody. Following incubation
and contrast staining, observation of the prepared sample under TEM will show
the gold nano particles as black spots, indirectly marking the original antigen of

interest [28], [137].
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FIGURE 1.16: Schematic showing the principal of Immunogold labeling of sur-

face exposed EV proteins; the differentiated proteins X,Y and Z are shown par-

tially exposed from the EV lipid bi-layer. Protein X has an antigen / antibody

binding affinity with the rabbit raised anti-X antibody. Incubation with an anti-

rabbit secondary antibody, that is already conjugated to a gold tag, indirectly
identifies the presence and position of protein X
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1.8 Discussion

This study seeks to investigate the proposal that imaging ellipsometry and in par-
ticular the AIE offers the opportunity to develop an instrumentation system that
provides all of the key desirable elements, combined with the necessary sensitiv-
ity and selectivity, appropriate for detailed AAI investigations.

The term ellipsometry was first coined by Rothen et al. in 1945 to describe an
apparatus devised which was capable of determining the nano-meter scale thick-
ness of thin films resulting from AAI Arwin et al. demonstrated the principal and
practicality of imaging ellipsometry in the area of studying AAI as early as 1993.
Work from which Jin et al. have clearly demonstrated, on a number of occasions,
that the technique has the necessary ability to act as a bio-sensor system with
a sensitivity, selectivity and repeatability to equal any current AAI techniques
[67], [71], [138]-[141]. However, some of the limitations currently experienced
by groups that are conducting research into AAI using imaging ellipsometry is
that the required geometric arrangement of an ellipsometer, results in an image
with a narrow depth of field. This makes it necessary to index through samples
slowing the measurement process. A key feature of the AIE is the Scheimpflug
optical geometry, which allows the full field of view to be in focus and corrected
for perspective. A second unique feature of the AIE is the rapid determination
of the optical properties for ellipsometric parameters, the significance being that,
unlike others utilizing imaging ellipsometry, no prior determination of the opti-
cal properties of proteins using spectroscopic ellipsometric methods is required.
This offers the opportunity to measure a matrix of protein samples, presented on
a protein micro-array, all at the same time, which can be applied to tackle key

AAIs, thereby supporting diagnosis and control of F. hepatica.
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1.8.1 Aims and objectives

Given that PPIs are a fundamental aspect to almost all biological processes and
the AAI subset forms a backbone for infection diagnostics, the AIE could offer
a novel approach to identification and analysis. This project has attempted to
develop the AIE in such a way as to assess AAls from the parasitic flatworm

Fasciola hepatica. Specifically this thesis aims to:

* Develop the AIE in a way that optimizes it’s application to observation of

AAls.
¢ (Calibrate the AIE to a known standard.

* Develop equipment to construct protein micro-arrays, on a platform that

makes maximum use of the novel features of the AIE.

¢ Identify and develop the tools to isolate model AAI systems from F. hepatica,

for use in the protein micro-array.
¢ Conduct data analysis on AAI system results.

¢ Validate the combined system for diagnostic potential.
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Chapter 2

Development of imaging

ellipsometry

2.1 Outline of chapter general aims

This chapter introduces the AIE which was first designed and manufactured by
Dr. Matt Gunn under the supervision of Prof. Tudor Jenkins, in 2007, with Dr.
Dave Langstaff developing the LabView control software. A description is given
of the precise operation of the AIE instrument both mathematically and mechan-
ically, along with an explanation of the unique features of the instrument that
make it particularly suited to the study of AAIL These unique features include the
Scheimpflug optical arrangement, which makes sample observations and data
gathering clearer and more refined. In addition, the direct calculation of ellipso-
metric parameters removes the need for any pre-evaluation of material character-
istics using spectroscopic ellipsometry.

Developments undertaken during this study to specifically tackle the improved
observation of AAls, such as the revision of the light source and optics, are de-
scribed in detail with the use of well characterized substrate materials, such as
silicon, to calibrate and validate the instrument output. The results and analysis
are documented which identify the development of the instrument and points of

refinement that have fed back into the final operation of the instrument.
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2.2 AIE introduction

As described earlier (Chapter 1 Section 1.4.1) ellipsometry measures the change
in state of polarized light on reflection from a sample surface. It is a non-contact,
non-destructive, label free method to determine the thickness and optical prop-
erties of thin films. Ellipsometers typically operate over a range of angles of inci-
dence and at either a single photonic wavelength, using a monochromatic (laser)
light source, or spectroscopically over a broad range of wavelengths [55]. The AIE
is a single wavelength imaging ellipsometer which combines optical microscopy,
novel data collection and Scheimpflug optical geometry to produce an instru-
ment that can provide rapid, label free, real time determination of AAI through

the observation of thin film thickness change.

2.2.1 The AIE instrument; initial starting parameters

The AIE is of a PCSA setup incorporating a polarizer P, compensator C, sample S
and analyzer A (Figure 2.1). The mechanical positioning of the optical elements
and motorized arms of the AIE are all under automated control in LabView (2015)
software [142], with virtual instrument (VI) user interfaces and processing code
developed by Dr.Dave Langstaff.

The optical light path of the AIE is demonstrated in Figure 2.2. Starting at the
monochromatic laser, light is passed through a fixed polarizer (Edmund Optics
: B47-216) to a quarter wave plate (Comar:133CM25), which produces a circu-
larly polarized light output. The polarized light beam is then reflected into a
second linear polarizer (Edmund Optics: B47-216) which is mounted in a rotary
stage (Thorlabs: KM200B/M). The circular input into this second linear polarizer
causes the linear output to be of constant intensity in whichever angle the rotary
stage is positioned. From here the now linearly polarized light is passed through
a Meadowlark liquid crystal variable retarder (LCVR) and liquid crystal polar-

ization rotator (LCPR) device (Section 2.2.1.1). The narrow laser light emerges
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FIGURE 2.1: Schematic of the PCSA optical setup for the AIE: P polar-
izer, C compensator, S sample and A analyzer.
from the Meadowlark into a 15x beam expander (Thorlabs: BE015M-A) to fully
illuminate the sample area. Light reflected from the sample is specularly reflected
through a linear polarizer (analyser) mounted in a rotary stage and then collected
by a lens (Schneider-Kreuznach Symmar macro 80mm f5.6) to focus the sample

image onto a charge coupled device (CCD) camera (Pike F032B)[143] .

¥4 Wave plate
Polarizer @ 0°  Fast axis @ 45° 45° Mirror

Polarizer @ 45° 45° Mirror

FIGURE 2.2: Schematic of the original light source setup for the AIE;

indicating the relative complexity and sensitivity to alignment. The

combined weight caused additional problems for correct positioning
due to overloading of the arm positioning motor.



Chapter 2. Development of imaging ellipsometry 57

2.2.1.1 Liquid crystal polarization and retardance

Control of the polarization state for light projected onto the sample is mediated
by a LCPR and LCVR from Meadowlark Optics. The LCVR utilizes a nematic
liquid crystal element which produces a retardation of the incident linearly po-
larized laser light. This is achieved through an applied voltage which reorients
the liquid crystal molecules changing the birefringence of the element in the fast
and slow axis of propagation. The LCPR polarization rotation is achieved by a
quarter-wave retarder converting the elliptical polarization formed by the LCVR,
to linear polarization state. The rotation angle is equal to one-half the retardance
change from the LCVR [144]. The significance of using this method of polar-
ization control is two-fold. Firstly the response time for changes in polarization
angle and retardance is in the order of micro seconds, and secondly no optical
component is perfect, thus rotating optical elements can cause deflection of the
optical beam which is particularly detrimental to an imaging system, and for ro-
tating element imaging ellipsometers leading to the need for image registration in
order to process the series of images necessary to extract ellipsometric data [59].
Therefore, the use of LCPR and LCVR eliminates the need for any rotating optical

components.

2.21.2 Control system and computation

Control and positioning of all optical components is achieved through a LabView
(2015) interface (Figure 2.3). Digital output from the LabView VI is encoded by
Thorlabs Tcube motor drives to provide an analogue output to the positioning
motors. Manipulation of the polarization state of output light is achieved by
the Meadowlark unit which is integrated into the LabView VI, the number of
individual LCVR LCPR steps are set at the VI interface. At each LCVR LCPR

step, pixel by pixel intensity is captured from the CCD camera, this data is then
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passed to the algorithm for direct calculation of ¥ and A which is subsequently

presented as 2D and 3D full field maps for further analysis.
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FIGURE 2.3: The LabView VI front panel; which presents the user inter-
face for control of the initial AIE setup. Adjustments for incident light
polarization state, optical magnification, camera settings, angle of in-
cidence, fine focus and Scheimpflug optical geometry are all adjusted
using the graphical user interface (GUI) to the left. The live camera
feed is displayed to the right. Measurement and analysis settings are
presented on different GUI, accessed through tabs (top left).

2.2.1.3 Scheimpflug optics

A significant technical challenge which has restricted the widespread adoption of
imaging ellipsometry is the issues of sample focus, brought about by the oblique
viewing angles required of ellipsometry [59], [72]. The inevitable limit to depth
of field results in only a narrow area of the sample being in focus. The AIE over-
comes these limitations by using a novel application of Scheimpflug’s principal,
which is an optical geometry that corrects for perspective distortion and focus
across the whole of the sample area that is within the field of view. The posi-

tioning of the optics to achieve the Scheimpflug arrangement is calculated from
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fundamental geometric principals (Section 2.3.2) and executed all within the Lab-

View environment.

2.2.2 Optical parameters defining material properties: ¥ and A

A unique defining feature of the AIE is it’s ability to calculate ¥ and A values
spatially resolved over the imaging area using photon intensity data. This mea-
surement algorithm was developed by Dr. Gunn following on from the work of
Cohn, Wagner and Kruger [74], [145] (Section 2.3.1) who first applied the phrase,
radiometric, to describe their approach which relies on the measurement of light
intensity falling on the detector as the polarization state of the incident light is
varied. The term radiometric is used here in a different context to that more pop-
ularly associated with the measurement of optical radiation power in space across
the full optical spectrum. The algorithm to determine the sample parameters and
the AIE automated motor control is all executed in LabView (2015) code writ-
ten by Dr. Dave Langstaff. By contrast traditional, imaging ellipsometry relies
on computing values of ¥ and A from the individual optical component angles

required to achieve a null condition.

2.2.3 The AIE light source

The Meadowlark polarization and retardance device, like all birefringent com-
pensators are able to operate effectively, only over a very narrow wavelength
range. For imaging ellipsometers this typically requires the use of a monochro-
matic light source such as a laser [59]. The original AIE design, using a 532nm
diode pumped solid state (DPSS) laser light provides a narrow spectral width and
highly collimated beam and it was at this wavelength that the Meadowlark had
been specified to operate. However, a problem that occurs as a result of the high

coherence of the laser output is that it leads to significant interference fringes in
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the refractive optics of the beam expander and focusing lens system reducing the
resolution of collected images [72].

To overcome the issue of coherent interference and optimize the optical reso-
lution of the AIE images, a range of options which could disrupt the laser coher-
ence, were considered. These included, fiber optic cable bundles [146], A spin-
ning ground glass disk [147] or an integrating sphere [148]. During the course
of considering the performance to cost compromise for introducing de-coherence
to the existing system. A failure of the DPSS laser optics focused attention on a
complete redesign of the AIE illumination source. The cost of replacing the DPSS
laser and adding a reliable mechanism to de-cohere the beam which would pro-
vide the equivalent illumination intensity of approximately 10mW over a beam

2 was not in-

expanded area of 50mm diameter [1963 mm?] or ~5.1yW per mm
significant.

An affordable, potential solution was the use of a high power light emitting
diode (LED) which could be filtered at 532nm. However, such an approach re-
quired detailed investigation, to ensure sufficiency of illumination intensity over

the narrow operating bandwidth, in addition to the difficulty in producing a high

level of light beam collimation, given the large output area of the LED element.

2.3 Instrument development and methods

2.3.1 Radiometric determination of ¥ and A

The optical arrangement for radiometric imaging ellipsometry is the same as that
already described (Section 2.2.1), with a standard, PCSA setup as shown (Fig-
ure 2.1) with the light passing from the analyzer through an objective lens and
focused onto the detector of a CCD camera. The light intensity at each pixel of
the CCD can be recorded for each of a series of instrument polarization settings.

The ¥ and A values can be calculated from the intensity distributions and the
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instruments settings and plotted as full field maps, which are referred to as ellip-
sograms.

The detailed description of how the algorithm is derived uses the Jones matrix
and vector formalism of Azzam and Bashara [149] with the radiometric parame-
ters defined by Cohn et al. [145]. For brevity here, a description of the key param-
eters used within the calculation is given. However, the full derivation from Dr.

Gunn is included in the appendix.

(

cos?(A) - tan*(¥) - [1 + cos*(2C) - cos(2(P — C))]

+sin?(A) - [1 — cos(2C) - cos(2(P — C)) + cos(A’) - sin(2C) - sin(2(P — C))]
Ipcsa = Io-
+sin(2A) - tan(¥) - [cos(A) - (sin(2C) - cos(2(P — C))

| +cos(A") - cos(2C) - sin(2(P — C))) —sin(2(P — C)) - sin(A) - sin(A")]
@.1)

If a total of N measurements are made for each polarization angle and phase
retardance n (not to be confused with refractive index N and n), then the mea-
sured intensities of each pixel across the CCD can be recorded for each step n.

Setting the phase retardation to zero and the number of polarization angle

steps to N equally divided between 0 and 180 degrees:

n-m
A=0 P, = N for n=1,2,3...N
I(P) =U+ (V- cos(2P)) + (W - sin(2P) (2.2)
Where:
2 2 .2 1 &
U = Iy(cos*(A) tan” ¥) + sin”(A) = Egl(Pn) (2.3)
N

V = I,(sin?(A) — cos*(A) - tan’ ¥) =
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N

W = [,sin(2A) - tan'¥ - cos(A) = % Y I(Py) - sin(Py) (2.5)
n=0

tan(¥) = tan(A) (H) (2.6)

W cos?(A) - tan?(¥) + sin?(A)
Tu sin(2A) - tan(¥)

cos(A) (2.7)

Setting the polarization angle to 90 degrees and varying the phase retardance

steps to N equally divided between 0 and 360 degrees:

Al = ”'15" P, :g for n=1,23...N

I(A) =X+ (Y -cos(A)) + (Z-sin(A) (2.8)
Where:
X = Iy(cos*(A) tan?> ¥) +sin?(A) = % éI(A;) (2.9)
1 N
Y = I,(sin?(A) — cos*(A) - tan? ¥) = p 1;)1(1’”) - cos(A),) (2.10)
1 N
Z = I,sin(2A) - tan'¥ - cos(A) = En;) I(P,) - sin(A)) (2.11)
And from this:

tan(¥Y) = tan(A) (%) (2.12)

, _ —Z cos*(A)-tan?(¥) +sin?(A)
sin(4) = X sin(2A) - tan(¥) (213)




Chapter 2. Development of imaging ellipsometry 63

The radiometric intensities for each pixel of the CCD image are held as a ma-
trix of values for each of the polarization and retardation steps (n) and the cal-
culation of ¥ and A are determined through a processing algorithm executed in

LabView.

2.3.1.1 Spectroscopic and radiometric comparison of silicon dioxide / silicon

samples

The accuracy of radiometric data obtained from the AIE was investigated by com-
paring ¥ and A values to those obtained by a Sopra GESP-5 commercial spec-
troscopic ellipsometer. The GESP-5 is a rotating element instrument with high
resolution double monochromator which collects specularly reflected light from
a sample surface into a low noise photomultiplier. The angle of incidence can be
set from 6 to 90 degrees from the vertical.

Calibration of the Sopra GESP-5 prior to use was achieved by standard oper-
ating procedure to determine the silicon dioxide (5iO,) over layer on a silicon (Si)
substrate using a calibration standard (Sopra SN:000920/056). SiO,/Si samples
are a classically used and well established method for the calibration of ellipso-
metric measurement systems [150], [151].

Measurements for a series of silicon wafers with thermally grown SiO; over-
layers were obtained using the GESP-5. The spectroscopic data was fit, using
Sopra Winelli software (version: 3.04), to a Cauchy extinction model using a Lev-
enberg-Marquardt algorithm to determine the oxide layer thickness. Data was
collected at an incidence angle of 60 degrees across a wavelength spectrum from
350 to 1000nm. Values for ¥ and A obtained at 532nm were then extracted for
comparison with those of the AIE.

A further cross check of AIE ¥ and A values, compared to those obtained
from the GESP-5 was conducted by measuring the same series of SiO; /Si samples

spectroscopically over a range of angles of incidence from 55 to 75 degrees. Values
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for ¥ and A obtained at 532nm were once more extracted for comparison with
those obtained by the AIE.
The measured SiO;/Si samples were later used to inform a model of protein

thickness (Chapter 5 Section 5.4.2).

2.3.1.2 Radiometric error estimation

The method for calculation of propagating errors through the system was con-
structed as described by Cohn et al. [74]. Uncertainties arise from three main
sources. Firstly, the light source, with variations comprising of intensity and col-
limation deviation. Secondly, optical alignment errors, which include sample
alignment and component positioning angle error. Thirdly, intensity measure-
ment and computational errors and calculation rounding. CCD related errors are
correlated to the light source and alignment so are considered separately.

An item of note is that the input light intensity is not required as part of the ra-
diometric calculations, hence if the CCD gain is held constant during data acqui-
sition no calibration of system gain is required. However, potential fluctuations
in gain and input light intensity do contribute to random error. So to minimize
ellipsometric error across the measured intensities, it is important to make maxi-
mum use of the camera dynamic range without saturation.

For electronic image sensors such as the AIE CCD, the signal-to-noise ratio
(SNR) characterizes the quality of an image and hence influences the performance
of the measurement system. Specifically, SNR refers to the ratio of the measured
signal compared to the overall measured noise at any given pixel. The measured
signal is the product of the photon flux, the quantum efficiency of the detector (in
converting photons to electrons) and the integration time.

Typical sources of noise within electronic image sensors such as the AIE CCD
are identified as; photon noise, often referred to as shot noise, which relates to
the inherent variation of the incident photon flux, this variation is described by

a Poisson distribution [152]. Read noise, predominately originates from the CCD
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pre-amplifier and associated electronics which are used to quantifying the sig-
nal present on the CCD pixel. Dark noise, is a constant source of electrons that
are generated predominantly by thermal energy within in the silicon layer of the
CCD structure. However, the design and structure of the p-n junction combined
with the doping levels used within the semi conductor also have some influence
on the generation of dark noise [153]. Dark noise is independent of any photon
flux incident on the CCD detector, however for current CCD detectors is consid-
ered to have a negligible effect on exposures of less than 1 second [154].

Therefore SNR can be expressed by the equation:

10t

SNRq =
«d ™ JIQt + Nd 1 Nr2

(2.14)

Where [ is the incident photon flux, Q is the quantum efficiency of the detector
(electron to photon ratio), t represents the integration time in seconds, Nd is the
dark noise (electrons/pixel/sec) and Nr is the read noise in electrons. The Pike
F-032 CCD camera used by the AIE quotes a SNR of upto 24dB.

Methods to increase SNR include binning of pixels, whereby the charge from
adjacent pixels in a CCD is combined during readout to form a single larger pixel,
and sub sampling which reduces detector read time while retaining the original
image area and brightness. Both these options were rejected due to the inherent
loss of resolution [155].

An error budget for the components that likely influence the radiometric re-
sults were compiled (Table 2.1) using manufacturer data and reasonable estimates
where direct information was not available.

Following the principal of propagating uncertainty [156] the random error for
Y and A as calculated by Equation A.23 for individual pixels can be evaluated
by first estimating the relative error for the measured light input intensity dI, the
relative error for alignment error dA and relative error for instrument response

dM.
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TABLE 2.1: Components error budget for the AIE; comprising of percentage er-
ror described by manufacturer specification or where necessary reasonable esti-
mate (identified by *) for those elements that influence radiometric data values.

Item Specification Percentage error

Light Source
Light intensity* 0.5 % 0.5
Collimation error* 1.6 Deg 0.4
Total 0.64
Optical Allignment
Polarizer arm angle 0.2 Deg 0.22
Analyzer arm angle 0.2 Deg 0.22
Polarizer angle 0.1 Deg 0.1
Analyzer angle 0.1 Deg 0.1
Sample alignment* 1.0 Deg 1.0
Total 1.06
Measurement
Calculation rounding 0.01% 0.01
Total 0.01

Uug 2 2 2

= V(@12 + (dAY2 + (aM) (2.15)

Equation 2.15 can be combined with the error formula for standard deviation,
which is appropriate for random errors with a normal distribution and applied

to the number of polarization and retardation steps (N):

1 al 2
=\ w1 -;(x—x) (2.16)

Where, for the all measurements taken during this study, N = 25

Hence:

Ug _ 1 .
P \/ =1 25 - (0.642 + 1.062 + 0.012) (2.17)

Resulting in a component and alignment error of 1.26%
This error can then be combined with the SNR error of the CCD to give the

overall combined error for ¥ and A which is estimated at 1.32%
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2.3.2 Scheimpflug optical geometry

The Scheimpflug principal formally describes the optical geometry for the image
plane, objective lens and subject plane to maximize the area of the image in focus
and correct for perspective distortions introduced by an oblique viewing angle.
To understand the influence of adjustment to the position of each element it is
necessary to first consider the magnification of a single thin lens optical system.
Which, is defined as [11, pg:54]:

d;

M=o (2.18)

Where d; is the distance from the lens plane to the image and d; is the distance
from the lens plane to the subject. The negative sign indicating that the image is
inverted.

In reality the focusing objective of the AIE is not a thin lens and as such will
suffer from aberrations. These aberrations include spherical, comma, astigma-
tism, distortion and chromatic: Spherical aberrations can arise from non-paraxial
rays which focus at a different point to those of central rays. This is significantly
increased in the situation of close working distances. However, reduction in non-
paraxial rays can be achieved by reducing the aperture of the lens by means of
a stop, or the use of non-spherical surfaces in the lens design. A full description
of spherical aberration is given by Smith [157]. Coma derives it’s name from the
comet like appearance of an image formed of a point object projected off the lens
axis. Coma can be corrected and minimized by a change in the curvature of the
lens surface, this can be combined to minimize spherical aberration, such that
any optical system free of both spherical aberration and coma is said to be apla-
natic [11, pg:166]. This aplanatic arrangement can be found for any particular
pair of conjugate points and describes the optimal design for a specific focusing
objective. The focusing objective lens for the AIE is optimized for use at a 1:1

reproduction ratio as a macro lens with a focal length of 80mm. Astigmatism
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for an optically symmetric system such as the AIE, arises from off axis objects
where the vertical and horizontal components of the object are brought to focus
at different points on the optical axis. Astigmatism can lead to considerable blur-
ring of images at the edges of the field of view. Introduction and spacing of lens
group elements can reduce and even eliminate astigmatism [11, pg:168]. Distor-
tion is caused by the non uniform lateral magnification over the entire field of
view. Distortion is typically introduced to an optical system by a stop, this can
be a mechanical variable stop used to control light entry aiming to reduce spher-
ical aberration and astigmatism or it can be formed as a result of the front optical
elements acting as a stop for the rear positive elements within a complex lens
group [11, pg:172]. Chromatic aberration is caused by dispersion, whereby the
refractive index of the lens materials vary with wavelength. This leads to light
of differing wavelength failing to focus at the same point. While the lens used
by the AIE has apochromatic correction to reduce the effecs of chromatic aber-
ration the use of a very narrow illumination wavelength (Section 2.3.3) removes
any significant chromatic errors.

The focusing objective lens of the AIE (Schneider-Kreuznach Symmar macro
80mm f5.6) was selected with consideration that lenses are optimized for per-
formance over a limited reproduction ratio (conjugate points) to minimize aber-
rations as described above. Experiments reported in this thesis were conducted
at a 1:1 magnification with the lens stop fully open at f5.6. Distortion for this

arrangement is reported as <0.1% positive (pincushion) [158].

2.3.2.1 Element alignment for Scheimpflug geometry

In an optical system where both the subject plane and the detector (image) plane
can tilt relative to the lens axis (Figure 2.4), it can be observed from geometry that
the magnification of the system can be linked to the angle of incidence (¢) and the

tilt angle of the detector («) such that:
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FIGURE 2.4: Schematic of the Scheimpflug principal; where the im-
age, objective and subject planes all converge to a single point iden-
tified as a red star.

As can be seen in the schematic (Figure 2.4) if the detector plane tilt angle («)
is equal to the angle of incidence (f) then the planes will all converge at a single
point known as the Scheimpflug line. Here the plane of focus will be coincident
with the detector plane and the image formed will appear as if the detector was
looking straight down on, parallel to, the subject plane.

It can be noted from Equation 2.19 and Figure 2.4 that for large angles of in-
cidence and magnifications, extending significantly from unity, the angle («) re-
quired of the detector plane becomes prohibitive. However, a solution to this
problem comes from the ability to vary the angle of the objective lens plane rela-
tive to the detector plane (Figure 2.5).

Application of the sine rule gives:

ds B X
sin(0 —6)  sin(90 — 0)

(2.20)

and
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FIGURE 2.5: Schematic showing the Scheimpflug principal for large angles of
incidence; highlighting how the Scheimpflug principal can be maintained by the
additional inclination ¢ of the focusing objective. This then maintains the image,
objective and subject planes ability to all converge to a single point, identified as

a red star.
dl' X
= 2.21
sin(a+0)  sin(90 —a) (221)
Rearrangement and substitution into Equation 2.19 results in:
0) - si o
M:_cos( ) - sin(a + 9) (2.22)

cos(a) - sin(f — 6)
This provides the mathematical basis which is encoded into the AIE lens con-

trol system.

2.3.3 LED light source

The high coherence of the original AIE laser light source led to issues of inter-
ference fringes within the AIE images (Section 2.2.3). To overcome these issues
evaluation of LED light sources as a replacement for the DPSS laser were under-

taken.
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Evaluation involved calculating the delivered power of light over the narrow
bandwidth of 531.20 - 532.78nm using the spectral profile of the LED, provided by
the manufacturer. The delivered power reduction was brought about by the nar-
row band pass optical filter (Thorlabs: FL532-1) necessary to constrain the wave-
length input to the Meadowlark unit. Code was written in SciLab which took
the manufacturers normalized intensity spectrum and integrated the total area
under the curve, divided the manufacturer specified LED total output wattage
into this total area, then summed the portion under the curve within the filter
band width specified, thus calculating a first order approximation of the energy
adjusted output of the LED within the filtered wavelength of interest (Figure 2.6).

Optical models for the LED were evaluated using WinLens3D (version: 1.2.11)
with a view to optimizing the relation between reducing beam divergence to a
minimum and maximizing incident flux. The non point-source nature of any
light source makes optical design something of a compromise (Figure 2.7), with
the non-ideal output identified as chief rays A and B, these result from the phys-
ical width of the LED. This problem is particularly relevant to the collimation
of light for the AIE because of the angular dependence of the ellipsometric val-
ues ¥ and A. WinLens3D allowed calculation of the numerical aperture for each
optical arrangement considered, which when combined with the radial intensity
distribution for the LED output, provided by the manufacturer, allowed further
refinement of the anticipated incident flux for each design considered.

As such a 50mm diameter, 40mm focal length, aspheric condensor lens design
(Thorlabs: ACL5040U-A) with a stop of 25mm diameter at a distance of 100mm
was selected. When modeled, the beam divergence measured by the chief ray
was 2.46 degrees, while providing an incident flux of ~ 6.3uW per mm? when
the radial intensity distribution for the LED was factored into the numerical aper-
ture of the optical design. The original DPSS laser, by way of comparison, when
passed through the beam expander (Thorlabs: BEO15M-A) was estimated to have

a beam divergence of ~ 0.7 degrees and an illumination intensity of of ~ 5.1yW
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FIGURE 2.6: The spectral profile for two potential LED light sources; A) Thor-
labs: M530F2 narrow wavelength 530nm 370mW LED, which has a power out-
put of just under 4.4mW in the filtered spectral range shown as a gray band.
B)Thorlabs: MWWHLP1 broad spectrum 2000mW LED, with a power output of
just under 10.3mW delivered in the filtered range.

per mm? [159], [160]. An example of the chosen LED design evaluated using

WinLens3D is presented (Figure 2.7).
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FIGURE 2.7: Example of WinLens 3d optical modeling: demonstrating the effect
of a non point light source on the chosen optical design of an anti-reflection
coated 50mm diameter, 40mm focal length aspheric condensor lens, with a
25mm diameter stop positioned at 100mm, identifying chief rays (A) and (B)
which have a divergence of ~ 2.5 degrees and 1.8 degrees respectively.

2.3.4 AIE optical resolution

The diffraction pattern formed by plane waves from a point source passing through
a circular aperture is fundamental to the resolving power of an optical system.
The problem of describing mathematically, the diffraction pattern of a point source
from the perspective of optical performance was first solved by Airy in 1835 [161].
Airys description of a bright central spot surrounded by a series of fainter rings
describes the best focused spot of light, that a diffraction limited optical system
with a circular aperture can make. From the image intensity peak to the first
minimum is called the airy disk. With the resolution of an optical instrument
defined by it’s ability to produce separate images of two objects in very close
proximity [11, pg:329]. It is the diffraction pattern of adjacent airy disks and their
superposition that sets the theoretical upper limit of resolution. Building on this
work Abbe defined the limit of resolution for light illuminated microscopes in

1873 as being;:
A

~ 2n sin(0) (2.23)

where d is the minimum resolvable distance, n is the refractive index of the lens,

A and 6 are respectively the wavelength and half angle of the incident light [11,
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pg:333]. From this n sin(6) is termed the numerical aperture and represents the

light gathering ability of the lens. The focal ratio or f number (f#) is calculated as
being:

_ focal length
 pupil diameter

I (2.24)

The Rayleigh criterion determines the minimum separation between two light
sources that allows them to be resolved into two distinct objects [162]. If the
central peaks of the two diffraction patterns are no closer than the radius of the
tirst minimum of the airy disk (Figure 2.8) then the sum of the contributions at
this point is given to be 0.811, which was chosen by Rayleigh at the time as the

criterion for resolution of two diffraction patterns [11].

IH
?II

2

Intensity

NAIH\C)

FIGURE 2.8: Airy disks and resolution; A) Two light sources are clearly resolv-

able as the first minimum of the airy disk are separated. B) Two light sources are

just resolvable, the airy disks overlap but they are separated grater than the airy

disk radius. C) The airy disks overlap less than the airy radius and the objects
cannot be resolved into two separate images.

Following the Rayleigh criterion the minimum angle of resolution is given by:

sinf = 1.220 - % (2.25)

Where, A is the incident light wavelength and D is the diameter of the optical
aperture. For the AIE lens, sensor and light source this combines with Equa-

tions 2.23 and 2.24 to give the minimum resolvable distance d for a given optical

lens:
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d=1220-7-f# (2.26)

Sparrow determined that the Rayleigh criterion was not intended as a mea-
sure of the actual limit of resolution, but rather as an index to describe the relative
merit of different instruments of the time. The Sparrow criterion proposes that
the condition for resolution of two objects occurs with what Sparrow describes as
the undulation condition, whereby the central maximum just reduces. This pro-
duces a theoretical resolving power about 26 per cent greater than that obtained
by the Rayleigh criterion [163].

With the advent of electronic photo multipliers and digital imaging technol-
ogy such as CCD sensors, Rose applied the statistical probability of a noise signal
fluctuating above the mean signal value such that a ratio of 5:1 signal to noise
would provide only a 3- 107 (or 1 in 3 mega pixels) chance that the noise would
exceed the mean signal value [164]. For the purpose of resolving objects on a 2D
array through optical imaging it is necessary to ensure a SNR that exceeds the

Rose criterion which can be described mathematicaly as:

SNRimg = ? (2.27)
S

Where y; is the signal mean value and o5 is the signal standard deviation.

Currently a commonly used measure to compare the performance of optical
systems is the modulation transfer function (MTF), which combines the concept
of resolution as described above with that of image contrast which includes sen-
sor generated noise. A typical test target consists of a series of alternating light
and dark bars (called line pairs) of equal width, with several sets of patterns of
reducing line spacing. When this type of pattern is imaged by a refractive op-
tical system, diffraction and aberrations at the edge of each solid black / white

line cause a blurring described as a line spread function (Figure 2.9) [165, pg:361].
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The line spread function smooths the captured image and the effect on progres-
sively finer line patterns is to reduce image contrast to a point where the detector
system is no longer able to resolve illumination contrast and the pattern can no

longer be defined [165, pg:366].

A B B B o .
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Spatial frequency (lines/mm) Spatial frequency (lines/mm)

FIGURE 2.9: Contrast of a bar test target; A) The schematic representation of

a physical set of line pairs displaying reduced contrast. B) The image formed

of the line pairs presented in A when observed by a refractive optical system.

When the detector system is no longer able to differentiate illumination contrast
the pattern can no longer be resolved.

Contrast can be expressed as modulation and defined mathematically as:

I —1 in

Where Inax is the maximum image intensity and I, is the minimum image
intensity.

The MTF is by definition expressed as the contrast change observed in the
image of the test target lines as a function of their spatial frequency. This gives:

G

MTF(v) = i
(o]

(2.29)

Where image contrast modulation C; as a ratio of the object spatial modula-
tion M, can be plotted as MTF(v). The widespread adoption of MTF has thus
led it to be an almost universal measure of an image systems performance [165,
pg:369]. Plotting of the MTF as a function of the number of line pairs per millime-

ter characterizes the resolving performance of the optical system, whereby the
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intersection of the MTF with the line describing the system limit of modulation
detection defines the limit of resolution (Figure 2.10). Calculation of MTF from
actual images is readily performed by Image] plugin Slanted Edge MTF and re-
sults were obtained in accordance with the recommended methods documented

in the plugin bibliography.

¥ T I T
Diffraction limited

—— Aberrated system ]

- — = Rayleigh criterion

Sparrow criterion

A) B)

08

06 -

04

Modulation Factor

0 S50 100 150 200 250 300

Frequency (lines/mm)

FIGURE 2.10: MTF limit of resolution; A) Simulated line pair with region of
interest in red. MTF analysis is performed right to left over a chosen number
of pixels in rows from top to bottom within the area of interest. B) MTF plot
of the image region of interest, which shows a profile of a diffraction limited
system in green and an aberrated non ideal optical system in black. Also shown
is the Rayleigh criterion which is fixed at ~ 0.2% of MTF (blue dashed line)
and Sparrow criterion which identified at the first minimum point of detectable
change (red dashed lines).

The effects on a 2d array like the one imaged by the AIE are a combination of
the factors discussed above, with lens f#, illumination wavelength and Rayleigh
(or Sparrow) criterion setting the upper limit of resolution. Influence on image
contrast, which includes illumination intensity and collimation, along with the
sample under investigation, further effect resolution. While lens aberrations and
CCD sensor noise are additional factors that all combine in the final image.

The theoretical limit of resolution of the AIE optical system was calculated

from Equation 2.26:

d=1.220-0.532-5.6 = 3.63um (2.30)
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This is just less than half of the pixel size of the CCD sensor, which for a 1:1
magnification results in the image being limited by the sensor resolution under
optimal contrast conditions.

The USAF1951 resolution target (Figure 2.11) is a common calibration stan-
dard for the quantification of optical system resolution and MTF [165], [166]. The
target is comprised of carefully sized horizontal and vertical lines, termed ele-
ments, visualization of these discrete spatial frequencies allows the rapid manual
estimation of resolution in line pairs per millimeter and detailed analysis of MTE.
Six sets of elements are clustered into a group on the target. The manual estima-
tion of system resolution is defined by the group and element numbers before the
set of lines which cannot be seen distinctly and blur together. The resolution (R),
described in the number of line pairs per millimeter which can be visualized, is

calculated from Equation 2.31

Group number

Element — S |||-_:

number ~ 4 =11l == I|||||—~
5 =1l

e=m =

FIGURE 2.11: USAF1951 resolution target; as supplied by Edmund Optics. Vi-

sually finding the Group and Element which can just be resolved as distinctly

separate lines, enables quantification of the resolving power of the optical sys-
tem in line pairs per mm using formula 2.31.

En 1)

R =2(Gnt (2.31)
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where: G, is the Group number and E,, is the Element number.

Changes to the optics of the AIE were checked and adjusted using the USAF
1951 target to ensure optimization of the system resolution. Final evaluation was
conducted at a 60 degree angle of incidence in both standard and Scheimpflug
optical geometry. Images were captured across the field of view and processed
in Image] Slanted Edge MTF over an area of 64 pixels to produce image sensor

scaled MTF plots in a lines per mm format.

2.3.5 AIE protein observations using null methods

Calibration standard BSA at a concentration of 200ug/ml (Sigma) was dispensed
onto cleaned silicon wafers as 0.5u1 droplets using a pipette. Droplets were cov-
ered and allowed to dry naturally at a room temperature of 18°C on the lab bench.
The samples were then visualized using the AIE at a 60 degree incident angle in
Scheimpflug optical geometry, the retardance of input light and analyzer angle
were adjusted to give a null background. Images were recorded in greyscale for
analysis in Image]J to determine pixel intensities, from which the model of Arwin
et al. [63], [71] was applied, whereby the detected intensity relates to the thickness
of the deposited layer as:

[=k-d? (2.32)

where [ is the measured intensity, d? is the surface coverage and k is a constant of
proportionality related to the protein layer. The value of k was determined by di-
viding the known amount of BSA in the spot by the square root of the integrated
total intensity within the spot, obtained from image analysis using Image]. For a
layer of protein adsorbed onto a silicon substrate, measured in air, the relation be-
tween the surface concentration and the protein layer thickness can be described
as:

Sc~K-d (2.33)
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where, Sc is surface concentration (ng/ mm?), d is the protein layer thickness (nm)

and K approximates to 1.2 [67], [71], [167].

2.4 Results

2.4.1 Transparent substrate back reflection removal

To maximize the AIE optical resolution it was necessary to remove the back re-
flection from glass substrates, such as the USAF 1951 resolution target. This was
done by placing a refractive index matching material under the transparent sam-
ple [168]. Examples of index matched and non index matched images are pre-

sented (Figure 2.12).

FIGURE 2.12: Imaging of the glass USAF 1951 resolution target using the AIE;

A) Under laser illumination, without index matching and a back side reflection

of the zero appearing around the number 1 B) Under laser illumination, with
index matching material under the target, removing the back side reflection.

2.4.2 Evaluation of LED as an AIE light source

Modeling indicated that a collimated broad spectrum 2000mw LED light source
(Thorlabs: MWWHLP1), filtered at 532nm, would provide an illumination inten-
sity of ~ 10.3mW, this translated over a 35mm diameter area of illumination to
an intensity of ~ 10.74W /mm? which reduced to ~ 6.3uyW /mm? when the final
design including the filter stop at 100mm and the LED radial intensity distribu-

tion was taken into consideration. This was higher than the DPSS laser (~ 5.1yW
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per mm?) and hence sufficient to adequately illuminate sample surfaces such as
silicon and glass. Other alternative LEDs that were evaluated, including single
colour units such as the Thorlabs: M530L4 were not able to deliver sufficient irra-
diance (= 2.7uW per mm?) to make full use of the camera dynamic range, thereby

risking an increase in system errors.

CollimatingLens

Polarizer @ 45° 532nm Filter

LED Source

'~
|
Pi

FIGURE 2.13: Schematic view of the LED set up; indicating from right to left,

LED light source, aspheric condensing lens collimating the light beam, a 532nm

narrow band pass filter, linear polarizer set at 45 degrees to provide input to the
Meadowlark retarder and polarization rotator.

Therefore the light source chosen was a Thorlabs: MWWHLP1 LED which
was collimated using an aspheric condensor lens 50mm diameter, 40mm focal
length (ACL5040 AR coated) combined with a 25mm diameter 532nm filter (Thor-
labs: FL532-1) set at a distance of 100mm. The light source and optical elements
were positioned to give a minimum measurable spot size (=850mm diameter) at
a distance of 8 meters, producing a numerical aperture (NA) of 0.10 and an esti-
mated maximum chief ray divergence of ~3.1 degrees. Which is in close agree-
ment to the modeled value of 2.45 degrees. The full AIE setup is presented (Fig-
ure 2.13).
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2.4.2.1 Comparison of signal to noise ratios for LED and laser illumination

A representative cross section through the ellipsogram measurement of an RCA1
cleaned silicon substrate chip with a 9nm overlayer of SiO,, illuminated by the
DPSS laser light source is presented (Figure 2.14). The standard deviation for 265
pixels across the surface was calculated to be: A = 3.26 deg [n=3] ¥ = 0.35 [n=3].
Applying the Rose criterion (Equation 2.27) gives a SNR of 57 for A and 64 for ¥,

which is an order of magnitude above the Rose threshold limit of 5.

Pixel

FIGURE 2.14: Representative ellipsograms of an RCA1 cleaned silicon chip; with

a 9nm SiO; overlayer, illuminated at 70° by DPSS Laser light source, A) 2D plot

of ¥ values across the sample. B) Plot of ¥ values along the line of interest, the

white line in Figure A, presenting an indication of system noise over the surface.

C) 2D plot of A values across the sample. D) Plot of A values along the line of
interest, shown in white in Figure C.

RCAL1 cleaned silicon substrate chip with a 9nm overlayer of SiO;,, illuminated
by the LED light source is presented (Figure 2.15). Representative cross sections
are included, from which the standard deviation for 360 pixels across the surface
was calculated to be: A = 0.18 deg [n=12] ¥ = 0.05 [n=12]. Applying the Rose
criterion (Equation 2.27) gives a SNR of 1018 for A and 460 for ¥, which is almost

two orders of magnitude above the Rose threshold limit of 5.



Chapter 2. Development of imaging ellipsometry 83

i
n, |w .n‘

1} "" ‘ml‘l“-“ oy
3 ‘J" g \' T PO ll‘[u
111 | -

50 100 150 200 250 300 350
Pixel

| W ‘“ s
I I’ L | ul ‘” N Hu || [ H‘ ' |||l|| I‘I l“ -"‘. ' ul“ " “

0 50 100 150 200 250 300 350
Pixel

FIGURE 2.15: Representative ellipsograms of an RCA1 cleaned silicon chip with

9nm SiO; overlayer; illuminated at 70° by LED light source, A) 2D plot of A

values across chip surface B) Plot of A values along the line of interest, the white

line in Figure A, presenting an indication of system noise over the surface. C)

2D plot of ¥ values across chip surface. D) Plot of ¥ values along the line of
interest, shown in white in Figure C.

2.4.3 AIE radiometric data collection absolute error

It was necessary to verify the AIE outputs and establish the absolute error be-
tween values for ¥ and A as calculated by the AIE, from radiometric intensity, and
those values obtained from spectroscopic ellipsometry obtained by the GESP-5,
for the same sample (Figure 2.16). Further comparisons were made using the
same spectroscopically measured samples over a range of angles of incidence.
Spectroscopic values for ¥ and A obtained at 532nm were extracted for compar-
ison with those obtained by the AIE. A silicon substrate with at 9nm SiO; oxide
over-layer was imaged at incident angles from 55 to 70 degrees with the AIE set
to Scheimpflug optical geometry, ensuring the whole of the image was in focus
across the CCD array. The mean values for ¥ and A were extracted from the el-
lipsograms and used as data points (Figure 2.17). Error bars are calculated from

the error estimations described earlier (Section 2.3.1.2).
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FIGURE 2.16: Comparison of AIE and GESP-5 ¥ and A sample determined val-
ues: for a series of thermally grown SiO, overlayers on crystalline Si substrate
at an incident angle of 70 degrees.
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FIGURE 2.17: Comparing ¥ and A values obtained from GESP-5 spectroscopic
ellipsometry and the AIE; Sopra GESP5 and the AIE, for silicon wafer with 9nm
SiO; overlayer, at 532nm wavelength, from 50 to 75 degree angles of incidence.
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2.4.4 Resolution under Scheimpflug optical geometry

The objective lens of the AIE is a Schneider-Kreuznach Symmar macro 80mm
£5.6 giving an acceptance angle of just over 5 degrees at a 1:1 magnification. With
such a lens it is possible possible to fix « equal to 8 (Section 2.3.2.1) correcting the
image perspective distortion, then adjust the objective lens tilt angle to maintain
focus over a range of magnifications, to a maximum of 1.4 times at an incidence

angle of 60 degrees.
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FIGURE 2.18: Representative reticule and target images captured via the AIE:

A) & C) Calibration reticule (Edmund optics) and B) & D) USAF 1951 resolution

target (Edmund optics). Imaged at 60 degrees under laser illumination using

a conventional optical view A) & B) or using the embedded AIE Scheimpflug
optics C) & D).

USAF1951 resolution target images can be observed in Figure 2.18, with the
target illuminated using the laser light source and at a 60 degree oblique viewing
angle, both standard (B) and Scheimpflug corrected (D) images are shown.

The resolution (R), described as the number of line pairs per millimeter which

can be visualized, was calculated from MTF analysis of the USAF1951 target. The
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MTF was conducted in Image] where the Slanted Edge MTF plugin was used

over a 64 pixel area of interest (Figure 2.19).
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FIGURE 2.19: Representative MTF plots of images captured via the AIE: A

USAF1951 target imaged under LED and then laser illumination at 60 degrees

in Scheimpflug optical geometry, indicating both horizontal and vertical resolu-
tion.

Data from six MTF plots were averaged for each optical arrangement and the
limit of resolution was chosen at the Rayleigh criterion. The resolution in ym
was calculated as 1/R and is presented for variation in light source and optical

geometry (Table 2.2). The error was calculated from the standard deviation of the

measured data.

TABLE 2.2: Comparison of resolution determined using MTF analysis of

USAF1951 target: for laser and LED light sources with both standard and

Scheimpflug optical geometry, all at a 60 degree angle of incidence. Values are
given in ym, [n=6].

Laser LED

Horizontal Vertical Horizontal Vertical

Standard geometry 32.0(£2.5) 115.1(4£9.3) 11.9(£0.6) 99.2(£7.7)
Scheimpflug geometry 31.3 (£2.5) 38.5(£3.8) 11.8(£0.6) 20.0(%1.4)
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2.4.5 AIE observation of proteins using null methods

Using null methods of ellipsometry proposed by Jin et al. it was possible to de-

termine the surface coverage of a protein layer from image analysis of off null in-

tensities, given the total protein content deposited is pre-known (Equation 2.32).

Using calibration grade BSA (Sigma) produced the image shown (Figure 2.20),

which can be seen to suffer from the coffee ring effect at the outer edges.
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FIGURE 2.20: Representative null image of a 0.1ug Bovine Serum Albumin pro-
tein spot; imaged using the AIE with incident light polarization parameters ad-
justed such that the supporting substrate surface presents a null intensity. The

Green line indicates a line of interest for intensity profile analysis (not shown).

The intensity of the image can be divided into three areas; firstly the solid

substrate surface at 0.0 ng/mm?, secondly the coffee ring periphery with val-

ues at 28.0 ng/mm? and finally the central portion of the spot which fluctuates

from 8.0 to 16.0 ng/mm?. Using Equation 2.33 the calculation of protein layer

thickness across the center of the spot is seen to fluctuate from around 6 to 14nm

and to peak at just over 23nm at the periphery. This would correspond with the

BSA being distributed across the center of the spot between one and three layers
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thick, then as a two to six multi-layer structure at the edges depending on protein
orientation, given the BSA molecules description as a prolate ellipsoid 14 x 4 x

4nm [169].

2.5 Discussion

Ellipsometry measures the change in polarization state of reflected light and is a
non-contact, non-destructive, label free method, which when applied to appro-
priate models is capable of determining the optical properties and thickness of
thin films. The AIE combines the capabilities of ellipsometry with optical imag-
ing to inform sample surface changes at a spacial resolution in the range of micro
meters. The aim of this study was to develop and optimize the AIE to specifically

observe AAI.

2.5.1 Radiometric discussion

The key feature of the radiometric approach is the ability to generate high speed
determination of the change in polarization state of reflected light, ¥ and A,
quickly and at a high spatial resolution. Typically, 25 polarization data points
can be collected within 10 to 15 seconds, automatically passed to the LabView
algorithm and presented immediately as an ellipsogram for further analysis.
However, despite this initial success, both reductions of absolute error and
improvement for quantification of absolute error is necessary. This is particularly
relevant in light of the need to develop accurate models for specific AAls in an
attempt to quantitatively determine thickness changes rather than the current
method employed, observing relative change through the optical parameters ¥

and A.
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2.5.2 Scheimpflug discussion

The oblique viewing angle required for ellipsometry produces issues for imag-
ing ellipsometry as an efficient measurement technique. Previous methods to
extract the in focus data, have required the use of scanning techniques that com-
posite images together to produce an image of sufficient scale as to be infor-
mative. Thus additional processing procedures have incurred reduced resolu-
tion and increased data capture times [59], [72]. The application of fully au-
tomated Scheimpflug optical geometry on the AIE offers a significant step for-
ward in ease of use and has particular benefits to the application of imaging of
a compact bio-sensor array. The improvement provided by Scheimpflug geome-
try takes the resolution limit across the sample surface under LED illumination
from 99.2(£7.7)um to 20.0(£1.4)um. This increase in optical resolution across the
whole of the image area introduces the potential for imaging multiple protein

spots in the form of an AAI micro-array.

2.5.3 LED light source

Changing the light source from a monochromatic laser to a broad spectrum LED
coupled to a narrow band pass filter presented a number of significant benefits;
Importantly the reduction in interference patterning improved horizontal image
resolution from 31.3(£2.5)um to 11.8(£0.6)yum, and reduced the standard devia-
tion for data values across a optically constant surface by an order of magnitude,
from 3.26 to 0.18 degrees for A and from 0.35 to 0.05 degrees for ¥. The effect
of which produced a significant overall improvement in observed image sharp-
ness and ellipsogram quality despite an increase in the modeled beam divergence
from ~0.7 degrees for the laser to ~2.5 degrees for the LED. Incident light flux
is sufficient to ensure full illumination of the sample area, while utilizing the full

dynamic range of the camera CCD, which further minimizes errors.



Chapter 2. Development of imaging ellipsometry 90

Removal of the DPSS laser light source and it’s associated optical components,
replaced by the more compact and simplified LED setup brought benefits in a
simplified alignment procedure and a reduction in the overall weight on the po-
larizer arm of just under 1kg. This weight reduction saw an improvement in the
reliability of the arm positioning motor to lift from 90° without overloading. This
increase in reliability at the extremes of angular operation supported the work in
extending the AIE functionality to include measurement of surface free energy
through the observation of solid surface and liquid interface contact angle, some-

thing which is discussed in detail in Chapter 3.

2.54 Future development and improvements

The theoretical limit of resolution for a microscope was defined by Abbe [11,

pg333] and is described by:

A

d=—F+ 2.34
2nsin(0) (234)
Where: sin(6) = 2- Numerical Aperture (NA) and n for air = 1
So in our case, an f5.6 lens where f# = o+
A 532

The measured resolution of 11.8ym horizontal and 20.0ym vertical would
by comparison indicate some room for improvement may be possible in optical
alignments and light beam collimation to closer approach the theoretical limit.
However, given the camera pixel cell size is 7.4um [143], any optical improve-
ment beyond this value would not be resolved. Currently, at a resolution of
11.8um the camera is oversampling at a ratio of just over 1.6 which is lower
than that required by the Nyquist-Shannon sampling theorem of 2 [170], [171].
Hence it is reasonable to assume that the camera CCD sensor is the current limit

to resolution and an improvement would be gained by changing to a sensor with
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smaller pixel size. The observation that the sensor is a limiting factor operating
close to the Nyquist sampling limit raises the possibility that the laser illumi-
nation interference pattern seen on samples may have been caused by aliasing
within the camera CCD sensor leading to a Moiré pattern formation [172] and
this may warrant further investigation.

During the early part of this study the Sopra Gesp5 spectroscopic ellipsometer
suffered a complete electronics failure which was unresolvable. This has limited
the opportunity to directly compare AIE results to those of a calibrated spectro-
scopic system and has impacted on the ability to use the null methods described
in literature to develop AAI models, due to their reliance on spectroscopic ellip-
sometry to fully quantify film growth [63]-[65], [67], [71]. Further quantification
of AIE results and comparison to those obtained by spectroscopic ellipsometry
would be of benefit in further refining and calibrating the optical output from the

AlE.
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Chapter 3

Experimental techniques supporting

AIE development

3.1 Outline of chapter general aims

The aim of this chapter is to provide a description of how supplementary tech-
niques such as contact angle measurement, AFM, and protein printing have been
used to develop the concept and assembly of a bio-sensor protein array that can
be measured by the AIE in a reliable and informative way.

For each technique, there is an introduction to their operation in broad terms
and a summary of the research and technical literature that defines and justifies
their place as a means to progress the overall aims of the study. It is shown how
accurate and reliable protein arrays are a distinct advantage to imaging ellipsom-
etry and the unique features of the AEI instrument.

Following the introduction, a description of the detail operation and meth-
ods used to quantify and cross check each supporting step is given, justifying
the methods chosen. The results and analysis are documented, identifying the
points of refinement and how developmental details have fed back into the final

standard operating procedures.
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3.2 Contact angle; a measure of surface free energy

3.2.1 Introduction and Young’s equation

When investigating AAI using imaging ellipsometry, it is necessary to present
the proteins of interest on a solid flat substrate. From the range of options avail-
able, primary consideration has been given to silicon as a substrate and thus as
a platform for development. The choice of silicon as the supporting substrate
is a logical one given that it is well characterized from an ellipsometry point of
view, [173], [174], it is readily available in high purity with a highly polished
surface and the literature describes a range of surface chemistry for the immo-
bilization of proteins [67], [73]. However, one disadvantage to silicon is its low
surface energy making it difficult to get a good wettability. Wetting is described
by the balance of adhesive forces acting between the fluid droplet and the surface
it sits upon, drawing the two together, and the cohesive forces of surface tension
acting within the fluid, causing the droplet to form a sphere and resist contact
with the surface [84].

By monitoring the surface free energy of the substrate at each stage of bio-
sensor fabrication, observations can both confirm the successful change in surface
chemistry and calculate the required volume of liquid to produce a spot covering
the same surface area as wettability changes at each step of the process.

While the surface energy models described earlier (Section 1.5) can prove use-
ful in evaluating different substrate surfaces as a supporting structure for a bio-
sensor array, for the purposes of this work it is primarily the changes in surface
free energy between each fabrication step, rather than absolute values, that deter-
mines the size of delivered volumes to produce maximum accuracy in bio-sensor
spot size. Selecting a probe solution it is necessary to select one that has a higher
surface free energy than that of the solid surface. In our case de-ionized water

can cover the anticipated range of energy changes on the silicon substrate. When
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using de-ionized water as a probe solution, surfaces are described as hydropho-
bic when the contact angle exceeds 90 degrees, indicating the likelihood of poor
wetting and a surface with low free energy. By contrast, contact angles lower than
90 degrees are indicative of hydrophyilic surfaces which have good wetting and
high surface energy [84].

The most common contact angle measurements are static, whereby a single
measurement is taken of a static sessile drop just after it is deposited on the sub-
strate surface. This type of measurement is widely used in the semiconductor in-
dustry to check initial surface cleanliness and monitor the production processes
involving surface modifications. However, dynamic measurements involve tilt-
ing the sample or adding and removing liquid to establish the hysteresis in angle
change. Hysteresis has been extensively studied and found to be related to sur-
face roughness and/or material non homogeneity across the substrate surface
[76], and can go some way to answering the influences of non ideal conditions
in comparison to Youngs equation (Equation: 1.30), which assumes a great deal
about the materials under study and idealizes the solid surface as perfectly flat,
atomically smooth and chemically homogeneous.

The consideration of non ideal situations are significant when applied to the
practical concerns of developing a reliable platform for the study of AAI The
principal of a bio-sensor array visualized by the AIE requires the proteins of in-
terest to be bound securely to the solid substrate surface. The mechanism to do
that is via modification of the substrate surface using molecules delivered in so-
lution, each one of which will have their own interaction with the substrate based
on surface free energy. The early literature describes protein adsorption onto a sil-
icon substrate surface which has been made hydrophobic using silanization with
dichlordimethylsilane [64]. Later work describes covalent bonding of protein
and ligands to silicon surfaces through the use of 3-aminopropyltriethoxysilane
(APTES) and glutaraldehyde. The alteration of surface chemistry is observed and

confirmed in part by the change in contact angle of a probe solution (dH,O) [73].
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3.2.2 Methodology for using the AIE to study contact angles

The physical arrangement of components of the AIE is somewhat similar to that
of commercial drop shape analysis instruments (optical tensiometers) [175] in
that a collimated light source and imaging camera are mounted on goniometer
arms and can be positioned 180° to each other. Changing the light source on the
AIE from a laser to a filtered LED, as described earlier (Section 2.2.3), removed
the coherent source interference patterns observed in illumination and provided
significant improvement in the image acquisition quality for contact angle mea-
surements. The LED light output of the AIE is highly collimated and once the
camera is focused, provides high contrast and brightness, giving a sharp outline
to the sessile droplet under evaluation.

The methods used to capture contact angle information using the AIE were
developed specifically for this thesis using recommended practices for commer-

cial optical tensiometer instruments [176], [177].

3.2.21 Setup for image capture

The AIE was set with the camera at -90 degrees from the vertical and the light
source at 88 degrees. This slight off axis illumination provides back lighting of
the sessile drop without direct saturation of the camera CCD. The sample table
was set straight and level, adjustments for magnification and focus were made
based on droplet size. To avoid errors from sample droplet evaporation, droplets
of at least 100iL were deposited onto the test surface using a pipette held securely
above the sample surface and the images were captured within five seconds (Fig-
ure 3.1). Where possible droplets were placed on a new surface area for each of a
minimum five replicates. Images were captured by the AIE CCD camera at 640 by
480 pixel resolution in PNG format with no further processing prior to dropshape

analysis.
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FIGURE 3.1: The AIE LED light source and camera set up; posi-
tioned at 88 and 90 degrees respectively in preparation to image the
contact angle of sessile droplets.

3.2.2.2 Image processing

To measure the droplet contact angle a range of options were available, from
simple geometric approximations such as the half angle method (Figure 3.2 A),
to the mathematically rigorous Low-Bond Axisymmetric Drop Shape Analysis
(LB-ADSA) available as a plugin analysis tool in Image] (Figure 3.2 B), which

corrects for the polar and dispersive nature of the probe liquid.

A) B)

FIGURE 3.2: Representative images of contact angle image analysis;

A) The half angle method; the angle from the highest mid point of

the droplet is measured, then doubled. B) Representative image of

LB-ADSA in process, parameters are adjusted to fit the green curve
to the outline of the shape.
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To reliably and consistently evaluate the accuracy of contact angle measure-
ment for each image processing method, a calibration standard was required. To
this end, 5mm diameter precision steel ball bearings were placed onto precision
machined holes of 2, 3 and 4mm diameter, producing accurate, calculable contact

angle values from the geometry of the arrangement such that when X < R:

0 = (g) +cos ™! (XT/Z) (3.1)

Where, 0 is the theoretical contact angle, R is the radius of the steel ball and X
is the diameter of the hole.

To evaluate contact angles < 90 degrees a 5mm diameter ball bearing was
pressed into a 5mm diameter hole leaving a known height protruding, the theo-

retical contact angle can be calculated, when Z < R, using the equation:

= (%) =sin? (%) (3.2)

Details of the five scenarios are presented graphically and physically (Fig-
ure 3.3).

FIGURE 3.3: Detailing the contact angle calibration standard; A)

Schematic representation of the method using precision ground steel

balls to produce contact profiles of known angles. 1) X = 3mm, R =

2.5mm, hence 6 = 143 degrees. 2) X = 4mm, R = 2.5mm, hence 0 =

127 degrees, 3) Z = 2mm, R = 2.5mm, hence 6 = 72.5 degrees. B) The
physical components ready for imaging.

Images were captured using the AIE, setup as described in the previous sec-

tion. The captured images (Figure 3.4) were all imported into Image]J for analysis
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where a choice of plugins were reviewed and assessed in a manner as described
by Williams et al. [77]. Briefly, five separate images for each configurations was
taken, each image was measured using three methods (Dropsnake, LB-ADSA,
and half angle). Each analysis was performed using the guidance notes for each
plugin [178]. The mean and standard deviation for each method was calculated

and compared to the theoretical geometrically derived value.

A)

B)

FIGURE 3.4: Representative captured images of steel calibration balls; demon-

strating the two extremes of contact angle evaluation. A) Steel Ball R = 2.5mm

sitting in a hole X = 2.0mm. B) Steel Ball R = 2.5mm protruding Z = 2.0mm.
Images captured using the AIE.

Of the three methods, LB-ADSA was considered to be simple in operation,
and where droplets are symmetric (as in this study), found to be closer to the
theoretical target value, with a standard deviation from the mean that is almost
an order of magnitude lower than that of the dropsnake method (Table 3.1). By
comparison the standard deviation variations presented here for LB-ADSA and
half angle measurements are in good agreement with similar analysis in literature
[77], [78], [179]. Commercial instruments typically advertise an angular resolu-

tion of £0.1° [176], [177].
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TABLE 3.1: Showing the theoretical contact angle (TCA) and measured mean
contact angle; for a 5mm diameter precision ground steel ball using three popu-
lar plugin methods for Image] analysis. Values are in angular degrees.

Mean Contact angle R = 2.500mm Ground Steel Ball (Std Dev) [n=5]

X mm TCA Dropsnake LB-ADSA  Half angle
2.00 156.42 152.7 (2.38) 155.7 (0.36)  156.2 (0.43)
3.00 143.13 141.6 (2.93) 142.2 (0.34)  143.1 (0.81)
4.00 126.87 127.0 (3.51) 124.3 (0.45) 123.8 (0.67)

Z=2.00 78.46 72.9 (3.20) 77.8(0.37)  78.5(0.50)
Z=1.00 53.13 53.3 (4.97) 53.5(0.38)  53.1(0.65)

3.2.3 Contact angle results
3.2.3.1 Silicon substrate preparation

The silicon that forms the substrate for the bio-sensor array was obtained from
Dr. Dave Langstaff. They are highly polished 10mm by 10mm diced segments or
chips, cut from a 100mm diameter crystalline silicon (c-Si) bulk p-type, 0.525mm
thick wafer, in the <111> crystal plane.

The substrates were cleaned using the RCA-1 process [180], briefly the silicon
chips were soaked in an oxidative solution of hydrogen peroxide H,O, (30%),
ammonium hydroxide NH4;OH (27%) and double distilled (dd) H,O at a ratio of
1, 1, & 5 respectively, at a temperature of 75°C for 15 min. A standard operating
procedure (SOP) for the RCA-1 process is included in the appendix.

The cleaned silicon chips were then prepared in the method of Wang and Jin
[73], to covalently attach target proteins in readiness for immersion with analyt-
ical solutions. The protein attachment process involved an initial silanization of
the silicon substrate surface, whereby, the RCA-1 cleaned silicon chips are im-
mersed in a fresh solution of 5% v /v APTES, 5% v /v dH>O and 90% v /v ethanol
, for two hours at 18°C. Chips were then washed three times with flowing dH,O
followed by washing with 100% ethanol three times. Once washed, chips were

dried under a gentle stream of nitrogen and then immediately reacted with a 2.5%
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v/v solution of glutaraldehyde in phosphate buffer solution (PBS) buffer for two
hours at 18°C. The surface was washed by placing the chip face down onto a
200u1 droplet of dH,O for 2min, repeated three times.

Capture antibodies were applied in solution to the prepared silicon chip sur-
face by pipette. Either polyclonal anti-FhGST-5S1 [6] diluted at 1:50 v/v with PBS
or anti-a & f tubulin (Sigma) diluted at 1:50 v/v with PBS were deposited as
5mm diameter spots, covered and incubated at 18°C for 30 min, following which
they were rinsed with PBS then dried under a gentle stream of nitrogen.

The assembled bio-sensor chips were exposed to droplets of analytical solu-
tions containing FhGST-5S1 [118] at 0.1mg/ml or EVs isolated from cultured F.
hepatica excretory secretory products (Section 3.3) at 0.8mg/ml for 30 min at 18°C,
rinsed with PBS then dried under a gentle stream of nitrogen.

At the end of each stage of fabrication, individual wafers were removed from

the process ready for contact angle measurement (Table 3.2).

TABLE 3.2: Presenting the measured contact angle, using LB-ADSA:
for PBS on modified silicon substrates.

Mean Contact angle of PBS (Std Dev) [n=10]

Surface LB-ADSA
RCA1 Clean 42.2(1.1)
APTES 63.0 (0.8)
Gluteraldehyde 51.4 (1.7)
AntiGST-S1 78.5(2.9)

3.24 Contact angle discussion

Studying AAI using imaging ellipsometry requires the proteins to be supported
on a solid substrate. The surface free energy of the substrate has considerable
influence on the way in which any solutions deposited on the substrate surface
interact. By measurement of the contact angle a probe liquid makes between itself

and the solid surface, an indication of the surface free energy is revealed.
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Contact angle can be used to easily and reliably confirm changes in the solid
substrates bulk surface chemistry brought about at each of the steps required to
fabricate a bio-sensor; validating the success of each process. Furthermore, quan-
tifying the contact angle at each stage informs the adjustment of the fluid volumes
deposited to ensure each droplet rests on the surface with an equal area, produc-
ing a reliable and consistent bio-sensor array of over-layered elements. Com-
bining the capability of contact angle measurement alongside the ellipsometric
values for each stage of sample preparation, in one instrument, has some merit.

The use of a reliable fixed calibration standard to evaluate profile images cap-
tured by the AIE was done using a known size precision ground steel ball sitting
on or in precision sized holes. This method produced a series of controllable,
calculable contact angles which are unchanging in time. It was seen that images
captured by the AIE and evaluated using the Image] LB-ADSA plugin, produced
high quality, accurate contact angle values, measurable quickly and reliably.

The accurate measurement of contact angle will be useful in both quality con-
trol of solutions used in micro-array fabrication and analysis of alternative sub-
strate suitability, and significantly can be done in conjunction with ellipsometry
in situ using a single instrument. Ellipsometry unlike other techniques, such as
SPR and TEM, can utilize a wide variety of substrate surfaces which is an area

that warrants further investigation.

3.3 Isolation of protein and EVs

3.3.1 Introduction to EV isolation

The separation and concentration of EVs has no gold standard, this is due to
the wide diversity of source material producing EVs as outlined in Chapter 1.
Currently, differential ultra-centrifugation (DC) is the most widely used method

of separating EVs from their source or culture medium [136], with size exclusion
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chromatography (SEC) gaining ground as a simple, reliable and low cost route to
EV isolation and enrichment [116].

The fundamentals of the ultra-centrifuge and separation of high molecular
compounds was established in 1937 by Svedberg [181]. Modern application of
this method takes the EV containing solution through a series of sequential cen-
trifugation steps which progressively increase the centrifugal forces and time. Ini-
tially at low relative centrifugal forces (RCF), starting at 300 and rising to 10,000
times gravity (g), large particulates and debris sediment leaving the much smaller
EVs as a colloid in solution. During these early stages the supernatant is retained
and the pellet that forms, discarded. Later steps use centrifugation forces as high
as 120,000 g to remove the EVs from suspension and pellet them for collection
in an enriched state. These later stages are often repeated, the aim of which is
to remove smaller particles of free protein from the pellet (containing EVs), by
leaving the protein in suspension within the discarded supernatant [27].

Size exclusion chromatography by contrast, can separate EVs on the basis of
their size as they pass through a filter medium packed into a column [182]. SEC
media varies depending on application but typically consists of small spherical
bead like particles that have a controlled distribution of pore sizes within them.
Small molecules enter the pores and are retarded by having to follow a longer
path to exit, while larger particles cannot enter the pores and follow a shorter
path between the beads emerging from the bottom of the column sooner. The
basic principal is that molecules of differing size pass through the column at dif-
ferent rates. So long as all the various molecules are loaded simultaneously then
molecules of a similar size will elute together at the same time [183].

Recently Davis et al have evaluated DC and SEC methods for the isolation
of EVs from the veterinary significant helminth F. hepatica. During which it be-
came clear that some additional refinement of DC protocols could be beneficial to
providing an improvement in EV isolation and purity. This could prove a more

refined alternative to SEC to provide EVs for a biosensor based on the AIE.
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3.3.2 EV isolation methods

The initial protocols for isolation and imaging of EVs using DC within veterinary
parasitology group at AU were taken from a publication by a former AU col-
league, Fanny Nowacki [184]. This and alternatives used by Théry et al [27] and

Cwiklinski et al [7] to isolate EVs from culture fluids are detailed (Table 3.3).

TABLE 3.3: Comparison of differential centrifugation protocols for
EV purification and analysis.

Step Description Nowacki Théry Cwiklinski
Remove debris 500 g 2 min 300 g 10 min 300 g 10 min
Remove cells 700 g 20 min 2,000 g 10 min 700 g 30 min
Remove debris - 10,000 g 30min 1,500 g 45 min
Membrane filter - 0.2 ym Ultrafilter
Pellet EVs 120,000 g 80 min 100,000 g 70 min 120,000 g 60 min

Remove protein 120,000 g 70 min 100,000 g 70 min

It can be seen that there are significant differences in the protocols. To in-
vestigate the significance of variation in run times and centrifuge steps a search
of the literature revealed a paper by Livshits et al [185]. This paper proposes
a mathematical model for the sedimentation of EVs undergoing centrifugation.
The model balances archimedes buoyancy against gravitational sedimentation
and Stokes viscous flow. Livshits et al. confirmed the accuracy of their model
both experimentally and mathematically. To quantify and optimize the effects
of DC protocol variations, the Livshits et al. model was taken and converted to
a Microsoft Excel calculator. The Excel spreadsheet takes the fixed and variable
parameters of each centrifuge step: rotor angle, minimum and maximum radius,
spin speed, time of duration and sedimentation distance as a function of volume
of fluid. Combined with the vesicle density, media viscosity and density, for each
step of the process, it is possible to use the sedimentation model of Livshits et al
to calculate the percentage of particles that will sediment into a pellet or remain

as a colloid within the supernatant. By combining each of the steps within the
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protocol sequentially the Excel spreadsheet, spin calculator, plots a figure that re-
flects the percentage of particles recovered, by size, in the final stage. A copy of
the SOP for the DC isolation of F. hepatica EVs optimized using the Livshits model

is enclosed in the appendix.

3.3.3 EV isolation results

TEM images of EVs isolated using the Nowaki protocol are presented (Figure 3.5).
Looking critically for optimization and refinement, it can be seen that there is a
significant amount of residual contaminating material which obscures clear, de-

tailed observation of any EVs present.

FIGURE 3.5: Representative TEM micrographs demonstrating EVs

isolated using the Nowacki et al. protocol: Left, an image of the

whole grid area. Right, close up image highlighting EVs in red and
obscuring material in blue.

A graphical output from the spin calculator gives a quick and clear visual-
ization of how changes made to the centrifuge protocol will impact on the size
distribution of the particles collected in the final pellet. It can be seen (Figure 3.6),
that using the Nowacki protocol predicts cellular debris up to 1000nm in diame-
ter are likely to remain in the final pellet.

To evaluate the Théry protocol, a sample of F. hepatica culture fluid containing
EVs was processed using the centrifuge protocol recommended by Théry et al[27].
TEM images were captured (Figure 3.7), where a clear reduction in background

contamination can be seen.
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FIGURE 3.6: The percentage of EVs, by diameter, isolated from cul-
ture solution; as predicted by the Livshits et al. model when using
the Nowacki DC protocol.

200 Em _

FIGURE 3.7: Representative TEM micrographs demonstrating EVs
isolated using the Théry et al. protocol; Left, an image of the whole
grid area. Right, a close up image identifying a large number of 30-
50nm diameter EVs.
However, using this protocol as is, the Livshits model suggests EVs are iso-

lated predominately in the range 30 to 120nm diameter, with an upper limit of

170nm on the maximum vesicle size (Figure 3.8).

3.3.4 EV isolation discussion

Using the AU veterinary parasitology groups initial Nowacki protocol it can be
seen from the TEM micrographs (Figure 3.5) that the volume of residual contam-
inating material could have detrimental affects on downstream analysis. Par-

ticularly in trying to visualize gold imuno-labeling methods to identify surface
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FIGURE 3.8: Graph representing the predicted EV size distribution

using the Théry DC protocol.
exposed proteins. The literature offers a number of alternative protocols, gener-
alized DC EV isolation methods like that of Théry or parasitic helminth tailored
protocols like that of Cwiklinski. While the reduction in contaminating and ob-
scuring material can be seen visually (Figure 3.7), the implications of making
adjustments to centrifugal force and time of duration for each of the individual
steps is difficult to quantify quickly and easily, without reference to some form of
predictive model.

By developing the model of sedimentation proposed by Livshits et al. into
an interactive Excel spin calculator, a quick and clear graphical output visualizes
directly, how even small changes made to the centrifuge protocol will impact the
size distribution of the particles collected in the final pellet.

Using the spin calculator, it predicts that the Nowacki protocol could produce
a final pellet which contains cellular debris up to 1000nm in diameter, something
which goes to explain the contaminating material seen in TEM micrographs. By
contrast similar analysis of the Théry protocol indicates that it will result in recov-
ering EVs in the range 30 to 170nm diameter, which has the potential to exclude
a significant portion of the whole EV population.

The use of the spin calculator now provides an opportunity to both target the
size range of EVs collected and to minimize centrifugation times to optimize the

process of isolating EV's for use with the AIE.
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3.4 Atomic force microscopy

3.4.1 Introduction to AFM

In the process of developing a bio-sensor for the study of AAI it is necessary
to chemically modify the surface of the supporting substrate (Section 3.2.3.1)
in a sequence of steps to covalently attach proteins including antibodies to the
substrate surface as preparation for exposure to likely interacting proteins. To
monitor these changes, in addition to the bulk property study of surface free en-
ergy via contact angles (Section 3.2.2), AFM can quantify the substrate surface
structure and it’s attached components at a nano-meter scale [186], providing in-
formation that can inform the development and assembly of a bio-sensor protein
array which can be measured by the AIE in a reliable and informative manner.
AFM is a subset of scanning probe microscopy (SPM) in which an almost
atomically sharp probe tip, raster scans over a sample following the surface and

mapping it out as a three dimensional profile.

3.4.1.1 The history of AFM

The origins of SPM can be traced back to stylus profilometers which have been
in use, measuring macro surface roughness since their first commercial introduc-
tion in 1942 [187]. These early instruments suffered from probe bending caused
by difficulty in coping with any large features present on the surface. This dis-
advantage was overcome to some extent by Becker in the 1950’s by inducing the
probe to oscillate above the surface and allowing the vibrating tip to make gentle
contact with the surface [188]. In 1972 Young incorporated piezoelectric elements
to position a non contact stylus probe and used electronic feedback to control the
vertical Z height position over the surface. Thus maintaining a fixed distance
above the surface by measurement of electron field emission and from the gath-
ered data, producing a three dimensional map of the surface [189]. It was Binnig

and Rohrer who in 1981 combined these features, and by improving the vibration
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isolation of the instrument, they were able to monitor electron tunneling rather
than the larger scale field emission of Young’s instrument [190]. Binnig, Rohrer
and co-workers had produced the first scanning tunneling microscope (STM).
Success lay in the fact that electron tunneling is so closely related to distance that
effectively only the last atom of the probe tip can tunnel. With feedback systems
sensitive enough to precisely control the probe position and allow consistent tun-
neling, Binnig and Rohrer were able to directly image individual silicon atoms on
a surface. The relative simplicity and incredible sensitivity of the invention led to

their sharing of the 1986 Nobel prize for physics [191].

3.4.1.2 AFM theory of operation

Modern AFM instruments today have three basic elements, a piezoelectric con-
trol stage which moves the sample under the probe tip, a force transducer that
provides the position of the tip in relation to the surface and finally a feedback
control system that interprets the signal from the force transducer to maintain
a constant force between the tip and the sample surface using the piezo control
stage [192, pg:14]. In practice the probe tip is mounted onto or formed as part of
a cantilever. A laser is reflected from the back of the cantilever onto a position
sensitive photo detector (PSPD). The distance from the cantilever to the PSPD is
designed to be large, forming an optical lever and as such a small movement of

the probe tip produces a large deflection of the laser across the PSPD (Figure 3.9).

3.4.1.3 AFM topographic modes:

In contact mode, once the probe tip is brought into constant contact with the sur-
face of the sample, the position of the laser spot on the PSPD provides feedback
for movement of the piezos in X, Y and Z to maintain a constant cantilever de-
flection and hence contact force. This movement data is combined to produce
a topographic map of the sample surface. In non-contact mode the cantilever is

oscillated at resonant frequency and as the tip approaches the sample surface,
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FIGURE 3.9: Schematic highlighting the wide range of operating
modes and methods of operation of AFM. Reproduced from [193]

interaction with the electron field force induces a reduction in tip resonance and
amplitude before contact with the surface occurs. The force transducer and feed-
back system adjusts the vertical Z height position of the cantilever to maintain
a constant reduction in tip oscillation and hence a constant distance from the
surface. The input signal to oscillate the cantilever can be compared with the
output signal at the PSPD to give additional information about the structure of
the surface under study, with a phase shift being observable between materi-
als of different density and damping even when topographically flat. Between
these two regimes is intermittent contact or tapping mode. Here, larger oscil-
lation amplitudes are induced in the probe tip compared to non-contact made.
As the tip comes into contact with the surface the feedback circuit adjusts the Z
height position until a user set amplitude reduction is reached during each cycle
of oscillation. The higher the amplitude reduction the firmer the tap and con-
versely the lower the amplitude reduction the softer the contact with the sample.
The advantage of tapping mode is the removal of lateral forces present in contact
mode and which can have detrimental effects on soft materials such as biological
samples, or physically move less well adsorbed particles on the substrate surface

[192, pg: 49-65], [130].
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3.4.1.4 Non-topographic modes:

From the beginning, SPM has been used to gather more than just topographic in-
formation. Force spectroscopy involves the stage held static in X and Y, while the
probe is moved in the Z direction towards the sample, deflection of the cantilever
is measured as it approaches, contacts and then retracts. The gathered data pro-
duces force distance curves of the interaction, which display three key features:
as the probe comes into close proximity to the surface, vann-der-Waal’s forces at-
tract the probe deflecting it downward, on contact with the surface the continued
downward movement of the Z stage deflects the probe by the repulsive force of
the sample, on retraction tip-sample adhesion produces an attractive deflection
until separation returns the probe to its neutral position [192, pg: 64-66] [194]. An

idealized force distance plot is presented (Figure 3.10).

Repulsive

o
-]
=

Force / Deflection

Attractive

Distance

FIGURE 3.10: Schematic of a model force distance plot; as the probe

approaches, point A, it is attracted towards the surface by vann-der-

Waals forces. Once in contact, as the probe is moved further towards

the surface, deflection is a function of both cantilever and surface

rigidity, and reflected in the slope of the plot. At a user defined

deflection, point B, the probe approach is reversed and at point C
the retraction force overcomes probe-sample adhesion.
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3.4.1.5 AFM of EVs

As outlined in Chapter 1 EVs have tremendous potential as disease bio-markers
and targets for potential therapeutics [123], [132]. AFM offers two ways to im-
prove bio-sensor and AIE development, through the ability to study the mor-
phology of these nano (30-500nm) sized particles, and monitoring the substrate
changes brought about by alteration of surface chemistry and component addi-
tion of the bio-sensor assembly.

AFM can provide insight into the distribution and surface arrangement of
proteins. It makes an excellent accompaniment to ellipsometry which is able
to evaluate the subsurface structure. As demonstrated by Finot et al. in their
study of pulmonary surfactants, combining AFM and ellipsometry to provide
better characterization of both morphology and thickness structure of surfactant
films [195]. During the course of this study Gajos et al [125] have published work
showing the successful immobilization and detection of platelet-derived EVs on
silicon substrates using AFM and spectroscopic ellipsometry. In their recent re-
view of AFM as a nanoanalytical tool for exosomes and EVs Sharma et al [130]
highlights the unique ablity of AFM to quantify individual exosomes, and other
EVs, yet simultaneously probing key EV parameters such as abundance, struc-
ture, biomechanics and biomolecular content. ISEV have recently published a re-
vised minimal information for studies of extracellular vesicles 2018 (MISEV2018)
[136] which gives guidance and outlines protocols to successfully document spe-
cific EV-associated functional activities. Thus, ISEV now recommends using TEM
and/or AFM to check the quality of a prepared EV sample prior to any down-
stream functional analysis.

The object for this study was to establish the surface roughness of the sil-
icon wafers that are to provide the platform for bio-sensor and AIE develop-

ment. Then subsequently using AFM to monitor surface morphology through
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each stage of the bio-sensor construction process, validating the integrity of us-
ing proteins or EVs as detection agents. Providing the opportunity to confirm

ellipsometry results via direct surface measurement.

3.4.2 Methodology for using AFM
3.4.2.1 Silicon substrate preparation

The silicon chips that forms the substrate were cleaned using the RCA-1 process
[180], and then prepared in the method of Wang and Jin [73], to covalently attach
target proteins in readiness for immersion with analytical solutions as described
earlier (Section 3.2.3.1). At each stage, chips were completely covered in process
solution for the ascribed time, then washed using dH,O and dried under a gentle

stream of nitrogen in readiness for surface measurement using AFM.

3.4.2.2 AFM observations of EVs

To identify proteins exposed on the surface of F. hepatica EVs via MS, Dr. Re-
bekah Stuart provided EVs sourced from specific Aber, Italian and Miskin iso-
lated strains of F. hepatica. Each strain of EVs were subdivided and left whole or
using the method of Cwiklinski et al. trypsin shaved of their externally exposed
protein peptides [7]. Observations to confirm the integrity of EVs post shave were
done via TEM (described in detail in Chapter 4) and AFM. The use of AFM pre-
sented the opportunity for better understanding the mechanical and structural
differences of EVs pre and post trypsin shaving using AFM force / distance spec-
troscopy.

Whole and shaved EV samples were diluted to 0.1mg/ml with ddH,O and
adsorbed onto freshly cleaved mica sheets (Agar Scientific AGG250-1) for two
minutes and gently dried under a nitrogen stream. Samples were then scanned
with a Park Systems XE100 AFM, using silicon probes (NT-MTD:NSG-01 & NSG-

03PT) in both contact & non-contact mode. Topographic height and phase images



Chapter 3. Experimental techniques supporting AIE development 113

were scanned at 512 x 512 pixels at a rate of 1.5 Hz. Images were analysed using
Gwyddion (version: 2.52). Force distance curves were analyzed using Park Sys-

tems XEI software (version: 1.8).

3.4.2.3 AFM evaluation of EV size distribution

In an attempt to measure the size distribution of isolated EVs the following method
was applied. EV samples were adsorbed onto freshly cleaved mica sheets and
scanned as described above. Gwyddion images were imported into Image], grey-
scaled and then progressively a threshold was applied to identify the peaks of in-
dividual EVs. Using the Image] particle analysis feature, the height and quantity
data were passed to an Excel spreadsheet that models the AFM tip in a manor
similar to that described by Sebaihi et al. [196]. Using this model, the influence
of the AFM tip on the measured shape of the EVs can be de-convolved and a bet-
ter estimate of the EVs spherical diameter can be obtained (Figure 3.11). The EV

quantity and revised diameters can then be grouped and plotted as a distribution.

FIGURE 3.11: Schematic showing the principal of AFM tip model;

A) AFM tip model, Y = apparent EV width, X = Corrected EV width.

B) Example Image] thresholded image at Z = 100nm, with EVs over

the threshold height identified as black spots for further particle
analysis.
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3.4.3 AFM results

Analysis of AFM micro-graphs show the surface of cleaned silicon chips were
polished to a surface roughness average (RA) of 119 pico meters, or approxi-
mately 0.12 nm. Surface roughness values following the addition of other com-
ponents as the the bio-sensor was fabricated are listed (Table 3.4) and presented

visually (Figure 3.12).

TABLE 3.4: The substrate surface roughness for key stages of bio-
sensor assembly and analysis.

Surface Roughness RA in pm [Std Dev] (n=5)

RCA1 clean APTES AntiFhGST-S1 FhGST-S1
119 [9] 183 [15] 443 [45] 1637 [183]

RCA-1Clean: Ra=119pm APTES: Ra=183pm

FhGST-51: Ra=1637pm
(Excluding major peaks)

D

35nm

FIGURE 3.12: The surface topography of the silicon substrate at each

step of bio-chip fabrication and evaluation; A) A cleaned substrate

surface. B) Application of APTES as a linker. C) Covalent attach-

ment of antiFhGST-S1 antibodies. D) Following exposure to an ana-
lyte containing FhGST-S1 protein.
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A)Pre probe scan B)Post probe scan
_ Hardness =45mN/M

= 3 Pull-off force =1.75nN

FIGURE 3.13: The surface topography of a single shaved Italian

strain EV; A) Prior to force spectroscopy. B) Post force spectroscopy

with hardness and peak pull off force grid maps along with a repre-
sentative force-distance graph.

AFM micro-graphs reveal that the EVs which had been shaved of their ex-
posed surface proteins, have a similar topography to the standard, natural EVs.
However, force distance spectroscopy indicates that the peak pull off force expe-
rienced by the AFM tip for shaved EVs was ~ 1.75nN which is around five times
less that that for whole un-shaved EVs which had a pull off force of ~ 8.00nN
(Figure 3.13).

AFM was used as a supporting technique to provide information on the im-
portance of EV purification for downstream analysis, comparing DC and SEC as
mechanisms for the isolation of F. hepatica EVs. Assessment of EV morphology,
post DC and SEC isolation was done using both AFM and TEM. Both techniques
identified that EV structures were typically diverse in size and morphology [116].
Representative examples of non-contact mode micro-graphs, imaging EVs iso-
lated by both DC and SEC are presented (Figure 3.14). The central graphs show

individual EV topography from each isolation method. Such profiles identified
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FIGURE 3.14: Representative AFM non-contact mode micro-graphs,

demonstrating the topography of individual EVs: isolated by A) dif-

ferential centrifugation and B) size exclusion chromatography pu-
rification methods.

that EV topographies were similar using both isolation methods, although SEC
purified EVs were significantly smaller when analyzed using TEM at 76(£44)nm,

compared to DC isolated EVs 95(+58)nm. Furthermore, DC purified EVs identi-

tied a vesicle sizes range of 505nm, compared to a SEC range of 285nm.

3.4.3.1 AFM evaluation of EV size distribution

The size distribution of F. hepatica EV samples isolated using SEC were analyzed
by Izion Qnano tunable resistive pulse sensing (TRPS) by Davis et al. [116]. TRPS
uses a nanopore membrane through which the EV containing solution is passed,
changes in the impedance across the membrane as particles pass through are
measured as a resistive pulse or blockade signal. The magnitude of the block-
ade is proportional to the particle volume and blockade frequency can be used to
determine frequency. A full description of the fundamental principal is provided
by Bayley et al.[197] and the means of quantitative sizing for TRPS is given by
Vogel et al.[198]. Evaluation of particle size by Qnano is presented (Figure 3.15A),
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along with analysis of AFM data for the same sample (Figure 3.15B).
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FIGURE 3.15: Comparison of EV size distribution; A) Size distribu-

tion of SEC isolated EVs analyzed by Izion Qnano TRPS, B) Size dis-

tribution of the same sample by image analysis of AFM topography
data.

3.4.4 AFM discussion

AFM is ideally suited to monitor and quantify the substrate surface structure
in three dimensions, supporting the process development necessary to construct
a bio-sensor protein array which can be analyzed by the AIE in a reliable and

informative way.
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AFM analysis of the surface topography of silicon chips shows the progres-
sive increase in surface roughness at each stage of the bio-sensor fabrication. The
RA values are indicative of the average surface roughness and can be used to
track the general surface morphology. The peak values, which change at each
stage, correspond well with the structural size of the elements that are added to
the substrate in solution. This provides some further evidence of the progressive
assembly of the bio-sensor in line with the anticipated chemistry and biological
function. For example, AFM of the silicon surface after the covalent attachment
of antiFhGST-51 shows a peak size of around 5nm, which following the addi-
tion of an analyte solution containing FhGST-S1, gives rise to peaks 20-25nm, in
reasonable agreement with the x-ray resolved size of FhnGST-51 protein [118] and
indicating antigen-antibody interaction.

AFM confirmed the integrity of EVs following their trypsin shaving of sur-
face exposed peptides and identified a substantial difference between shaved and
whole EVs with regard to the attractive forces between that AFM tip and EV sur-
face.

In analyzing EVsisolated by both DC and SEC using AFM, it was seen that DC
preparations did not suffer from excessive aggregation as has been seen by others
[199]. Added to which, the improved isolation methods outlined in Section 3.3
suggests that DC isolation of EVs would be an acceptable method by which to
prepare EV analyte solutions for use with the AIE.

AFM as a means of particle size and distribution determination would appear
possible and would appear to offer a reasonable correlation to other methods
such as TRPS, however the difficulty in obtaining high quality AFM data should
not be underestimated. In addition the approximations required in the methods
outlined are open to interpretation and user bias to an extent that the process was
not relied upon to characterize further samples. However, in the absence of more

established alternative further investigations may be warranted.
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3.5 Printing of protein micro-arrays

3.5.1 Introduction to protein printing

The CCD detector size of the AIE is 4.7 x 3.6mm and at a 1:1 magnification this of-
fers an opportunity to fabricate a protein micro-array which has a matrix of small,
individual protein elements (spots) within the image area. Using the Scheimpflug
optical arrangement (Section 2.2.1.3) the whole of the imaged area will be in fo-
cus and measurable simultaneously. Therefore the AIE represents a significant
improvement over existing imaging ellipsometry techniques. Additional bene-
fits of this micro-array are noted to be; low reagent and sample use, the detection
of low abundance proteins and the potential for multiple detection elements on a
single bio-sensor platform.

This bio-sensor, in conjunction with imaging ellipsometry can produce an as-
say with a sensitivity and reliability to validate interaction partners and, even of-
fer fundamental information on protein, ligand and antibody interactions. The
potential benefits and technical issues are clearly identified by Romanov et al
[200].

There are many techniques currently promoted for the purpose of fabricating
protein micro-arrays. However there are two prominent technologies; contact
and non-contact printing, both of these having emerged from the more estab-

lished DNA micro-array fabrication industry [201].

3.5.2 Piezo printing introduction

Drop on demand printing relies on a pressure pulse which is achieved by one of
two ways. The most common is thermal printing, here a heating element creates
a vapor pocket through rising temperature. The vapor is then allowed to collapse
by removing the heating effect. This rapid expansion and collapse causes a pres-

sure pulse that ejects a droplet of ink [200]. The second mechanism is piezoelectric
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printing where the pressure pulse is generated by an electromechanical actuator
within the ink reservoir. The idea of printing proteins using a piezo electric inkjet

printer has a number of merits. Benefits include:

* No contact with the substrate which reduces the possibility of surface dam-

age and artefacts influencing measurement.
¢ Precision placement of pico litre volumes.

* Reduction of the coffee ring stain effect [202], [203] which can be caused by

having to use a large liquid volume to cover an area of interest.

¢ The lack of heating (which may cause denaturing of the proteins) compared

to thermal inkjet processes.

* The pixel by pixel printing control which may be useful in producing a pro-

tein distribution that reduces steric hindrance.

The literature supports these advantages and outlines ways of modifying do-
mestic printers for the purpose [200], [204]-[206].

These features makes the fabrication of a protein micro array by this method
significantly attractive and thus investigations were made. An Epson R280 printer
was purchased and fixtures to support the silicon wafers through the printing
process were fabricated from acrylic by laser cutting using AutoLaser (version:

2.2.1) and ArtCam Pro (version: 7.0) software.

3.5.3 Piezo printing method of evaluation

Printing software defines the shape and size of the image to be printed and hence
its area. For application to proteins it is necessary to correlate printed area to the
dispensed volume. To that end, fluorescein was diluted with dH,O into a 1 mM
concentration, to produce a stock solution of fluorescent, printable liquid.

Using the fluorescein solution, a series of known volumes were manually dis-

pensed as a thin film using a pipette, onto standard ISO536 80gsm paper. The
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FIGURE 3.16: Epson R280 piezo printer used for protein printing;
with refillable ink tanks identified (white arrow) and laser cut silicon
chip holder highlighted (green arrow).

intensity of fluorescence was recorded using an integrating sphere by the method
described by myself previously [148]. A series of known areas were then piezo
printed by the Epson R280 onto standard ISO536 80gsm paper using the stock so-
lution of fluorescein as an ink. The intensity of fluorescence of the printed paper
areas were recorded using the same integrating sphere set up as for the manually
pipetted volumes.

Following calibration using fluorescent liquid, the printing channel was thor-
oughly flushed using dH,O. Protein printing was trialed using BSA (ThrmoFisher)
diluted to 0.1mg/ml with dH,O and a range of areas and shapes were printed

onto silicon chips that had been RCA1 cleaned (Section 3.4).

3.5.4 Piezo printing results

Plotting the intensity of fluorescence for a series of dispensed volumes is pre-

sented (Figure 3.17) as blue diamonds. Regression of these values produced the
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trend-line indicated in black and a model for extrapolation. The measured fluo-

rescence intensity value, for each of the known areas piezo printed, was fitted to

the regression model, and are identified as green triangles.
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FIGURE 3.17: The relationship between fluorescent intensity and
volume; fluorescence of known volumes, identified as blue dia-
monds, are regressed to produce the model (black line). Fluores-
cence of known areas are fitted to the model, presented as green
triangles. An area to volume relationship can then be inferred.

From this, an approximate volume dispensed for area printed relationship

can be extracted, which in the case of our printer on the black ink channel was

4 pl/ mm?. This compares well with the manufactures specification, which was

discovered later to be 1.5 pl/pixel [207].

FIGURE 3.18: Images of piezo printed BSA on silicon: showing a

1Imm diameter circle and three 0.8mm x 0.8mm squares of BSA, visu-

alized using a simple prototype nulling imaging ellipsometer with-
out Scheimpflug optics, and viewed from two ang]es.
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An example of BSA printed onto silicon by piezo printing is presented (Fig-
ure 3.18). The Imm diameter spot equates to an area of 0.785mm? and an esti-
mated delivered volume of 3.1 pl which at 0.1mg/ml equates to 0.31 pico grams
(pg) of protein deposited. The 0.8mm x 0.8mm squares have an area of 0.64mm?

and hence approximately 0.26pg of BSA protein distributed into the printed area.

3.5.5 Discussion of piezo printing

A distinct advantage of piezo printing is the ability to deliver each micro droplet
positioned sequentially on the surface covering the area as a thin film, encour-
aging rapid evaporation, reduction of coffee ring effect and hence even distribu-
tion of proteins. The method used to estimate the delivered volume to printed
area cross checks well with the manufacturers specification and allows for a rea-
sonable evaluation for the mass of protein distributed into any given area that
is printed with a protein that is in solution. This method can be applied to de-
termine the delivery volume of any of the other individual printer channels or
indeed any other printer.

One of the disadvantages of non-contact printing is the volume of reagent
held in the ink channels, which was found to be several milliliters, and the need
to flush these reliably. Furthermore, blocked ink jet print heads are both common
and frustrating to resolve. Indeed it was for these reasons that piezo printing

using an Epson 1280 was finally abandoned in favor of contact printing.

3.5.6 Contact printing introduction

In industry, fabrication of DNA micro arrays are almost exclusively done using
contact printing methods, whereby a robot accurately places a pin, which holds
the liquid sample material, onto the substrate surface [200].

Access to an unused Waters MicroMass ML2700, which is designed by the

manufacturer to prepare samples for mass spectrometry, prompted initial trials
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to place proteins onto silicon wafers. It was quickly realized that the control soft-
ware was particularly inflexible in the shape and size of array available. Also
the minimum pipetting volume was large at 2ul in comparison to 1.6 pico litres
available for piezo printing. Despite these initial limitations, further investiga-

tions were undertaken.

3.5.7 Method of contact printing development

To reduce the scale and have full control over the layout of the array, the original
control electronics were removed and replaced with StepperBee [208] modules
to control the XYZ positioning stepper motors using a LabView programming
interface. The individual motor movement control resulted in a positioning reso-
lution for the X axis 0.45mm, Y axis 0.29mm and Z axis 0.10mm per step. Initial
plans for a bespoke contact head to deliver solutions were abandoned after diffi-
culties in both, controlling the head contact pressure onto the substrate and deliv-
ering repeatable, measured volumes of solution. To resolve these issues, a fourth
axis drive was installed to deliver a more finely controlled quantity of solution
through the existing pipette mechanism, with each individual motor control step

delivering 0.1ul.

n ®

FIGURE 3.19: Schematic image showing Marangoni flow; A)

Marangoni flow within the colloid liquid enhances particle distri-

bution. B) Reduced or no Marangoni flow during evaporation risks
formation of the coffee ring effect.

One issue that has significant impact on the visualization of this type of fabri-
cation method is the coffee ring stain effect (Figure 3.19). Coffee rings form by the

non-uniform distribution of a colloid material after it has dried, this problem is
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a major cause of poor protein distribution and lack of consistency across protein
arrays [200], [209]. The primary driver behind the coffee ring effect is pinning of
the outermost contact point coupled with low levels of internal dynamic flow (the
Maragnoni effect). For the effective assembly of a bio-sensor small spot sizes (<
3 mm) will help to induce higher internal flow and reduce the coffee ring effect.

[202], [203].

3.5.7.1 Calculations of overlap and target area

To optimize the fabrication of a protein array it was necessary to consider the
variables that would influence the spot size and array pattern. Firstly if we as-
sume a three step process of: linker, antibody and antigen, then it is necessary
to create a spot size that will ensure an appropriate amount of overlap given the
precision of the robot spotter in returning to the same spot 3 times.

The logic for calculating the optimum spot size based on the repeat-ability of

spot centering was as follows.
¢ (Calculate the standard deviation (¢) of variance from the target point.
¢ Use 3 times ¢ as a radius that will then contain 99.73% of all spot centers.

¢ Calculate the spot diameter that will overlap by a chosen % given a maxi-

mum distance center to center of the 3 spots, s = Cos(30) * 3c.

¢ Using contact angles, calculate the volume needed to produce the desired

spot size.

To establish the variability in spot center location, the robot was programmed
to place a series of four spots in two rows using ink as a marker. The pipette tip
was replaced and the sequence was repeated for a total of five times. Giving a to-
tal of 40 spots in a series of 8 groups each time an assessment of repeat-ability was
taken. The results were photographed and spot center locations were measured

using Image].
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It might be thought that to calculate the variability of the spot center positions

the usual standard deviation formula (Equation 3.3) would be appropriate.

U:\/(nil)*i(x—f)z (3.3)

i=1

However, because the positions of the spot centers are measured as a radius
from the center of the enclosing circle the data has no mean from which the mea-
sured values can vary positively or negatively and as such it cannot be considered
a normal distribution. Because all measured values from the mean are squared
and all become positive it might be thought that (x — 32)2 can be substituted with
(r)? where r is the distance from the center of the enclosing circle.

However, by using x,y position data for the spot center location each value
can vary as a normal distribution positively or negatively around the datum of
the enclosing circle center ¥ and j. Pooling the combined X, y data can be done

using the formula:

_ imq (i —1) % 512)
o= \/ T (= 1) (3.4)

Which, because the number of x and y values are equal, can be reduced in this

case to:

(ni —1)*s3+ (n; — 1) %55
‘T_\/ 2% (n—1) (35)
Which simplifies further to:
52 452
g = X 2 Y (3.6)
Substituting for sy and sy, :
(Vo * D (x = 072 + (/5 * T (v — 9)°)°
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Simplifying:

a:\/ﬁ*f(x—x)z*(y_g)z (3.8)

i=1

Taking ¥ and j7 as the center of the enclosing circle then (x — %) + (y — 7)? = r?
Hence the adjusted measure for standard deviation of radial measurements

from the center of the enclosing circle is:

1 n
U:\/m*griz (3.9)

A circle of radius 3¢, describes an area within which 99.73% of all spot cen-
ters will reside. The bio-sensor array will require three spots placed on top of
each other, hence, the maximum spacing for three spot centers, takes the form of
an equilateral triangle where the side length s represents a geometry that mini-
mizes any potential overlap and describes the worst case scenario. It can be seen

(Figure 3.20) that the distance s can be calculated from:

s =2cos(30) - (30) (3.10)

—

.
~ I ~
|
|
|

FIGURE 3.20: Identifying the maximum spacing for three spot cen-
ters; that minimizes overlap and represents the worst case scenario
for a process with a position variability of 3c.
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3.5.7.2 Calculating the optimum spot size

Once the standard deviation of the spot center location is known, a spot diameter
can be calculated that will produce the desired amount of overlap to ensure visu-
alization by the AIE. Calculating the overlap formed by three overlapping circles
first requires calculation of the intersection points to determine chord lengths and
from that the areas of the three segments can be found and added to the central
triangle area (Figure 3.21). The area of overlap cannot be determined analytically
and requires numerical calculation using the value of center spacing (standard
deviation ¢) and chosen spot radius.

A simple engineering approximation was constructed. Taking r to be the ra-
dius of the spot, and 3¢ as being three times the calculated standard deviation of
the spot center point, as already described earlier (Equation 3.10) and represents

a worst case scenario.

FIGURE 3.21: Schematic describing spot overlap for a given position

scatter (s); A) Spots just fails to overlap B) The circle intersections

coincide with the center point forming a Reuleaux triangle. C) As

the radii become much larger than s the overlap will tend towards
100%

Three examples can be easily be established (Figure 3.21). Firstly, example A,
when the spot radius r = 30. Here all three spots will just fail to overlap. Example

B, When the spot radius r = s = 2¢c0s(30) - 30, here the spot radius is concurrent
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with the intersection point, forming a Reuleaux triangle, giving an overlap of ~
22.4%. Finally example C, where the spot radius r becomes progressively larger
in comparison to s and in this case it is easy to see that the overlap will tend
towards 100%.

The ratio of maximum spot center spacing over spot radius (s/r) using the
three points outlined can be plotted against overlap percentage and regressed to
give a formula for the trend (Figure 3.22). This simple formula was checked using
the full numerical solution at three additional points and the results were consid-
ered sufficiently accurate (within 5%) for the job of making a quick assessment of

improvements as they occurred.

y=27.1x?-104.7x + 100

40.00 .'-, —— Overlap

Percentage overlap (%]

0 0.2 04 0.6 0.8 1 12 14 16 18 2

Ratio of center spacing to radius (s/r)

FIGURE 3.22: A model for estimation of spot overlap; the three

known points and a regressed trend line resulting in the polynomial

approximation used to estimate overlap for any given standard de-
viation to radius ratio.

So what can be observed is that to maintain an 80% overlap of all three spots
the ratio of maximum spacing s to spot diameter r (s/r) needs to be 0.2 or less. For
any other overlap percentages the graph in Figure 3.22 can be consulted and the
model used to give an appropriate ratio of s/r from which the spot diameter can
be calculated once the positioning error (3¢) is known and hence, using Equation

3.10, the value of s.
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For most cases an overlap of 80% was considered appropriate and so the cal-

culation of spot radius becomes:

. _ 2co0s(30) -3¢ V330
B 0.2 02

(3.11)

3.5.8 Results of contact printing

From the initial spot pattern spread as presented in Figure 3.23 example A, using
Equation 3.9 the error can be calculated to be ¢ = 0.76mm, from Equation 3.10 s
= 3.67mm and from the graph in Figure 3.22 an 80% overlap of spots will require
s/r < 0.2. Hence in this example the spot radius r = 3.67/0.2 = 18.4mm which
is significantly out side the concept of a compact micro array of proteins, where

two or more of these spots could be within the field of view of the ellipsometer.

A) B)

FIGURE 3.23: Results of spot size refinement: A) An early example
of a 4 by 4 array, with five deposits at each target location, high-
lighting the poor repeatability of spot position. B) An example of an
optimized 4 by 4 array, with five deposits at each location. In each
case an enclosing circle is outlined in red. Scale bars are 5mm.

Each array was produced by picking up a pipette tip and depositing eight
spots in two rows of four, removing the old tip replacing with a new one and then

repeating the array pattern, depositing a total of five spots as a group in each of
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the eight locations. It was quickly diagnosed that the group to group position of
each spot was significantly more accurate than the spot on spot position within
the group. This revealed that the major source of repeat-ability error was in the
mounting of the pipette tips and not the xyz positioning accuracy of the robot.
The pipette tips that were initially used had been taken from a bulk bag and
placed in an accurately positioned tip rack, this allowed the robot to pick them
up sequentially using a programmed control sequence. Measurement of the bulk
bagged tips showed them to have a high degree of concentricity error that was
contributing to the large amount of spot on spot deviation seen.

It’s clear that the same pipette tip can not be used repeatedly because of the
likelihood of cross contamination, so a wide range of bulk bagged, pre-racked
and robot specific tips were selected and measured for concentricity error. The
final selection was Star Labs Biomek FX E1076-4400 201 which are pre-racked
for use with an FX robotic pipette head. Modifications were made to the Walters
pipette pickup head to enable the use of the final tip choice and following re pro-
gramming of the control sequence, arrays were repeated to calculate the spot to
spot center deviation 3¢ and subsequent minimum spot radius. As presented in
Figure 3.23 example B, significant improvements were observed and using Equa-

tion 3.9:

30 = 0.06mm (3.12)

For an 80% overlap of three spots, Equation 3.11 gives a minimum spot radius

of:

0.16
r= 02 = 0.52mm (3.13)

Hence the minimum spot diameter could now be reduced to ~ 1.2mm.
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3.5.9 Evaluation of volume and spot size

Once both the desired spot diameter is known and the contact angle the solution
makes with the substrate has been determined, it is straight forward to calculate
the volume of solution required to produce a spot diameter of the desired size
using the appropriate equations describing the volume of a spherical cap (Fig-
ure 3.24). The results of the contact angle for each stage of the bio-sensor fabrica-

y |

R = r/sin(6)

6 = Contact angle
________ X a=Rcos(8)
h = R-a

|
|
i v ="2(3r% + h?)
|
|

FIGURE 3.24: A schematic showing how the spherical cap volume
V, relates to contact angle 6 and spot radius r.

tion were used in combination with spherical cap volume to calculate a delivered

volume required at each stage to produce a spot of 1.2mm diameter (Table 3.5).

TABLE 3.5: Hemispherical cap volumes of dH,O; to produce a spot diameter of
1.2mm on silicon substrate with surface layer additions as indicated.

Calculation of Spot Volume

Contact angle Spotradius Sphere Radius Volume

Material 6 (deg) r (mm) R (mm) uL
Silicon 42 0.60 0.90 0.14
APTES 63 0.60 0.67 0.23

Gluteraldehyde 51 0.60 0.77 0.17

Protein 78 0.60 0.61 0.33
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3.6 Discussion

The aim of this chapter was to provide a description of the diverse range of
supplementary techniques that have helped to develop the concept of a protein
micro-array and the fabrication process, in a way that maximizes the optical eval-

uation of AAI using the AIE.

3.6.1 Contact angle measurement

The AIE was easily adapted to take images suitable for contact angle measure-
ment. Using Image] and the LB-ADSA plugin produced quick and accurate re-
sults for contact angle from the captured images. While the measurement of con-
tact angle provided a simple means to monitor the surface chemistry change as
the protein micro-array was being fabricated. With quantification of contact an-
gle at each stage of the micro-array assembly informing understanding of the
effects on deposited solutions, these result were then fed back to control the con-
tact printer delivered volumes to improve the reliability and reproducibility of

protein spot sizes.

3.6.2 Isolation of protein and EVs

Changes to the protocol for the DC isolation of F. hepatica EVs resulted in im-
proved clarity of TEM micrographs, which brought particular benefits for down-
stream analysis, which is presented in detail in Chapter 4. The development of
the sedimentation model proposed by Livshits et al. offers significant opportu-
nity to further develop the refinement of EV isolation, with among other things,
the potential to target specific EV size ranges. However, it is clear that indepen-
dent confirmation of the sedimentation model is required, to that end further
work to quantify the size distribution of EVs is necessary. Future experiments are

proposed in which the Excel spin calculator prediction of EV size distribution is
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compared to that as measured by direct quantitative technique for determination

of nano scale particles, such as dynamic light scattering.

3.6.3 Atomic force microscopy

AFM has accurately monitored the substrate surface in 3D, informing the changes
at each stage of bio-sensor assembly. In addition AFM analysis of EVs isolated by
both SEC and DC techniques identified that the integrity of DC isolated EVs did
not suffer from excess aggregation and indicates DC as an acceptable method by
which an EV analyte solution can be prepared for use with the AIE. Investiga-
tions were made into the potential for using AFM as a means to quantify and
qualify the accuracy of the Excel spin calculator in refining EVs from culture ma-
terial. While some progress was made to de-convolve the effects of tip shape on
EV topography refining the process and producing results in close agreement of
those seen using TRPS, the process had no foundation in literature and was not

considered reliable enough to characterize further samples.

3.6.4 Printing of protein micro-arrays

The piezo printer presented two key advantages, firstly the very low delivery
volumes of around 4pl per mm? or 1.5pl per pixel. This delivered a thin film of
solution over the substrate surface minimizing any coffee ring effects. The sec-
ond related advantage is the flexibility in spot shape and size, which was almost
unlimited. However, issues with print head blockage and the large volumes of
reagent required lead to an abandonment in favor of contact printing.

The contact printer worked reliably once de-bugged and spots were reduced
to a diameter of 1.2 mm, which allowed AIE visualization of two proteins spots
consistently. Future developments using fine capillary pipette tips may provide

improvements in further reducing the scale of the protein array.
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Chapter 4

Selection of model antigen antibody

interaction studies

4.1 Outline of the chapter general aims

The aim of this chapter is to describe the choice of AAI used within this study;,
and the developmental processes necessary to deliver them in a functional way
for use by the AIE.

The introduction summarizes the literature that identifies the sigma class glu-
tathione transferase (FhGST-S1) protein and EVs from the liver fluke F. hepatica
as targets of interest given both the societal and economic pressures this particu-
lar parasite invokes. Highlighting how better understanding of these proteins can
support the long term aims of diagnostic, vaccine and anthelmintic development.

The techniques used to advance development of a bio-sensor array are intro-
duced. Following initial screening to identify novel binding partners by Western
blotting, further investigations and observations from immuno-gold labeling and
TEM, identify specific F. hepatica AAL

The results section documents data collection and analysis identifying the
points of refinement, developmental stages and how these provide a route to the
selected proteins incorporated into a bio-sensor protein array for observation of

AAI by the AIE.
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4.2 Introduction

The work presented in this thesis focuses on two key areas; the development of
the AIE to detect AAI, and the model proteins selected to support that very de-
velopment. While straight forward off the shelf AAI systems such as BSA / anti-
BSA could have been utilized a much more pertinent challenge comes with the
prospect of developing the model AAI system using proteins from the parasite
F. hepatica, which offers opportunity to develop improved understanding about a
key parasitic infection.

The current gold standard for confirmation of F. hepatica infection is the FEC
method [210], while excellent for diagnosis of high levels of infection in animals,
this method has been shown to be insensitive on occasion in humans due to the
sporadic nature of egg release which may be missed in low level infections [113].
In addition it fails to detect early stage acute infection by juvenile fluke migrating
through the tissues when considerable damage is done. Only producing an egg
positive result in the later chronic stage once fluke are mature and established
within the bile ducts of the host and start shedding eggs. To resolve some of the
problems associated with FEC some lab based alternatives have been developed.

A cELISA, which detects the presence of specific F. hepatica antigens found
in host faeces is available for the early detection of F. hepatica infection from four
weeks post infection [110], [112], [113], [211]. The cELISA method, typically relies
on detection of F. hepatica cathepsin-L1 (FhCat-L1) antigens. Under experimental
studies in sheep, it has been proven that FhCat-L1 cELISA has 100% sensitivity
and specificity, even when sheep were only infected with a single fluke (Mezo et
al., 2004). Given the lower sensitivity of FEC, (Charlier et al., 2008; Rapsch et al.,
2006) compared to cELISA, the latter is potentially a convenient tool for the early
diagnosis of F. hepatica infection in sheep. In addition, experimental evaluation of
sera based cELISA have demonstrated it to have a sensitivity of 95.3% and 95.7%

specificity in human fascioliasis cases [110]. Similarly, PCR of faecal samples is



Chapter 4. Selection of model antigen antibody interaction studies 137

also a promising tool for the detection of F. hepatica as early as two weeks post

infection [212].

421 The role of the AIE

The opportunity of the AIE is twofold; as a potential diagnostic tool, detecting
key bio-markers of infection via specific AAI and in a long term developmental
role supporting the understanding of AAls and PPIs relating to key anthelmintic
and vaccine candidates associated with F. hepatica. A number of key protein tar-
gets have been identified in F. hepatica that have vaccine, anthelmintic or com-

bined interest.

TABLE 4.1: Presenting the target proteins relating to key vaccine and
anthelmintic candidates.

Protein

FhGST-S1 FhCatL1l FABp5 TGR LAP HDM
References [6],[108], [114] [7], [95] [95] [213] [214] [215]

Of particular note is FnGST-S1 which is documented to have an immunomod-
ulatory function, which offers a significant opportunity as a vaccine candidate [6],
[108], [114], [117]. One which is available for use as a recombinant protein and
as a native protein [6], [115]. Additionally, a rabbit raised polycolonal antibody
raised against FnGST-S1 [6] allows considerable avenues of investigation. A sig-
nificant recent finding is the discovery that FhGST-51 is a component of F. hepatica
EVs [116].

It is likely that the EVs of F. hepatica, containing FnGST-S1 will play a key role
in the future control of this parasite, whether through vaccine immunization or
novel chemo-therapies. Originally described by Harding et al. in 1983 [216] and
considered to be ‘cellular garbage cans” removing unwanted cellular material,
EVs have since been identified as important mediators for inter-cellular commu-
nication. Capable of delivering molecular signals, comprising of proteins, lipids

and a wide range of RNA species [131]. In the case of parasitic diseases, EVs have
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been shown to use this mechanism of inter-cellular communication to achieve
modulation of immune responses [123]. Indeed Marcilla et al.’s summary of the
data suggests that EVs are likely the principle trematode mechanism to export
protein into the host, which gives them considerable potential to provide new
diagnostic tools and therapies.

This particular focus is well evidenced during recent Innovate UK funded
[217] AU Brophy-Morphew lab collaboration with Ridgeway Research Ltd. and
Bio-check UK Ltd. to develop a pen-side diagnostic test to identify fascioliasis
in sheep and cattle based upon EVs as a reactive agent (patent application cur-
rently in progress). This development work involved the complete characteriza-
tion of the protein components, surface and cargo, by Dr. Rebekah Stuart [2018
unpublished] for key F. hepatica strains using proteomics; this work also involved
exposing F. hepatica EVs to trypsin, causing proteolysis by catalyzing hydroly-
sis and cleaving the peptide bond at arginine or lysine points of the EVs surface
exposed proteins, effectively shaving peptides from the surface. This was done
using a modified version of the Cwiklinski et al. protocol [7]. Analysis of these
shaved peptides by mass spectrometry (MS), has revealed the presence of 79 pro-
teins, across all three strains tested, that are believed to be exposed beyond the
lipid bi-layer of the EV surface, presenting a number of potential targets for a
model AAI diagnostic system, observable using the AIE.

With regard to using the AIE, identification of EV surface exposed proteins
which are receptive to specific F. hepatica antibodies presents a route to construct
a diagnostic bio-sensor as presented earlier (Chapter 1 Figure 1.15). Therefore,

the aim of the experimental work of this chapter was as follows:

¢ Optimise EV isolation.
¢ Optimise TEM visualization of EVs.
¢ Confirm anti-FhGST-S1 antibody interaction with EV surface proteins.

¢ Establish suitable positive and /or negative controls.
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e Identify if F. hepatica EVs and/or FhGST-S1 protein are present in faecal
samples from infected hosts. Raising the possibility that a diagnostic test

may be feasible, using readily accessible EVs and the AIE.

4.2.2 EVs from Fasciola hepatica as a model AAI system

While it is has been shown in Chapter 2 that with suitable development the AIE
has the potential to detect the change in polarization of incident light brought
about by the mono layer interaction of antibody and antigen. If this were to prove
difficult in practice when applied to F. hepatica specific proteins, an advantage of
EV capture is their increased size compared to single proteins. While the bond
strength between antibodies and EVs and hence ability to hold the EVs in place
was unknown, the order of magnitude scale difference, the 5-15nm diameter of a
protein compared to the 30-300nm diameter of an EV, makes them an attractive

target for investigation alongside FhGST-S1.

4.2.3 Summary to introduction

The aim of this chapter’s experimental work was to find and develop model AAI
utilizing those proteins that would enable observations of interactions using the
AIE and support the longer term aims of potential diagnostic, vaccine and an-
thelmintic development. Data from MS analysis by Cwiklinski et al. [7] and Dr.
Stuart [2018 unpublished] from trypsin shaves of isolated F. hepatica EVs have
identified a range of proteins that are exposed from the EV surface. This offers
the potential of AAI detection of F. hepatica EV's as a diagnostic technique [218].
While the literature and the work both past and present of the Brophy-Morphew

lab have identified key bio-markers of F. hepatica infection such as FhGST-S1, F.
hepatica fatty acid binding protein -V (FhRFABP-V) and FhCat-L1 no previous stud-
ies have shown if these proteins can be used in a label free, optical, bio-sensor

format.
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4.3 Materials and methods

4.3.1 Observations using TEM

Preparation for qualitatively visualizing the F. hepatica EV preparations by TEM
was done initially as described by Nowacki et al.[184] and later to quantitatively
record any immuno-gold labeling, the protocol of Théry et al. [27]. Describing
the Théry et al. protocol briefly; isolated EVs were diluted in para-formaldehyde
4% v /v as a fixative, adsorbed onto formvar carbon coated TEM grids for 20 min,
further fixed using glutaraldehyde 4% v /v, contrast stained for 5 minutes using
a uranyl oxalate solution 4% v/v and then embedded in a final layer of methyl-
cellulose.

Development of the protocols and points of refinement are described within
the results (Section 4.4.1). In all cases, formvar-carbon coated copper grids (Agar
scientific) were placed face down onto 10ul of EV-enriched sample solution pre-
pared and allowed to adsorb in accordance with the specific protocol chosen.

All prepared grids were visualized on a JEOL 1010 transmission electron mi-
croscope operated at 80 kV. Images were recorded with a Kodak MegaPlus Model
1.4i camera, other than a file format change from jpeg to TIFF and the addition of
scale bars, no further image processing was done. The full SOP is included in the

appendix.

4.3.2 Immuno-gold labeling.

Immuno-gold labeling was done following the protocol of Théry et al. [27] modi-
tied by the replacement of BSA as non specific blocking agent and antibody dilu-
ent with caesin-thimerosal buffer (CTM-T) as described by Kenna et al. [219]. F.
hepatica EVs were incubated with rabbit raised antibody, followed by anti-rabbit
IgG with a colloidal gold tag attached (Sigma). Labeling was done using tags of

either 5nm or 15nm nominal diameter. The full SOP is included in the appendix.
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4.3.2.1 Quantification of labeling incidence and analysis.

The resultant immuno-gold label incidence for test and control samples was quan-
tified from TEM micrographs of EVs prepared as described earlier (Section 4.3.1).
Calculation of the gold label incidence involved 104 (minimum) to 572 (maxi-
mum) individual EVs which were counted for each sample. At least three grid
areas were randomly selected for analysis, scanned and recorded in accordance
with the recommendations of Lucocq [220] and Mayhew et al [137]. Labeling inci-
dence were expressed as the number of gold particles on or within close proxim-
ity to the edge of EVs. Controls included counts of the background areas. Com-
parisons between samples were made by an independent means two-tailed t-test

following Kaur and Raje [221] and computed using SPSS (version: 24.0) software.

4.3.3 Fasciola hepatica collection and culture

Six sheep were each experimentally infected with 200 F. hepatica metacercariae by
Ridgeway Research Ltd. Twelve weeks post infection mature flukes were recov-
ered from the livers immediately post slaughter. This process was repeated for
each of three F. hepatica strains: Aber, Italian and Miskin. Once removed from the
host livers the F. hepatica were maintained as previously described by Morphew
et al [222]. Briefly, whole fluke from each individual liver were counted and thor-
oughly washed three times in PBS at 37°C to remove host material and stimulate
regurgitation of gut contents. The collected F. hepatica were then placed in Fasci-
ola saline at 1 ml per fluke (Dulbecco’s modified Eagle’s medium (DMEM) (w/o
NaHPO3; and PO;) plus 2.2 mM Ca (CoH303), 2.7 mM MgSQOy, 61.1 mM glucose,
1 uM serotonin, 5 ug/mL gentamycin, 15 mM N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES), pH7.4) at 37°C for 5 hours (including transport to
the laboratory). All flukes remained alive after in vitro culture incubation. Post

culture, flukes were removed from the media and snap frozen in liquid nitrogen.
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Culture media was immediately frozen and stored at -80°C, until further process-

ing.

4.3.4 EV isolation

4.3.4.1 EVsisolated from F. hepatica culture media

EVs were isolated from the culture media by DC, originally using the protocols
based on the method according to Nowacki et al [184] and Théry et al [27]. The
SOP is provided in the appendix. Later modifications to the DC protocol were
informed by the Excel spin calculator described in detail earlier (Section 3.3).
Evaluation, optimization and points of refinement are described in the results
(Section 4.4.1). Initial separations were done using an Eppendorf SW-A-4-81 cen-
trifuge and later a Beckman Ultra XL with 50.2Ti rotor. The final pellet was re-
suspended in 100ul of PBS, transferred to 0.5ml ultra high recovery microcen-

trifuge tubes (StarLabs: E1405-2600) and frozen at -80°C, until needed.

4.3.4.2 EVsisolated from host faecal material

Naive F. hepatica free ovine faecal samples were sourced via animals from an ex-
perimental infection study. The sample for evaluation was sourced by pooling
10 smaller 1 gram pellets obtained from individual sheep at Ridgeway Scientific
Ltd., from experimental stock.

Spiked samples were prepared by adding 100ul of previously isolated Aber
strain F. hepatica EVs at 0.85mg/ml (obtained from culture) to 10g of known F.
hepatica free ovine faecal sample sourced as above from experimental stock at
Ridgeway Scientific Ltd.

Wild ovine faecal samples were sourced from known F. hepatica egg positive
faecal samples [223] 10 smaller 1g pellets were pooled together into a single 10g

volume that was representative of a typical faecal collection.
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All samples were processed by DC to isolate all EVs in a manner already de-
scribed (Section 3.3.2). EVs were adsorbed onto TEM grids and incubated with
rabbit raised anti-FhGST-S1 primary antibody followed by gold labeled anti rab-
bit IgG secondary, described in full later (Section 4.4.3). TEM grids were then

contrast stained and imaged as described earlier (Section 4.3.1).

4.3.5 Sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE)

electrophoresis.

F. hepatica EV samples isolated as described above were thawed on ice then ali-
quated into ultra high recovery microcentrifuge tubes (StarLabs: E1405-2600).
EVs within the tubes were lysed by immersion in a sonication bath for 30 sec-
onds, then rested on ice for 30 seconds, this was repeated for a total of five times.
Following lysis, samples were quantified for protein content using an Invitrogen
Qubit fluorimeter as per the Qubit manufacturer’s instructions [224]. The samples
were mixed with loading buffer and rapidly heated to 95°C for 5min. The re-
sulting de-natured protein solution was then loaded into 7cm 12.5% tris/glycine
polyacrylamide gels and run using the Protean III system (Bio-Rad). The gels
were initially run at 70 volts, until the dye front passed through the stacking
gel, at which point the voltage was increased to 150 volts and maintained until
completion. Gels were fixed using a 40% (v/v) ethanol, 10% (v/v) acetic acid so-
lution. Once fixed they were then stained with colloidal Coomassie Brilliant Blue

(Sigma). Gels were imaged using a GS- 800 calibrated densitometer (Bio-rad)

4.3.6 Western blotting.

Samples were prepared and run on 1D SDS-PAGE gels as described above (Sec-
tion 4.3.5). Proteins within the gel were then electrophoretically transferred across
onto Hybond-C extra NCP (GE Healthcare). This was done using a Trans-Blot
cell, immersed in transfer buffer [192 mM glycine, 25 mM trisHCL (pH 8.3), 20%
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(v/v) methanol] running at 40 volts for two hours according to the method of
Towbin et al. [15]. Transfer was visually assessed by staining the membrane
with amido black [0.1% (w/v) amido black, 10% (v/v) acetic acid, 25% (v/v) iso-
propanol] for one minute. Once confirmed, the membrane was then de-stained
using 10% (v/v) acetic acid and 25% (v/v) isopropanol and subsequently washed
three times in tris buffered saline (TBS) [100 mM tris-HCL (pH 7.5), 0.9% (w/v)
sodium chloride] with 1% (v/v) tween20 tris buffered saline (TTBS). The mem-
brane then had any remaining protein sensitive space blocked by immersion
overnight in TTBS with 5% (v/v) skimmed milk powder) agitated by rocking
and maintained at 4°C.

Following overnight blocking, membranes were incubated in primary anti-
body diluted according to each antibody used. Primary antibodies used for West-

ern blotting were:
e Anti-FhGST-S1 at 1:20,000 [6],

¢ Anti-FhFABP-V at 1:2000 [116] which was commercially made (Lampire)
from polyclonal antibodies to a purified recombinant FABP-V from F. hepat-

ica expressed in bacteria and raised in rabbits,

¢ Anti-thioredoxin-glutathione reductase (Anti-Fh'TGR) at 1:2000, which was
commercially made (Lampire) from polyclonal antibodies to a purified re-

combinant TGR from F. hepatica expressed in bacteria and raised in rabbits.
¢ xand B tubulin at 1:500, commercially purchased from Thermofisher Scien-
tific.

¢ Anti-FhCat-L1 at 1:10,000 which was commercially made (Lampire) from
polyclonal antibodies to a purified recombinant cathepsin L1 from F. hepat-

ica expressed in bacteria and raised in rabbits.

All primary antibodies were diluted in TTBS with 1% (v/v) skimmed milk

protein. Anti-FhGST-5S1 and anti-FhCat-L1 primary antibodies are known to have
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high specificity however, anti-FhFABP-V is known to be reactive to FABP I, FABP
I, FABP IlII and FABP V [225].

With the primary antibody added the membrane was placed on a rocker for
one hour at at 18°C. The membrane was then washed three times for five minutes
in TBS to remove any unbound antibody. The secondary antibody, anti-rabbit IgG
(whole molecule) conjugated to alkaline phosphatase (Sigma) dilution 1: 30,000
in TTBS, was then added to the membrane and again rocked for one hour at at
18°C. The membrane was then washed three times for five minutes in TBS as
previously described, to further remove any free antibody. Following washing,
any phosphatase which remained on the membrane as a result of binding with
the primary antibody, and hence the antigen present within the lysed EV sample,
was visualised by using a solution comprising, 33ul 5-bromo-4-chloro-3-indoyl
phosphate (BCIP) [50mg/ml] and 3301 nitro blue tetrazolium (NBT) [10mg/ml]
added to 10ml substrate buffer comprising of 0.1 M tris, 100mM sodium chlo-
ride, 5mM magnesium chloride, (pH 9.5). This detection solution was added to
the membranes and rocked at 18°C until either clear visualization of banding
occurred or for a maximum of five minutes. The reaction was stopped by wa-
ter washes and membranes were then scanned using a Bio-rad GS800 calibrated

densitometer.

4.3.7 Trypsin shaving of EVs.

Cleaving of peptides from the surface of EVs, termed shaving, was performed
and refined by Dr Stuart following the initial method described by Cwiklinski et
al. [7]. Briefly, sequencing grade trypsin (Fisher Scientific) was added to isolated
F. hepatica EVs at a final concentration of 50ug/ml for 20 min at 37°C. The reaction
was stopped by reducing the temperature of the solution to 4°C. The treated EVs
were condensed to a pellet by centrifugation at 100,000 g for 60 min at 4°C, and

the released peptides were recovered from the supernatant by vacuum drying,
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followed by re-suspension in 20ul of 0.1% (v/v) formic acid in preparation for
tandem MS.

Liquid chromatography tandem MS (Agilent 6550 iFunnel Q-TOF) coupled
to a HPLC-Chip (1200 series, Agilent Technologies, Cheshire, UK) was used for
peptide separations. Tandem mass spectrometry was performed in the 300-1700
Da range, at a rate of five spectra per second, on the five most intense ions in the
precursor scan. Peak lists were generated with Mass Hunter Qualitative Analysis
software (V B.06, Agilent Technologies) and exported as Mascot Generic Files.
Analysis of sample data was processed following Morphew et al [114]. Briefly, for
the overall list of proteins identified, only those with at least two unique peptides
and present in at least 30 instances across three biological replicates (n = 3) were
selected. Protein sequences were searched using BLAST2GO obtaining BLAST
descriptions and gene ontology terms.

The pellet was resuspended in 100ul of PBS, transferred to 0.5ml ultra high
recovery microcentrifuge tubes (StarLabs: E1405-2600) and frozen at -80°C, until

needed.

4.4 Results

4.4.1 TEM visualization of EVs.

As described previously (Section 3.3) the initial protocols for isolation and imag-
ing of EVs within AU were developed by a former research group colleague
Fanny Nowacki [184]. A reduction in background contamination and improve-
ments in TEM visualization of EVs were seen with the protocol of Théry et al.

[27].
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FIGURE 4.1: Three replicate TEM micro-graphs showing the variation in con-
trast staining; for F. hepatica EVs isolated and stained using the Nowacki method:
40min adsorb onto grid, 10 min uranyl acetate stain.

4.4.1.1 Contrast staining protocols.

Briefly, the initial stain protocol developed by Nowacki involves fixing EVs with
a 4% (v/v) glutaraldehyde solution then allowing the prepared sample 40 min to
adsorb onto formvar carbon coated TEM grids, followed by a contrast stain using
4% (v/v) uranyl acetate (PH 4) applied for 5-10 minutes (Figure 4.1).

However, while quick and simple, the Nowacki method produces reversed
contrast across many of the grid squares (Figure 4.1 images A & B). This dark
background staining makes the identification of gold label tags from the immuno-
gold labeling process, which are seen as black spots, much more difficult, if not
impossible, in large areas of the TEM grids. A search of the literature revealed the
method of Théry & Clayton [27] gives the light background and contrast feature
staining to the EVs that makes identification of gold tags in both the background
and around target EVs much simpler and more accurate (Figure 4.2).

A SOP that compiles the protocol as concisely as possible from the reference

source was constructed and is included in the appendix.
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A) B) C)
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FIGURE 4.2: Representative TEM micro-graph showing EVs contrast stained us-
ing the Théry protocol; which produces good contrast and allows excellent EV
definition across the whole grid area.

4.4.2 Western blotting of Fasciola hepatica antibodies on EVs

By using the Western blot method it was possible to evaluate that the culture
obtained from F. hepatica helminths, refined by the process described earlier (Sec-
tion 4.3.4) contains both proteins typically found in EVs generally and some that
are specific to F hepatica. Antibodies targeting FNGST-51, FnFABP-V, FhTGR, « &
B tubulins and FhCat-L1 were used to probe lysed EVs. Following development,
a visible reaction was observed relating to all antibodies used with the exception

of FhCat-L1 which had only a faint response (Figure 4.3).

4.4.3 Immuno-gold labeling of EVs

Following the Western blot, some question remain; firstly, which of the proteins
identified are expressed on the surface of EVs and which are contained within.
Secondly, are any of the surface exposed proteins receptive to the antibodies iden-
tified in the Western blot, when the EVs are un-lysed. The use of immuno-gold
labeling provides a means to help build a body of evidence that gains some in-
sight into both of these questions. Once confirmed these specific AAI can then be
utilized in a bio-sensor array and visualized by the AIE.

To answer these questions a series of experiments were conducted to optimize

the amount of antibody present in the primary and secondary probing solutions.
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FIGURE 4.3: Western blot of F. hepatica EV proteins using target an-
tibodies; analysis reveals the presence of FnGST-S1 (lanes 2a & 2b),
FhFABP-V (lanes 3a & 3b, FhTGR (lanes 4a & 4b), a & f tubulins
(lanes 5a & 5b), and faint recognition to FhCat-L1 (Lanes 6a & 6b).
Lane 1 contains low molecular weight markers for size comparison.
EV proteins were run on a 12.5% SDS-PAGE, transferred to NCP
membrane and developed using BCIP and NBT.

Using TEM observations, the ideal was to use sufficient antibody to present a
large enough number of binding opportunities but not overload the grid. Over-
loading which prevented all of the unbound antibodies from being removed dur-
ing wash steps and allowed them to remain as false positives.

Initial trials were conducted using a series of serial dilutions and from this
further refinements revealed that which was considered to be the optimum values
for each antibody (Table 4.2).

During the early stages of immuno labeling experiments, a change was made
to the protocol described by Théry [27]. Where by, use of BSA as a non specific
binding site blocking agent was replaced with CTM-T. The object of using BSA
within the protocol is for the BSA protein to attach to any areas on the EVs that
will accept a non-specific partner. Thus, when the secondary, labeled antibody

is added, the only available sites for it to bind are those provided by the specific
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TABLE 4.2: The optimized antibody dilution ratio for immuno-
labeling F. hepatica EVs.

Primary antibody = Dilution ratio Conc. (mg/ml)

Anti-FhGST-51 1:50 0.05
« & P tubulin 1:200 0.01
Anti-FhFABP-V 1:50 0.04
Anti-FhTGR 1:100 0.05
Anti-FhCathepsin-L1 1:50 0.06
Secondary antibody
Anti-rabbit IgG 5nm 1:200 0.005
Anti-rabbit IgG 15nm 1:200 0.005

primary antibody. If left un-blocked these areas have the potential to accept the
secondary gold labeled antibody directly and give a false positive result. The
use of CTM-T has been seen to offer improvements in blocking performance over

BSA without detriment and can in addition be used as an antibody diluent [219].

4.4.3.1 Antibody response to Fasciola hepatica EVs

The results of initial immuno-gold labeling investigations showed that anti-FhGST-
S1 and anti-« & B tubulin had a considerable binding affinity with the surface of F.
hepatica EVs and as a result further work was conducted to test the strain specific
response, which is described fully (Section 4.4.3.2). Once the labeling process was
suitably optimized the method of Kaur and Raje [221] was employed to quantify
the proportion of EVs that were identified as tagged by the immuno-gold labeling
process. Briefly, a minimum of three areas were selected at random from the over-
all TEM grid, in each chosen location the area was methodically scanned, where
every recognizable EV was counted and then identified if it had one or more gold
tags associated with it. Comparisons were then made to a control which had no
primary antibody incubation. For anti-FhGST-S1 a total of 572 EVs were counted
and 327 (57%) had one or more tags in contact or very close proximity to the edge

of the EV (Table 4.3).
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TABLE 4.3: The binding incidence for anti-FhGST-S1 immuno-labeled antibod-
ies by F. hepatica EVs: n = number of EVs counted, X = mean, SD = standard
deviation, t = t-test (distribution from null), p = p-value (significance level).

Immuno-gold label binding incidence

Control a-FhGST-S1
n 112 572
X  0.0268 0.5719
SD 0.1615 0.6420
t 9.498
p 0.00001

4.4.3.2 Specific Fasciola hepatica strains tested against anti-FhGST-S1

Each of the three strains of F. hepatica EVs were incubated with rabbit raised anti-
FhGST-S1, followed by anti-rabbit IgG with a 15nm colloidal gold tag attached
(Sigma Aldrich: G7402). TEMs were counted in a manner as described to a total of
119 Miskin, 109 Italian and 125 Aber strain randomly selected EVs over multiple
grid areas. In initial TEM observations following the use of anti-rabbit IgG with
15nm colloidal gold conjugated particles, a number of larger EVs were observed
with multiple tags surrounding it. Whereas the smaller EVs (<30nm) were seen
to be less prone to multiple labeling. This raised the possibility of steric hindrance
from the relatively large tags in proportion to EVs in the smaller range of 30 to
50nm diameter.

Incubations were repeated using Italian strain F. hepatica EVs, with an anti-
rabbit IgG with a gold tag of 5nm (Sigma Aldrich: G7277) (Figure 4.4). While
somewhat more prolific in attachment the difficulty in TEM observation of 5nm
gold tags should not be underestimated.

Experiments were repeated using each strain of F. hepatica EVs (Table 4.4), with
TEM observation producing similar levels of AAI incidence (Figure 4.5).

The significance here is that despite the difficulties in TEM observation an
increase in AAI occurrence on smaller EVs, present across all tested strains of F.
hepatica EVs, strengthens the potential for FRGST-S1 use as a model system for

the detection of F. hepatica infection using the AIE.
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3

FIGURE 4.4: Representative TEM micro-graphs of Italian strain F. hepatica EVs;

incubated with rabbit raised anti-FhGST-S1 primary antibody and 5nm gold la-

beled anti-rabbit IgG secondary antibody (outlined in red). The high incidence

of AAI offers potential as a model system for detection using the AIE. Scale bars
100nm.

TABLE 4.4: The binding incidence for anti-FhGST-S1 immuno-
labeled antibodies by F. hepatica EVs by strain expressed as a per-
centage.

Immuno-gold label binding incidence (%) [n = >100]

Strain a-FhGST-S1
Aber 57
Italian 52

Miskin 54

In all cases of immuno-gold labeling experiments a number of gold tags were
seen in the background surrounding EVs on the grid areas. While the numer-
ous wash steps during sample preparation aims to remove any free unbound

gold antibody it was thought possible that the process may not be 100% effective.
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FIGURE 4.5: Representative TEM micro-graphs of Miskin, Aber &

Italian strain F. hepatica EVs; labeled with rabbit raised anti-FhGST-

S1 primary antibody and 5nm gold labeled anti-rabbit IgG sec-

ondary antibody (outlined in red). Indicating the presence of surface

exposed FhGST-51 across all strains of F. hepatica EVs evaluated.

In addition there remains the strong probability that ruptured EV content and
segments of lumen remain in the sample solution following the differential cen-
trifugation process of isolating EVs from culture media. The resulting free pro-
tein present within the sample solution and a possibility that the wash process
may not be effective in completely removing unbound secondary gold labeled
antibody, may go some way to explain the small number of background tags
that were observed in almost all immuno-gold labeling experiments. During the

course of immuno-labeling development biological replicates were in triplicate

and technical replicates exceeded five.

4.4.3.3 Specific Fasciola hepatica strains tested against « &  tubulins

All three strains of F. hepatica EVs (Aber, Miskin and Italian) were incubated with
rabbit raised anti « & B tubulin primary antibody followed by anti-rabbit IgG
with a colloidal gold tag attached in the method of Théry et al. The SOP is pre-
sented in the appendix. Experiments were conducted using anti-rabbit IgG with
a colloidal gold tag of both 15nm and 5nm diameter. As had been seen previ-

ously in the TEM micro-graphs using FhGST-S1 the 15nm gold tags were more
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easily visualized. However by contrast, in the case of & &  tubulin primary anti-
body the large number of instances of association made the use of 5nm tags more
readily visible on a high percentage of EVs.

The presence of tubulin protein was observed in the Western blot result, in-
dicating that this protein is present somewhere within the whole F. hepatica EV
content. As can be seen (Figure 4.6) Aber, Italian and Miskin strain F. hepatica EVs
incubated using anti-a & f tubulins all show a substantial number of interactions
on a high percentage of EVs (Table 4.5). Thus indicating that a substantial num-
ber of & & S tubulin proteins are exposed on the surface of F. hepatica EVs in a way
that is receptive to an anti-x & B tubulin antibody. This finding combined with
it’s high incidence of AAI offers itself as a potential positive control for a model

AAI system of detection using the AIE.

TABLE 4.5: The binding incidence for anti- « & B tubulin immuno-

labeled antibodies by F. hepatica EVs: n = number of EVs counted, X

= mean, SD = standard deviation, t = t-test (distribution from null),
p = p-value (significance level).

Immuno-gold label binding incidence
Control Anti-a & p tubulin

n 112 173

X 0.0268 1.0462
SD  0.1615 1.2894

t 9.657

P 0.00001
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FIGURE 4.6: Representative TEM micro-graphs of labeled F. hepatica

EVs; A) Aber strain, B) Miskin strain and C) Italian strain, labeled

with rabbit raised anti-« and p tubulin primary antibody and a 15nm

gold labeled anti-rabbit IgG secondary antibody. Images show the
high incidence of AAI Scale bars 200nm.

4.4.3.4 Specific E. hepatica strain EVs, anti-FhCat-L1 and anti-FhFABP-V

Both anti-FhCat-L1 and anti-FhFABP-V are seen as reactive in the Western blot
result, which indicates that these proteins are present somewhere within whole
F. hepatica EV content. To identify if these proteins are surface exposed in a way
that makes them receptive to antibody binding specific F. hepatica strains (Aber,
Miskin and Italian) were incubated with rabbit raised anti-FhCat-L1 and anti-
FhFABP-V primary antibody (as used in the Western blot experiment) followed
by gold labeled anti-rabbit IgG secondary antibody (Figure 4.7).

TEM observations showed no significant numbers of gold labels clustering
around EVs (Table 4.6). However, tags were visible as a random distribution in
very small numbers in the background. What is important to state is that the
images included here (Figure 4.7) represent the highest observed gold labels seen

within TEM micro-graphs when subject to anti-FhCat-L1 or anti-FhFABP-V.
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TABLE 4.6: The binding incidence for a-Cat-L1, a-FABP-V and a-

TGR immuno-labeled antibodies by F. hepatica EVs: n = number of

EVs counted, X = mean, SD = standard deviation, t = t-test (distri-
bution from null), p = p-value (significance level)

Immuno-gold label binding incidence
Control a-FhCat-L1 a-FABP-V a-TGR

n 112 141 155 123
X 0.0268 0.0354 0.0322 0.0163
SD 0.1615 0.1849 0.1767 0.1265
t 0.4519 0.3076  -0.5658
p 0.3258 0.3793 0.2860

FIGURE 4.7: Presenting example TEM micro-graphs of anti-FhCatL1

and anti-FhFABP-V labeled F. hepatica EVs; A) Aber strain tested

against anti-FhCat-L1. B) Miskin strain tested against anti-FhFABP-

V. Both incubated with a rabbit raised primary antibody and then

exposed to 15nm gold labeled anti-rabbit IgG secondary antibody.

Images show the low incidence of AAI. Scale bars are 200nm as in-
dicated.

4.4.3.5 Pre and post trypsin shave EVs

Dr. Stuart optimized the EV shaving process, where an exposure of EVs to trypsin
in a 50ug/ml concentration at 37°C for 20 min was seen to provide a sufficient
amount of cleaved peptides for reliable MS analysis whilst still leaving the EVs
intact and of a typical morphology when viewed by TEM (Figure 4.8). MS data
analysis indicated a total of 97 proteins for Aber, 135 for italian and 141 Miskin
strains identified above significance (>>30 occurrences) across three biological repli-
cates in the shaved EV supernatant. From these 79 were common across all three

strains with a tubulin occurring in the top 16 and FhGST-51 identified within the
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top 36 most abundant.

A)

FIGURE 4.8: TEM micro-graphs of EVs pre and post trypsin shav-
ing of surface exposed peptides; A) Miskin strain pre shave, incu-
bated with rabbit raised anti-FhGST-S1 primary antibody and 15nm
gold labeled anti-rabbit IgG secondary antibody (outlined in red). B)
Miskin strain post shave, incubated with rabbit raised anti-FhGST-
S1 primary antibody and 15nm gold labeled anti-rabbit IgG sec-
ondary antibody. Images indicate the consistency of EV integrity,
morphology and lack of labeling post shave. Scale bars 200nm

To further investigate the surface exposed proteins post shave, trypsin shaved
EVs were incubated with anti-FhGST-S1 primary and gold labeled rabbit IgG sec-
ondary as before. However, unlike whole EVs which had around 57% incidence
of gold labeling, shaved EVs showed almost no gold labels in close proximity to

the EVs (Table 4.7 and Figure 4.9).

TABLE 4.7: The binding incidence for anti-FhGST-S1 immuno-

labeled antibodies by F. hepatica EVs pre & post shave: n = num-

ber of EVs counted, X = mean, SD = standard deviation, t = t-test
(distribution from null), p = p-value (significance level)

Immuno-gold label binding incidence (anti-FhGST-S1)

Control Pre shave Post shave
n 112 572 105
X  0.0268 0.5719 0.0381
SD 0.1615 0.6420 0.1914
t 9.498 -0.5327

p 0.00001 0.2973
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FIGURE 4.9: Representative example TEM micro-graphs of shaved

Italian strain F. hepatica EV's; Subject to immuno-gold labeling by in-

cubation with rabbit raised anti-FhGST-S1 primary antibody then

5nm gold labeled anti-rabbit IgG secondary antibody. In almost all

cased no gold labels were seen, images shown here represent the

only incidence of gold labels seen within the TEM micro-graphs.
Scale bars 200nm

4.4.3.6 Faecal EV detection

To evaluate the possibility of detecting F. hepatica specific EVs in an infected hosts
faecal sample using anti-FhGST-S1 as a positive bio-marker of infection, a series
of simple tests were conducted. The aim of these tests were to isolate EVs from
three faecal sample types. Firstly, F. hepatica free ovine faeces, secondly, F. hepatica
free ovine faeces that were spiked with a known quantity of F. hepatica EVs and
finally from an ovine faecal sample with a known F. hepatica infection.

Counts for the presence of gold labels were conducted as described in the
methods (Section 4.4.3). The known F. hepatica negative sample was compared
to the negative control used in all other counts. While both the F. hepatica EV
spiked and F. hepatica EV known positive infection samples, were compared to
the F. hepatica negative sample (Table 4.8).

The aim of the first experiment was to confirm that using anti-FhGST-51 immuno-
gold labeling on a known F. hepatica infection free faecal sample would not pro-
duce a false positive result. A sample was prepared as described in the methods
section, comprising a group of known uninfected (egg negative) faecal samples

pooled into a volume typical of a faecal collection of 10 grams. EVs were isolated
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TABLE 4.8: The binding incidence for anti-FhGST-S1 immuno-

labeled antibodies by F. hepatica faecal EVs: n = number of EVs

counted, X = mean, SD = standard deviation, t = t-test (distribution
from null), p = p-value (significance level)

Immuno-gold label binding incidence
Control Fh Negative Fh Spiked Fh Positive

n 112 104 119 118
X 0.0268 0.0481 0.1008 0.2034
SD 0.1615 0.2139 0.3011 0.4231
t -0.9264 1.4819 3.3669
p 0.1776 0.0699 0.00045

from the sample in a manner already described earlier (Section 3.3.2). Isolated
EVs were adsorbed onto TEM grids and incubated with rabbit raised anti-FhGST-
S1 primary antibody followed by gold labeled anti rabbit IgG secondary as de-
scribed earlier (Section 4.4.3). TEM grids were then contrast stained and imaged
as described previously (Section 4.3.1). In all F. hepatica negative cases the number
of gold labels observed on any TEM grid was low. Typically no gold labels were
seen in, on or around any isolated EVs and the images included here represent

examples of the maximum extent of observation (Figure 4.10).

A B)

FIGURE 4.10: Representative TEM images of EVs isolated from an
uninfected (egg negative) host faecal sample; incubated with rabbit
raised anti-FhGST-51 primary then immuno-gold labeled (5nm) anti
rabbit IgG secondary. This negative control is confirmed by the very
low occurrence of gold tags (outlined in red) suggesting a lack of
FhGST-51 proteins both on the surface of EVs or as a free protein.
Images shown represent the maximum incidence of gold tags seen.
Scale bars 200nm
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The second experiment sought to establish if it was possible to detect the pres-
ence of F. hepatica EVs which have been deliberately added to an uninfected (egg
negative) hosts faecal sample. The object being that by homogenizing a faecal
sample and subjecting it to DC, would the isolated EVs retain sufficient qual-
ity and quantity to be identifiable by immuno-gold labeling as presented earlier
(Section 4.4.3.2).

The spiked sample was prepared as described in the methods (Section 4.3.4.2
and EVs isolated in a manner already described (Section 3.3.2). EVs were ad-
sorbed onto TEM grids and incubated with rabbit raised anti-FhGST-5S1 primary
antibody followed by gold labeled anti-rabbit IgG secondary as described (Sec-
tion 4.4.3). TEM grids were then contrast stained and imaged as described previ-
ously (Section 4.3.1). A small number of gold labels were seen in close proximity

to EVs (Figure 4.11), however this was not statistically significant (Table 4.8).

A) B) B

C) D)
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FIGURE 4.11: Representative TEM images for EVs isolated from F.

hepatica negative ovine faeces spiked with F. hepatica EVs; incubated

with rabbit raised anti-FhGST-S1 primary then gold labeled (15nm)
anti rabbit IgG secondary.
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Given encouragement from the first two results on F. hepatica negative EVs
and spiked EVs the object of the third sample was to establish if it is in fact possi-
ble to detect the presence of F. hepatica EVs in naturally infected host faecal sam-
ples. The wild sourced sample was prepared as described in the methods (Sec-
tion 4.3.4.2) and EVs isolated via DC as described earlier (Section 3.3.2). EVs were
adsorbed onto TEM grids and incubated with rabbit raised anti-FhGST-S1 pri-
mary antibody followed by gold labeled anti rabbit IgG secondary as described
(Section 4.4.3). TEM grids were then contrast stained and imaged (Section 4.3.1).
It was observed (Figure 4.12) that a significant number of gold tags were in close
proximity to EVs isolated from the sample and also present in the background. A
specific quantified count as per the anti-FhGST-S1 test on cultured F. hepatica EVs
(Section 4.4.3.2) is given (Table 4.8).
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FIGURE 4.12: Representative TEM images of EVs isolated from an

egg positive host; incubated with rabbit raised anti-FhGST-S1 pri-

mary then gold labeled (15nm) anti rabbit IgG secondary. Gold tags

indicating the presence of FhGST-S1 on the surface of some EVs

and as free protein in the background (outlined in red). Scale bars
200nm.
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4.5 Discussion

4,51 TEM observation of EVs

The MISEV2018 guidelines for characterization of EVs recommends that two dif-
ferent but complementary techniques are used to provide images of single EVs at
high resolution such as TEM and AFM [136]. With both close up and wide field
images to be provided. In seeking to comply with the requirements it was clear
that improvements on the existing methods of TEM visualization methods were
needed.

Following developments in EV isolation from F. hepatica culture media via
DC, as described in Chapter 3, a significant amount of material that was seen to
previously contaminate TEM grids, obscuring detailed observation of EVs was
removed from the final purified solution. Contrast staining of EVs adsorbed for
visualization onto TEM grids was initially performed to the existing AU lab pro-
tocol of Nowacki et al., which had been developed and used for Schistosoma man-
soni EVs. By this method there was a considerable variation in contrast over the
whole grid, producing a dark background to such an extent that observation and
analysis of immuno-gold labeling was severely compromised. A second concern
came with the lack of long term stability of the EVs on the TEM grids once pre-
pared. It was necessary to complete all imaging within 48 hours otherwise signif-
icant degradation of the EVs was seen. Despite these drawbacks, for a qualitative
assessment of EVs the Nowacki method had some merit, mainly from being quick
and simple to execute.

For detailed and consistent observations of F. hepatica EVs the protocol of
Théry et al. proved superior in almost all respects, with a TEM image clarity and
contrast that allowed for the easy identification of immuno-gold labeling tags.
The addition of a final layer of methyl-cellulose encapsulates the EVs on the TEM
grid and maintains their integrity for a period which, in the words of Théry ex-

tends to several years.
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Rikkert et al. have recently presented a comparison of nine EV contrast stain-
ing methods and reviewed four in detail, to evaluate operator led bias in eval-
uation of EV quality and quantity [226]. One of the recommended methods is
very similar to the Nowacki stain protocol and non are as extensive and time
consuming as the Théry protocol. Future work would involve a quantitative as-
sessment of the other methods recommended by Rikkert et al. to compare and
contrast with that of Théry et al. for the observation of F. hepatica and other EVs.
During the course of this study, work on EVs from parasites such as Schistosoma
mansoni, Calicophoron daubneyi and Anoplocephala perfoliata have highlighted the
need to adjust protocols to suit the particular subject, with EVs from Schistosoma

mansoni proving particularly difficult to image clearly by the Théry protocol.

4.5.2 Identification of suitable antibodies

The work of Cwiklinski et al and Dr. Stuart has identified 79 proteins as being
exposed in part on the surface of F. hepatica EVs, all of which have potential as
candidates for use in a AAI bio-sensor. It has been shown that several of these
proteins released by F. hepatica have the ability to influence the host immune cells
[215]. Some of these proteins have been identified as suppressing the hosts nat-
ural inflammatory response and have been seen to be packaged within EVs re-
leased by F. hepatica, these include, FhCat-L1, FhFABP and FhGST-S1 [7]. The
result of Western blotting has reaffirmed that « & f tubulin, FhCat-L1, FhFABP
and FhGST-S1 are all present within lysed F. hepatica EVs. Interestingly an unex-
pected response to TGR was seen and only a very faint recognition of FhCat-L1
which both warrant further investigation.

From the point of view of this study, a key result of the work by Dr. Stuart was
the discovery of FNGST-S1 as one of the proteins which is present on the surface
of F. hepatica EVs. This particular protein found in F. hepatica and F. gigantica offers

itself as a key bio-marker of infection and a potential vaccine candidate [6], [227].
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4.5.3 Immuno-gold labeling to qualify antibody choice

Western blotting has confirmed the presence of proteins, within F. hepatica EVs,
using F. hepatica specific antibodies. The mass spectrometry results of Dr. Stuart
and Cwiklinski et al. indicate that some of these proteins, such as « and g tubulin,
FhCatL1, FhFABP and FhGST-S1 are exposed on the surface of F. hepatica EVs.
This raises the question of whether the proteins are exposed in a way in which
antibodies can interact with a binding affinity. Thereby increasing the potential
of using these antibodies as part of an AAI process to capture F. hepatica EVs in a

way that can be detected by the AIE.

4.5.3.1 Immuno-gold labeling; tubulin

The response to incubation with anti-a & B tubulin across all strains was very
high with almost all EVs seen to have gold tags on or in very close proximity
(X = 1.046, SD = 1.289) a significant increase compared to the control (t(173) =
9.657, p =0.00001). This immuno-gold labeling result is in contrast to Cwiklinski’s
MS analysis, where tubulins fail to reach the top 50 most abundant identified
proteins.

The presence of antibody binding tubulin protein on the surface of F. hepat-
ica EVs, while not being a specific bio-marker of infection, would prove useful
for deployment as a positive control in a bio-sensor application, due to its pres-
ence in typical host EVs [10], [127]. However, alternative positive control anti-
bodies for future investigation could include other cytoskeletal proteins such as,
tetraspannin-CD63 or heat shock protein-70 (HSP-70), which are commonly asso-
ciated with mammalian EVs [228], [229]

4.5.3.2 Immuno-gold labeling; Cat-L1, FABP-V

Despite mass spectrometry results of shaved F. hepatica EVs indicating the pres-

ence of both FhCat-L1 and FhFABP-V proteins as being surface exposed, by both
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Dr. Stuart and Cwiklinski et al.[7], TEM observations of immuno-gold labeling
using anti-FhCat-L1 (X = 0.035, SD = 0.185) did not indicate a statistical increase
compared to the control (t(141) = 0.452, p = 0.326). And anti-FhFABP-V (X =
0.032, SD = 0.177) also did not indicate any significant increase compared to the
control (t(155) = 0.308, p = 0.379). This is something which may warrant further
investigation given the somewhat contradictory finding of Cwicklinski et al., who
found significant immuno-gold labeling identification following incubation with
anti-FhCat-L1 antibody. However, one possible explanation is that Cwiklinski’s
observations were made on cross section of EVs, which were present within cross
sections of whole flukes embedded in agar resin and microtome cut into ultra thin
sections. This apparent contradiction may be an indication that the protrusion of
the FhCat-L1 protein through the EV lipid membrane is simply not one which

presents the appropriate elements for antibody affinity binding.

4.5.3.3 Immuno-gold labeling; FhnGST-S1

TEM observations of strain specific immuno-gold labeling of F. hepatica EVs using
anti-FhGST-51 antibody has indicated a significant incidence of binding which
was approximately equal across all three tested strains (X = 0.572, SD = 0.642)
when compared to a control ((572) = 9.498, p = 0.00001) . The interaction of the
anti-FhGST-S1 antibody offers a clear route to an EV capture based bio-marker of
infection.

For the purposes of this study identifying surface exposed proteins on EVs
by using an antibody that is a bio-marker of F. hepatica infection can support the
construction of a bio-sensor of the style described earlier (Figure 1.15). Where an-
tibodies supported on a substrate can capture from solution EVs that are released
from the infecting parasite into the hosts blood, urine or faeces for example. These
specific AAI can then be observed by the AIE to see if detection of interaction is

possible, with the longer term aim of developing a label free, real time, low cost
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and high speed diagnostic test. The literature supports FhGST-51 as being of im-
portance in identifying the potential pathway to a vaccine or as bio-markers of

infection [6], [8], [108], [115].

4.5.4 Fasciola hepatica EV shaving

Pre and post shave EVs are seen to have similar morphology under TEM, in-
dicating that the process that was developed, cleaves surface exposed peptides
without significant damage to the EV membrane, thereby minimizing the release
of EV contents cargo. The immuno-gold labeling of shaved F. hepatica EVs using
anti-FhGST-S1 antibodies (X = 0.038, SD = 0.191) produced no significant inci-
dence of labeling compared to the control (t(105) = -0.533, p = 0.297). This finding
further supports the identification of FRGST-S1 and a & B tubulin as surface ex-
posed and antibody receptive proteins on EVs released by F. hepatica. Addition-
ally, shaved EVs subject to immuno-gold labeling qualitatively showed a reduc-
tion in the number of gold tags seen in the general background. This could pos-
sibly be explained by the additional centrifuge steps used to remove peptides for
MS analysis, with the smaller peptides remaining suspended as a colloid within
the supernatant, reducing the amount of free protein from the isolated EV pellet.
Or alternatively, that the trypsin cleavage of proteins occurred to such an extent
that any free protein was unable to affinity bind to the antibodies.

The idea that trypsin shaving, aimed at targeting EVs, also cleaves any free
protein which has been co-isolated within the EV containing solution, into pep-
tide fragments small enough to reduce antibody affinity binding, is not unrea-
sonable. The implication being that a proportion of the background gold tags
seen in immuno-gold labeling of whole EVs are not simply there from surviving
the washing steps to remove unbound tags but are in fact affinity binding to free
proteins within the sample solution.

Future work would seek to qualify the exact cause and quantify the extent
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of this issue and may be of benefit in understanding the extent to which a bio-

marker such as FhGST-5S1 is available within a host.

4.5.5 Faecal EV evaluation

The results of TEM immuno-gold labeling of EVs isolated from faecal collection,
has provided an indication that EVs can be isolated from faecal materials. F. hepat-
ica free faecal EVs were statistically similar (X = 0.048, SD = 0.214) to the negative
control (t(104) = -0.926, p = 0.178). The sample spiked with F. hepatica was also
not found to be statistically different (X = 0.101, SD = 0.301) to the negative faecal
sample (t(119) = 1.482, p = 0.069). However, it was close and this may simply
be a function of not having added sufficient EVs to the experimental sample to
generate a sufficient level of significance. Wild sourced F. hepatica positive faecal
sample was seen to have a highly significant number of immuno-gold labeling
incidence (X = 0.203, SD = 0.423) when compared to the F. hepatica negative faecal
sample (t(118) = 3.367, p = 0.00045).

Significantly, this indicates that the EVs of F. hepatica can be differentiated from
those of the host using anti-FhGST-51 antibody. The long term implication of this
means the possibility of using F. hepatica EVs easily recovered from a host faecal
sample as a bio-marker of infection and potentially using the AIE to observe AAI

as a label free, highly specific diagnostic.

4.5.6 Implications for AIE

The investigations within this chapter demonstrate the previously unseen evi-
dence that the protein FhGST-S1 and « & B tubulins are present on the surface
of EVs isolated from the excretory and secretory products of F. hepatica and are
exposed in a way that is receptive to the binding of anti-FhGST-S1 and anti-
tubulin antibodies. There’s some preliminary evidence that both F. hepatica EVs

and FhGST-S1 protein may survive into the host faeces. This has been observed
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physically in this study and is supported technically by crystallographic study
of the FhGST-51 protein structure [118]. On that basis a trial bio-sensor could be
constructed using the proteins identified in this study as a model AAI for evalu-
ation using the AIE. The bio-sensor could have an « & B tubulin positive control
spot which will detect host EVs (and tubulin) along with an anti-FhGST-S1 spot
which would detect a positive F. hepatica infection.

What has been established is a suitable model AAI system using anti-FhGST-
S1 which could be printed onto a suitable substrate using the printing techniques
identified in Chapter 3, probed with EV analyte solutions and then observed us-
ing the AIE to detect AAls.
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Chapter 5

AIE observations of AAI

5.1 Outline of chapter general aims

This chapter presents the combination of all the previous developments made
during this thesis to date. The introduction briefly recaps the process develop-
ment stages that have led to the fabrication of a bio-sensor using a model AAI
system selected from the helminth parasite F. hepatica. Following the introduc-
tion a description of the methods used to fabricate the protein array and optimize
the AIE observations are documented. Examples of AAI as observed with the
AIE are demonstrated following the application of an analyte solution contain-

ing protein or EVs specific to F. hepatica.

5.2 Introduction to AIE observation of AAI

This current work has has focused on two key themes; firstly the development of
the AIE to optically detect AAls and secondly the selection of appropriate model
protein(s) that can be used to confirm the effectiveness of the AIE in achieving the
tirst aim. Therefore, this chapter describes the culmination of these two themes,
combined with the process development steps that have enabled the fabrication
of a first generation protein micro-array to present proteins in a way that max-
imizes the novel approach of the AIE for observation of AAI in a reliable and

informative way.
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As a key protein for F. hepatica, FGST-5S1 has been identified as being present
on the surface of EVs released by F. hepatica (Chapter 4). In addition the liter-
ature confirms FhGST-51 as a significant excretory/secretory product produced
by this parasitic helminth, with an important recognized role in modulating the
host immune response to infection [6], [108], [114], [117]. Such modulation, likely
not solely attributed to FnGST-51, promotes the survival and longevity of the in-
fection. Therefore, the observation of, and improved characterization of FhGST-
S1 AAls using a recombinant or native protein or whole intact EVs expressing
FhGST-51 at their surface as an analyte would likely produce potential benefits
in the areas of disease diagnostics and chemotheraputic advances.

To observe the FhGST-S1 AAI, production of a protein micro-array has been
achieved using the robot spotting process, fabricated following the research and
developments that are described in Chapter 3. This fabrication method presents
anti-FhGST-S1 antibody on a solid substrate, ready for combination with ana-
lyte solutions and was developed on previously established methods [67]. The
protein micro-array approach, in conjunction with the AIE therefore presents the
proteins as a bio-sensor which can be observed and measured at high speed, label
free, with the further advantages of high spatial resolution and ease of use.

To further improve observation of AAls in general, the optimization of the
AIE setup parameters must be considered, with attention given to maximizing
the measured differences between the pre and post analyte observations. In order
to achieve the optimized AIE setup, the AIE must be applied to model AAI, in this
case FhGST-S1.

To evaluate the AAI film thickness directly from AIE calculation of ellipsomet-
ric parameters, consideration was given to constructing a comparison model. The
refractive index of SiO, at the AIE observation wavelength of 532nm is 1.46 [230],
similarly the refractive index of thin protein layers is described in literature, as
ranging from 1.35 to 1.6 [231], depending on the observation wavelength. The

work of Arwin et al. states the refractive index of adsorbed protein layers to
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be 1.5 [63], with Voros describing the refractive index to be 1.48 and having a
clear dependence on molecule size [231]. This suggested that with similar op-
tical properties a direct comparison could be made between SiO, and adsorbed
protein thickness, as a coarse first approximation.

On a substrate such as silicon with a high refractive index, at an angle of inci-
dence close to the pseudo- Brewster angle the elipsometric phase angle A is very
sensitive to changes in refractive index and thickness change, while the ampli-
tude Y is considered to be almost independent of the layer parameters [71].

Therefore, the experiments presented in this chapter aimed to monitor the
FhGST-S1/antibody AAl using an optimized AIE setup on a silicon based protein

microarray.

5.3 Materials and methods

5.3.1 Bio-sensor silicon substrate preparation

The bio-sensor for visualization using the AIE was prepared onto silicon chip sub-
strates, cleaned using the RCA-1 process [180] and prepared for covalent linking
of antibodies by the method of Wang and Jin [73], described earlier in full (Sec-
tion 3.2.3.1). Briefly this covalent linking involved immersion of the silicon chip
in APTES 5% v /v dH,O and 90% v /v ethanol, immediately followed by reaction
with 2.5% v /v glutaraldehyde in PBS.

5.3.2 Bio-sensor antibody capture preparation

Post glutaraldehyde activation of the silicon chip a polyclonal anti-FhGST-S1 an-
tibody [6] diluted at 1:50 with PBS (0.05mg/ml) was applied in solution to the

prepared silicon chip surface.
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5.3.3 Protein and EV analyte solutions

Analyte solutions of recombinant FhGST-51 protein were supplied by Cutress et
al. [118] and prepared at 0.2mg/ml in PBS. F. hepatica EV analyte solutions were

prepared as described earlier (Section 4.3.4), at a concentration 0.4mg/ml in PBS.

5.3.4 Protein micro-array fabrication

Following RCA-1 cleaning and immersion in APTES to silanize the SiO, surface,
the next stages in fabrication of a protein array were completed using the robot
contact printer (Chapter 3), to deliver consistent spot on spot positioning of the
protein array solutions.

The arrays were prepared as four rows of four spots, giving a total of sixteen
elements (Figure 5.1). Glutaraldehyde was applied to the silanized silicon chip
surface as a deposited volume of 0.17ul producing target spot diameter of 1.2mm.
Following washing with dH,O, polyclonal anti-FhGST-S1 antibodies were then
applied in solution to the silicon chip surface at a deposited volume of 0.33ul
again producing a bio-sensor spot of 1.2mm diameter positioned over the pre-
viously prepared glutaraldehyde spot. Full details of the process are described

previously (Section 3.5.6).

| +— Analyte
(| +— Antibody
f.) < Glutaraldehyde

FIGURE 5.1: Presenting the proposed protein array; A) Schematic representa-
tion of the protein array assembly, indicating the protein array 4 by 4 layout
with all 16 spots incubated with antibody (anti-FhGST-51) and then 8 subject to
analyte solutions (rFhGST-S1 or whole, intact F. hepatica EVs) to test for changes
in thickness representing the AAI B) An image of the process in operation.
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5.3.5 AIE optimization of settings for AAI analysis

A series of parameter changes were investigated to optimize the AIE for AAI ob-
servations. A silicon chip was cleaned and prepared with a covalently linked anti-
FhGST-S1 antibody spot, as described earlier (Section 5.3.4), allowing observation
of both the antibody layer and supporting substrate surface. The observation an-
gle of incidence was varied between 35 and 80 degrees in 1 degree increments.
For each angle of incidence the analyzer angle was varied from 25 to 70 degrees,
incident flux onto the sample was kept constant. The camera shutter and gain
were adjusted as required in each case, to make full use of the camera dynamic
range and thus maximize system sensitivity. AIE ellipsograms were collected for
each parameter setting and values recorded for the measured difference between
substrate and antibody layer, for both ¥ and A. The number of data points for the
radiometric calculation of ¥ and A was determined by the number of polariza-
tion and retardation steps applied to the input light source by the Meadowlark

unit. For consistency, the number of steps was set at 25 for all measurements.

5.3.6 Protein film thickness evaluation

The thickness of a series of thermally grown SiO; layers over a crystalline sili-
con substrate were measured using a Sopra GESP-5 spectroscopic ellipsometer
(Chapter 2 Section 2.3.1.1). The SiO; layers were then evaluated using the AIE
at settings optimized for AAI observations. Lines of interest were selected across
the surface at randomized locations and the profile of A values extracted to Excel
where the mean and standard deviations for each SiO; layer were calculated. A
plot of A values against SiO; layer thickness was regressed to generate a compar-
ative model. For each stage of the protein micro-array fabrication and incubation
of analyte solutions, AIE measurement of A values were compared to the model

and an estimate of adsorbed layer thickness was calculated.
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5.4 Results

5.4.1 AIE setup optimization

A series of parameter changes were investigated to optimize the AIE set up con-
ditions for AAI observations. The angle of incidence has significant influence on
the absolute values of ¥ and A (as was presented in Figure 2.15), with partic-
ular sensitivity for change in A around the pseudo-Brewster angle, which for a
4nm SiO, overlayer with a refractive index of n=1.46 at 532nm [230] is 76.1 de-
grees [232]. Single degree increments were made in the angle of incidence and
at each step single degree adjustment of the analyzer angle from 35° to 55° were
made to improve signal to noise ratio as proposed by Cohn et al. [145]. A small ex-
tract centered around the optimum (highlighted in blue) is presented (Table 5.1).
For the specific application of this thesis the optimized settings were observed to
be at 70° incident angle and 40° analyzer angle. Therefore, all AAI observations
subsequently reported here were recorded at these settings.

TABLE 5.1: Summary of data indicating the Psi and Delta measured difference;

between the silicon substrate surface and a covalently attached anti-FhGST-S1

antibody layer, in degrees. All measurements taken at single degree increments,

with the same incident light flux, adjustments to shutter speed and camera gain
were made to give full use of the camera dynamic range.

Analyzer Angle (degrees)

35 40 45 50 55
Incidence
Angle (deg) b4 A b4 A ¥ A Y A b4
60 25 04130 04|30 05|30 05125 07
65 40 06|40 08|35 08|70 08|60 08
70 40 08|80 12|75 12|60 11|60 12
75 35 06|40 10|40 08|45 08|50 0.6

5.4.2 Protein layer thickness estimation

To approximate protein film thickness from the ellipsometric parameter A a sim-

ple comparison was made to the A values obtained for a series of thermally grown
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SiO; layers over a crystalline silicon substrate (Figure 5.2 A). SiO; layers were se-
lected to span the anticipated range observed by the AIE for AAls. Plotting A
values obtained by the AIE against the known SiO; layer thickness, produced a
series of data points that were regressed to provide a comparative model, which
had an R? value of 0.996 (Figure 5.2 B).

For each stage of the protein micro-array fabrication process and incubation
with analyte solutions, the AIE measurement of A values were compared to the

model and an evaluation of adsorbed layer thickness was calculated (Table 5.2).

‘ ‘
5 10 15 20 25 30 35 40
Thickness (nm)

FIGURE 5.2: Presenting the development of a protein film thickness model;

based on the AIE A values obtained for known thickness SiO, layers. A) Rep-

resentative AIE ellipsogram indicating A values for a series of thermally grown

SiO; layers. 1) 10.0 nm 2) 16.0 nm 3) 26.9 nm 4) 35.9 nm the thicknesses were

determined by spectroscopic ellipsometry. B) Plotting A values obtained by the

AIE against the known SiO; layer thickness, regressed to produce a comparative
model. R? = 0.9957

5.4.3 Bio-sensor exposure to analyte solutions

Given the low signal to noise from analyzing silicon substrate chips with a 4nm
overlayer of native SiO; it was now key to evaluate the AIE with analyte so-
lutions representing AAls. Representative AIE ellipsograms (Figure 5.3) detail
bio-sensors pre an post exposure to FhGST-5S1 protein analyte solution. Post an-
alyte incubation indicates a clear difference in the mean A values, identifying an
increase in film thickness, generated by AAI binding affinity between the immo-

bilized anti-FhGST-S1 antibody and FhGST-S1 protein drawn from the analyte
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solution. The high spatial resolution of the AIE indicates increased changes at

the spot edges.

Delta (degrees)

0 50 100 150 200 250 300 350 400 450
Pixel

FIGURE 5.3: Representative ellipsograms of a bio-sensor prepared with anti-FhGST-S1

antibody; A) 2D A values; 1) Post incubation with FhGST-S1 protein analyte. 2) Pre incu-

bation, anti-FhGST-S1 antibody only. B) 2D ¥ values; 1) Post incubation with FhGST-51

protein analyte. 2) Pre incubation, anti-FhGST-S1 antibody only. C) Plot of A values along
the white line of interest in A.

After establishing observable differences between FhGST-S1 AAls based on
the recombinant protein, whole intact EVs were also assessed. AIE ellipsograms
of bio-sensors pre an post F. hepatica EV analyte solution were recorded (Fig-
ure 5.4). There is a clear change in A measurements between the spots that have

been subjected to an EV analyte solution and those that have not.
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Pixels

FIGURE 5.4: Representative ellipsograms of a bio-sensor prepared with anti-FhGST-S1

antibody: A) 2D A values; 1) Pre analyte incubation, anti-FhGST-5S1 antibody only. 2) Post

incubation with F. hepatica EV analyte. B) 2D ¥ values; 1) Pre incubation, anti-FhGST-S1

antibody only. 2) Post incubation with F. hepatica EV analyte. C) Plot of A values along
the white line of interest in A.

The mean ¥ and A values measured over each of the bio-sensor surfaces as
it is constructed (Table 5.2), were extracted from ellipsograms of the whole bio-
sensor surface as data points through a line of interest passing across the protein

spots laid down onto the silicon chip bio-sensor surface.

TABLE 5.2: The mean and standard deviation [SD] values for ¥ and A over the

surface of the bio-sensor spots at each stage of fabrication; as indicated (n=12).

Glu = Gluteraldehdye; a-FhGST-S1 = anti-FhGST-S1 antibody; FhEVs = whole

intact EVs from in vitro culture of F. hepatica. nm = the estimated total film
thickness.

RCA1 APTES Glu a-FhGST-S1 FhGST-S1 FhEVs

Y 23.1[0.05] 23.5[0.07] 24.1[0.05] 26.2[0.68] 28.3[0.87] 27.7[1.02]
A 183.5[0.18] 184.8[0.26] 189.5[0.19] 197.1[2.03] 204.9[2.53] 207.8[3.57]
nm 8.8+ 0.37 9.3£0.39 11.740.49 16.0+£0.67  21.6+£091 24.2+1.02
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5.5 Discussion

5.5.1 The AIE optimized set Up

While the absolute calibration values for ¥ and A are seen to be in reasonable
agreement with model values (Figure 2.17), it is the relative local values that are
significant to the determination of AAls. The key variables on optimizing the sig-
nal to noise ratio for AAI observation includes the angle of incidence, analyzer
angle, shutter and camera gain [74], [145]. All of which were observed to influ-
ence the background noise level and the degree of separation observed between
the supporting substrate and the protein overlayers. Once cleaned, the high pu-
rity crystalline silicon chips have been shown to have a very low surface rough-
ness of just under 0.12nm (Section 3.4.3) making them ideal for use in determin-
ing the AIE system noise and resolution. Data of the individual pixel values over
lines of interest across the silicon chip’s surface as measured by the AIE produced
base line values with standard deviation of 0.18 degrees for A which represents
a 0.05% variance over the full dynamic measurement range of 360 degrees. Stan-
dard deviation for ¥ is 0.05 degrees which represents 0.055% variance over the
full dynamic measurement range of 90 degrees (Section 2.4.2.1). This high SNR

offers excellent opportunity to investigate other thin film AAI applications.

5.5.2 Pre and post analyte observations

Given that the AIE has been shown to have excellent sensitivity in calculating
relative difference for both ¥ and A values, the aim was to assess monitoring of
AAls. The high spatial resolution of the AIE clearly identifies high levels of vari-
ation across the bio-sensor protein array both before and after analyte incubation
(Figures 5.3 and 5.4). Pre analyte and in particular post analyte incubation, it can
be observed that there are peaks at the periphery of the array spots with A val-

ues rising sharply by approximately eight degrees, which potentially indicates
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that there is some significant buildup of material is occurring at the edges of the
spot, a coffee ring effect [203]. However, despite the edge effects, what can be
clearly observed for A angles is a progression of the mean value relative differ-
ences between each stage of the fabrication process and these are highlighted
in Table 5.2. The standard deviation values presented in Table 5.2 were calcu-
lated to include the edge effect peaks. However, selecting out the edge effect and
calculating data across the spot central area reduces the standard deviation val-
ues by approximately 10%. Further refinements of the array fabrication process
to reduce delivered volumes and spot diameter by the use of smaller diameter
pipette tips, could increase Marangoni flow within the droplet [203], and cou-
pled to improved washing steps, may help to reduce the effects seen at the edges
of the array spots. Despite this initial success it is clear that further investigation
is required to fully optimise array production. This does however highlight the

success of the AIE.

5.5.3 Estimation of protein film thickness

The estimation of over-layer film thicknesses start at just under 9nm for the RCA-
1 cleaned silicon chip substrate and this is in good agreement with the value
as determined by spectroscopic ellipsometry. Measurement of cleaned silicon
substrate incubated with APTES increases layer thickness by an estimated 0.5nm
which is less than the 2.0nm reported by others as a typical mono-layer thickness
for silanes formed by this method [233], [234]. The addition of glutaraldehyde
was estimated to increase the film layer to a total thickness of 11.7nm representing
an increase of 1.4nm which is in good agreement with reports by Gunda et al.
of 0.9(+0.83)nm [233]. Immobilization of anti-FhGST-S1 to the substrate surface
was estimated to increase the thickness of the total film layer by 4.3nm which is
in excellent agreement with the literature [67], [73], [233], [235]. Incubation of the

prepared protein array with an analyte containing rFhGST-S1 further increased



Chapter 5. AIE observations of AAI 180

the observed layer by 5.6nm which in line with the approximate dimensions 4.6
x 5.3 x 5.0nm described [118]. The incubation of anti-FhGST-S1 antibody spots
with FhEVs generated an estimated increase from the anti-FhGST-S1 antibody
layer of 8.2nm which is significantly less than that which would be expected by
the capture of EVs with a typical size of 10-400nm [10]. However, the shape of the
model indicates a loss in sensitivity beyond 25nm which is in line with previous
observations [63], [71], and a revised model based on ¥ values may prove more
accurate for estimation of EV based AAls. Errors indicated (Table 5.2) are an
estimation from the propagating error estimation calculated for the AIE absolute
error (Section 2.3.1.2) and the fit of data to the comparison model. Those estimates

do not take into account the suitability of the model used.

5.5.4 Significance to the overall theme

The results of incubating F. hepatica EVs onto anti-FhGST-S1 antibodies that have
been immobilized as a micro-array onto a silicon substrate would appear to pro-
duce a change in ellipsometric values that are measurable by the AIE. Which,
given the earlier work of Chapter 4 in identifying the binding association between
anti-FhGST-51 and exposed proteins on the surface of F. hepatica EVs would seem
to indicate an AAI and capture of EVs in the form of a bio-sensor. This indi-
cates the potential for future development of the FhGST-51/EV /anti-FhGST-5S1
antibody AAls and the possibility of an optical diagnostic test. In a similar man-
ner, the incubation of FhGST-S1 protein onto the protein micro-array, produces
changes in ellipsometric values measurable by the AIE, and again this would ap-
pear to indicate AAI. While substantial work is still required to further refine the
process and improve consistency of results, the initial indications are positive in

being able to detect AAls in a high speed and label free way.
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5.5.5 Further work and areas of weakness

There clearly remains a great deal of future work to further clarify the details of
what has already been done. The most basic improvements would be a series
of experiments to understand the sensitivity and specificity of the observed AAI
processes, as is the case for alternative diagnostics. This would give some fur-
ther insight to the resolution of the AIE in detecting changes in antigen antibody
interaction over a much larger data set. Combined with further refinements in
the protein micro-array fabrication, such as those used for nucleotide micro ar-
rays [236], to remove coffee ring effects [202], may lead to a bio-sensor capable
of capturing and detecting F. hepatica EVs from faecal samples. This is especially
pertinent given the identification of EVs purified from infected faeces that can be
labeled with anti-FhGST-S1 antibody (Chapter 4 Section 4.4.3.6).

One major area that has not been fully addressed and requires further refine-
ment and development is the model to determine absolute quantitative values
for film thickness. While the use of SiO; as a proxy for protein film thickness pro-
duces results that are in agreement with the literature for thin layers upto 25 nm,
it is not clear whether this approach can be extended to gain improved quantita-
tive determination of EV AAls, interactions which could range from 10-400nm in
scale.

However, despite some areas of weakness it would appear that the AIE is able
to detect AAI in principal, further development of the system has some merit and

holds potential for improvement.
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Chapter 6

Conclusion

6.1 Conclusions

6.1.1 Thesis summary by chapter

Chapter 1: This thesis embodies the result of investigations into the use of imag-
ing ellipsometry as a novel detection method for observations of AAls. Given
that AAls are an important mechanisim in the detection of infection the develop-
ment of suitable observational techniques is vital to the improved understanding
of AAI and the complex processes with which they are involved. At present there
are a wide range of techniques for investigating AAls all with particular merits
and disadvantages. However, a novel instrument for observing AAl is the AIE,
which unlike many existing methods has now been demonstrated to optically
monitor the mechanism in a non-contact, non-destructive and label free man-
ner. The novel optical geometry and data gathering features of the AIE produces
rapid calculation of ellipsometric parameters at high spatial resolution, making
it ideally suited to the observation of both stable and transient AAls [237], which
could lead to real time simultaneous multiple detection for fascioliasis and other
diseases.

Chapter 2: Detailed development and optimization of the AIE to observe AAI
has lead to the implementation of an LED light source, resulting in an improve-

ment in the spatial resolution by 10% and reduction in measurement noise by just
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under an order of magnitude to less than 0.05% variance over the full dynamic
measurement range. This has resulted in the ability to resolve AAls spatially by
this technique in a detail previously not observed.

Chapter 3: Through the course of this thesis, supplementary techniques such
as CA measurement, EV isolation, AFM and protein printing have been em-
ployed to develop the concept and assembly of a protein micro-array that can be
employed as a bio-sensor to observe AAlin a way that maximizes the strengths of
the AIE instrument as a disease diagnostic instrument. Whereby, the Scheimpflug
optical geometry places the whole of the imaged area in focus and the radiometric
data gathering directly calculates the change in polarization state, resulting in di-
rect evaluation and analysis of multiple AAI location spots. Protein printing and
contact angle studies have informed the positioning techniques and delivered
sample volumes required to reliably assemble covalently immobilized antibody
spots into a micro-array, ready for incubation with analyte solutions for diagnos-
tic disease detection. EVs isolated from F. hepatica culture have been refined for
use in analyte solutions, through the use of a novel interactive Excel based sedi-
mentation model.

Chapter 4: To exemplify and assess the AIE a case study was conducted
incorporating key protein targets cultured from the zoonotic parasite F. hepat-
ica. In keeping with current research this thesis has confirmed that F. hepatica
releases excretory and secretory products which contain essential proteins and
EVs [7], [95]. Importantly, this thesis presents these excretory and secretory com-
ponents as potential bio-markers to monitor infection. Following initial Western
blot screening to determine novel binding partners, refinements in the isolation of
F. hepatica excretory and secretory products facilitated further investigations and
TEM observations of immuno-gold labeling which has identified AAI between
an anti-FhGST-S1 antibody and surface exposed FhGST-S1 present on F. hepatica

EV. Which, given EVs role as immuno-modulators is something which has the
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potential to inform future research on F. hepatica drug resistance and vaccine de-
velopment. This discovery has also provided a system that has the potential to
act as a bio-sensor protein array for the observation of AAls by the AIE in the
form of a diagnostic test of infection. The tantalizing identification of F. hepatica
EVs purified from host faeces offers some strong indication that EVs remain suffi-
ciently intact following passage through the host gastrointestinal tract and are in
a sufficient concentration to offer their potential use as a bio-marker of infection,
in what would be a simple and effective way.

Chapter 5: The combined progress of the initial AIE and target AAI optimi-
sation has culminated in the form of a protein micro-array assembled using the
model AAI system (FhGST-51) selected from F. hepatica which was then optically
detected using the AIE at high speed, label free, with the advantage of high spa-
tial resolution and ease of use. The results of incubating the protein micro-array
with an analyte solution show a clear measurable change in ellipsometric values
that indicate the FhGST-S1 AAI in the form of a bio-sensor. With the detected
change in film thickness in good agreement with the protein size as described in

literature.

6.1.2 Practical applications / implications and future work

The research and development conducted as part of this thesis has been highly
interdisciplinary, which has involved investigations in the fields of parasitol-
ogy, materials physics, instrumentation, and engineering. These investigations
by their very nature have posed significantly more questions than they have re-
solved. From these considerations a number of potential developments and fu-

ture experiments are briefly presented in this final section.
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6.1.2.1 Hybridization with existing techniques

An early objective that has not been achieved is the element of studying AAI in
real time. A liquid cell allows the observation of the sample surface while im-
mersed in analyte solution [119], [238], this offers the potential to monitor the
antibody capture of antigens in real time with the potential to study the bind-
ing kinetics of association and disassociation. The use of a liquid cell offers the
further opportunity for hybridization of the AIE with existing ELISA diagnos-
tics. Utilizing the detection antibodies from established commercially available
ELISA Kkits, there is the potential to deconstruct these kits and use the antibodies
in a protein micro-array, capable of being visualized by the AIE, to detect this di-
agnostic AAI in a one step label free way. An example is Bio-X Diagnostics S.A.
Belgium, which offers a wide range of diagnostic ELISA including one for the
identification of fascioliasis. Diagnosis is achieved using polyclonal antibodies
in a standard sandwich ELISA arrangement, which captures coproantigens from
faecal material [239]. Other examples of diagnostic ELISA for parasitic infections
include, Schistosoma [240] and visceral leishmaniasis [241], [242]. Going beyond
parasitism, a wide range of commercial ELISA diagnostic kits are available with
over 1000 products available from a single source [243]. Available tests include,
Alzheimer’s disease [244], HIV [245] and Hepatitis B [246]. Employing antibodies
from ELISA which have in literature well established specificity and sensitivity

would be a key avenue for investigation with the AIE.

6.1.2.2 Novel opportunities for field use

Work by Roda et al. [247] and my own experience is inspirational in the use of
3d printing to produce prototypes and even functional instruments for low cost
use in research or field based tests [148]. The availability of proven multi-screen
diagnostic polyclonal antibodies developed for ELISA based tests, could be com-

bined with developments in optical components for ellipsometry which allow
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instruments with solid state components and no moving parts, an approach that

is perfect for ruggardisation into field based detection units [248].

6.1.2.3 Surface Evolver: A model of EV structure

EVs are now recognized as a key aspect of cell biology across a wide range of
fields. EVs are known to facilitate cell to cell communication and have received
attention for their role in disease progression [123], [124], [131]. Through the
use of multiomic approaches (principally proteomics, lipidomics and glycomics)
progress is being made to understand the structure and content of EVs yet this
current knowledge falls short of developing new EV based tools [131], [228]. In
addition, one element that is as yet undefined is a model that represents the struc-
tural and mechanical properties of EVs, properties that cannot be easily deter-
mined with current approaches [196]. This study has very briefly investigated
the structural rigidity and surface attractive forces of EVs and it is proposed that
further work based upon the use of AFM and structural modeling software, such
as Surface Evolver, can inform a better understanding of EV structure, which will
lead to an improvement in the downstream applications of EVs in diagnostics

and infection control approaches. An early evaluation is presented (Figure 6.1).

FIGURE 6.1: Example of an EV modeled using Surface Evolver; the

shape is evolved from a spherical droplet using surface energies and

gravitational forces to develop the external topography. In this exam-

ple attempt was made to reproduce the structure of an isolated EV on

a mica substrate, equivalent to the morphology observed when mea-
sured by AFM.
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6.1.2.4 Discovery of novel AAls and PPIs

A future opportunity for investigation using the AIE would be the immobiliza-
tion of a known protein, such as FhGST-5S1, as a micro-array which could than be
incubated with known purified proteins to investigate potential binding partners,
or alternatively an analyte mixture such as a cell lysate. Confirmation of AAls /
PPIs would be obtained with data directly from the AIE, subsequent identifica-
tion of binding partners could be achieved by trypsin digestion of the micro-array

spot, followed by MS of the resulting peptides.

6.2 An Overview

Climate change, anthelmintic resistance and the current lack of a vaccine are set
to facilitate the increase of fascioliasis across the globe, with unprecedented lev-
els of risk in parts of the UK with the threat of serious epidemics in Wales by
2050 [97]. The potential for more targeted deployment of anthelmintics and bet-
ter understanding of disease development at a farm level may go some way to
improve the longevity of TCBZ, the sole anthelmintic effective against juvenile F.
hepatica and this could be achieved by a rapid AAI pen-side diagnostic. Use of
the AIE as an optical means to observe AAl in a high speed, label free way that is

highly spatially resolved has considerable merit.
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Appendix A

Additional Information and Images

A.1 Derivation of Radiometric Psi and Delta

Taken directly from Cohn via Azzam:

Ef, = TYR(—C)CLR(C — P)EL, (A1)

Where superscripts denote the matrix co-ordinate system and subscripts denote
the component, R represents transform matrices between reference systems, de-
fined as:

Normalized E field output from the polarizer reference to the transmission (t)

extinction(e) axes:

1
Ef, =Kp (A.2)
0

Compensator; Quarter waveplate matrix reference to the fast (f) and slow (s)

axes:

1 0
TS — K¢ (A.3)
0 pc

The Sample matrix reference to the x, y axes:

Ty = (A4)
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The analyzer matrix reference to the transmission (t) extinction(e) axes:

o 10
T = K4 (A.5)

00
The transformation matrix for an axes rotation by angle « The Sample matrix
reference to the x, y axes:

R(a) = cos(a) sin(w) A6)

—sin(a) cos(a)
Using equations 2 to 6 equation 1 can be reduced to:

cos(A) tan(¥) exp(iA)[cos(C) cos(P — C) — p¢sin(C) sin(P — C)]
E'fo = KpKaKc Vey
+ sin(A)[sin(C) cos(P — C) + p. cos(C) sin(P — C)]

(A7)
Where:

Ve _ tan('¥) exp(iA) (A.8)

Assuming that for the compensator:

—i7T .
pe = exp(——) = —i (A.9)
and setting:

G = KpKsKc|Vey| (A.10)

the intensity of light exiting the analyzer I(A):
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(

[1 4 cos(2C) - cos2(P — C)] - cos?(A) - tan?(¥)

G2 | +[1—cos(2C) - cos2(P — C)]sin?(A)
I(A) = Efo(Eo) = >
+ [sin(2C) - cos2(P — C) cos(A) —sin2(P — C) - sin(A)]

| -sin(2A) - tan(¥Y)
(A.11)

as Cohn describes, equation A.11 contains six variables, component angles
‘P and ‘C’ which can be treated as constants, Analyser ‘A" which is adjusted
to a minimum of three selected positions and the varying intensity I(A) at the
detector is recorded, this then leaves three unknowns: ‘G’ the system gain, ¥ and
A. To confirm the integrity of their approach Cohn, Wagner and Kruger used four
analyzer positions of 0, 45, 90 and -45 degrees. These angles were inserted into

equation A.11 and solved to give:
B 1 —cos(2C) - cos2(P — C) 1(0°)
tan(¥) = { \/1 +cos(2C) -cos2(P—C) \/ 1(90°) (A.12)

cos(A) = {1(450) — 1(—45°) tan2(P — C)} (A13)

2,/1(0°)1(90°) sin(2C)
Using the 1990 work by Cohn which evaluates a Fourier method to determine
the radiometric values of ¥ and A removing the earlier limit of four analyzer

angles and intensity measurements. Equation A.11 can be reformed:

sin? cos
Ip = Ipcsa(P) = [acos®(P) - tan®(¥) + bsint(P) + (ccos(a) (A.14)
—dsin(A)) - sin(2P) - tan(¥Y)]

where:
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a=1+cos(2C) -cos2(A—-C)
b=1-cos(2C)-cos2(A—C)
(A.15)
¢ =sin(2C) - cos2(A —C)
d=sin2(A - C)
To quote Cohn “The Fourier series approach is developed by observing that

equation A.11 specifies that the measured intensity varies sinusoidally relative

to the angle ‘P’.” Shown by rearranging the terms such that:

G2 + (atan?(¥) — b) - cos(2P)
Ipcsa(P) = —-[(a tan®(¥) + b) (A.16)
+2tan(¥)(ccos(A) — dsin(A)) sin(2P)]
Cohn restates this in terms of two amplitude co-efficients for the sine and

cosine terms:

Ipcsa(P) = u+ vcos(2P) + wsin(2P) (A.17)

With the co-efficients u, v and w determined by application of a sequential
Fourier series approach to processing of the measured intensity values. Values

which can be measured over a full range in equal incremental steps. Such that:

1,121(13,1:%) for n=123...N>5

With the Fourier co-efficients described as:

5
u=—5"1, (A.18)
N n=0
2 ¥ drtn
U= N nZ_OIn COS (T) (A19)
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2

N
. (4mnn

Which can be used to solve for ¥ and A :

fan(¥) = <\/§ \/ﬁ ) (A21)

w
ViZ — 02

Dr. Gunn in defining a radiometric algorithm for the AIE, took the approach

cos(A) = ( ) - arctang (A.22)

of Cohn and applied it to the situation where a liquid crystal variable polarizer
and retarder can sequentially step change the polarization parameter ‘P’ and the
phase retardance acting as a variable compensator ‘C” allowing for the Analyzer

angle ‘A’ to remain fixed.

(

cos?(A) - tan?(¥) - [1 + cos?(2C) - cos(2(P — C))]

+sin?(A) - [1 — cos(2C) - cos(2(P — C)) + cos(A’) - sin(2C) - sin(2(P — C))]
Ipcsa = Io-
+sin(2A) - tan(¥) - [cos(A) - (sin(2C) - cos(2(P — C))

| +cos(A") - cos(2C) - sin(2(P — C))) —sin(2(P — C)) - sin(A) - sin(A")]
(A.23)

If N measurements are made for each polarization angle and phase retardance
n (not to be confused with refractive index Nandn) then from the measured in-
tensities.

Setting the phase retardation to zero and the number of polarization angle

steps to N equally divided between 0 and 180 degrees:

A =0 Pn:”I'\]” for n=1,2,3...N
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I(P) =U+ (V-cos(2P)) + (W - sin(2P) (A.24)
2 2 2 1 &
U:Mmﬂmmn%+mﬂm:§a;ﬂ&) (A.25)
1 N
V = I,(sin>(A) — cos?(A) - tan’* ¥) = - Y I(Py) - cos(Py) (A.26)
n=0
1 N
W = I,sin(2A) - tan'¥ - cos(A) = - Y I(Py) - sin(Py) (A.27)
n=0
u-v
tan(¥) = tan(A) (ﬁ) (A.28)
20 AY . tan2 )
cos(A) = W cos®(A) - tan*(¥) + sin”(A) (A.29)

u sin(2A) - tan(¥)

Setting the polarization angle to 90 degrees and varying the phase retardance

steps to N equally divided between 0 and 360 degrees:

n-27m

AV N

m:% for n=1,23...N

I(A") = X+ (Y -cos(A)) + (Z - sin(A)

1 N
X = I,(cos?(A) tan? ¥) + sin?(A) = 7 I(A))
n=0
1 N
Y = I,(sin?(A) — cos?*(A) - tan® ¥) = p Y I(Py) - cos(A},)
n=0

N
Y I(Py) - sin(Ay,)

n=0

1
Z = I,sin(2A) - tan'¥ - cos(A) = p

(A.30)

(A.31)

(A.32)

(A.33)
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tan(¥) = tan(A) (%) (A.34)
(A — ~Z cos?(A) - tan?(¥) +sin?(A) A35
sin(4) = X sin(2A) - tan(¥) (A.35)
W = [sin(2A) - tan(¥) - cos(A)] - I, (A.36)
Ip = u (A.37)
P (cos2(A) - tan2(¥)) + sin?(A) '
Hence:
(W - cos?(A) - tan?(¥)) + (W -sin?(A)) = U - sin(2A) - tan(¥) - cos(A) (A.38)
So:
_ (W-cos?(A) - tan?(¥)) + (W - sin?(A))
cos(4) = U -sin(2A) - tan(¥) (A-39)
X Y
b = (o (A) - a2 (¥)) £ sin2(A)  (sin2(A) — cos?(A) -tan2(¥)) 20
Hence:
cos?(A) -tan?(¥) sin*(A)  sin?(A) cos?(A) - tan?(¥)
< + I = - (A.41)
cos?(A) - tan?(F) (l - l) = sin?(A) (l — = (A42)
Y X Y X
X-Y XY X-Y
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X+Y

To find Delta from X & Z

—sin(2A) - tan(¥) - sin(A)  cos?(A) - tan(¥)) + sin?(A) (A45)
Z N X '
Re-arranging for A
_ 2 . .2

sin(A) — Z((cos*(A) - tan(¥)) +sin“(A)) (A.46)

X(sin(2A) tan(¥))



Cleaning Silicon Wafers RCA-1 Method

Standard Operating Procedure: 12-01-16

Overview:

This method of cleaning silicon wafers was first developed by Werner Kern and co-workers, James
Amick and Arthur Stoller, in the early 1960’s at the RCA laboratories as the first part of a two-step
process to remove trace contaminants that may contaminate the production of semi-conductor
devices.

The process works by oxidative desorption of organic residues with H,0, — NH,OH — H,0 in a
ratio of 1-1-5 respectively, at a temperature of 70-80°C.

Time Scale:
The process takes approximately 30-40 minutes to complete.

Safety Equipment:
Gloves, lab coat, safety glasses.

Materials:
Hydrogen peroxide (H202 30% ), ammonium hydroxide (NHs OH 27%), de-ionized water glass bath
container, hot plate

Preparation:
Setup should take 5 minutes with a further 10 minutes to heat the solution followed by 15 minutes
soak and 5 minutes to rinse and dry.

The recipe is 5 parts de ionized water (H,0), 1 part 27% ammonium hydroxide (NH,OH) and 1
part 30% hydrogen peroxide (H,0,).

Procedure:

Place 50ml of de-ionized water into a fused glass (Pyrex) beaker and add 10ml of 27% ammonium
hydroxide (NH,OH). Heat the mixture to 75°+ 5° centigrade. Remove from the hot plate and add 10ml
of 30% hydrogen peroxide (H20,). The solution will bubble indicating that the wafers can be added for
cleaning. Allow to soak for 15 minutes.

Once complete. remove the wafers and transfer to a second beaker filled and constantly overflowing
with DIl water to dilute and remove any remaining cleaning solution. Remove each wafer under flowing
water and dry using a gentle stream of nitrogen.

Cleaning up:
RCA1 is a mixture of ammonia and bleach which, once cooled, can be disposed by diluting and
flushing with cold water down a standard drain. Do not keep old solution for re-use.

Safety:

All standard lab safety practices must be followed. The RCA1 process should only be conducted in a
fume hood, using nitrile gloves, lab coat and safety glasses. Never leave the process unattended,
hydrogen peroxide is an explosive chemical and should not be stored near a source of heat or ignition.
Small spills should be absorbed with blue roll immediately. Large spills should be contained with a lab
spill kit and reported.

In case of contact with skin or eyes, flush the area immediately with water for 10-15 minutes and
remove any contaminated clothing. Seek attention from a first aider to help minimise any chemical
burns and ensure correct reporting.



» Centrifuge Protocol for the
[solation of Extracellular
Vesicles

Based on: Thery, Clayton, et al "Isolation and Characterization of Exosomes from
Cell Culture Supernatants and Biological Fluids" C P Cell Bio (2006) 3.22.1-
3.22.29

. John Tomes » Aberystwyth University » Revision: 01 Date: 15-Sep-17

Summary Flow Chart:

Culture Fluid

|

300 x g 10 mins

Discard Pellet l

2000 x g 10 mins

Discard Pellet l

10,000 x g 30 mins

Discard Pellet l

100,000 x g 70 mins

l \Discard Supernatant

100,000 x g 70 mins

l \Discard Supernatant

Re-suspend Pellet = Exosomes




Centrifuge Protocol for the Isolation of Extracellular Vesicles

Centrifuge
Protocol for the
Isolation of
Extracellular
Vesicles

Based on: Thery, Clayton, et al
"Isolation and Characterization of
Exosomes from Cell Culture
Supernatants and Biological Fluids"
C P Cell Bio (2006) 3.22.1-3.22.29

The aim of this protocol is to isolate extracellular
vesicles from culture fluids. It is specifically
tailored to concentrate exosomes in the range
25-125nm diameter. Each step describes the ‘g’
forces and duration required. Example rpm for
specific centrifuges are given, clearly this will
change if you use different centrifuges or rotors

may help if you need to make changes.

The protocol described in steps Ito 6 can be
represented by model, a plot of which is shown in
figure 1. The plot shows particle diameter and the
percentage of that particle size which should be
collected from the initial culture media into the
final pellet. An Excel spreadsheet that calculates
and plots this model can be used to evaluate any
changes you may wish to make to some or all of
the protocol steps. For example, variations in spin
speed, tube volume or duration are easily
adjusted. However, changes in media and particle
densities, temperature, viscosity etc. can also be
incorporated. It is available for download at:

Stepl: Remove cells and large debris.

I) Place 25ml of culture fluid containing EV’s into
clean falcon tubes.

2) Ensure tubes are balanced to 0.2 gram.

3) Centrifuge in a swing bucket rotor 300x g for
10 minutes at 4°C.

4) Carefully pipette off 23 to 24ml of supernatant
leaving behind the pellet of cells and debris as
undisturbed as possible.

For the Eppendorf SW-A-4-81 (eg. The unit in botany)
25ml @ 1350 rpm = Average effective g of 310x.

Percentage of EV's Collected from an Homogeneous Sample

Figure 1.

Step 2: Remove dead cells.

I) Place 23ml of supernatant from step 1 into
fresh Falcon tubes.

2) Ensure tubes are balanced to 0.2 gram.

3) Centrifuge in a swing bucket rotor at 2000x g
for 10 minutes at 4°C.

4) Carefully pipette off 21to 22ml of supernatant
leaving behind the pellet of cells and debris as
undisturbed as possible.

For the Eppendorf SW-A-4-81 (eg. The unit in botany)
23ml @ 3400 rpm = an average effective g of 1986x.

Page |
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Step 3: Remove cellular debris.

6)

Place 2Iml of supernatant from step 2 into
clean polycarbonate ultra-centrifuge tubes.
Ensure tubes are balanced to 0.02 gram.
Mark one side of the tube with waterproof
marker and align in the rotor to help indicate
pellet position.

Centrifuge in the 50.2ti rotor at 10,000x g for
30 minutes at 4°C.

Carefully pipette off the supernatant and
keep. Leave behind a small amount liquid to
avoid disturbing the pellet.

Clean the tubes (see notes).

For the Beckman Ultra XL with 50.2Ti rotor 2Iml

@I

0,000 rpm = Average effective g of 10,600x

Step4: Pellet exosomes and loose protein.

Place 2Iml of supernatant from step 3 into
clean polycarbonate ultra-centrifuge tubes.
Ensure tubes are balanced to 0.02 gram.
Mark one side of the tube with waterproof
marker and align in the rotor to help indicate
pellet position.

Centrifuge in the 50.2ti rotor at 100,000x g
for 70 minutes at 4°C.

Pour off the supernatant, (which can be then
stored at -80 °C for other work) removing it
as completely as possible.

Re-suspend the pellet in Iml PBS using a
pipette. Gently washing the pellet free from
the wall of the tube.

For the Beckman Ultra XL with 50.2Ti rotor 2 Iml
@ 30,800 rpm = Average effective g of 100,680x

Step 5: Wash to remove most protein.

Add a further 15ml of PBS to the tube and
gently vortex for a few seconds to mix.
Balance the tubes to 0.02 grams.

Mark one side of the tube with waterproof
marker and align in the rotor to help indicate
pellet position.

Centrifuge in the 50.2ti rotor at 100,000x g
for 70 minutes at 4°C.

7)

Again pour off the supernatant, removing it as
completely as possible.

For the Beckman Ultra XL with 50.2Ti rotor |16ml
@ 30,300 rpm = Average effective g of 100,430x

Step 6: Final re-suspension of exosomes.

)

2)

To re-suspend the pellet add a small volume
of PBS (50 to 100pl) and aspirate onto the
pellet using a pipette. Gentle vortexing may
help.

Place in aliquots of convenient size and store
at -80 °C. Avoid repeated freeze thaw cycles.

To clean polycarbonate ultra-centrifuge tubes:

Notes:

Wash by hand with a mild detergent diluted
around 10-to-1 with distilled water.

Quarter fill the tubes with 10% Hydrogen
Peroxide (H?O?) and vortex for 2 mins. Rinse
4 times with double distilled water and allow
to air dry naturally.

Polycarbonate tubes should not be exposed
to a detergent with a pH higher than 8.
Tubes and caps should not be washed in
dishwashers, temperatures and detergents
are too harsh.

Solvents such as ethanol or acetone react
unfavorably with polycarbonate and should
not be used. Consult bulletin IN-175 for a
table of tube material/solvent compatibilities,
available:

If modifying the protocol do not fill ultra
tubes with any less than |6ml of liquid, it
leads to rapid failure of the tube and a risk of
implosion.

Page 2



» Protocol for Gold Labeling
of Extracellular Vesicles

Taken from: Théry, Clayton, et al "Isolation and Characterization of Exosomes
from Cell Culture Supernatants and Biological Fluids" C P Cell Bio (2006) 3.22.1-
3.22.29

!| John Tomes » Aberystwyth University b 16-Feb-18

Summary Flow Chart:

Prepare EVs

l

Adsorb EVs on to TEM grids

l

N
[ Gold Label + Glutaraldehyde

fix

l

e N
Contrast Stain with Uranyl

Oxalate

l

Embed with Methyl Cellulose

I

Observe at 80kV




Protocol for Gold Labeling of Extracellular Vesicles

Protocol for Gold
Labeling of
Extracellular
Vesicles

Taken from: Théry, Clayton, et al
"Isolation and Characterization of
Exosomes from Cell Culture
Supernatants and Biological Fluids" C P
Cell Bio (2006) 3.22.1-3.22.29

The aim of this protocol is to Immuno Gold Label
extracellular vesicles (EVs) for observation by
transmission electron microscopy (TEM).

The protocol that is described in steps | to ? is
proposed by Théry and Clayton et al (2006) as a
simple and reliable method for the visualization of
EV preparations.

Recipes for the various reagents are given in the
notes section.

Important points:

Drops of reagents are placed on areas of clean
Parafilm and grids are transferred between drops
by careful use of forceps or (recommended) a
stainless steel loop fabricated as described in the
notes section.

It is important to keep the Formvar coating on
TEM grids wet at all times on the side of EV
adsorption but dry on the opposite side.

Stepl: Prepare the EVs.

I) Thaw purified EVs that are frozen.

2) Mix with an equal volume of 4%
Paraformaldehyde (PFA).

3) EVsin 2% PFA can be stored at 4°C for | week.

Step 2: Adsorb EVs onto TEM grids.

I) Place 5 to 10 pl of prepared PFA EV solution
onto clean parafilm.

2) Float a Formar-carbon coated TEM grid on
the droplet, film side facing the EV solution.

3) Cover and let the EVs adsorb for 20 minutes
in a dry environment.

Step 3: Wash in PBS.

) Place 100 pl of PBS onto an area of clean
Parafilm.

2) Transfer the grid, membrane side down,
floating it on the PBS droplet to wash twice
for 3 minutes.

Step4: Glycine quench.

1) Place 50ul of PBS/50mM glycine solution onto
a clean area of Parafilm and transfer the grid
to it (as before and with all subsequent
operations, membrane side facing the
solution).

2) Allow to stand for 3 minutes.

3) Repeat for a total of 4 washes.

Step 5: Block Non-specific binding sites.

I) Transfer the grid to a 100 pl drop of CTM-T
and allow to stand for 10 minutes.

Step 6: Incubate with antibody.

I) Transfer the grid to a 5 pl drop of the first
antibody, which has been suitably diluted in
CTM-T.

2) Allow to stand for 30 minutes.

Step 7: Wash the sample.

1) Transfer the grid to a 100 pl drop of CTM-
T and allow to stand for 10 minutes.
2) Repeat for a total of 6 washes.

Page |
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Step 8: Incubate second antibody.

1) Transfer the grid to a 5 pl drop of secondary
gold labeled antibody suitably diluted in CTM-
T and allow to stand for 20 minutes.

2) Transfer the grid to a 100 pl drop of PBS and
allow to stand for 2 minutes.

3) Repeat for a total of 8 washes.

Step 9: Stabilize antibody reaction.

I) Transfer the grid to a 50 pl drop of 1%
Glutaraldehyde for 5 mins.

2) Transfer the grid to a 100 pl drop of DDH?*O
and wash for 2 mins

3) Repeat for a total of 8 washes.

Step 10: Contrast and stain as per
Protocol 4.

Observation under the TEM at 80kV should reveal cup
shaped membrane vesicles. It is thought that this
characteristic morphology is a result of the processing
protocol and not a fundamental feature of EVs.

Example TEM micrographs are shown in figures |to 4.

B

i

Figure 1: Rumen fluke (C. daubneyi) EVs that have been
trypsin shaved of surface exposed proteins.

Figure 2: Rumen fluke (C. daubneyi) close up. B

T

Figure 3: Liver fluke (F.hepatica) EVs.

ilh»_»? e S R e e R
Figure 4. Close up of liver fluke (F.hepatica) EV
Immunogold labeled (Arrows indicate 5nm gold
particles).

Page 2
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Sodium phosphate buffer 0.1 M

Add 3.1 g of NaH,PO4*H,0 and 10.9 g of Na,HPO,
(anhydrous) to distilled water to make a volume of
1000 mL. Check the pH of the final solution which
should be 7.4. This buffer can be stored for up to |
month at 4°C.

Paraformaldehyde (PFA) 4% (wiv)

Dissolve 4 grams of PFA powder in 45ml of 0. M
sodium phosphate buffer and heat to 65°C while
stirring. If needed add drops of IM NaOH (sodium
hydroxide) until the solution clears. Bring to 50ml
using 0.1M sodium phosphate buffer. Cool and filter,
store at -20 °C in 5ml aliquots. Use immediately on
thawing and do not refreeze.

Glutaraldehyde 1% (viv)

Dilute the stock glutaraldehyde fixative that you have
(typically 8%, 25% or 70%) to 1% dilution using Sodium
Phosphate buffer 0.IM. Store at -20 °C for up to 6
months and then after thawing up to | week at 4°C

Uranyl acetate (4%wiv) pH4

Dissolve 2 grams of uranyl acetate powder into 50 ml
of distilled water. Just before use pass the amount
needed through a 0.22um syringe filter. Store
remaining stock solution at 4 °C for up to 4 months
protected from light.

Caution: This material is mildly radioactive and toxic.
Follow the relevant institute guidelines on safe use and
disposal.

Uranyl-Oxalate solution (pH7)

Prepare a 0.15 M solution of oxalic acid by dissolving
0.945 grams of oxalic acid powder in 50ml of distilled
water.

Mix a |:] ratio of: 4% Uranyl acetate and oxalic acid
solution. Adjust the pH to 7 by adding 25%(w/v)
NA4OH in drops. Store at 4°C for up to | month
protected from light.

Methyl Cellulose-UA

Heat 196 ml of distilled water to 90°C and add 4 grams
of methyl cellulose powder while stirring. Rapidly cool
on ice to 10°C while constantly stirring. Continue slow
stirring overnight at 4°C. Stop stirring and allow
solution to stand for 3 days at 4°C. Bring to a final
volume of 200ml with distilled water. Place the
solution in Ultra tubes and centrifuge at 100,000xg for
95 minutes at 4°C. Collect the supernatant and store
for up to 3 months at 4°C.

Mix | part 4% UA with 9 parts 2% methyl cellulose.
Mixed just before use.

Picture| Shows a stainless steel loop used for handling
TEM grids. It is made by holding a loop of stainless steel
wire in pliers and twisting a 4mm diameter steel rod
round and round until the wire tightens against the rod
forming a tight loop. The loop is the glued to a pipette
tip using epoxy resin.

Picture |

Page 3
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Abstract

Background

Robust protocols for the isolation of extracellular vesicles (EVs) from the rest of their excre-
tory-secretory products are necessary for downstream studies and application develop-
ment. The most widely used purification method of EVs for helminth pathogens is currently
differential centrifugation (DC). In contrast, size exclusion chromatography (SEC) has been
included in the purification pipeline for EVs from other pathogens, highlighting there is not an
agreed research community ‘gold standard’ for EV isolation. In this case study, Fasciola
hepatica from natural populations were cultured in order to collect EVs from culture media
and evaluate a SEC or DC approach to pathogen helminth EV purification.

Methodology/Principal findings

Transmission electron and atomic force microscopy demonstrated that EVs prepared by
SEC were both smaller in size and less diverse than EV resolved by DC. Protein quantifica-
tion and Western blotting further demonstrated that SEC purification realised a higher EV
purity to free excretory-secretory protein (ESP) yield ratio compared to DC approaches as
evident by the reduction of soluble free cathepsin L proteases in SEC EV preparations.
Proteomic analysis further highlighted DC contamination from ESP as shown by an
increased diversity of protein identifications and unique peptide hits in DC EVs as compared
to SEC EVs. In addition, SEC purified EVs contained less tegumental based proteins than
DC purified EVs.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007191
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Conclusions/Significance

The data suggests that DC and SEC purification methods do not isolate equivalent EV popu-
lation profiles and caution should be taken in the choice of EV purification utilised, with cer-
tain protocols for DC preparations including more free ES proteins and tegumental
artefacts. We propose that SEC methods should be used for EV purification prior to down-
stream studies.

Author summary

Recent pathogen research has identified extracellular vesicle (EV) release from many
organisms. EVs are small membrane bound organelles, which have different origins, sizes
and composition. It is important that the optimal EV purification method is realised in
order to obtain high quality EVs to have confidence in understanding EV biology and
function. In this study, the zoonotic parasite, Fasciola hepatica, was cultured as a case
study to investigate the importance of EV purification from helminth culture media.
Investigating two purification methods, it was found that size exclusion chromatography
EV isolation led to a reduction of contaminating excretory-secretory and tegumental pro-
teins. This research highlighted that purification methods do not isolate equivalent EV
population profiles with similar EV purities and that size exclusion chromatography
methods are likely better suited for downstream helminth EV studies and application
development, compared to a differential centrifugation method.

Introduction

Extracellular vesicle (EV) purification is challenging to standardise due to the diversity of sam-
ple composition producing EVs (cell cultures and body fluids), the need for high recovery of
functional EVs, the quality of EV preparation and the simplicity of isolation [1-5]. Therefore,
there is no current gold standard for EV isolation [6].

The most widely accepted method to isolate EVs involves differential centrifugation (DC).
This method encompasses sequential centrifugations, increasing in speed and time, to pellet
particles decreasing in size [1,2,4-11]. DC is highly reliable, yet it is a labour-intensive proce-
dure, requiring large sample volumes to obtain low EV yields [2,4,12]. Furthermore, EV yield
and purity is dependent upon DC parameters such as the rotor type, centrifugal force, centrifu-
gation period and temperature [4,11,13]. Consequently, protocol standardisation is difficult,
leading to incomparable EV characterisation and functional investigations [4,5]. To overcome
EV purification challenges, many downstream EV investigations require further isolation pro-
cedures to accommodate DC, to improve sample purity and validate research analysis.

Recently, size exclusion chromatography (SEC) has been used to successfully purify EVs.
SEC has been observed to separate protein aggregates and lipoproteins from EV samples as
well as preclude EV or protein aggregation [1,3,4,9,14-16]. However, elution fractions con-
taining a high yield of protein, also contain small EVs (<75 nm), meaning SEC can be selective
upon EV size collection. In addition, the purest vesicle elution fraction post SEC produces low
yields, so the quantity of fraction collection is dependent upon the EV purity needed for exper-
imental investigation [14]. However, research has observed that SEC EV isolation produces
greater sample purity, compared to DC and precipitating agents (Polyethylene glycol and
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PRotein Organic Solvent PRecipitation, PROSPR) as evidenced by EV markers (Alix and
CD9) in greater concentration intensity in EV samples [2,15,17]. Potentially, SEC could be
reproducible in all research settings, as it is easy to use, removes most contaminating proteins
and maintains EV morphology.

Many studies in independent laboratories confirm both pathogenic flatworm and nema-
tode helminths produce EVs, albeit during in vitro ex-host experimentation. Of note is the
recent expansion of information on the EVs of the liver fluke Fasciola hepatica. Fascioliasis,
infection with either F. hepatica or F. gigantica, is a major neglected zoonotic disease that
infects humans and ruminant species worldwide [18,19]. At least 2.4 million people are cur-
rently infected in over seventy countries, with millions more at risk of this food borne disease
[20]. Furthermore, the disease is a significant animal health and food security issue, costing the
global livestock industry an excess of $3 billion per annum [21]. In the absence of protective
vaccines, control is usually via anthelmintics, with triclabendazole (TCBZ) being the drug of
choice, especially for acute disease caused by pathogenic juvenile F. hepatica. F. hepatica resis-
tance towards TCBZ has spread widely, threatening future chemotherapeutic based control
[22]. Therefore, the development of novel approaches and options for F. hepatica control must
be considered a research and government priority.

The recent discovery of F. hepatica EVs identified in excretory-secretory products (ESP)
has led to us re-evaluating the host-pathogen interface [23,24]. EVs of pathogen origin are
enriched with pathogen molecules, thus they could potentially be utilised for improved con-
trol. In pathogens, EVs have been found to function to either promote or inhibit host immu-
nity with recognised EV immunogenic properties highlighting EV's as vaccine preparations
[25]. Furthermore, EVs have the ability to transport molecules to recipient cells, which could
be utilised for drug delivery [26]. Therefore, EVs have a major role in pathogen infection and
could be exploited to develop novel therapeutic approaches. Thus, it is important that the opti-
mal EV purification method is utilised to obtain high purity EVs, which represent the whole
biological EV population that would likely interact with the host environment.

Furthermore, given that all parasitic helminth EV studies completed to date have utilised
DC without further EV enrichment, it is vital for the field to look at alternative EV isolation
strategies [23,24,27-35]. This is particularly pertinent given the need for more functional stud-
ies into EV biology thus requiring EVs of high purity. Literature suggests that SEC is a suitable
EV purification method to compare against DC purification methodology, which has been pri-
marily used in helminthology, for the aim of investigating the most advantageous method for
purifying helminth EVs from culture media for further downstream analysis, where EVs iso-
lated are a biological representation of the helminth EV population. Therefore, in the current
study, the EV's from adult F. hepatica, as a model pathogenic helminth, have been purified
allowing the comparison of SEC EV purification, to the widely accepted method of DC EV
preparation.

This study has discovered that SEC EV isolation leads to smaller sized and lower diversity
EV populations, with importantly a higher EV purity to free ESP yield, a less diverse EV prote-
ome and different EV gene enrichment profiles compared to DC purified EVs. Therefore, the
data suggests that DC and SEC purification methods do not isolate equivalent EV population
profiles and caution should be taken in the choice of EV purification utilised with functional
assays incorporated into the isolation pipeline. This research has highlighted SEC methods
with functional assays as the methodology of choice for helminth pathogen EV studies and
application development in the absence of a gold standard purification method.
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Methods
E. hepatica collection and culture

A local collaborating abattoir (Wales, U.K.), where animals were processed as part of the nor-
mal work of the abattoir, gave consent for the collection of live adult F. hepatica from naturally
infected ovine livers of animals immediately post-slaughter, where F. hepatica were maintained
as previously described [36]. Briefly, F. hepatica were thoroughly washed in phosphate buff-
ered saline (PBS) at 37°C to remove host material. F. hepatica were then transported to the lab-
oratory in Fasciola saline (Dulbecco’s modified Eagle’s medium (DMEM) (w/o NaHPO; and
PO,) plus 2.2 mM Ca (C,H;05,), 2.7 mM MgSOy,, 61.1 mM glucose, 1 uM serotonin, 5 ug/mL
gentamycin, 15 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH7.4)
at 37°C for 1 hour. Following incubation, F. hepatica were maintained in fresh Fasciola saline
(1 ml/ F. hepatica) at 37°C for 5 hours. All F. hepatica remained alive after in vitro culture incu-
bations. Both F. hepatica and the culture media was immediately frozen and stored at -80°C,
until further experimentation.

EV purification: differential centrifugation (DC)

EVs were purified from the culture media based on the method according to Thery et al. [37]
with slight modifications. In brief, culture media was centrifuged at 300 x g for 10 minutes at
4°C and then at 700 x g for 30 minutes at 4°C, removing any large particulates. The superna-
tant was ultracentrifuged at 100,000 x g for 80 minutes at 4°C (Optima L-100 XP ultracentri-
fuge (Beckman Coulter, High Wycombe, UK) using a Type 50.2 Ti rotor) and the EV depleted
culture media was removed and stored at -80°C. Of note, the 10,000 x g centrifugation step for
30 minutes carried out by Thery et al. [37] was not undertaken within the current methodol-
ogy to ensure isolation of the whole biological EV population. Therefore, it should be acknowl-
edged that debris may be still present in the EV enriched sample. The pellet was washed in PBS
and vortexed until the pellet had been suspended in solution. The ultracentrifugation step was
repeated and the supernatant was discarded. The pellet was then re-suspended in 200 pl PBS
by vortexing and stored at -80°C until further experimentation.

EV purification: Size exclusion chromatography (SEC)

Culture media was centrifuged at 300 x g for 10 minutes at 4°C and then at 700 x g for 30 min-
utes at 4°C, removing any large particulates. The sample was then concentrated using 10 KDa
MWCO Amicon Ultra-15 Centrifugal Filter Units (Merck Millipore), following the manufac-
turer’s guidelines. Briefly, the sample was centrifuged at 4000 x g for 20 minutes at 4°C, until
approximately 500 ul of sample was retained in the filter. Filtration flow through was stored at
-80°C. The sample was passed through qEVoriginal SEC columns (IZON science), utilising
the manufacturer’s optimised protocol. Briefly, the column was rinsed with 10 ml of filtered
(0.2 pm, Life Sciences) PBS. The sample was then added to the SEC column and the first 2.5 ml
of flow through was discarded. The next 2.5 ml of flow through, containing EV's, was collected
and stored at -80°C. The column was then washed with 10 ml PBS, which was combined with
the filtration flow through to create EV depleted SEC ESP.

Transmission electron microscopy (TEM)

EV samples and culture media, containing F. hepatica ESP depleted of EVs, were fixed onto
formvar/carbon coated copper grids (agar scientific) by adding 10 ul sample to the grid for 45
minutes on ice. Grids were then placed on the viscous of 4% v/v uranyl acetate for five minutes
on ice. Grids were stored at room temperature for at least 24 hours before being imaged using
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the transmission electron microscope (Jeol JEM1010 microscope at 60 kV). Images were devel-
oped and the size of 200 EV's per purification method were measured (nm) using image]
(https://imagej.nih.gov/ij/) and statistically analysed by Mann-Whitney U test in R studio
(https://www.rstudio.com/).

Atomic force microscopy (AFM)

EV samples were diluted 1:10 with deionised water and adsorbed onto freshly cleaved mica
sheets (Agar Scientific AGG250-1) for two minutes and dried under a nitrogen stream. Sam-
ples were then scanned with a Park Systems E100 AFM, using silicon probes (NT-MTD:
NSG-01 & NSG-03PT) in non-contact mode. Topographic height and phase images were
scanned at 512 x 512 pixels at a rate of 0.2 Hz. Images were analysed using Gwyddion software
(www.gwyddion.net/).

Sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) electrophoresis

F. hepatica somatic sample was prepared by homogenising F. hepatica in homogenisation
buffer (20 mM potassium phosphate buffer (pH 7.4), 0.1% (v/v) triton X-100 and protease
inhibitor tablets, EDTA-free) (0.5 ml/ F. hepatica) on ice, before centrifuging at 21,000 x g at
4°C for 30 minutes. The supernatant was termed the cytosolic fraction, and was stored at
-20°C until further experimentation.

Culture media, containing F. hepatica ESP depleted from EVs from both purification meth-
ods, was precipitated with an equal volume of ice-cold 20% (w/v) trichloroacetic acid (TCA) in
acetone for one hour at -20°C. The sample was centrifuged at 21,000 x g, 4°C for 20 minutes.
The pellet was washed twice in ice-cold acetone with centrifugation 21,000 x g, 4°C for 20 min-
utes between washes. The pellet was left to air dry at -20°C for 15 minutes, before being resus-
pended in PBS and stored at -20°C until further experimentation.

EV samples were centrifuged at 100,000 x g at 4°C for 30 minutes and the supernatant was
discarded. Lysis buffer (PBS, 0.1% (v/v) triton X-100 and protease inhibitor tablets, EDTA-
free) was added to the pellet and the sample was sonicated for 30 seconds and then rested on
ice for 30 seconds and repeated three times. Following lysis, the sample was centrifuged at
100,000 x g at 4°C for 30 minutes and the soluble fraction in the supernatant was TCA precipi-
tated as above and stored at -20°C until further use. The insoluble fraction was washed follow-
ing the protocol of Hart et al. [38]. Briefly, the pellet was re-suspended in sodium carbonate
buffer (0.1 M Na,COj3 (pH 11), 10 mM EDTA, 20 mM DTT and protease inhibitor tablets,
EDTA-free), vortexed and left for one hour at 4°C. The sample was then centrifuged at
100,000 x g at 4°C for 30 minutes and the supernatant was discarded. The pellet was washed in
sodium carbonate buffer, vortexed, left for 30 minutes at 4°C and centrifuged as previously
described. This wash step was repeated before the pellet was re-suspended in solubilisation
buffer (20 mM potassium phosphate (pH 7.4), 4% SDS (w/v) and protease inhibitor tablets,
EDTA-free). The sample was heated to 95°C for five minutes and then stored at -20°C until
further experimentation.

Samples were quantified using either the bicinchoninic acid assay (Thermo scientific) or
Bradford assay (Sigma), following the manufacturer’s protocol. Comparisons between sample
protein concentrations were statistically analysed using Kruskal-Wallis test with the Dunn’s
Post-hoc test using Sidak correction in R package (https://www.r-project.org/), where signifi-
cance was considered p<0.05. Laemmli protein 4 x sample buffer (Bio-rad) was added to the
sample (3:1 ratio) and heated to 95°C for 10 minutes. The samples were then loaded into 7 cm
12.5% Tris/glycine polyacrylamide gels and run using the Protean III system (Bio-Rad). Gels
were run at 70 V, until the dye front passed through the stacking gel, and then the voltage was
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increased to 150 V until completion. Gels were fixed (40% ethanol (v/v), 10% acetic acid (v/v))
and stained with colloidal Coomassie Brilliant blue (Sigma). Gels were imaged using the GS-
800 calibrated densitometer (Bio-rad).

Western blotting

Samples were prepared and run upon SDS-PAGE gels as previously mentioned. Gels were
electrophoretically transferred onto Hybond-C extra nitrocellulose paper (GE Healthcare)
using a Trans-Blot Cell at 40 V for two hours in transfer buffer (192 mM Glycine, 25 mM Tris-
HCL (pH 8.3), 20% (v/v) methanol) according to the method of Towbin et al. [39]. Transfer
efficiency was determined by staining the membrane with amido black (0.1% amido black (w/
v), 10% acetic acid (v/v), 25% isopropanol (v/v)) for one minute. The membrane was then
destained (10% acetic acid (v/v) and 25% isopropanol (v/v)), and washed three times in Tris
buffered saline (100 mM Tris-HCL (pH 7.5), 0.9% sodium chloride (w/v)) with 1% Tween 20
(v/v) (TTBS). The membrane was then blocked overnight in TTBS and 5% skimmed milk
powder (v/v) on a rocker at 4°C.

Primary antibody, either anti-glutathione transferase sigma class (Anti-FhGST-S1) at
1:20,000 [40], Anti-Fasciola cathepsin L1 at 1:6,000 (Anti-FhCat-L1) which was commercially
made (Lampire) from polyclonal antibodies to a purified recombinant cathepsin L1 from F.
hepatica expressed in yeast and raised in rabbits or Anti-fatty acid binding protein V (Anti-
FhFABP-V) at 1:2,000 which was commercially made (Lampire) from polyclonal antibodies to
a purified recombinant fatty acid binding protein V from F. hepatica expressed in yeast and
raised in rabbits, in TTBS and 1% skimmed milk (v/v) was added to blocked membranes.
Anti-FhGST-S1 and Anti-FhCat-L1 primary antibodies are known to have high specificity
however, Anti-FhFABP-V is known to be reactive to FABP I, FABP II, FABP III and FABP V.
The membrane was rocked for one hour at room temperature. The membrane was then
washed three times for five minutes in TBS. The secondary antibody (IgG, anti-rabbit IgG
(whole molecule) conjugated to alkaline phosphatase (AKP, Sigma) dilution 1: 30,000) in
TTBS was then added to the membrane and rocked for one hour at room temperature. Mem-
brane washing was then repeated as previously described. Recognised proteins were visualised
using 5-bromo-4-chloro-3-indoyl phosphate/nitro blue tetrazolium liquid substrate system. In
brief, 33 pl 5-bromo-4-chloro-3-indoyl phosphate (50 mg/ml) and 330 pl nitro blue tetrazo-
lium (10 mg/ml) was added to 10 ml substrate buffer (0.1 M Tris, 100 mM sodium chloride, 5
mM magnesium chloride, (pH 9.5)). The detection solution was added to the membrane on
the rocker at room temperature until either visualisation of banding occurred or up to five
minutes. The reaction was stopped by water washes. Membranes were scanned using the GS-
800 calibrated densitometer (Bio-rad).

In-gel tryptic digestion, mass spectrometry and protein identification

All protein bands were excised from one dimensional SDS-PAGE electrophoresis and digested
as described in Morphew et al. [41]. Briefly, protein bands were washed in 50% (v/v) acetoni-
trile and 50% (v/v) 50 mM ammonium bicarbonate at 37°C until destained. Destained bands
were dehydrated in 100% acetonitrile at 37°C for 15 minutes, before being removed and dried
at 50°C. Protein bands were then incubated with 10 mM dithiothreitol in 50 mM ammonium
bicarbonate for 30 minutes at 80°C. The supernatant was discarded before bands were incu-
bated with 55 mM iodoacetamide in 50 mM ammonium bicarbonate for 20 minutes at room
temperature in the dark. The supernatant was discarded and the bands were washed twice for
15 minutes at room temperature with 50% (v/v) acetonitrile and 50% (v/v) 50 mM ammonium
bicarbonate. Excess was removed before 100% acetonitrile was added to the bands at room
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temperature for 15 minutes. The supernatant was removed and bands were dried at 50°C.
Bands were rehydrated and digested using 50 mM ammonium bicarbonate containing trypsin
(modified trypsin sequencing grade, Roche, UK) at 10 ng/ul at 37°C overnight. The superna-
tant was stored, before 100% acetonitrile was added to the bands at room temperature for 15
minutes, followed by adding 50 mM ammonium bicarbonate to the bands at room tempera-
ture for 15 minutes. This step was repeated and from each step, the supernatant was removed
and pooled for each band. The 100% acetonitrile step was repeated, and supernatant pooled,
before the samples were vacuum dried (Maxi dry plus, Heto) and re-suspended in 20 pl of
0.1% (v/v) formic acid for tandem mass spectrometry.

Liquid Chromatography tandem mass spectrometry (Agilent 6550 iFunnel Q-TOF) cou-
pled to a HPLC-Chip (1200 series, Agilent Technologies, Cheshire, UK) was used for peptide
separations. The HPLC-Chip/Q-TOF system was equipped with a capillary loading pump
(1200 series, Agilent Technologies) and a nano pump (1200 series, Agilent Technologies).
Sample injection was conducted with a micro auto sampler (1100 series, Agilent Technolo-
gies), where 1 ul of sample in 0.1% formic acid was loaded on to the enrichment column at a
flow of 2.5 uL/min followed by separation at a flow of 300 nL/min. A Polaris Chip was used
(G4240-62030, Agilent Technologies), comprising a C18 enrichment/trap column (360 nl)
and a C18 separation column (150 mm x 75 Aum), where ions were generated at a capillary
voltage of 1950 V. The solvent system was: solvent A (ultra-pure water with 0.1% formic acid),
and solvent B (90% acetonitrile with 0.1% formic acid). The liquid chromatography was per-
formed with a piece-linear gradient using 3-8% of solvent B over 0.1 minutes, 8-35% solvent
B over 14.9 minutes, 35-90% solvent B over five minutes and hold at 90% solvent B for two
minutes. Tandem mass spectrometry was performed in AutoMS2 mode in the 300-1700 Da
range, at a rate of 5 spectra per second, performing MS2 on the 5 most intense ions in the pre-
cursor scan. Masses were excluded for 0.1 minutes after MS/MS was performed. Reference
mass locking was used for internal calibration using the mass of 391.2843 Da.

Peak lists were generated with Mass Hunter Qualitative Analysis software (V B.06, Agilent
Technologies) and exported as Mascot Generic Files. Samples were processed following Mor-
phew et al. [42]. Briefly, samples were submitted to MASCOT daemon (Matrix Science, v2.4.1)
MS/MS ions search against F. hepatica gene sequences, accessed through WormBase ParaSite
(http://parasite.wormbase.org/, accession PRJEB6687, version WBPS9). Search parameters
included setting the enzyme to trypsin with one missed cleavage allowed, setting fixed modifi-
cations to carbamidomethylation with variable modifications set for oxidation of methionine,
fixing monoisotopic masses with unrestricted protein masses with peptide and fragment mass
tolerances at 1.2 Da and +0.6 Da respectively (project accession PXD008737). Protein identi-
fications were reported at a false discovery rate of 1%. For the overall list of proteins identified
(data in S1 File), only proteins with at least 2 unique peptides and present in both biological
replicates (n = 2) were selected. Protein sequences were searched using BLAST2GO (https://
www.blast2go.com/) obtaining BLAST descriptions and gene ontology terms (data in S2 File).
Gene ontology enrichment analysis was completed using GOATOOLS python package
(https://github.com/tanghaibao/goatools) (data in S4 File) where the GO terms were not prop-
agated up the hierarchy and p<0.05 identified significance.

Results
EV morphological characteristics

In order to assess EV morphology post DC and SEC purification, both atomic force micros-
copy (AFM) and transmission electron microscopy (TEM) imaging were utilised. AFM and
TEM identified that EV structures were characteristically diverse in size and morphology
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Fig 1. Topography profiles and micrographs of extracellular vesicles purified via differential centrifugation and size exclusion chromatography. Representative
atomic force microscopy topography profiles (A and B) and transmission electron microscopy images (C and D) of extracellular vesicles purified from adult F. hepatica
via differential centrifugation (A and C) and size exclusion chromatography (B and D). The central graphs represent individual extracellular vesicle topography from
each purification method as determined by atomic force microscopy. Profiles identified that extracellular vesicle structures were similar using both differential
centrifugation and size exclusion chromatography purification methods although size exclusion chromatography purified extracellular vesicles were significantly smaller
(76 nm + 44 SD) than differential centrifugation extracellular vesicles (95 nm + 58 SD) (W = 14,726, p < 0.001) and differential centrifugation purified extracellular
vesicles with a greater range of extracellular vesicle sizes than size exclusion chromatography (differential centrifugation range = 505 nm, size exclusion chromatography
range = 285 nm). Arrows on TEM images highlight different sized EVs where A = 130.5 nm, B = 235.0 nm, C = 111.7 nm and D = 226.4 nm.

https://doi.org/10.1371/journal.pntd.0007191.g001

using both DC and SEC purification methods, representing a biological population of EVs
(Fig 1). When comparing EV dimensions following TEM analysis, SEC EV's were significantly
smaller (76 nm * 44 SD) than DC EVs (95 nm + 58 SD) (n = 200) (W = 14,726, p < 0.001) and
DC purified EVs displayed a greater range of EV sizes than SEC (DC range = 505 nm, SEC
range = 285 nm). All observed EVs were intact in TEM images for both purification methods.
Aggregation of EVs and contaminants in the image background was observed using both puri-
fication methods in AFM and TEM images.

TEM micrographs produced for the culture media containing F. hepatica ESP depleted of
EVs identified few EVs (data not shown). In addition, EVs were not found within the ultrafil-
tration flow through during the SEC purification method (data not shown). In all non-EV
preparations debris and additional non-EV contaminants were identified.

EV comparative protein concentrations

EV preparations obtained from both DC and SEC purification methods were quantified for
protein content for ESP (protein content for residual ESP after EV purification), whole lysed
EV samples and soluble and insoluble EV fractions (Fig 2). All samples quantified were
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Fig 2. Protein quantification of extracellular vesicle preparation fractions from differential centrifugation and size exclusion chromatography
purification. Fractions produced from either differential centrifugation or size exclusion chromatography methods (excretory-secretory protein, whole lysed
extracellular vesicle, soluble extracellular vesicle protein and insoluble extracellular vesicle protein) were assayed for protein levels and statistically analysed
(Kruskal-Wallis test, with Dunn’s Post-hoc test using Sidak correction) for differences. Asterisks identify significance where p < 0.05.

https://doi.org/10.1371/journal.pntd.0007191.9002

unrelated biological replicates. Analysis of the EV preparation via the DC purification method
revealed comparable protein quantities between ESP (average = 30 ug, n = 3) and whole lysed
EV samples (average = 40 pg, n = 3), even though the whole lysed EV samples had greater
quantity variation (ESP range = 20 pg, whole lysed EV range = 140 pg). However, this protein
profile was not replicated for SEC derived EV preparations. Protein quantity of SEC ESP was
nearly threefold that of the lysed EV samples (ESP average = 240 pg, n = 3, whole lysed EV
average = 80 ug, n = 3), even though whole lysed EV samples had a greater quantity variation
(ESP range = 90 ug, whole lysed EV range = 180 pg). Furthermore, SEC purified samples pro-
duced a higher protein yield than DC in both ESP and whole lysed EV samples, with ESP
showing a significant increase (D = -3.13, p = 0.02, n = 3). Similarly, SEC produced a greater
protein yield of soluble and insoluble EV fraction protein (soluble protein average = 170 ug,
n = 9, insoluble protein average = 210 pg, n = 9) than DC (soluble protein average = 30 pg,

n =9, insoluble protein average = 60 ug, n = 9). Both EV purification methods showed that
there was a greater protein quantity of insoluble EV protein compared to soluble EV protein,
with the SEC soluble fraction containing significantly less protein than insoluble protein frac-
tion (D=-0.43,p=0,n=9).

EV comparative proteome analysis

Whole lysed EV and ESP samples displayed different protein profiles as observed by one
dimensional sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis, suggest-
ing that both EV purification methods selectively isolate EV's away from F. hepatica secretions
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Fig 3. Protein profiles of extracellular vesicle fractions from differential centrifugation and size exclusion chromatography purification.
Biological triplicate protein profiles as observed by one dimensional SDS-PAGE electrophoresis of excretory-secretory protein (10 pg protein),
whole lysed extracellular vesicle (10 pg protein), soluble extracellular vesicle protein (20 pg protein) and insoluble extracellular vesicle protein (20 ug
protein). All proteins were run on 12.5% SDS-PAGE electrophoresis gels and Coomassie blue stained.

https://doi.org/10.1371/journal.pntd.0007191.9003

or ESP (Fig 3). In addition, biological replication of EV preparations indicated that protein
quantification and preparation was reproducible as all sample replicates produced comparable
protein banding patterns. Comparing lysed EV preparation protein profiles using DC and
SEC purification methods, banding differences were identifiable, especially between 50-100
kDa and 25-37 kDa markers. Differences were less noticeable within the protein profiles of the
soluble and insoluble EV fraction proteins and between the method by which the EVs were
purified.

Following SDS-PAGE, mass spectrometry was employed to identify key differences
between the profiles from a combined analysis of the soluble and insoluble EV protein frac-
tions from SEC and DC isolated EVs. Following analysis, SEC purification revealed 68% pro-
tein matching between the soluble and insoluble SEC EV fractions with a 63% similarity of
proteins for DC purified soluble and insoluble fractions. Following the combination of the
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soluble and insoluble protein identifications the whole SEC and DC purified EV proteomes
were further analysed to identify key protein differences between the purification methods.
Interestingly, 77% of proteins were comparable between SEC biological replicates and 77%
between DC biological replicates.

In DC purified EVs, 392 proteins were identified, while 321 proteins were observed using
SEC purification across both replicates. Of these proteins, 276 were comparable between puri-
fication methods demonstrating differences and similarities between the two methodologies.
When looking at unique proteins to each method, 116 proteins were found exclusively in DC
purified EVs and 45 proteins were found exclusively in SEC purified EVs (data in S5 File).
Gene ontology analysis identified that EV proteins mostly showed biologically function in
organic substance and primary metabolic processes as well as single-organism cellular pro-
cesses irrespective of EV purification method (S6 File). These categories encompass proteins
such as cathepsin L and GAPDH. However, there were significant differences in gene ontology
terms such as catabolic process and microtubule-based process which were only found in DC
purified EVs, while many more ‘regulatory-cell invasion’ terms (i.e. cellular localisation and
response to stress) were only found in SEC purified EVs. Catabolic process and microtubule-
based process only found in DC purified EVs refers to proteins such as Mov34/MPN/PAD-1
family protein, ubiquitin—protein ligase and alpha-tubulin. While, ‘regulatory-cell invasion’
terms only found in SEC purified EVs includes ADP-ribosylation factor family protein, T-
complex protein 1 zeta subunit and glutathione peroxidase. Considering molecular function,
transmembrane transporter activity and substrate-specific transporter activity gene ontology
terms were only identified in SEC purified EVs including proteins such as IC domain protein
HAD ATPase P-type family and hypothetical proteins. For cellular components, catalytic com-
plex and intrinsic component of the membrane were the only categories found uniquely in
EVs purified from DC including multicatalytic endopeptidase, ATPase family protein and pro-
teasome subunit alpha domain protein and cell periphery, cell projection, plasma membrane,
plasma membrane part and plasma membrane region were the only unique components
found in EVs purified from SEC including IC domain protein, HAD ATPase, P-type family,
ADP-ribosylation factor family protein and hypothetical proteins.

When specifically looking at protein identifications, DC EVs consistently demonstrated a
greater amount of unique peptides hit per protein than SEC. The top 50 proteins found in EVs
purified using SEC were also present in the DC EV purified proteome. However, proteins
relating to gene scaffolds BN1106_s90B000599 (ATPase family protein), BN1106_s1277
B000102 (HSP90 protein), BN1106_s63B000395 (hypothetical protein D915_01544) and
BN1106_s285B000846 (unnamed protein product) were found in the top 50 proteins of DC
purified EVs, but were not present in the SEC isolated EV proteome (highlighted within
Table 1). Common EV markers from ExoCarta database (http://www.exocarta.org/) present in
the top 50 EV proteins using both purification methods included heat shock proteins, glyceral-
dehyde-3-phosphate dehydrogenase, actin, 14-3-3 protein, annexin and tubulin. Unique EV
markers, gelosin and phosphoglycerate kinase were found in the top 50 EV protein hits using
DC purification, while a tetraspanin EV marker was found in the top 50 protein hits using
SEC purified EVs.

EV proteins unique to SEC or DC purification were further investigated to assess the likeli-
hood of non-EV contamination in each preparation likely from F. hepatica ESP or the tegu-
ment using data from recent proteomic studies (data in S5 File) [23,24,43-46]. Of the 45
proteins identified in SEC purified EVs only, 7 proteins were observed previously in ESP with
11 proteins identified previously in tegumental preparations. Looking at the 116 proteins iden-
tified in DC purified EVs only, 11 proteins were previously observed in ESP proteomic studies
with an additional 27 proteins located in tegumental proteomic studies. Of note is the reduced
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Table 1. Top 50 extracellular vesicle protein accessions purified by differential centrifugation and size exclusion chromatography. BLAST descriptions were chosen
upon the lowest E-value hit and top accessions were identified by the highest unique peptide hits. Data analysed using BLAST2GO. Highlighted cells in grey shading signify
proteins identified in the top 50 proteins of DC or SEC purified EVs, but were not present in the full EV proteome of the opposite purification methodology. Full protein
identifications can be found in S3 File.

Size Exclusion Chromatography

Differential Centrifugation

Rank Sequence ID Description Unique Total | Rank Sequence ID Description Unique | Total
Peptide | Peptide Peptide | Peptide
Hits Hits Hits Hits
1 | BN1106_s3182B000117 | myosin heavy chain 115 437 1 | BN1106_s3182B000117 | myosin heavy chain 135 605
2 BN1106_s309B000234 | heat shock protein 70 109 1659 2 BN1106_s309B000234 | heat shock protein 70 120 1906
3 BN1106_s1300B000145 | SJCHGC06288 protein 100 1994 3 BN1106_s1300B000145 | SJCHGC06288 protein 107 2046
4 | BN1106_s175B000200 | hexokinase 97 1440 4 | BN1106_s1320B000236 | heat shock protein 90 104 843
5 BN1106_s819B000364 | annexin A7 96 1480 5 BN1106_s819B000364 | annexin A7 99 1812
6 BN1106_s3585B000136 | myoferlin 95 669 6 BN1106_s4069B000247 | alpha-actinin 98 880
7 | BN1106_s617B000566 | leucine amino peptidase 94 1528 7 | BN1106_s617B000566 | leucine amino peptidase 97 1460
8 BN1106_s4069B000247 | alpha-actinin 87 633 8 BN1106_s1403B000129 | hypothetical protein 94 1627
9 | BN1106_s2907B000133 | hypothetical protein 86 1441 9 BN1106_s1871B000313 | programmed cell death 93 902
6-interacting protein
10 | BN1106_s1403B000129 | hypothetical protein 82 964 10 | BN1106_s2907B000133 | hypothetical protein 92 1777
11 | BN1106_s274B000296 | Adenosine Triphosphate 82 749 11 | BN1106_s175B000200 | hexokinase 92 1344
binding cassette subfamily
12 | BN1106_s945B000218 | Annexin 81 663 12 | BN1106_s3585B000136 | myoferlin 90 736
13 | BN1106_s3227B000227 | phosphopyruvate 78 567 13 | BN1106_s90B000599 | Adenosine Triphosphase 89 200
hydratase family protein
14 | BN1106_s2471B000098 | PREDICTED: 77 635 14 | BN1106_s2471B000098 | PREDICTED: 86 572
phosphatidylcholine phosphatidylcholine
translocator ABCB4 translocator ABCB4
15 | BN1106_s1320B000236 | heat shock protein 90 77 521 15 | BN1106_s3904B000042 | 14-3-3 protein 83 1029
16 | BN1106_s1871B000313 | programmed cell death 76 851 16 | BN1106_s606B000246 | alpha-tubulin 83 787
6-interacting protein
17 | BN1106_s233B000262 | hypothetical protein 74 527 17 | BN1106_s3227B000227 | phosphopyruvate 82 598
hydratase
18 | BN1106_s246B000252 | phosphoenolpyruvate 69 602 18 | BN1106_s246B000252 | phosphoenolpyruvate 81 909
carboxykinase carboxykinase
19 | BN1106_s204B000249 | calpain 69 546 19 | BN1106_s945B000218 | Annexin 80 712
20 | BN1106_s2349B000188 | severin 69 462 20 | BN1106_s7079B000034 | hypothetical protein 80 615
21 | BN1106_s3261B000048 | otoferlin 65 360 21 | BN1106_s2697B000090 | leucine Rich repeat- 80 500
containing domain
protein
22 | BN1106_s1081B000242 | chain A, Sigma class 64 472 22 | BN1106_s274B000296 | Adenosine Triphosphate 78 669
glutathione S-transferase binding cassette
subfamily
23 | BN1106_s500B000161 annexin 63 413 23 | BN1106_s233B000262 | hypothetical protein 76 484
24 | BN1106_s3904B000042 | 14-3-3 protein 62 846 24 | BN1106_s2907B000132 | actin 75 805
25 | BN1106_s2615B000090 | dysferlin 61 449 25 | BN1106_s1153B000359 | tubulin beta-4 71 619
26 | BN1106_s468B000343 | xaa-pro dipeptidase 60 851 26 | BN1106_s2349B000188 | severin 70 1062
27 | BN1106_s3747B000112 | hypothetical protein 60 529 27 | BN1106_s4469B000065 | fructose-bisphosphate 68 622
aldolase class I
28 | BN1106_s4252B000085 | uncharacterized protein 60 475 28 | BN1106_s5174B000030 | glyceraldehyde- 68 408
3-phosphate
dehydrogenase
29 | BN1106_s658B000223 | hypothetical protein 58 825 29 | BN1106_s3261B000048 | otoferlin 68 386
30 | BN1106_s7079B000034 | hypothetical protein 58 531 30 | BN1106_s658B000223 | hypothetical protein 67 929
31 | BN1106_s686B000273 | 14-3-3 protein 54 480 31 | BN1106_s500B000161 | Annexin 67 544
(Continued)
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Table 1. (Continued)

Rank

32
33
34
35

36
37
38

39
40
41
42

43
44
45

46
47

48
49

50

Size Exclusion Chromatography

Sequence ID

BN1106_s3266B000046
BN1106_s2091B000373
BN1106_s1515B000336
BN1106_s5174B000030

BN1106_s2907B000132
BN1106_s3172B000053
BN1106_s4469B000065

BN1106_s617B000567
BN1106_s2100B000128
BN1106_s1191B000313

BN1106_s3001B000132.

BN1106_s6821B000024
BN1106_s55B000373
BN1106_s584B000346

BN1106_s4860B000047
BN1106_s584B000350

BN1106_s4560B000072
BN1106_s1614B000280

BN1106_s487B000135

Differential Centrifugation

Description Unique Total | Rank Sequence ID Description Unique | Total
Peptide | Peptide Peptide | Peptide
Hits Hits Hits Hits
annexin 54 381 32 | BN1106_s4860B000047 | Tubulin beta chain 66 748
DnaK family protein 54 278 33 | BN1106_s2615B000090 | Dysferlin 66 534
filamin-C 52 139 34 | BN1106_s1277B000102 A Heat shock protein 90 65 148
glyceraldehyde- 51 243 35 | BN1106_s468B000343 | Xaa-Pro dipeptidase 64 766
3-phosphate
dehydrogenase
actin 50 441 36 | BN1106_s204B000249 | calpain 64 431
14-3-3 protein 49 513 37 | BN1106_s4413B000122 | hypothetical protein 64 421
fructose-bisphosphate 49 431 38 | BN1106_s63B000395 | hypothetical protein 63 184
aldolase class I
leucyl aminopeptidase 48 507 39 | BN1106_s3172B000053 | 14-3-3 protein 62 545
hypothetical protein 48 301 40 | BN1106_s4252B000085 | uncharacterized protein 61 524
hypothetical protein 48 183 41 | BN1106_s3747B000112 | hypothetical protein 60 584
hypothetical protein 47 255 42 | BN1106_s1081B000242 | chain A, Sigma class 59 369
glutathione S-transferase
hypothetical protein 45 351 43 | BN1106_s617B000567 | leucyl aminopeptidase 58 457
hypothetical protein 44 97 44 | BN1106_s686B000273 | 14-3-3 protein 57 468
glucose transporter-2 43 260 45 | BN1106_s2091B000373 | DnaK family protein 57 283
protein
tubulin beta chain 42 235 46 | BN1106_s3033B000087 | phosphoglycerate kinase 57 231
glucose transporter-2 41 320 47 | BN1106_s285B000846 | unnamed protein 56 442
protein product
tetraspanin family protein 41 223 48 | BN1106_s6821B000024 | hypothetical protein 55 437
alkyl hydroperoxide 41 204 49 | BN1106_s2349B000191 | gelsolin repeat protein 54 286
reductase/ Thiol specific
antioxidant family
hypothetical protein 41 180 50 | BN1106_s487B000135 | hypothetical protein 52 177

https://doi.org/10.1371/journal.pntd.0007191.t001

abundance of the potential tegumental proteins in the SEC preparation in comparison to DC
EV preparations. Based on the number of unique or total peptides for each protein as an rela-
tive assessment of abundance, potential tegument identifications from DC prepared EVs were
in greater quantities (Average of 14 unique peptides and 47 total peptides per protein) com-
pared to EVs from SEC preparations (Average of 9 unique peptides and 15 total peptides per
protein).

Of interest in the DC prepared EV's was the identification of 5 proteins that have previously
been well documented in the proteome of F. hepatica eggs. Specifically, two ferritin-like pro-
teins (BN1106_s709B000642 & BN1106_s709B000627), heat shock protein-35a
(BN1106_s7572B000046), oxidoreductase (BN1106_s3715B000086) and an omega class gluta-
thione S-transferase (BN1106_s1029B000154) which were all identified within DC EVs only.

Comparative gene enrichment

Gene enrichment was undertaken to determine significant over-representation of biological
characteristics within the DC and SEC purified proteomes, compared to the F. hepatica
genome set. Gene enrichment analysis revealed enriched gene ontology terms for both purifi-
cation methods in biological process, molecular function and cellular component categories

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007191
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against the F. hepatica genome (S7 File). Several gene ontology terms were enriched, which
were not represented in EVs from both purification methods. For example, in biological pro-
cesses, ATP synthesis coupled proton transport, carbohydrate metabolic process, cellular iron
ion homeostasis, DNA replication, gluconeogenesis, iron ion transport, protein transport,
proton transport, regulation of protein phosphorylation, DNA templated transcription and
transmembrane transport were enriched in DC purified EV's only, where categories included
proteins such as ATP synthase F1 beta subunit and peptidase T1 family. While nucleocyto-
plasmic transport, nucleosome assembly, oxidation-reduction process, phosphatidylinositol
metabolic process, protein dephosphorylation, proteolysis, regulation of actin filament poly-
merization, small GTPase mediated signal transduction and translation including proteins
such as Ras family protein and aldehyde dehydrogenase family protein were not enriched in
DC purified EVs. Pairwise comparisons of DC purified EVs compared to SEC purified EVs
demonstrated that, when considering biological processes, there were significantly less transla-
tion gene ontology terms (p = 0.02) and significantly more DNA-templated regulation of tran-
scription gene ontology terms (p = 0.04), when considering cellular components there were
significantly less ribosome gene ontology terms (p = 0.04) and when considering molecular
function, structural constituents of the ribosome gene ontology terms (p = 0.02) were signifi-
cantly less enriched.

Comparative Western blotting

The relative abundances of three proteins, which are well recognised to be located in F. hepat-
ica ESP, EVs and somatic fractions, were compared utilising Western blotting. Somatic, ESP,
soluble and insoluble EV fraction samples were assessed using both DC and SEC EV purifica-
tion approaches (Fig 4). Equal concentrations of each protein sample was assayed for each EV
purification Western blot. Anti-fatty acid binding protein V (Anti-FhFABP-V) antibody rec-
ognition was observed within somatic, ESP and soluble EV fractions using both purification
methods but not within the insoluble EV fraction yet, DC EV purification demonstrated a
marginally higher anti-FABP V recognition in EV soluble protein concentrations than SEC
methods. Recognition with anti-glutathione transferase sigma class (Anti-FhGST-S1), identi-
fied in all fractions (somatic, ESP, insoluble and soluble EV), was notably observed to a greater
extent within the insoluble EV fraction using SEC purification rather than DC purification.

Anti-Fasciola cathepsin L1 (Anti-FhCat-L1) antibody recognition was identified in all frac-
tions (somatic, ESP and soluble EV) with the exception of insoluble EV preparations. Of note
is the increased recognition of Fasciola cathepsin L1 observed in the soluble EV fraction of DC
purified EVs when compared to SEC EVs. Furthermore, there was greater recognition by
Anti-FhCat-L1 in the ESP following SEC purification rather than DC. To further investigate
the abundance of cathepsin L proteases in DC and SEC EVs the proteomic data sets generated
in the current work were examined to reveal which cathepsin L proteases were identified in
the respective EV preparations (Table 2). Cathepsin L protease identifications revealed a
greater number of CL1 clade (CL1A and CL1D) identified in EV's purified by SEC, rather than
EVs purified by DC. In addition, DC purified EVs contained a greater number of the CL5
clade members.

Discussion

Given recent discoveries that EVs function in host-pathogen communication promoting or

inhibiting host immunity, it is vital that reliable protocols for EV isolation, away from ESP, are
conducted for downstream studies and application development. Therefore, the current work
aimed to assess the current standard procedure for helminth pathogen EV analysis, DC, with a
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Fig 4. Extracellular vesicle protein preparation Western blot profiles purified using differential centrifugation
and size exclusion chromatography. Extracellular vesicle preparation western blot profiles of somatic (10 pg protein),
excretory-secretory protein (10 ug protein), soluble extracellular vesicle protein (20 pg protein) and insoluble
extracellular vesicle protein (20 ug protein). Biological triplicates were analysed on 12.5% SDS-PAGE electrophoresis
gels and transferred to nitrocellulose membranes for immune recognition. Samples of extracellular vesicle preparations
purified using either the differential centrifugation method or size exclusion chromatography method were probed
with anti-glutathione transferase sigma class (Anti-FhGST-S1), Anti-Fasciola cathepsin L1 (Anti-FhCat-L1) or anti-
fatty acid binding protein V (Anti-FhFABP-V).

https://doi.org/10.1371/journal.pntd.0007191.9004

SEC approach well-established outside of the pathogen field when purifying EVs from culture
media.

EV morphological characteristics assessed after both DC and SEC purification methods,
identified that SEC purified EVs on average were smaller (76 nm + 44 SD) and less diverse in
size than DC purified EVs (95 nm + 58 SD), indicating different EV populations were likely
isolated by each method. DC purified EV size and diversity (27 nm and above) were similar to
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Table 2. Cathepsin L proteases identified in extracellular vesicles purified by differential centrifugation and size exclusion chromatography. Protein accession num-
bers were chosen upon the lowest E-value hit and top accessions were identified by the highest unique peptide hits. Protein clades were identified from references
[24,41,47,48].

Size Exclusion Chromatography Differential Centrifugation
Sequence ID Protein Description [species] Unique Peptide Total Peptide Unique Peptide Total Peptide
Accession Hits Hits Hits Hits

BN1106_s8490B000026 AAB41670.2 secreted cathepsin L1A [Fasciola 29 109 23 91

hepatica]
BN1106_s4636B000039 AAF44676.1 cathepsin L5 [Fasciola gigantica) - - 9 13
BN1106_s10332B000011 ACJ12893.1 cathepsin L1D [Fasciola hepatica) 14 43 8 22
BN1106_s7289B000014 AAB41670.2 secreted cathepsin L1A [Fasciola 12 19

hepatica]
BN1106_s8098B000020 ASK40163 ProCathepsin L2 [Fasciola hepatica) 10 21 9 22
BN1106_s7456B000012 ABV90502.1 cathepsin L1D, partial [Fasciola 6 12

gigantica]
BN1106_s6354B000017 ATW63990.1 Pro cathepsin L5 [Fasciola hepatica] 5 10 6 14
BN1106_s10332B000010 ACJ12894.1 cathepsin L1D [Fasciola hepatica) 5 8 - -

https://doi.org/10.1371/journal.pntd.0007191.t002

EV size predictions made by the centrifugation calculator [49]. Centrifugation calculators fur-
ther predict that 38% of free protein will be purified in solution using DC purification meth-
ods. Furthermore, DC of EVs is more successful when sedimentation coefficients of the
particles to be distinguished differ significantly [49]. For example, different centrifugation
forces are required to obtain optimal EV to protein yield for different cell lines [50]. Thus, the
difficulty of DC based standardisation across laboratory settings and sample types is becoming
clearer.

During the current analysis, EVs were observed to aggregate together and contaminants co-
purified were visible utilising both purification methods. However, Nordin et al. [2] demon-
strated that DC purified EVs were fused, disrupted (62%) and aggregated when compared to
SEC purified EVs yet, in the current investigation, EVs from either purification method were
not damaged. It has been noted that forced filtration of samples can cause EV rupture and
deformity, so sample preparation and SEC methods are advised to be performed using gravity
only methods [1,6,11]. Aggregates are more likely to occur when high concentrations of EV's
are present in a small volume with non-vesicular material; circumstances which are more likely
within DC purification strategies rather than SEC purification of EVs [8]. However, EV aggre-
gates may be overestimated by TEM and AFM methodology whereby surfaces capture EVs.
Furthermore, vesicle morphology can be influenced by TEM and AFM methodology processes
[6,51,52]. Both methods exhibited EV loss as demonstrated by the presence of EVs in the flow
through (ESP), confirming that both purification methods are selective upon EV isolation.

When analysing the protein composition of purified EVs, it was apparent that SEC methods
purified a greater protein yield within the EV samples (whole lysed, soluble protein fraction
and insoluble protein fraction) when compared to DC preparations. These findings compare
well with research identifying a greater number of particles to protein yield via SEC methods
compared to DC methods and other commercial EV purification systems [2,14,15,53,54]. SEC
has further been found to remove contaminating proteins from difficult sample types com-
pared to DC such as albumin, cholesterol and apolipoprotein Al from blood plasma EVs and
lipopolysaccharide binding protein from prokaryote EVs [14,55,56]. Conversely, Mol et al.,
[57] observed no significant differences in EV protein or particle yield between both purifica-
tion methods. There is an inverse relationship between EV purity and the protein yield, where
the lower the ratio the more impure the sample [1,10]. Therefore, sample purity may have
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consequent effects on experimental investigations [10]. Similar protein levels were observed
between whole lysed EV and ESP samples purified by DC, yet the protein concentration of
ESP was nearly threefold that of the whole lysed EV samples during SEC purification. This sug-
gests again that SEC purification methods have an increased EV purity to protein yield ratio
than DC based methods. This significant variation in ESP protein yield is most likely a direct
result from sample wash steps involved with DC purification of EVs. Therefore, multiple wash
steps are likely to increase EV loss and, as Webber and Clayton [10] acknowledged, are ineffec-
tive at removing protein contaminants, where there was only a 2-fold increase in particle to
protein yield, compared to the crude pellet. Furthermore, there is the possibility that protein
will sediment along with EVs during DC rather than be separated from EVs. Thus, in the cur-
rent work SEC EV purification delivered a higher yield EV preparation in addition to higher
yields of EV depleted ESP.

Whole lysed EV and ESP samples displayed different protein profiles as observed by one
dimensional SDS-PAGE electrophoresis, suggesting that both EV purification methods isolate
EVs from remaining F. hepatica secretions or ESP to varying degrees of purity. Following mass
spectrometry analysis, we identified a greater total number of proteins associated with DC
purified EVs than SEC purified EVs. However, SEC purified EV samples showed a greater
diversity of EV functions in biological process, molecular function and cellular component
gene ontology categories than DC purified EVs. The most common gene ontology terms iden-
tified in biological process, molecular function and cellular component were present in EV's
from both purification methods. A comparable result was found investigating cell culture EVs,
where fewer proteins (388 proteins) were identified in SEC purified EVs than in DC purified
EVs (421 proteins), although fewer proteins (147 proteins) overlapped between SEC and DC
EVs compared to the current study [53]. This result further suggests that DC purification alters
EV protein composition to a greater extent than SEC purification, possibly isolating different
EV subpopulations, as well as purifying greater amounts of contaminant. Thus, supporting
SEC purification methods for an increased EV purity to protein yield ratio than DC based
methods.

The most abundant proteins found in F. hepatica EVs, per rank, showed DC consistently
had a greater amount of unique peptides hit per protein than SEC. Cwiklinski et al. [24] simi-
larly analysed F. hepatica EV proteome where all 180 proteins identified were also found in the
current investigation. However, the top unique peptide hits (where soluble and insoluble frac-
tion data was combined) from Cwiklinski et al. [24] were not comparable to the current exper-
imental results. Cwiklinski et al. [24] did not investigate a biological representation of the
whole F. hepatica EV proteome, but instead EVs isolated from 120,000 x g ultracentrifugation
spin only. In addition, a different mass spectrometry methodology and analysis was performed
likely explaining DC EV differences. The top 50 proteins observed in EVs purified using SEC
were also present in the DC EV purified proteome. However, three proteins were identified in
the top 50 proteins of DC purified EVs, but were not present in the full SEC isolated EV prote-
ome. Common EV markers were present in the top 50 EV proteins using both purification
methods although tetraspanin was identified in the top 50 EV protein hits using SEC purifica-
tion only and gelosin and phosphoglycerate kinase EV markers were observed in the top 50
protein hit using DC purification only. This may indicate that SEC and DC purification meth-
ods also purify different EV sub-populations, or that EV sub-populations are purified in differ-
ing quantities within each method.

Further investigation discovered that there was a 2.6 fold greater number of protein identi-
fications in DC purified EVs only, compared to SEC purified proteins. Of these DC EV unique
proteins many have been identified previously in ESP and tegument proteomic studies. With
pathogens, the separation of EVs from additional pathogen components such as the
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platyhelminth tegument is vital to fully assess the role of the pathogen EV. The recognised
increase of tegumental proteins found within the DC purified EV's further supports that SEC
purified EVs have a greater EV purity to protein yield than DC purified EVs. Furthermore,
current international EV purification methods report that chromatographic methods, includ-
ing SEC, produce less contamination by non-vesicular proteins and macromolecule structures
than ultracentrifugation, thus is likely to account for the reduction of tegumental proteins in
SEC EVs [58].

Akin to the work of Benedikter et al. [53] gene enrichment analysis demonstrated compara-
ble enriched gene ontology terms for both purification methods in biological process, molecu-
lar function and cellular component categories against the F. hepatica genome. Interestingly,
only GO terms for translation biological process ribosome cellular component and structural
constituent of the ribosome were significantly less enriched in DC purified EVs compared to
SEC purified EVs, while DNA-templated regulation of transcription was enriched significantly
in DC purified EVs compared to SEC purified EVs. This further suggests that DC and SEC
purification methods isolate differing EV populations with altered functions. Cwiklinski et al.
[24] previously discovered that EV sub-populations secreted from F. hepatica, contained dif-
ferent relative peptidase activities. A range of other studies have also identified that nucleic
acids [59-64] and proteins [60,64-67] are selectively packed into EV subtypes. It has further
been found that purification methodologies have differential affinity for protein EV markers
and by extension for different EV sub-population using human urine samples [68]. This
research further supports the current work in that DC and SEC purification methods isolated
EVs of different function and different levels of purity.

An increased EV purity to protein yield ratio demonstrated in SEC purification over DC
based methods was further reinforced by Western blotting revealing higher recognition by
Anti-FhFABP V, Anti-FhGST-S1 and Anti-FhCat-L1 in the EV soluble fraction using DC
purification rather than SEC. Only protein fragments from FABP III were identified within
the mass spectrometry peptide analysis from the FABP protein family. Importantly, compara-
ble levels of recognition by Anti-FhFABP V and Anti-FhGST-S1 were seen in DC and SEC
ESP depleted of EVs, yet a greater recognition from Anti-FhCat-L1 was observed in SEC EV
depleted ESP demonstrating increased separation of ESP from EVs in SEC methods. Baranyai
et al. [55], also using Western blotting, demonstrated that SEC produced a greater EV purity
to protein yield ratio, as higher albumin concentrations were seen in DC methods than SEC
methods in mouse blood plasma. Correspondingly, vesicle markers have been found at greater
concentrations in EV samples using SEC methods than DC [2]. Interestingly, there were a
greater variety of cathepsin L protease isoforms identified in EVs purified by SEC, rather than
EVs purified by DC. Of these proteins, there was a greater number of cathepsin L1A and
cathepsin L1D, but a lower abundance of cathepsin L5 in SEC purified EVs, compared to DC
purified EVs. Cathepsin L proteases have functional roles within immune evasion, nutrition
and migration. In particular, cathepsin L1 and L2 proteases degrade host haemoglobin, immu-
noglobulin and interstitial matrix proteins such as fibronectin, laminin, and native collagen
[69,70]. Different cathepsin L protease clades, have distinct substrate abilities, indicating that
they have different roles in parasite biology. In the case of cathepsin L5, these roles are yet to
still be determined [47,71]. In previous proteomic studies investigating the surface and mem-
brane fractions of F. hepatica EVs [24], members of the CL1 clade (1A,1B and 1D) have all
been identified to be membrane associated, yet members of CL5 have not. Therefore, the SEC
approach identified more membrane associated cathepsin L in comparison to DC, identifying
increased soluble cathepsin L derived from the EV contents or from contamination from ESP.

Interestingly, Anti-FhGST-S1 recognition was strongly observed in the insoluble EV frac-
tion and a higher protein abundance of FhGST-S1 was suggested using SEC purification.
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Therefore, FnGST-S1 could potentially act as a novel marker for F. hepatica EV's given its iden-
tification in the insoluble EV fraction. The function of FhGST-S1 in F. hepatica includes pros-
taglandin synthesis which establishes host infection, egg development and embryogenesis,
host immune modulation and potential triclabendazole drug response in phase III sequestra-
tion based detoxification [40]. Recent studies have found that parasite EVs can communicate
with host cells therefore, the function FnGST-S1 in F. hepatica EVs could involve host infec-
tion establishment and host immune modulation [23,28,29,72-82]. However, further investi-
gation upon this proposal is required to determine the role and location of FAGST-S1 in EVs.
This finding indicates the importance of EV purification methodology upon accurately identi-
fying the abundance of pathogen markers and vaccine candidates in EVs.

To claim that SEC should be used as a gold standard method for isolating EV's from parasite
culture media, additional isolation methodologies (density gradient, sucrose cushion, precipi-
tation methods and immunoaffinity isolation) will need to be compared with SEC methodol-
ogy. It is acknowledged that within any purification method, many variables, such as the
number of wash steps, will affect the purity and functionality of purified EVs. Given that all
EV helminth studies to date have used DC purification for downstream analysis, the present
study findings suggest a change in approach may be required with SEC providing a promising
purification method for isolating EVs from in vitro helminth cultures for downstream func-
tional analysis in terms of minimising non-EV contaminants.

There is a strong demand for an established uniform protocol for EV purification. How-
ever, instead of finding the ultimate ‘gold standard’ for EV purification, from this investigation
it appears to be of more importance that EV purity is standardised, rather than the purification
protocol. Possibly, rather than the helminth EV field aiming to isolate EVs using a ‘gold stan-
dard’ method, there should be a ‘gold standard’ of purity assessment of EV samples used for
experimentation, dependent upon the sample type (e.g. plasma, urine, cell culture media and
parasite culture media). EV specific markers are also likely to be important to identify EV sam-
ple purity. Specific EV markers would add value to the assessment of EV sample purity and
thus could be species specific. This is especially pertinent given that current EV markers are
based on mammalian work [83]. In the current study, differential abundance of protein fami-
lies (CAT L clades and egg based proteins) were noted during proteomic analysis that could be
utilised for Fasciola specific EV purity markers. This would improve the standardisation of
protocols and the comparability of results from scientific research.

Thorough proteomic investigation on EV protein composition from EVs purified by DC and
SEC methodology identified that SEC purified EV's contained proteins with more functional
properties than DC purified EVs. However, in order to confirm increased EV functionality and
the improved functional benefit of using SEC for EV purification compared to other methodolo-
gies, additional functional studies comparing the isolation methodologies by independent host-
parasite interaction groups would be required. For example, SEC and DC purified EV's could be
cultured with host cells in vitro and host cell transcriptome data could be compared between the
two isolation conditions, following the methodology undertaken using DC purified O. viverrini
EVs [76]. However, as the findings from the current study support that SEC purified EVs con-
tained proteins with more functional properties than DC purified EVs, speculation upon the
validity of other EV functional studies which have purified EVs from parasite culture media using
DC methodology is necessary. Therefore, more comparative research is required to understand
the influence of EV purification methodologies upon functional studies.

In summary, the current study has challenged whether the most accepted EV purification
technique in helminth research is optimal for functional studies, in comparison to SEC meth-
ods. Our discoveries using F. hepatica as a pathogen case study, suggest that SEC purification
has a higher EV purity to protein yield ratio than DC purified EVs evidenced by reduced
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contamination from ESP and tegumental components, whilst still maintaining EV morpholog-
ical characteristics. Furthermore, gene ontology terminology proposed that DC and SEC puri-
fication methods isolate differential EV sub-populations. Given the demonstrated variation in
purification methodologies and the importance of understanding the function of EV's for
potential downstream studies and application development, the authors suggest that for EV
functional assays the purification methodology used should be of importance when designing
experiments. This research has highlighted SEC EV isolation as a potential key methodology
for functional EV research.
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ABSTRACT

Helminths like Schistosoma mansoni release excretory/secretory (E/S) products that modulate host
immunity to enable infection. Extracellular vesicles (EVs) are among these E/S products, yet
molecular mechanisms and functionality of S. mansoni EV interaction with host immune cells is
unknown. Here we demonstrate that EVs released by S. mansoni schistosomula are internalised
by human monocyte-derived dendritic cells (moDCs). Importantly, we show that this uptake was
mainly mediated via DC-SIGN (CD209). Blocking DC-SIGN almost completely abrogated EV
uptake, while blocking mannose receptor (MR, CD206) or dendritic cell immunoreceptor (DCIR,
CLEC4A) had no effect on EV uptake. Mass spectrometric analysis of EV glycans revealed the
presence of surface N-glycans with terminal GalB1-4(Fuca1-3)GIcNAc (LewisX) motifs, and a wide
array of fucosylated lipid-linked glycans, including LewisX, a known ligand for DC-SIGN.
Stimulation of moDCs with schistosomula EVs led to increased expression of costimulatory
molecules CD86 and CD80 and regulatory surface marker PD-L1. Furthermore, schistosomula
EVs increased expression of IL-12 and IL-10 by moDCs, which was partly dependent on the
interaction with DC-SIGN. These results provide the first evidence that glycosylation of S. mansoni
EVs facilitates the interaction with host immune cells and reveals a role for DC-SIGN and EV-
associated glycoconjugates in parasite-induced immune modulation.

KEYWORDS

Extracellular vesicles;
Schistosoma mansoni;
glycans; DC-SIGN; immune
responses

For schistosomes to initiate and maintain infection,
modulating host innate and adaptive immune
responses is crucial [9]. Mouse models have shown
that cercarial penetration triggers migration of innate
antigen presenting cells (APCs), such as macrophages
and dendritic cells (DCs), towards the skin draining
lymph nodes [10]. These APCs have upregulated cost-
imulatory molecules, like CD86 and major histocom-
patibility complex (MHC) «class II, which are
important for initiating adaptive immune responses.
In vitro stimulation of mouse bone marrow-derived
DCs (BMDCs) with E/S from schistosomula shows
a similar pattern: increased costimulatory molecules
and MHC class II expression and increased pro-
inflammatory cytokine release (IL-6, IL-12, and
TNF-a) [11]. Furthermore, cercarial secretions can
upregulate the expression of IL-10 and programmed
death ligand (PD-L)1 and 2 in human monocyte-
derived (mo)DCs, suggesting that the parasite addi-
tionally utilizes regulatory pathways to dampen

Introduction

Schistosoma mansoni is one of the major helminth para-
sites of humans with over 200 million people infected
[1,2]. In the initial phase of infection, schistosome larvae
(cercariae) penetrate the skin of the host and transform
into schistosomula. These schistosomula larvae will
migrate to the circulatory system, develop into adult
worms that mate and lay eggs [3]. S. mansoni can live
up to 10 years in its host because it has developed success-
ful mechanisms to evade immune responses. To establish
this immune evasion, the parasite releases excretory/
secretory (E/S) products that act on the host immune
system [4]. Among these E/S products are extracellular
vesicles (EVs) and evidence is accumulating that parasite-
derived EVs contribute to parasite-host interaction [5].
The molecular composition of EVs from S. mansoni lar-
vae and adult worms life stages has been partially char-
acterized [6-8], but the interaction of their EVs with host
cells remains unexplored.
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adaptive immune responses [12]. Relatively little is
known about the exact molecular or structural com-
ponents derived from schistosomula that induce
immunomodulatory effects. Thus far, it has been
shown that recombinant tetraspanins, transmembrane
proteins associated to adult worm EVs [13], induce
IL-10 and Th1 cytokine responses by peripheral blood
mononuclear cells [14]. Whether schistosomula EVs
have similar effects on human DCs has not been
investigated.

Studies exploring the molecular content of schisto-
somula E/S have shown that part of the cytokine
responses by mouse macrophages and whole blood of
infected individuals is induced by glycosylated antigens
in the E/S [15,16]. Schistosome glycoconjugates can be
recognized by host pathogen recognition receptors
(PRRs) on APCs, in particular the C-type lectin recep-
tors (CLRs) such as the mannose receptor (MR,
CD206) [17], dectin-1/2 [18], dendritic cell immunor-
eceptor (DCIR, CLEC4A, CD367) [19] and dendritic
cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN,
CD209) [20]. A well-known immunogenic glycan-
motif, Galpl-4(Fucal-3)GIcNAc or LewisX (LeX), is
present on glycoproteins in schistosomula and egg
E/S and can be recognized by DC-SIGN [21] as well
as MR [22], leading to different effects depending on
the structural context of the LeX motif. Pathogen-
associated molecular patterns (PAMPs) containing
high-mannose (oligomannose) structures, which form
ligands for MR and DC-SIGN [23] have also been
found on glycoproteins in E/S from schistosomes
[24]. This raises the question whether schistosomula
EVs expose glycans instrumental in targeting to host
immune cells and whether these EV-associated glycans
play a role in modifying subsequent
responses. While it is known that mammalian EVs
contain glycoconjugates, publications on the structure
and function of EV glycans are very limited so far
[25-29].

In order to gain insights into the interaction of
schistosome EVs with the immune system we studied
the interaction of schistosomula EVs with human
moDCs and found that the EVs are internalised mainly
via DC-SIGN. We show that N-glycans on the surface
and glycolipids of the EVs contain DC-SIGN ligands,
including LeX. Furthermore, we demonstrate that these
EV preparations increase the activation status of
moDCs, affecting both immunostimulatory and immu-
noregulatory pathways which were partly dependent on
the interaction with DC-SIGN. Our study provides
evidence for a specific CLR-mediated uptake of EVs
that substantiates the importance of EV-associated gly-
coconjugates in pathogen-host interaction.

immune

Materials and methods
Schistosomula culture

Infected Biomphalaria glabrata snails were incubated
in water at 30°C for 2 h to shed cercariae of the Puerto
Rican-strain of S. mansoni by exposure to light. The
collected cercariae in water were stored on ice for 1.5 h
to immobilize them and were subsequently pelleted by
centrifugation at 440 x g. After removal of the super-
natant, 12 mL of pre-warmed (37°C) DMEM
(Dulbecco’s Modified Eagle Medium, high glucose
with L-glutamine, Lonza, Basel, Switzerland) supple-
mented with 200 U/ml penicillin and 200 pg/ml strep-
tomycin (Sigma-Aldrich, St. Louis, MO, USA), was
added to transform the cercariae to schistosomula by
providing mechanical force via pipetting and incubat-
ing for 20 min at 37°C [30]. Cercarial bodies were
separated from their tails using an orbital shaker. The
collected schistosomula were resuspended in DMEM at
a concentration of 7,500 schistosomula/mL and cul-
tured in 25 cm’ polystyrene flasks (Greiner Bio-One,
Alphen a/d Rijn, The Netherlands) at 37°C and 5%
CO, for 72 h.

EV isolation and staining

Schistosomula E/S products were enriched for EVs
by differential centrifugation as previously described,
with minor modifications [6]. Briefly, the collected
culture supernatant (9-34 mL per culture, 7,500
schistosomula/mL) was centrifuged in 15 mL tubes
(Greiner Bio-One) twice at 500 x g (k-factor
115,790.8) for 2 min (4°C) (SX4750A rotor and an
Allegra X-15 R centrifuge) (Beckman Coulter, Brea,
CA, USA) with low brake to remove remaining para-
sites. To remove any residual debris, the supernatant
was subsequently centrifuged at 700 x g (k-factor
82,764.4) for 20 min (4°C, low brake). Next, an EV-
enriched pellet was obtained by centrifugation of the
supernatant at 31,000 rpm (average around
120,000 x g, k-factor 216.3) for 80 min at 4°C
(max. acceleration and brake), followed by three
wash steps with cold phosphate buffered saline
(PBS) (B. Braun, Melsungen, Germany) in thin-wall
polypropylene tubes using an SW41 Ti rotor and an
Optima XE-90 ultracentrifuge (Beckman Coulter).
For binding/uptake experiments, EVs were stained
with PKH26 (Sigma-Aldrich) after the first ultracen-
trifugation step by addition of 80 yL Diluent C to the
resuspended EV-enriched pellet and incubation of
93 uL diluted PKH26 (1.5 pL in 100 pL Diluent C)
for 3 min at RT before addition of 11 mL PBS.
Unconditioned culture medium incubated without



parasites was processed (and stained) following the
same procedures and was used as (dye) control. EV-
enriched pellets (from 66,300-253,200 schistosomula)
for in vitro experiments were resuspended in 510 uL
PBS, for transmission electron microscopy (TEM)
and glycan analysis in 100 uL PBS, and for cryo
EM in 40 uL PBS. All were stored at —80°C until
further use except for 1 cryo EM sample, which was
processed directly after EV isolation. We have sub-
mitted all relevant data of our experiments to the
EV-TRACK  knowledgebase (EV-TRACK ID:
EV190032) [31].

Transmission electron microscopy

EV preparations were generated in Leiden and visualized
by TEM at Aberystwyth University, as described pre-
viously [6]. Briefly, 10 ul of EV-enriched sample was
fixed with an equal volume of 4% glutaraldehyde,
adsorbed onto Formvar/carbon-coated copper grids
(Agar scientific, Stansted, UK) for 40 min, and subse-
quently contrast stained with 2% uranyl acetate (pH 4) for
10 min. Processed samples were then visualized on a Jeol
1010 transmission electron microscope operated at 80
kV. Images were recorded with a Kodak MegaPlus cam-
era Model 1.4i, other than the addition of scale bars, no
further image processing was done. Sizes were measured
by hand using Fiji/Image] software [32].

Nanopatrticle tracking analysis (NTA)

EV-enriched suspensions were diluted 1:100 in PBS (to
obtain 25-100 particles per frame at camera level 16)
before analysing the concentration and size distribution
by nanoparticle tracking analysis (NTA) using
a NanoSight NS500 (Malvern Panalytical, Malvern, UK)
equipped with an sSCMOS camera. For each EV-enriched
pellet, three videos of 30 seconds were recorded on three
different camera levels: 12, 14 and 16. The analysis was
done with NTA3.3 software and a detection threshold of
5. The average particle concentration of nine videos per
EV-enriched sample, after subtraction of the NTA back-
ground data from PBS alone, was used for further experi-
ments. We additionally measured the protein
concentration of the EV-enriched pellets with
microBCA according to the manufacturers protocol
(Pierce, Thermo Fisher Scientific, Waltham, MA, USA).

Cryo electron microscopy

Previously frozen or freshly isolated EV preparations
(EV from 86,00-112,00 schistosomula in 40 uL PBS)
were visualized by cryo EM. Copper EM grids
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supporting a carbon film with regularly spaced 2
micron holes (R2/2, Quantifoil, Jena, Germany) were
glow-discharged in air at 0.2 mbar for 2 min at 20 mA
(EMITECH K950X with glow discharger unit). A 3 pL
drop of sample was applied to the grid and transferred
into the environmental chamber of a Leica EM grid
plunger (Leica Microsystems, Wetzlar, Germany) oper-
ating at RT and between 92% and 94% humidity.
Excess sample was blotted away for 1 second using
filter paper (Whatman no.l) and without waiting
plunged into a mixture of ethane/propane (63/37 v/v)
cooled with liquid nitrogen to —193°C. After vitrifica-
tion, grids were stored under liquid nitrogen and trans-
ferred into a cryo holder (type 626, Gatan, Germany).
In total 238 cryo-EM projection images were recorded
by 1 second exposures at spot 5 on a FEI Tecnai F12 at
120 kKEV on a 4 k x 4 k CCD camera (Eagle, Thermo
Fisher Scientific) at a magnification of 13,500 x
(0.85 nm pixel size) and a defocus value ~ —8 microns.
Size measurement was performed by hand using Fiji/
Image] software [32]. After removing double images
and images with no EVs, 233 images were used to
measure a total of 1056 EVs, which were subsequently
quantified in segments of 20 nm (i.e. 21-40 nm,
41-60 nm, 61-80 nm ... 861-880 nm, 881-900 nm).

Human monocyte-derived dendritic cells (moDCs)

Venous blood of healthy volunteers who provided
informed consent, approved by the Institutional
Review Board of Leiden University Medical Centre,
was used to isolate monocytes and differentiate to
moDCs as previously described [33]. Immature DCs
were harvested on day 5 or 6, counted, seeded at
5 x 10 cells/well in a 96 well flat-bottom plate, and
rested overnight at 37°C and 5% CO,. Subsequently,
cells were stimulated with or without a pre-incubation
of 30 min with 10 mM EGTA (Sigma-Aldrich), 20 pg/
mL aDC-SIGN/CD209 (clone AZN-D1, custom order
without sodium-azide) (Beckman Coulter), 20 pg/mL
aMR/CD206 (clone 15-2) (BioLegend, San Diego, CA,
USA), 20 pg/mL aDCIR/CLEC4A (clone 111F8.04,
Dendritics, Novus Biologicals, Centennial, CO, USA),
and 20 pg/mL mouse IgGl isotype control (clone
P3.6.2.8.1) (Invitrogen, Thermo Fisher Scientific) in
the presence of aFcgammaR-binding inhibitor
(eBioscience, Invitrogen) and in the presence or
absence of the maturation factors IL-1f (25 ng/mlL)
(BioLegend) and TNF-a (50 ng/mL) (Sino Biological,
Beijing, P.R. China) or LPS (100 ng/mL) (InvivoGen,
San Diego, CA, USA). As a positive control for the
aMR, PF-647-labelled recombinant omega-1 was used
[22,34]. EV-enriched pellets were thawed only once
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and several EV batches were pooled before incubation
with the cells (6 x 10° EV/mL or mentioned otherwise).
To investigate the effect of surface de-N-glycosylation,
EVs were incubated with or without peptide
N-glycosidase F (PNGase F) (4 U/100 pL, Roche
Diagnostics, Almere, The Netherlands) at 37°C for
20 h before moDC incubation. Supernatants were col-
lected from >85% CD1a" cell cultures after 24 h stimu-
lation and IL-6 (Sanquin, Amsterdam, The
Netherlands), IL-10 (BioLegend), and IL-12p70 (BD
Biosciences, Franklin Lakes, NJ, USA) cytokine pro-
duction was determined with ELISA according to the
manufacturers protocols. Stimulated moDCs were
washed, stained, and measured by flow cytometry on
a FACSCanto II (BD Bioscience) and using the follow-

ing antibodies: CDla-BV421 (clone HI149)
(BioLegend), HLA-DR-APC-eF780 (clone LN3)
(eBioscience), PD-L2/CD273-FITC (clone MIH18)

(Miltenyi Biotec, Bergisch Gladbach, Germany), CD86-
FITC (clone 2331 (FUN-1)), CD40-APC (clone 5C3),
CD80-V450 (clone L307.4), PD-L1/CD274-PE-Cy7
(clone MIH1) (all BD Bioscience) with the addition of
Fc receptor binding inhibitor (eBioscience) and Aqua
live/dead staining (Invitrogen). Flow cytometric mea-
surements were analysed with FlowJo (version 10, BD
Bioscience).

Confocal microscopy

5 x 10* moDCs/chamber were seeded onto poly-
L-lysine (Sigma-Aldrich) coated coverslips of a 4 cham-
ber glass bottom dish (935 mm; Greiner Bio-One) for
24 h. Cells were pre-incubated with EGTA or aDC-
SIGN+aFcgammaR-binding inhibitor as described
above, incubated with PKH-labelled schistosomula EV-
enriched pellets for 5 h, subsequently washed, and
treated with Hoechst (Sigma-Aldrich). Images were
taken at 37°C and 5% CO, on a Leica TCS (true
confocal scanning SP8 WLL (white light laser) micro-
scope (Leica Microsystems). The sequential scanning
mode was applied to image Hoechst (excitation:
405 nm, emission: 420-470 nm) and PKH26 (excita-
tion: 561 nm, emission: 570-630 nm). For imaging the
uptake of EVs, a 63x objective (Leica HC PL APO 63x/
1.40na OIL CS2) was used. The z-stacks were recorded
and maximum projections of the recorded z-stacks
were generated using the Leica software (LAS
X version 1.1.0.12420; Leica Microsystems).

N-glycan and glycolipid-glycan analysis

For the N-glycan analysis, EV-enriched pellets (in PBS)
from >100,000 cultured schistosomula were lyophilized,

resuspended in 100 pL milliQ water, sonicated and subse-
quently reduced and denatured for 10 min at 95°C with the
addition of SDS and p-mercaptoethanol which were neu-
tralized by adding NP-40 (Sigma-Aldrich). Full details on
N-glycan isolation has been described previously [35].
N-glycans were released by PNGase F (4 U/100 pL) incu-
bation for 24 h at 37°C and cleaned up by collection in the
flow through of reversed phase (RP) Cl8-cartridges (JT
Baker, Phillipsburg, NJ, USA) followed by isolation on
carbon cartridges (Supelclean ENVI-carb SPE, Sigma-
Aldrich). In addition, directly after isolation, intact EV
preparations in PBS were treated with PNGase F for 24 h
at 37°C to release directly accessible N-glycans (surface
glycans). The total suspension was subsequently trans-
ferred to a thin-wall polypropylene tube and topped up
with PBS. The EVs were pelleted by ultracentrifugation at
42,000 rpm (average around 120,000 x g, k-factor 85.4) for
65 min at 4°C (max. acceleration and brake) using a TLS-55
rotor and an Optima TLX (Beckman Coulter). Next, the
supernatant containing the PNGase F released N-glycans
was collected and these N-glycans were isolated with C18-
and carbon-cartridges. The EV-enriched pellet without
PNGase F accessible surface N-glycans was resuspended
in PBS, lyophilized, sonicated, reduced, denatured, and
treated with PNGase F to isolate remaining N-glycans as
above.

For glycolipid-glycans analysis, EV-enriched pellets
were lyophilized, resuspended in milliQ water, soni-
cated, and subjected to extraction with chloroform
and methanol (MeOH). The upper phase was collected
after sonication and centrifugation. Similar volume as
collected was replaced with 50% MeOH and the pre-
vious steps were repeated twice. All collected upper
phases of the extraction were applied to an RP C18-
cartridge and flow-through and wash fractions were
combined and applied to another C18-cartridge.
Glycolipids were eluted from the cartridges with
chloroform/MeOH/water and dried under a flow of
nitrogen. The glycolipids were subsequently dissolved
in 200 pL 50 mM sodium acetate with 0.1% sodium
taurodeoxycholate hydrate (Sigma-Aldrich), sonicated,
and heated to 60°C for 10 min. 2 mU of recombinant
endoglycoceramidase II (Rhodococcus sp.) (rEGCase II)
(Takara-bio, Kusatsu, Shiga, Japan) was added to
release the lipid-bound glycans. After 24 h at 37°C,
another 2 mU was added and the sample was incubated
at 37°C for another 24 h. The purification of released
lipid-glycans was performed as described for the
N-glycans using RP C18- and carbon cartridges.

To support glycan structure assignments, part of the
isolated N-glycans and glycolipid-glycans were addi-
tionally treated with hydrofluoric acid (HF), which
removes labile substitutions including al-3 linked



fucoses. All isolated glycans were labelled with 2-ami-
nobenzoicacid and purified by Biogel P10 (Bio-Rad,
Hercules, CA, USA). The labelled glycans were mea-
sured by MALDI-TOF-MS with 2,5-dihydroxybenzoic
acid (Bruker Daltonics, Bremen, Germany) as matrix
using UltrafleXtreme mass spectrometers (Bruker
Daltonics) in the negative-ion reflectron mode. When
necessary, samples were cleaned up with ZipTip C18
(Merck Millipore, Burlington, MA, USA) before
MALDI-TOEF-MS. The obtained mass spectra were
smoothed and the base-line was subtracted using
FlexAnalysis (version 3.4, Bruker Daltonics). Glycan
compositions were identified from the peak lists using
GlycoWorkbench (Version 3) [36]. Peaks with a signal
to noise ratio below 2 were excluded and masses are
registered as deprotonated [M-H]". 2-AA was taken
into account as a fixed reducing-end modification.
For the interpretation of the relative most abundant
signals for spectral assignments we used (when avail-
able) previously published
S. mansoni glycans [35]. In the spectra, the structure
of the most likely or most abundant isomer of the
composition is indicated.

structural data from

RNA extraction and qPCR analysis

Human moDCs were pre-incubated with or without aDC-
SIGN, aMR, or IgGl1 isotype and stimulated with IL-1f and
TNF-a and schistosomula EV-enriched preparations as
described above. After 6 h stimulation at 37°C and 5%
CO,, cells were stored on ice for 10 min, harvested, washed
with cold PBS, snap frozen, and stored at —80°C till RNA
extraction. RNA was extracted with the RNeasy Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. RNA was quantified using NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific) and
cDNA synthesis was performed on 0.2 ug RNA according
to standard procedures. Primer Express (Applied
Biosystems, Waltham, MA, USA) was used to design pri-
mers that were synthesized by Biolegio (Nijmegen, The
Netherlands). Sequences of the primers were: f-
actin_Forward(F): 5'- GCTACGAGCTGCCTGACGG-3';
B-actin_Reverse(R): 5- CAGCGAGGCCAGGATGGAG
CC-3; B-2-M_F: 5'- TGCCGTGTGAACCATGTGA-3;
B-2-M_R: 5-CCAAATGCGGCATCTTCAA-3"; RPLPO
_F: 5-GGCGACCTGGAAGTCCAACT-3"; RPLPO_R: 5'-
CCATCAGCACCACAGCCTTC-3; IL-10_F: 5-ACCT

GCCTAACATGCTTCGAG-3; IL-10_R: 5- CCA
GCTGATCCTTCATTTGAAAG-3; TNF-a_F: 5-TCT
TCTCGAACCCCGAGTGA-3; TNF-a_R: 5-CCTCT

GATGGCACCACCAG-3%1L-12p35_F: 5'-CTCCTGGAC
CACCTCAGTTTG-3"; IL-12p35_R: 5'-TTGTCTGGCCT
TCTGGAGCA-3'". Quantitative real-time PCR (qQPCR) was
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performed using CFX96 instruments (Bio-Rad
Laboratories) and CFX Maestro (Bio-Rad) software.
Technical duplicates with <1 C, value difference were
averaged and gene expression was calculated with the
AAC, method using the average C, of the reference genes
B-actin, p-2-M, and RPLPO to normalize [37].

Statistical analyses

All data were analysed using a paired student t-test or
repeated measures One-way ANOVA (P values <0.05
were considered significant) with Tukey’s or Dunnett’s
Multiple Comparison Test in GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

Cryo electron microscopy reveals ultrastructural
characteristics of schistosomula EVs

Schistosomula were cultured for 72 h and EV-enriched
preparations were obtained from schistosomula E/S by
sequential (ultra)centrifugation steps. TEM confirmed
isolation of vesicles in the size-range between 35 and
190 nm (Figure 1(a-b)). NTA analysis showed a size-
range of 30-650 nm with a minor peak around 40 nm
and three major peaks around 110, 160, and 350 nm
(Figure 1(c)). Culture medium without parasites that
was processed similarly (medium control) and PBS
alone only showed minor peaks between 60 and
150 nm as NTA background (Figure 1(c)). The average
particle concentration measured with NTA was
2.33E'%/100,000 schistosomula and the average protein
concentration of EV-enriched preparations was 6 ug/
100,000 schistosomula.

Although the TEM images corresponded with pre-
vious observations [6], there was a discrepancy in the
sizes measured with the TEM and NTA. Therefore,
we additionally analysed the EV preparations with
cryo EM to visualise the near native state of the EVs
and measure their size (Figure 1(d)). Interestingly, the
cryo EM revealed thin filament-like structures cover-
ing the EV surface in 45.5% of all measured EV and
in >70% of EVs when excluding EVs smaller than
100 nm. The filamentous structures ranged from 10
to 340 nm in length (average length of 128.5 nm)
additional to the size of the EV diameter to the EV
membrane (Figure 1(e)). These surface structures were
most likely lost during the sample preparation for
negative stained TEM (Figure 1(a)) and thus not
observed, while NTA size measurement did include
these structures as shown by similar size ranges
between NTA and cryo EM.



6 M. E. KUIPERS ET AL.

C 2.5:10° -

2.0x10° 4

— EV
— Medium control
— PBS background

1.5x10°

1.0x10°

5.0x10° 4

Concentration (particles/mL)

0
0 1000

— EV diameter
--- EV diameter + filaments

Number of EV

0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

Figure 1. TEM, NTA and cryo EM measurement of schistosomula EVs.

EV-enriched preparations analysed by transmission electron microscopy at 60,000 x (a) and 120,000 x magnification (b). Scale bars are 200 nm. EVs
are pointed out with arrow heads, the small (<60 nm) structures (black arrows) in (b) are artefacts and were also observed in PBS only. In addition,
EVs were analysed by nanoparticle tracking analysis (NTA) (c). The graph shows the average of 17 schistosomula EV-enriched preparations (black
line), 10 medium controls (dark orange line), and 15 PBS (background) in which the preparations were resuspended (blue line), averages are shown
with SEM (lighter areas). Cryo EM of EVs at 13,500 x magnification (d). Scale bars are 500 nm. The EV membrane and stretch of the filamentous
structures are indicated in the middle pane with white dashed circles and black dashed circles, respectively. Right pane shows a close up of one EV
with filaments. Quantification of the EV sizes excluding (EV diameter) or including (EV diameter + filaments) the thin filaments from a total of 1056
EVs (e). EM pictures are representative for four biological replicates.



Internalisation of schistosomula EV by human
moDCs is calcium dependent
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receiving the number of EVs released by one schisto-
somulum during three days of culture. After 2 h of

incubation, there was a dose-dependent increase in EV
binding/uptake by the CDla* moDCs indicated by an
increased geometric mean fluorescence intensity
(geoMFI) relative to cells in medium only (Figure 2).
Furthermore, the fluorescence of cells incubated with
dye control was unchanged, indicating that the increase

To investigate the interaction of schistosomula EVs
with human moDCs, EVs were first labelled with the
fluorescent dye PKH26. MoDCs (0.25E® moDC/mL)
were incubated with a maximum of 6E° EV/mL,
which is equivalent to approximately 10 moDCs
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Figure 2. Dose dependent uptake of schistosomula EVs by human moDC is temperature and calcium dependent.

Measured PKH26 fluorescence (PKH26 labelled EVs) of CD1a* cells was obtained via gating as pictured in (a). The geoMFI (geometric mean
fluorescent intensity) of PKH26 is shown relative to unstimulated cells (b). MoDC from three donors. EV uptake visualized by confocal microscopy
(c). Images show maximum projections (top panels) and 3D visualizations (bottom panels) of recorded z-stacks of two different fields. PKH26-
labelled EVs are stained in red and the nuclei in blue (Hoechst). Selected pictures are representative for three donors. Human moDC incubated with
EVs with either EGTA added pre- or post-incubation (d). Confocal images of moDC pre-treated with EGTA followed by EV incubation (e). Scale bars
are 10 um. Mean=SEM *p < 0.05, **p < 0.01, ***p < 0.001, using repeated measures ANOVA with Dunnett’s Multiple Comparison Test compared to
cells in medium only (b) or repeated measures ANOVA with Tukey’s Multiple Comparison Test (d). SSC-A, side-scatter; FSC-A, forward-scatter
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in MFI was due to binding/uptake of labelled EVs and
not due to dye aggregates [38]. EV binding/uptake by
moDCs did not change due to stimulation of the cells
with LPS or in the presence of IL-1p+TNF-a.
Incubation at 4°C instead of 37°C did not lead to
binding/uptake of EVs by the moDCs (Figure 2), sug-
gesting that the interaction with and uptake of the
schistosomula EVs by target cells are active processes.
We visually confirmed that EVs were internalised by
moDCs with confocal microscopy (Figure 2(c)).

MoDCs are known to express C-type lectin recep-
tors that bind glycan motifs present on schistosome E/S
components in a calcium dependent manner [39]. To
investigate whether moDCs also recognise schistoso-
mula EVs via CLR-glycan motif interactions, moDCs
were incubated with fluorescently labelled EVs in the
presence of the calcium chelator EGTA and subse-
quently analysed by flow cytometry and confocal
microscopy (Figure 2(d-e)). Pre-incubation of EGTA
almost completely abrogated the fluorescence signal
and EV internalisation of moDCs compared to EV-
exposed moDCs without EGTA pre-incubation, indi-
cating calcium dependent interaction with moDCs
such as CLRs. Next, when EGTA was added after
incubation with EVs in order to remove EVs bound
to CLRs, this resulted in only a minor reduction of
fluorescence signal (Figure 2(d)), confirming that most
of the EVs were internalised by moDCs rather than
bound to the surface.

Schistosomula EVs contain CLR ligands on their
surface

We next analysed the glycosylation of schistosomula
EVs to assess whether ligands for CLRs were present.
First, the overall N-glycan content of the EV-enriched
preparations was determined by mass spectrometry
(Figure 3(a)). MALDI-TOF mass spectra of PNGase
F released N-glycans were assigned based on the
detailed glycan structure descriptions available for
overall N-glycan preparations of S. mansoni schistoso-
mula [35]. Interestingly, the spectrum of N-glycans
from the EV preparation was highly similar to pre-
viously published spectra of total extracts of three-day
cultured schistosomula [24,35]. The major signals are
from oligomannosidic structures of complex glycans
with a core(a6)-fucose and one or two antennae con-
sisting of Galp1-4GlcNAc (LacNAc, LN) and/or LeX.
Structures with a core-xylose modification or
GalNAcP1-4GlcNAc (LacDiNAc or LDN) antennae
with five to nine fucose residues were observed at
relatively low levels (Figure 3(b)). These results show
that schistosomula EVs contain similar N-glycans as

previously found in total schistosomula extracts,
including LeX and oligomannose motifs, which are
both ligands for DC-SIGN and MR [21,23].

To identify specific N-glycans that might be available
for interaction with CLRs on the surface of EVs, we
treated intact EV's with PNGase F to release all (“surface”)
N-glycans that were accessible to the enzyme. MALDI-
TOEF-MS analysis was performed on both the released
“surface” N-glycans as well as on the remaining
N-glycans of the PNGase F-treated (“shaved”) EVs
(Figure 3(c-d)), which likely represent glycans on the
inside of the EVs. Interestingly, the most abundantly
detected N-glycans on the EV surface contained one or
two LeX antennae (Figure 3(c)) while the major glycans
of the “shaved” EVs were the oligomannosidic structures
(Figure 3(d)). These results show that the glycoproteins
on the surface of schistosomula EV's carry a specific sub-
set of N-glycans with LeX motifs, which are potential
ligands for DC-SIGN or MR in the context of pathogen-
host interactions [19,40,41].

EVs are internalised via DC-SIGN but not MR or
DCIR

To investigate whether DC-SIGN or MR on moDCs
were involved in uptake of schistosomula EVs via gly-
can motifs on these EVs, moDCs were pre-incubated
with antibodies blocking DC-SIGN or MR and subse-
quently incubated with labelled schistosomula EVs for
2 h (Figure 4(a-b)). In addition we investigated EV
binding after blocking DCIR, a receptor expressed on
moDCs that does not bind LeX containing glycans but
has been shown to bind S. mansoni cercarial extract
[19]. Blocking DC-SIGN led to almost complete inhi-
bition of EV uptake while blocking the MR, DCIR, or
pre-incubation with the isotype control did not reduce
EV internalisation. Inhibition of EV internalisation
after DC-SIGN block was confirmed by confocal
microscopy (Figure 4(c)). This reveals that schistoso-
mula EVs were internalised by moDCs via DC-SIGN.

EV-associated glycolipid-glycans include DC-SIGN
ligands

Given that the EV surface contained DC-SIGN ligands,
including the LeX motif, we investigated whether EV
deprived from surface N-glycans by PNGase
F treatment would still be internalised by moDCs.
Interestingly, the PNGase F-treated EVs showed
a minor but not significant reduction in internalisation,
and the EV uptake could still be inhibited by blocking
DC-SIGN (Figure 5(a)). Since it has been shown that
cercariae produce glycolipid-glycans that contain LeX
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Figure 3. Schistosomula EV-surface N-glycans include DC-SIGN ligands.

Basic scheme of the protocol for obtaining the N-glycan spectra (images adjusted from Servier Medical Art) (a), details can be found in the materials
and methods. PNGase F released N-glycans measured by MALDI-TOF-MS from total (b), intact (PGNase F accessible N-glycans, “surface”) (c), and
PNGase F treated (PGNase F non-accessible N-glycans on either surface or inside of the EV, “shaved”) (d) EV-enriched preparations. Signals are
labelled with monoisotopic masses. Putative structural assignments were deduced from these masses based on hydrofluoric acid (HF) treatment
(data not shown) and published data of schistosomula glycans [34]. Spectra shown are representative for three biological replicates. Red triangle,
fucose; yellow circle, galactose; green circle, mannose; blue square, N-acetylglucosamine; yellow square, N-acetylgalactosamine; white star, xylose;
*, signals corresponding to a hexose oligomer of unknown origin; #, non-glycan signals

and other potential DC-SIGN ligands [35,42], we addi-  structures, mostly similar to the glycolipid-glycans found
tionally determined the total lipid-derived glycan profile  in total schistosomula extract [35]. Interestingly, these
of the schistosomula EVs (Figure 5(b)). Here we detected  lipid-glycans had terminal motifs that contained LeX,
a heterogeneous set of highly a3-fucosylated glycolipid  Fucal-3Galp1-4(Fucal-3)GlcNAc (pseudo-LewisY
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Figure 4. Schistosomula EVs are internalised via interactions with CLR DC-SIGN.

PKH26 fluorescence of CD1a™ cells with indicated pre-incubations (x-axis). The geoMFI (geometric mean fluorescent intensity) is shown relative to
cells in medium only (a). MoDC from three to six donors. Representative histograms of two donors from same data plotted in a (b). Confocal
microscopy visualisation of EV uptake and inhibition of EV uptake when DC-SIGN was blocked (c). Images show maximum projections of recorded
z-stacks. PKH26-labelled EVs are stained in red and the nuclei in blue (Hoechst). Scale bar is 10 um. Selected images are representative for three
donors. Mean+SEM ***p < 0.001, using repeated measures ANOVA with Tukey’s Multiple Comparison Test. MR, mannose receptor

(LeY)) and GalNAcB1-4(Fucal-3)GIcNAc (LDN-F)
(Figure 5(b) insert), which are all previously described
ligands of DC-SIGN [42,43]. These data suggest that
additional to surface N-glycans, EV-associated lipid-
glycans play a role in interaction with DC-SIGN.

Schistosomula EVs induced increased cytokine
release and costimulatory molecule expression on
moDCs

Next, we investigated whether incubation of moDCs
with schistosomula EVs affect their activation status
and cytokine production. We first incubated human
moDCs for 24 h with EV-enriched preparations but
observed no or very low release of cytokines. Therefore,
in addition to EVs, moDCs were co-cultured with IL-
1B and TNF-a, cytokines that are released by immune
cells upon schistosome infection [3], allowing us to
further investigate whether EVs could change the acti-
vation status of moDCs. Under these conditions, schis-
tosomula EVs significantly increased IL-6, IL-10 and
IL-12 secretion by moDCs (Figure 6(a)).

Furthermore, a significant upregulation of the costi-
mulatory molecules CD80, CD86 and regulatory surface

molecule PD-L1 was observed, while there was no sig-
nificant effect on CD40, HLA-DR and PD-L2 expression
(Figure 6(b)). These data suggest that the EV-enriched
preparations were mostly synergizing or augmenting
other inflammatory signals.

Role for DC-SIGN in EV-augmented immune
responses

Since schistosomula-derived EVs were mainly inter-
nalised via DC-SIGN, we hypothesized that inhibit-
ing this receptor would alter the observed augmented
immune responses of moDCs by the EVs. Blocking
DC-SIGN during a 24 h EV stimulation, however,
did not show a significant effect on IL-6, IL-10 and
IL-12 release (Figure 7(a)) nor on the expression of
the co-stimulatory surface markers CD80, CD86,
HLA-DR, PD-L1 and PD-L2 after 48 h stimulation
(Figure 7(b)). To understand why the blocking of
DC-SIGN did not consistently influence the
enhanced immune responses of moDCs by the EVs
whereas it almost completely blocked EV internalisa-
tion after 2 h, we studied EV uptake in the presence
of DC-SIGN blocking antibodies after 48 h of
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incubation. Blocking of DC-SIGN significantly
reduced EV internalisation after 48 h (Figure 7(c)).
However, the vast majority of the moDCs were still
positive for the fluorescent dye, although the fluor-
escent intensity was lower when DC-SIGN was
blocked (Figure 7(d)). Possibly other mechanisms
than those mediated by DC-SIGN play a role in EV
internalisation by moDCs after prolonged exposure.
To investigate whether blocking of DC-SIGN does
interfere with moDC function during shorter incuba-
tions with schistosomula-derived EVs, moDCs were
stimulated with EVs in the absence or presence of
blocking antibodies for 6 h, after which cytokine
mRNA expression was determined. Indeed, at this

time point, the effect of blocking DC-SIGN was
more prominent with a significant reduction in
TNF-a mRNA and a trend for lower IL-10 mRNA
expression (Figure 7(e)). IL-12p35 mRNA levels were
also reduced in most donors, though not significant.
These results show that, within the first hours of
exposure but not at a longer timescale, the moDC
immune profile is influenced by schistosomula EVs
through internalisation via DC-SIGN.

Discussion

Schistosome parasites are master regulators of host
immune responses and they release various molecules



12 M. E. KUIPERS ET AL.

Q

IL-6 IL-10 IL-12p70
g 8 *xx 157 %wex 307 %k
L ¢ 1 o
£ 6- ]
‘;_L . 104
= 4{ *r*° 1 .
o [ ] i
(] L] 5
.% 2] ee °. . .00
S L] T °
g T i 1% A%
0 T T 0 T \ 4
& & & &
oo(‘ OOO
5 2.0 CD40 2.0 CD80 2.0 CD86
T 1 %%k 1 %k
1.5 1.5 151 o e
= ] ee ° ] 020 ] %o_
—I|10 s  _gage 1.0 eee? Do 1.0 ter .
E . .:. :‘ . ] 4 . ] p'w.:
o ] ] ]
2 0.5 0.5 0.5
s ] ] ]
s ] ] ]
g e — . 0.01— . 0.01— .
AN N AN
Q/A (a\éo é 6\‘0 é ,&éo
° ® ®
20 HLA-DR 2.0 PD-L1 201 PD-L2
"z"l ] 1 %% ]
= 1.5 1.5] %o 1.5
& ] 1 & 1 e
~ o0 ] ] °
=I 1.0__'_ - __".ﬁ..' 1.0__'__'.!___‘-:#-" 1.0__'_.'.::.I_____-'%'.h.'"
[*] ] ® ] ]
- °
() ] ° ] ]
2 0.5 0.5 0.5
5 ] ] ]
[ 1 E ]
X 9.0l — . 0.01— . 0.01— .
N AN AN
é 6\(0 é <$° é (’\éo
® ® P

Figure 6. Schistosomula EVs augment moDC immune responses.

Released cytokines (a) and surface marker expression (b) of moDC incubated with EVs. The control is medium without parasites that has been
cultured and processed exactly like the schistosomula EVs. Data points are shown as fold change relative to moDC with IL-1B and TNF-a for that
specific donor. MoDC from 7 to 11 donors. Mean+SEM ***p < 0.001, using repeated measures ANOVA with Dunnett’s Multiple Comparison Test

and products to achieve this. Here we demonstrate that ~ EVs with DC-SIGN on moDCs lead to internalisation
S. mansoni schistosomula release EVs that contain LeX  and enhanced expression of both immunostimulatory
antigens on their surface. Interaction of the glycosylated  and regulatory effector molecules. Thus, schistosome
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EVs appear to contribute to immune modulation by the
parasite.

Schistosomula are multicellular organisms, having
various organs and cells as potential sources of their
released EVs. It has been shown that micron-sized vesi-
cles are released from their acetabular glands [11,44] and
it is suggested that EV's can also derive from the tegument
[6]. Since multicellular organisms release heterogeneous
populations of EVs, it is likely that the moDCs can inter-
nalise these EV's via various receptors and/or routes [13].
The schistosomula-derived EV populations described
here were heterogeneous in size, which we analysed
with NTA (Figure 1(c)) and cryo EM (Figure 1(e)). The
size of EVs may influence uptake routes, as has been
shown for Helicobacter pylori outer membrane vesicles
(OMVs): small OMVs were taken up via caveolin-
mediated endocytosis and bigger OMVs via micropino-
cytosis and endocytosis [45]. The major population of
EVs >300 nm we observed have not been described
before for S. mansoni schistosomula [6]. Although we
used a similar schistosomula EV isolation protocol as
Nowacki et al [6], the isolated EVs in that paper were
only visualised by TEM of negatively stained EVs and not
by NTA. With this same technique, our isolated schisto-
somula EVs also showed similar sizes <200 nm
(Figure 1(a-b)) but only with the NTA and cryo EM the
EV population >300 nm was detectable. EVs >300 nm
have not been found among adult worms EVs [7,8,46].
Schistosomes are organisms with a complex life cycle and
the schistosomula and adult worm life stages differ in size,
shape, molecular, and cellular make up, and interaction
with the host and its immune system [2,47]. Therefore, it
is likely that different life stages of the parasite produce
different EV populations regarding molecular content
[6,48] as well as size. Furthermore, the adult worm EVs
published have been isolated by different protocols which
may further explain differences between the observed
sizes of EVs derived from various schistosome different
life stages.

Interestingly, our cryo EM data showed that around
half of the schistosomula-derived EVs were covered
with thin filament-like structures (Figure 1(d)). These
structures have not been described for eukaryotic EVs
so far. It remains to be explored what the molecular
composition of these EV-associated structures is and
whether these structures are specific for S. mansoni
and/or specifically related to the schistosomula life
stage. These thin filaments resemble the electron-
dense surface layer of extracellular proteins and LPS
or glycocalyx on some bacteria [49,50] and their
released OMVs [51]. We hypothesize that the struc-
tures on schistosomula EVs are composed of large,
complex glycoconjugates and/or include proteins with

attached glycan polymers, similar to the mammalian
glycocalyx consisting of proteoglycans with attached
glycosaminoglycans [25]. Altogether, the EM analyses
emphasize that cryo EM provides improved visualisa-
tion of the near native state of isolated EVs compared
to TEM of negatively stained EVs.

EVs released by S. mansoni schistosomula were
internalised by human moDCs (Figure 2). Previous
studies have demonstrated that S. japonicum EVs
derived from adult worms and eggs are also interna-
lised by host cells [46,52-54]. This indicates, together
with our data, that at least three lifecycle stages of
Schistosoma in humans release EV's that interact with
the host. By chelating extracellular calcium with EGTA,
schistosomula EV could not bind to or be taken up by
the moDC (Figure 2(d-e)). This suggests that the inter-
action of the EVs with the moDC was via the ligation
of glycoconjugates to CLRs, which is calcium depen-
dent, and not via protein-protein interaction. By inhi-
biting specific CLRs we show that internalisation of
schistosomula EVs by moDCs is primarily facilitated
by DC-SIGN (Figure 4). This CLR is known to bind
schistosome egg [21], cercarial [43], and worm antigens
[55], via glycan motifs including mannotriose, LeX,
LDN-F, and pseudo-LeY [19,42,43]. In contrast, CLR
DCIR mainly binds LeB (LewisB) and sulpho-LeA
(LewisA) motifs [19], and indeed, blocking this recep-
tor did not reduce EV uptake by the moDC. Previously,
it was shown that the egg-derived glycoprotein omega-
1, which carries LeX containing N-glycans highly simi-
lar to those found here on the EV's (Figure 3), is mainly
internalised by moDCs via the MR [22]. However,
when blocking the MR, EV internalisation was not
inhibited. This difference of internalisation routes
between omega-1 and EVs could be explained by the
characteristics of the two CLRs: DC-SIGN has one
carbohydrate recognition domain (CRD), is present as
tetramers, and it clusters in (lipid raft) nanodomains
that are distributed on the cell membrane. Clustering
increases the avidity of low affinity glycan-lectin inter-
actions and allows this receptor to interact at multiple
sites with pathogens that differ greatly in size [56]. On
the other hand, the MR consists of multiple CRDs,
which results in binding of multivalent or repetitive
ligands to a single MR monomer [57]. Considering
these aspects, larger particles such as EVs would favour
DC-SIGN mediated uptake while smaller glycosylated
proteins are more likely to be internalised via other
receptors, such as the MR. A very recent publication
substantiates this theory by showing that tumour-
derived apoptotic EVs with high-mannose glycans on
their surface were mainly internalised via interaction
with DC-SIGN and not the MR [58]. Furthermore, it



suggests that, together with our findings, DC-SIGN
mediated EV uptake may be a widely occurring
mechanism, across a broad spectrum of species and
may not be exclusive to schistosomula-derived EVs.
Of note is that helminths, including S. mansoni, lack
sialic acid in their glycan repertoire, which is
a fundamental difference with mammalian glycans. It
was recently found that EVs released by human glio-
cells had complex acid-capped
N-glycans on their surface that mainly bound to
Siglec-9 on moDCs [59]. When sialic acids on the EV
surface were enzymatically removed and LeY was
inserted, EV uptake by moDC and binding of the
EVs to DC-SIGN were increased. Furthermore, EVs
from murine hepatic cell lines expose sialyl-LeX on
the EV surface and removing the sialic acids with
neuraminidase significantly increased EV uptake by
M1 cell lines [28]. However, no DC-SIGN blocking
experiments were performed in these studies. Thus,
the question remains whether EV internalisation via
DC-SIGN is specific for schistosomula EVs, or whether
it is a more general mechanism via which EVs from
both pathogens and mammalian cells are internalised.
However, we cannot exclude the possibility that inter-
nalisation of schistosomula EVs may be facilitated via
different CLRs in a different host. For example, the
murine macrophage galactose-type lectin (MGL-1)
can bind to LeX [60] while the human MGL cannot
[61]. Human MGL binds to LDN motifs, which were
absent in our schistosomula EV glycan analyses.

So far, most research on glycosylation of pathogen-
derived EVs focussed on lipopolysaccharides of bacterial
OMVs [62-65]. Only very recently, the presence of gly-
coconjugates on the surface of EVs released by the hel-
minth Fasciola hepatica was studied using lectin
microarrays [66]. Here we performed a more detailed
structural analysis of glycans associated with EV's released
by a helminth parasite. Using mass spectrometry we
showed the presence of mainly complex type N-glycans
with LeX motifs as well as oligomannose and high man-
nose glycans (Figure 3(b)) and the presence of lipid-
linked glycans with LeX, pseudo-LeY, and other
a3-fucosylated glycan motifs (Figure 5(b)). The EV
N-glycan profile was qualitatively very similar to that of
whole schistosomula [35]. The overall glycosylation pat-
tern associated with this particular schistosome life stage
was reflected in the EVs, however, with differences in
relative abundances of the glycans. Biological replicates
of the parasite culture and EV isolation generated at two
different laboratories (Leiden and Aberystwyth) showed
similar N-glycan profiles, confirming the reproducibility
of the EV isolation protocol and glycan patterns [6].
Mostly complex glycans with LeX motifs were cleaved

blastoma sialic

JOURNAL OF EXTRACELLULAR VESICLES . 15

from intact EVs by incubation with PNGase-F (Figure 3
(c)), implicating that these structures were on the EV
surface. Glycoconjugates on the EV surface can influence
their cellular internalisation, as was shown for bacterial
OMV [65], murine hepatic cell line EVs [28], tumour-
derived EVs [58,59] and F. hepatica adult worm EVs [66].
Interestingly, PNGase F treated EV's were still internalised
by moDC via DC-SIGN (Figure 5(a)). This indicates that
other glycans with DC-SIGN ligands such as the fucosy-
lated lipid-linked glycans play a role in this process, either
specifically or in addition to the N-glycans. Mass spectro-
metry analysis showed the presence of EV-associated
glycolipid-glycans (Figure 5(b)) containing several struc-
tures that were reported previously for schistosomula
[35], but with more extended higher molecular weight
structures. Our data indicate that many of the EV lipid-
derived glycans contain motifs such as LeX, pseudo-
LeY and other a3-linked fucose containing motifs that
can bind to DC-SIGN [42,43], which may explain why
PNGase-F treated EVs could still be internalised via DC-
SIGN. Furthermore, S. mansoni produce various
O-glycans [35], which are possibly also present on EVs
and contribute to EV-CLR interaction. We therefore
suggest that both N-glycans and glycolipid-glycans, and
possibly O-glycans, contribute to the interaction of the
EVs with DC-SIGN. This interaction is most likely via
LeX motifs, which are abundant in these glycan types,
with the possible contribution of other a3-fucosylated
lipid-glycans.

Interestingly, the complex type N-glycans on the EV
surface and many of the glycolipids of the schistosmula
EVs contain antigenic glycan motifs that were pre-
viously shown to be the target of antibodies of various
isotypes during schistosome infection. These motifs
include N-glycan core-xylose, LeX, and the various
fucosylated glycolipid motifs [67-69]. It is therefore
tempting to speculate that EVs can either elicit these
antibodies and/or that EVs are targeted by antibodies
generated against other, similarly glycosylated, antigens
produced by schistosomes during an infection.
Antibodies that recognize and bind molecules on the
EV surface can facilitate internalisation by APCs, for
example via Fc receptors. Antibody-bound EVs can be
targeted to different intracellular compartments com-
pared to EVs without antibodies. This has been
observed for EVs from the helminth Heligmosomoides
polygyrus [70]. H. polygyrus EVs pre-incubated with
antisera were targeted to lysosomes. However, lyso-
some targeting has also been observed for antigens
internalised by DC-SIGN [71]. Another possibility is
that EV uptake is enhanced after incubation with anti-
sera, which was observed for F. hepatica EVs and
RAW264.7 macrophages [66]. Differences in route of
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uptake can possibly alter the fate of the EVs and thus
possibly influence EV-induced immunomodulation.

Cross-species communication via EVs that contri-
butes to modulation of host immune responses has
been described previously for helminths, including
H. polygyrus [70] and Nippostrongylus brasiliensis
[72]. In this study, we observed that S. mansoni schis-
tosomula EVs are capable of augmenting activation-
induced cytokine secretion and surface molecule
expression by human moDCs, including both immu-
nostimulatory and regulatory factors (Figure 6). It has
been suggested that a delicate balance between benefit
for the host and benefit for the parasite contributes to
overall survival of the parasite within the host with
limited pathology [3]. The induction of pro-
inflammatory cytokines is a natural response of the
host to the skin-invading pathogen, however, this
response is transient. Priming of a protective adaptive
immune response is hampered, probably via the induc-
tion of regulatory responses by the parasite, such as
increased IL-10 release and PD-L1 expression [12],
allowing the parasite to develop into mature worms
and start egg laying. Different molecules present in
the heterogenous EV population may have contributed
to the observed augmented immune responses. It is
known that DC-SIGN signalling via fucose ligands,
which are motifs found on the N-glycan and lipid-
glycan structures of the EVs, mainly increases IL-10
and decreases pro-inflammatory responses [73]. In
contrast, we observed that blocking DC-SIGN actually
decreased pro-inflammatory TNF-a and IL-12 mRNA
and did not fully reduce the responses to baseline
(Figure 7(e)). Thus, it is likely to assume that schisto-
somula EVs contain a mix of various (glycosylated)
proteins and RNAs (amongst other biological mole-
cules, such as lipids [74]) that all may contribute to
a combined effect on host immunity [6]. Indeed, the
NTA data as well as the cryo EM show at least
a variation in EV size and with or without the thin
filaments, and it is tempting to speculate that these
different EVs may show variation in their surface gly-
can profile and may have specific activities on host
immunity. Interestingly, since total E/S from schisto-
somula increases IL-12, IL-6 and IL-10 release as well
as CD86 expression by mouse BMDCs [11], it is tempt-
ing to suggest that part of the effects of the E/S are
mediated by the EVs in that secretion.

In contrast to the strong blocking effect of anti-DC-
SIGN antibodies on EV internalisation (Figure 4 and
Figure 7(c)), however, blocking DC-SIGN did not sig-
nificantly alter EV-augmented immune responses dur-
ing prolonged stimulation (Figure 7(a-b)). The
variation we detected among donors in reduction or

increase of IL-10 release in the presence of blocking
DC-SIGN (Figure 7(a)) was also observed in another
study that examined glycan-mediated effects by larval
E/S [75]. These donor-specific variances could be asso-
ciated with intrinsic DC-SIGN levels, which vary highly
between and within donors [76]. Furthermore, residual
uptake of EVs via other processes such as (macro-)
pinocytosis or protein-protein interaction could still
have affected the immune activation of moDCs upon
prolonged culture (Figure 7(d)). Shorter incubation,
however, showed that part of the augmented immune
profile of moDCs by schistosomula EVs was indeed
dependent on interaction with DC-SIGN (Figure 7(e))
and provides evidence that interaction of glycans on
the EV surface with DC-SIGN does play a role in
immune modulation of host responses.

In conclusion, our study demonstrates that S. mansoni
schistosomula release glycosylated EVs that carry LeX,
pseudo-LeY, and other fucosylated motifs, and we reveal
a distinct role for DC-SIGN in glycan-mediated inter-
nalisation of EVs by host immune cells. This interaction
contributes to increased pro- and anti-inflammatory
responses, substantiating that EVs play a role in host
immune regulation by helminths to establish and control
infection. Future studies on how EV-associated mole-
cules contribute to immune modulation will further
our understanding of parasite-host interactions and
may provide insights for vaccine development.
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