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Abstract

Exosomes are endocytic lipid membrane-bound bodies that have been shown to carry proteins
associated with cancer and neurodegenerative disease. This has led to an exponential rise in
research that looks to incorporate exosomal proteins as disease biomarkers within diagnostic assays.
Furthermore, ubiquitous presence of exosomes in nearly all biological fluids creates the possibly
of minimally invasive liquid biopsies for the patient. However, the heterogeneity of exosomes and
complexity of biological source materials requires a consideration of optimal isolation protocols.
More importantly, the development of effective exosome based assays is limited by the scarcity of
translational characterization approaches that are capable of determining their molecular composition
and physical properties in physiological fluids.

The key objectives of this doctoral research was to establish a robust exosome isolation protocol
from complex media, prior to sensing the exosomes on an immunosensor transduced by acoustic
wave and electrochemical measurements. This work also looked to enhance these platforms from their
current baseline performance, through the implementation of various surface structure modifications.

A size exclusion chromatography approach was developed for the isolation of exosomes expressing
CD63, Alix, CD81 and CD9 proteins, and allowed them to be extracted effectively from cell culture
media, human serum and urine. Isolated exosomes were subsequently detected on a quartz crystal
microbalance with dissipation (QCM-D) monitoring, after the optimisation of an affinity-based immuno-
functionalisation approach. This technique displayed high sensitivity and specificity towards exosomal
CD63 at clinically relevant concentrations in complex media. The QCM-D sensor was also used as a
working electrode, as part of an electrochemical cell, to enable additional impedance spectroscopy
analysis of exosome binding in tandem with the QCM-D response, collectively termed EQCM-D. The
combination of these approaches offers a label-free, sensitive and real-time approach to exosome
detection. The sensitivity of the EQCM-D platform was improved through surface formation of tunable
gold nanoparticle arrays from selective impregnation of block-copolymer templates, taking advantage
of their segregation behaviour. This presented a versatile approach to tune sensor surfaces in order to
improve ligand orientation and subsequent analyte binding. Similar advancements were made on silica
detection surfaces through the formation of silica inverse opal crystals, with differing thicknesses, using
a single-step co-assembly approach that combines a sol-gel matrix with poly(methyl methacrylate)
(PMMA) spheres. Porous networks atop the sensors increased the internal surface area significantly,
translating to a higher binding capacity of exosomes notwithstanding a higher degree of artefact
entrapment.

The results achieved through this work offer a potential for multi-modal analysis of exosomal
proteins in diagnostics, underpinned by acoustic wave methodologies and nanostructured materials.



Impact statement

Minimally invasive liquid biopsies for diagnostic and prognostic assessment of cancer and neurodegen-
erative disease are seen as a replacement for surgical tissue biopsy procedures that often yield small
sample sizes, fail to reflect disease heterogeneity and require repeated sampling. In some cases, the
tissue is inaccessible, diffusely located or only reflects the late stage condition. Collectively, this results
in sub-optimal patient experiences and treatment interventions. The isolation of biomarkers from
readily accessible bodily fluids (blood and urine) has offered recent promise in determining patient
disease state. Specifically, exosome associated biomolecules provide a phenotypic fingerprint of their
parent cell, offering a rich source of pathogenic information. Exploitation of exosomal proteins as
diagnostic tools can aid earlier intervention at low cost and better elucidate pathological pathways, but
is met with analytical challenges. This includes requirements for techniques to be label-free, rapid, low
cost, sensitive and applicable to clinical workflows. Evaluation of alternative sensing approaches for
exosomes will expedite the establishment of such techniques, creating a need for expansion of the
current analytical toolkit.

Bulk acoustic wave techniques and electrochemical measurements have both been employed for
sensitive detection of biomolecules within assay procedures but have yet to be established in the field
of exosome detection. Successful application of these methods in the research presented herein,
potentially satisfies many of the desirable attributes required for translatable diagnostic platforms whilst
also making a number of novel contributions to the field. Firstly, a validated method for exosome
isolation from mesenchymal stem cell cell-culture media was identified. Additionally, detection of
exosome enriched proteins from urine, serum and cell-culture media is reported using capillary gel
electrophoresis combined with a chemiluminescent assay, that offers a low volume, high sensitivity
alternative to conventional western blotting.

From a biosensing perspective, this work showcases a quartz crystal microbalance with dissipation
(QCM-D) platform for a direct immunoassay of exosomal proteins. Exosomes were shown to be
easily distinguished from co-contaminants using their viscoelasticity in addition to their mass, reducing
the risk of false positive results. By extension, the first example of QCM-D with tandem impedance
spectroscopy analysis of exosomes is implemented to increase platform sensitivity, reducing the
sample volume requirement from the patient. This dual-modal approach represents a label-free,
real-time and direct assessment of the exosome analyte, offering clear advantages over current
sandwich immunoassay protocols.

In a materials context, this study also looked to advance the basic QCM-D and impedance
spectroscopy detection platforms by incorporating nanostructures to the sensor surface in the form of
inverse opals and gold nanoarrays. A block co-polymer templating method for QCM-sensor modification
with nanoscale metallic arrays was shown to improve spatial orientation of capture ligands, reducing
steric hindrance during exosome adsorption. Alternatively, surface area enhancing architectures in the
form of porous inverse opal networks were able to increase QCM sensor binding capacity. Precise
tuning of the architecture parameters delivered improvements in detection performance that could
offer patients and clinicians diagnostic potential at earlier stages of disease or from dilute biofluids.

Overall, this doctoral research introduces acoustic dissipation analysis of exosomes, in combination
with complimentary electrochemical analysis that is enhanced by nanoscale surface architectures. A
direct result from this work is the addition of new analytical methods for exosome characterisation, with
scope for translation to an integrated point-of-care device for minimally invasive disease diagnosis.
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Chapter 1

Introduction

1.1 Extracellular vesicles and exosomes: biogenesis, composition and
function

For over 40 years, eukaryotic and prokaryotic cells have been known to release micro- and nano-
sized lipid membrane bound vesicles, collectively known as extracellular vesicles (EVs).[2,3] These
secreted vesicles are found in all bodily fluids, including; urine,[4] plasma,[5] saliva,[6] cerebrospinal
fluid (CSF) and milk.[7,8] The rate and magnitude of EV secretion is predicated on the cellular source
and disease state, among other factors.[9] EVs can be classified further into subtypes based on their
size and bio-molecular composition with apoptotic bodies (1-5µm), micro-vesicles (100-1000 nm)
and exosomes (30-150 nm) being the most prominent of these.[10] Initially, EVs were regarded as
having little biological significance, functioning merely as disposal units for cell debris. Recently
however, the exosome sub-group has garnered significant attention for their involvement in inter-
cellular communication and disease propagation.[11,12] Additionally, their potential use as a source
for disease biomarkers,[13] vehicles for drug or gene delivery and as therapeutic agents for tissue
regeneration make these supra-molecular structures widely researched at present.[14,15] Moreover,
the ability of cultured cells such as mesenchymal stem cells (MSCs) to secrete exosomes allows their
production and isolation using quality controlled parameters, providing translational models for process
optimisation and better understanding of exosomal behaviour.[16]

This thesis looks to build upon growing interest in exosomes as a novel source of circulating
protein biomarkers for early disease identification.[17] Research has begun to demonstrate and
validate exosome sourced biomarkers for neurodegenerative disease,[18] a range of cancers,[19,20]

kidney disease and acute brain injury.[21,22] Prior to investigating a novel analytical sensing approach,
our research initially focused on the optimisation and validation of an exosome isolation technique
appropriate for downstream biosensing applications.

1.1.0.1 Thesis nomenclature

This work adopts the term ’EVs’ when discussing particles or samples that have not undergone
characterisation for exosome enriched molecular markers and when referring to previously reported
studies that adopt ’EVs’ as their term of choice instead of ’exosomes’. The term ’exosome’ shall be
used for particles that are characterised to possess exosome enriched molecular markers and exhibit
exosomal size (as per International Society for Extracellular Vesicles recommendation).

18
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1.1.1 Biogenesis

An important discriminating factor between micro-vesicles and exosomes is found in their respective
route of biogenesis. Whilst micro-vesicles are formed via an exocytic pathway, involving the budding
and fission of plasma membrane protrusions, exosomes are endocytic in origin.[23] This difference
is largely responsible for the discrepancy in membranous and intra-vesicular content between the
sub-types. The endolysosomal pathway in a cell involves stimulus dependant formation of an early
endosome, with eventual maturation into a late endosome.[24] Inward vaginations of clathrin coated
micro-domains form a multi-vesicle body (MVB), which is pre-disposed to one of three pathways:
lysosome degradation, histocompatibility complex delivery, or fusion with the cell membrane resulting
in the release of exosomes (Figure 1.1).[24]

Figure 1.1: Schematic representation of exosome biogenesis and biomolecular content. From
Kalluri and LeBleu.[25] Reprinted with permission of AAAS.

This process is modulated chiefly by endosomal sorting complexes required for transport (ES-
CRTs).[26] Alternatively, a ceramide driven pathway has also been proposed, where the catalysis of
sphingomyelin by sphingomyelinase induces MVB formation, independent of the ESCRT machinery.[27]

The ultimate secretion of exosomes into the extracellular environment is then regulated by the RAB
family of small GTPases such as RAB27A.[28]

1.1.2 Exosome composition

Advanced microscopy has allowed structural elucidation of exosomal bodies as round spheres limited
by a lipid bilayer membrane.[29] Nevertheless, exosome functionality and role in disease is likely to
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result from their bio-molecular composition, collectively known as the exosomal cargo; a cytosolic
mixture of proteins and nucleic acids, along with membrane integrated proteins, glycosaminoglycans
and lipids. The database ExoCarta (http://www.exocarta.org) provides a catalogued repository of all
reported proteins, lipids, and nucleic acids that have been identified in exosomes,[30] and has recently
been added to the EV database Vesiclepedia (www.microvesicles.org/).[31] The database underlines
the influence of disease and cell type on exosome content, exposing the significant heterogeneity in
exosome composition between populations.[32]

1.1.2.1 Proteins

Initial studies on exosome proteins drew a difference between protein subsets which depend on
the secreting cell and generic, pan-exosome, proteins found in exosomes from most sources.[33]

Transmembrane proteins have been shown to cluster into micro-domains on exosome surfaces,
including the commonly identified family of tetraspannin proteins. These proteins possess four
transmembrane domains and exosome-enriched examples include CD63, CD81, CD9, CD82 and
CD54.[34] Studies have shown a role for tetraspannin proteins in molecular complexation and micro-
environment alteration.[28,35] Exosomes from antigen presenting cells display an abundance of surface
located major histocompatibility complex (MHC) class I and class II proteins, as well as HLA-G, playing
a key role in immune regulation.[36] Membrane trafficking proteins such as annexin, Rab5, Rab7 and
RabGD1 were identified in exosomes by Kannada et al. and Jae et al. and were shown to associate
with lipids on the cytosolic side of the membrane.[37,38] Targeting and adhesion proteins such as cell
specific α- and β- chains of integrins, inter-cellular adhesion molecules I (ICAM1) and lactadherin
have been studied within the exosome field by Segura et al. and Véron et al. [39,40] Ogawa et al. and
Pololicchio and colleagues discovered cell surface peptidases such CD26 and CD13 on exosome
surfaces, both thought to be involved in immuno-modulation of T-cell response.[41,42]

Internally, exosomes are filled with cytosol and thus contain associated cytoskeletal proteins such
as tubulin, actin and cytosolic proteins including proteasome and histones.[12] Proteins associated
with MVB formation, such as TSG101 and anti-apoptosis proteins such as Alix have been routinely
used as markers for exosome presence.[43] The exosome cargo further includes molecules involved
with signal transduction such as protein kinases, 14-3-3, syntenin, G protein and metabolic enzymes
such as thioredoxine peroxidase and enolase.[3,10] Heat shock proteins are regarded as common
in most exosomes, with HSP70 and HSP90 being used as markers, and are thought to play a role
during stressed conditions by assisting antigen loading into MHC class I and II molecules.[44] This
work intends to exploit some of these exosome enriched proteins to characterise exosome samples
using traditional and novel detection approaches.

1.1.2.2 Lipids

Along with surface proteins, exosomes have been shown to possess lipid raft domains, comprised of
cholesterol, phosphatidylserine, sphingomyelin and ceramides. These are proposed to assist lateral
segregation of lipids into exosomal membranes from intra-luminal vesicles (ILVs).[24] Studies have
shown the lipid composition to be specific in nature, with the cholesterol representing a detergent
resistant sub-domain that is often exploited for exosome immobilisation.[45,46] The interaction of lipid
associated proteins such as flotillin, annexin and GPI-anchored proteins has pointed to a theory of
initial ILV formation as lipid rafts inside MVBs.[47]
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1.1.2.3 Cytosolic nucleic acid

Research interest in exosomes has grown exponentially since the discovery that they contain biologi-
cally viable messenger-RNA (mRNA) and micro-RNA (miRNA), with the ability to translate into proteins
once delivered to a target cell.[48] More specifically, miRNA such as miR-1, miR-15, miR-16, miR-21
and miR-151 have been identified in exosomes and are found to be involved with tumorigenesis,
exocytosis and angiogenesis.[49–51] The increasing use of deep sequencing approaches has also
identified non-coding RNA (Y-RNA), structural RNAs, vault RNA, transfer RNA (tRNA), and small
interfering RNA (siRNA) amongst many others.[52] In some cases, RNAs were found to be enriched
in the exosomes compared to the parent cell, underlining a specific and active sorting mechanism.
This is made more complex with the theory that different miRNA carriers are responsible for trans-
portation of different miRNA subsets, suggesting tailored RNA cargo incorporation.[53] Studies have
also identified miRNA-protein and miRNA-lipid complexes,[54] but the physiological significance is
yet to be determined.[55] Nevertheless, the potential influence on gene expression and phenotype
modification of the target site makes exosomal miRNA likely vectors for disease propagation and
attractive therapeutic agents.[56]

1.2 Conventional methods of exosome isolation

With the relative infancy of the exosome field, coupled with the heterogeneity in their composition and
presence in a variety of biological fluids, a plethora of methods exist for their effective isolation from
source media, with no universal standard. Broadly, exosome isolation methods are based on size
and density, precipitation through altered exosome colloidal stability, affinity-capture, and microfluidic
methods. The techniques within each category possess inherent advantages and drawbacks, as
summarised in Table 1.1.
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Table 1.1: Advantages and disadvantages of commonly employed exosome isolation tech-
niques.

Isolation
method

Isolation
time

Advantages Disadvantages References

Ultra/ differ-
ential cen-
trifugation

140-
400min

Large volume capacity, sim-
ple implementation, no chemical
modifications

Costly equipment, high centrifu-
gal forces, damage to exosomes,
aggegration, viscosity limitations,
co-isolation of non-exosome con-
taminants, low exosome yield

[57–59]

Density
gradient
centrifuga-
tion

180min-
48h

High exosome purity, reduced
protein contamination, superior
biological integrity, time efficient

Low throughput, loss of sam-
ple risk, labour intensive, su-
crose affects exosome structure,
cost of commercial reagents, co-
isolation with non-exosome mate-
rial with similar buoyant densities

[60,61]

Ultra-
filtration

30-150min Facile method, no sample vol-
ume limitation, up-scaling possi-
ble, no additional reagents, time
efficient

Loss of sample, membrane
degradation, vesicle deformation,
protein contamination, low exo-
some purity

[62,63]

Size ex-
clusion
chromatog-
raphy

20-60min Time efficient (isolation), lipopro-
tein removal, high exosome pu-
rity, low impact, high exosome in-
tegrity, minimal exosome losses,
scalable, reduced aggregation,
no viscosity limitation, repro-
ducible (commercial)

Limited sample volume, variable
elution (self prepared columns),
non-specific method of isolation,
co-isolation of exosome sized
protein aggregates

[64–66]

Precipitation 45min-24h Facile method, high throughput,
no equipment requirement, phys-
iological pH range, high exo-
some integrity, high exosome
yield, time efficient

Low exosome yield, significant
protein contamination, polymer
retention, cost of commercial
reagent, need for further purifi-
cation, aggregation

[67–69]

Affinity iso-
lation

120min-
24h

High specificity towards exosome
markers, high exosome purity,
preservation of exosome func-
tion, facile method

Detachment challenges, down-
stream analysis of intact vesicles,
non-specific binding, cost of com-
mercial reagents, pre-purification
requirement

[70–72]

Microfluidic 10-100min Rapid, minimal sample volume
(diagnostic), high exosome purity,
integration with analytical tech-
niques, minimal sample handling

Complexity, small sample volume
(therapeutics), material cost, suf-
ficient exosome yield for down-
stream analysis, low throughput

[73,74]
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1.2.1 Density based isolation

Ultra-centrifugation (UC) has been the most commonly preferred method of exosome isolation, and
exploits the particles’ buoyant density by subjecting media to prolonged periods of high centrifugal
force in order to sediment particles of interest. However, given the non-discriminate nature of the
technique, artefact co-isolation and issues with particle aggregation, the field has begun to employ
differential centrifugation (DC) for its perceived improvements.[75,76] Section 2.1.1 provides additional
technical details for a typical DC protocol. The technique is reagent free, can accommodate large
volumes of source material and is highly reproducible. In a 2016 worldwide survey of 196 scientists,
it was found that 85% of researchers adopt DC for their exosome isolation protocols, 59% of which
use DC in combination with other techniques.[77] DC subjects the source material to discrete isolation
steps of increasing centrifugal force, which helps reduce the isolation of non-exosome material that
usually occurs via co-sedimentation of particles with similar buoyant densities to exosomes.[59] Despite
this, excessive impurities in the exosome sample is reported to hinder accurate down-stream study,
particularly for proteomic and sensing processes.[61,78] Nonetheless, given its widespread adoption,
DC presents a viable option as a reference isolation technique in this work.

Disparate buoyant densities/size of particles are thus needed for DC to be fully effective. Studies
have shown considerable levels of exosomal material outside of the final pellet (i.e. exosome loss),
underlining process inefficiency.[79] Whilst this method is simple to implement, it is time consuming
and inefficient with respect to the volume of starting media that is required. The technique is also
affected by the viscosity of a sample, often requiring dilution or spinning for longer periods of time,
especially when using serum or plasma as the source material. Furthermore, subjecting vesicles to
excessive centrifugal forces risks the rupture or aggregation of exosomes, an issue that re-suspension
may not solve.[75] This not only impedes accurate structural analysis, but also reduces functionality of
the exosomes.[80] These issues have led to a decreasing trend in the number of researchers utilising
DC alone, with a greater preference for density gradient centrifugation (DG) and size-based isolation
techniques.[81]

DG centrifugation looks to overcome issues of aggregation and contaminant co-isolation seen with
DC. The creation of a density gradient prior to centrifugation improves the efficiency and resolution of
particle separation in relation to their density.[82,83] Studies have shown high quality exosome isolation
using this technique, often resulting in the highest purity values amongst isolation techniques.[61]

Gradient solutions are comprised of either sucrose or iodixanol (OptiPrepTM).[84,85] The latter is
preferred due to minimal osmotic impact on vesicle shape and integrity. A single UC spin step
results in exosomes and exosome like material present in a band with density 1.13-1.19 g/mL, allowing
effective separation of lipoproteins, nucleoproteins and larger vesicles. However, viruses, non-exosome
vesicles and other exosome sized proteins which possess similar densities to exosomes will result in
some contamination within the collection band.[86] Whilst DG centrifugation has desirable outcomes,
namely high exosome purity and superior recovery of exosome protein markers, the process is time
consuming and labour intense, making it unsuitable for clinical application or use at scale. Most
importantly, the yield from DG is relatively poor,[87] compounded by significant exosome loss during
extraction.[88]
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1.2.2 Size based isolation

Alternative approaches include filtration based techniques that directly separate particles based on
their size and include gel-filtration, micro-filtration and dialysis. Ultra-filtration is routinely used, allbeit
in conjunction with other techniques such as UC or gel filtration.[89–91] The technique helps concentrate
particles of a required size range, often using centrifugal filters with cellulose membranes of desired
Mw cut-off (10 kDa - 100 kDa).[92,62] Cheruvanky et al. reported minimal exosome loss using filtration
at elevated centrifugal force.[63] Thus, ultra-filtration presents a fast and facile method to generate a
concentrated sample of exosomes from source media, which can subsequently be applied to a more
discriminatory technique.

Gel filtration or size exclusion chromatography (SEC) separates particles based upon their size
in suspension. Please refer to Section 2.1.3 for more technical details on the approach. Boing et al.
reported successful exosome isolation using agarose bead based SEC columns.[64] SEC’s growing
implementation within the field is attributed to its ability to separate unwanted protein and particulates
from exosomes of interest.[65] SEC application to exosome isolation is commonly carried out under
gravity or low atmospheric pressures, ensuring minimal structural impact or biological alteration of
the vesicle.[93] The progress of SEC in the field has led to commercially available SEC products,
namely the qEV, ExoPure, and ExoSpin columns that routinely used with exosomes. Reports have
previously described effective EV and exosome isolation and proteomic characterisation using the
Izon columns.[94,95] The combined result of a high vesicle purity and superior biological integrity makes
SEC an isolation technique worthy of exploration within this study.

1.2.3 Precipitation

Altering the stability and initiating the clustering of exosomes in a colloidal mixture has been shown
to initiate their precipitation from more complex biological samples. Studies have utilised protamine,
sodium acetate, hydrophilic polymers and organic solvents to achieve this.[93,96,97] Using polyethylene
glycol (PEG) incubated samples followed by low-force centrifugation is popular, providing high yield,
simplicity and time efficiency.[61] PEG based precipitation also allows for the simultaneous processing
of multiple samples and, like SEC, is scalable and does not impact the physical characteristics of
exosomes.[98,99] Commercially available products such as ExoQuick (Systems Biosciences, US),
ExoPrep (HansaBiomMed, Estonia), miCURY (Exiqon, Denmark) or Total Exosome Isolation Reagent
(TEIR) (Invitrogen, US) have been extensively studied for EV and exosome isolation.[100,101] Other
groups have optimised PEG 6000 formulations to achieve comparable results at a fraction of the
cost.[69] Whilst the size of particles isolated using these methods align with that from UC isolation, the
quantity of undesirable lipoproteins, protein aggregates and immuno-complexes is far higher, resulting
in poor sample purity.[69,102] Modification of commercial protocols, such as increasing the speed
of centrifugation, have been shown to improve yield, reduce albumin contamination and increase
viable exosomal miRNA.[66] Nevertheless, additional filtration steps are required to remove interfering
biopolymer that may have co-precipitated along with exosomes.

PEG and dextran have also been used as part of an aqueous two phase system to produce highly
pure EVs, with minimal protein contamination.[103] Here, vesicles accumulate preferentially in a dextran
phase, whilst proteins and lipid complexes collect in the PEG phase. Repeated addition of PEG to
the system reduces the protein contamination even further. This presents a cheap, fast and simple
method to isolate pure exosomes. The main limitation is the viscosity of polymer solutions and difficulty
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of extracting intact exosomes from the dextran phase, hindering downstream manipulation.[104,105]

Alternatively, proteins can be precipitated using organic solvent, keeping exosomes in suspension.
Precipitation is induced using cold acetone at -20 ◦C, and centrifuging at 3000g for 1-2 minutes.[66,106]

Studies have reported advantages of reduced non-exosomal protein in the final isolate.[107] However,
exosome loss is a potential drawback, mainly through aggregation in the presence of acetone.
Furthermore, size, yield and purity were found to be inferior when compared to SEC based approaches.

1.2.4 Affinity based isolation

Affinity based approaches leverage surface exposed molecules on exosomes, chiefly proteins, lipids
and polysaccharides. These function as effective targets for multiple capture molecules, including
lectins, antibodies and lipid-binding proteins, creating the possibility of specific exosome extraction
from more complex media. Antibodies specific to surface proteins such as tetraspannins, can be
used in isolation methods via attachment to solid phase matrices. For example, immunoaffinity
based isolation has been demonstrated using affinity columns, membrane filters, plates and magnetic
beads.[108,109] Hildonen et al. demonstrated the use of anti-CD63 functionalised paramagnetic beads
to isolate exosomes with the help of a magnet.[71] Subsequent staining of exosomes, or tagging of
additional surface markers with a fluorophore, allows for immediate analysis using flow cytometry.[110]

The use of antibody functionalised beads can be combined with UC or PEG precipitation methods to
specifically isolate exosomes and overcome issues of contamination due to the ease of washing once
bound to the bead. Bead based isolation offers improved throughput by lending itself to a 96-well plate
format, with only 50µL of sample needed.[111]

Comparative studies have shown immuno-affinity isolated exosomes to possess a greater abun-
dance of relevant markers compared to UC and precipitation techniques.[112] Exosomes have been
isolated via phophatidylserine binding to their surface membrane using Annexin 5 and Tim4 coated
beads.[70] Surface located heat shock proteins have been exploited by Ghosh et al. using venceremin
(Vn96) peptide.[113] Despite these examples, a drawback to this technique is the expense of the
reagents involved and the requirement of surface marker presence. The heterogeneous nature of
exosomes can result in either a lack of surface markers, or variation in marker expression density,
both of which impact the ability of the beads or capture surface to bind to the exosome of interest.[114]

Additionally, isolation of large volumes is a challenge, whilst use of bodily fluids suffers from poor
efficiency due to competitive binding.

1.2.5 Other isolation techniques

Other developments in the isolation field include the incorporation of micro-channels, micro-mixers,
micro-pumps and valves into isolation devices.[115] This allows for minimal sample volumes and
reduced isolation time scales. Furthermore, researchers are looking to integrate downstream exo-
some analysis along with isolation using the same micro-device (lab-on-a-chip), improving throughput
and the possibility of automation.[116,117] Successful devices include those employing a microporous
filtration system, acoustic methods of particle separation and antibody affinity based isolation.[74,118]

The above isolation techniques produce a concentrated source of exosomes with varying qual-
ity, that can now be applied for downstream characterisation of physical and bimolecular properties via
conventional and advanced methods.
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1.3 Methods of exosome characterisation

To utilise exosomal cargo for a diagnostic or prognostic application, confirmation of their identity is
required through the characterisation of their physical and biological properties. A position paper by
the International Society for Extracellular Vesicles (ISEV) in 2014 provided guidelines on the minimal
characterisation requirements in order to define particles as exosomes,[119] requiring researchers to
elucidate biomolecular and structural attributes of isolated vesicles using a variety of techniques. A
summary and evaluation of the common profiling methods are given below.

1.3.1 Conventional approaches to exosomal protein characterisation

Surface marker and protein analysis has been demonstrated using several methods including the Brad-
ford assay, microBCA assay,[106] western blotting,[63] enzyme linked immunosorbent assay (ELISA),[120]

flow cytometry and liquid chromatography tandem mass spectrometry (LC-MS/MS).[42]

Non-specific protein quantification of lysed exosome samples is achieved using colorimetric protein
assays such as Bradford or microBCA assays.[121] The Bradford procedure is facile to implement,
cost effective and time efficient. An important consideration is the compatibility of the assay with
detergents, which are often incorporated in lysis buffers applied to exosomes in order to establish total
protein concentrations. Sodium dodecyl sulphate (SDS) in particular can interfere with the absorbance
readings obtained from the Bradford assay. Ordinarily, Coomassie Brilliant Blue G-250 dye in the
assay binds to the protein, converting from red to blue. However, SDS binds strongly to the protein,
thus inhibiting dye binding and conversion, giving an underestimation of protein concentration. At
concentrations above the critical micelle concentration (0.0667%), the detergent associates strongly
with the green form of the dye, overestimating the protein content.[122] Considering that such buffers
are commonly used as part EV lysis protocols contain 0.1% SDS, the Bradford assay was deemed
to be unsuitable for lysed sample/total protein quantification and hence the microBCA assay was
implemented instead. The Bradford assay can be used instead to analyse protein content of unlysed
samples, enabling quantification of non-exosomal or extra-vesicular protein. The microBCA assay is
based on a detergent compatible solution containing bicinchoninic acid (BCA) and copper(II) sulphate
pentahydrate (further assay details provided in Section 2.2.4).[123] Lipids within the sample have been
shown to interfere with BCA measurements,[124] but its minimal interaction with SDS supports its
implementation in lysed samples. Both techniques are high throughput when adapted to a 96-well
plate set up and highly sensitive (capable of detecting protein quantities as low as 20µg/mL and
0.5µg/mL for Bradford and microBCA assays respectively).

Challenges associated with these assays include the requirement to prepare calibration measure-
ments using a standard protein such as BSA or immunoglobulin. This allows for potential dilution errors
to affect results and assumes a similar interaction between dye and sample protein as is seen with
the BSA, introducing inaccuracies in concentration determination. Furthermore, both assays display
linearity over a short range of protein concentrations; 1-2000µg/mL and 0.5-20µg/mL for Bradford
and BCA assays respectively.[125] This requires considerable dilution of highly concentrated samples,
where errors in preparation and buffer volumes may affect results adversely. Studies have also used
UV-vis spectrophotometers to assess protein concentration, based on aromatic amino acids such as
tyrosine, tryptophan and phenylalanine being able to absorb light at 280 nm.[65,126,127] Nonetheless,
not all proteins contain these amino acids and the presence of nucleic acid molecules are known to
interfere with absorbance spectra. For this reason, the microBCA assay will be employed as part of
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this study for total protein quantitation.
For the identification of specific proteins within a lysed sample, western blotting is the most

commonly used semi-quantitative technique, where the size and intensity of a band confirms the
existence and relative quantity of a target protein analyte (Figure 1.2).[63] Traditional western blotting
employs SDS-Polyacrylamide Gel Electrophoresis (PAGE) for the denaturing and electrophoretic
separation of proteins in a polyacrylamide gel cassette. Proteins are separated based on size
and transferred to a nitrocellulose membrane, blocked to prevent non-specific antibody binding and
labelled with primary antibodies specific to a target antigen. Lastly, the membrane is labelled with a
secondary antibody which is specific to the primary antibody, often tagged with a substrate to allow
visualisation using chemi-luminescence.[128] More recently, capillary based western blotting has shown
improvement in sensitivity, reproducibility and resource efficiency, with further explanation provided in
Section 2.2.5.[129] Irrespective of the method of separation, western blot remains the gold standard for
protein detection for exosome verification.

1) 2)

3)

4)

5)

6)

7)

Figure 1.2: Schematic representation of western blot work flow using conventional gel elec-
trophoresis and nitrocellulose membrane transfer. Reproduced under Creative Commons License
from[130].

Flow cytometry allows determination of multiple exosome markers in a sample through multiplexed
labelling. In this technique a laser beam with a specified wavelength passes through a stream of
sheath sample fluid. The particles are able to scatter the light allowing for side and forward scatter
detection, providing insights into the granularity and size of the particle respectively. In addition,
fluorescent labelling of the particle surface, or contents, can be detected through different wavelength
’channels’.[131] A major challenge is the ability of flow cytometers to resolve single exosomes due to
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limited size resolution and width of the laser beam. Many protocols require exosomes to be bound
to latex or magnetic beads, thereby measuring the overall fluoresence of the beads, as opposed to
individual exosomes.[132] This swarm type of analysis removes the quantitative advantages of flow
cytometry and provides challenges when gating particle populations, as multiple exosomes are identi-
fied as a single event in order to overcome measurement thresholds. Additionally, measurement of
exosome bound beads limits the utility of the scatter information. More recently, imaging flow cytometry
has been shown to provide superior particle resolution, allowing for single exosome analysis.[133] The
technique merges flow cytometry with high resolution imaging and increases detection sensitivity
towards fluoresence. Additionally, analytical algorithms are able to distinguish exosome aggregates
from single exosomes, allowing improved interpretation of data. Nevertheless, the technique is reliant
on the quality of labelling and the 2D-image of the exosome is unlikely to provide a complete picture of
protein expression across the entire particle surface.

Another routinely adopted technique for exosome protein analysis is ELISA, which is usually highly
sensitive (1 pg of protein) and supports quantitative analysis via the use of exosome standard calibra-
tion curves. Commercially available ELISA kits for exosome markers include EXOEL (Biosciences,
UK), ExoELISA (Systems Biosciences), ExoQuant (Biovision) and ExoTEST (HansaBioMed). A
number of studies have successfully characterised and quantified exosomal marker content using
ELISAs, with many using self prepared ELISA plates, although this may give rise to variation in
sensitivity.[134] Most frequently, ELISAs for exosomes are based on a sandwich approach, where
capture primary antibody is incubated and adsorbed onto the surface of a 96-well plate.[70] Figure 1.3
illustrates a standard approach towards a sandwich ELISA, implemented for protein detection and
quantitation. Limitations of ELISA include the need for matching monoclonal antibody pairs and the
neccessity to lyse exosome samples prior to analysis. Additionally, monoclonal antibodies may react
differently to exosome markers from different sources, reducing the comparability between ELISA
experiments. Nonetheless, given ELISA’s sensitivity, it is often used as a gold standard to assess
marker sensitivity and as a point of reference to novel sensing techniques.[135] With some ELISA kits
now offering detection limits towards exosomal proteins down to 1µg/mL, these assays serve as a
point of reference for detection limits attained from assays developed as part of this thesis.

1.3.2 Conventional approaches to exosome physical characterisation

Size and morphological information on exosomes is obtained either through high-resolution microscopy
or light scattering techniques. Scanning electron microscopy (SEM) has been used to provide images
showing the spherical nature of exosomes; however, in some cases a sputtering requirement of this
analytical technique is not well suited to biological structures, particularly exosomes.[136] Transmission
electron microscopy (TEM) and cryo-electron microscopy (cryo-EM) are preferred techniques.[77] The
wavelength of the electron beam implemented in conventional TEM is shorter than the wavelength
of visible light, allowing resolution to 1 nm. A more technical description of the method can be found
in Section 2.2.2. Limitations of this method include the need to fix, dehydrate and negatively stain
biological specimens. Imaging is carried out under high vacuum, resulting in a characteristic cupped
shape witnessed in TEM micrographs of exosomes.[8]

Despite TEM images remaining insightful for diameter determination, induction of heterogeneity
during grid preparation has led to the development of cryo-EM.[137] Here, exosomes are rapidly
frozen using liquid nitrogen, providing cryogenic preservation and protection from the electron beam.
The specimen is kept at cryogenic temperatures in the instrument, omitting the need for fixation or
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Figure 1.3: Schematic representation of a sandwich ELISA principle. Antigen is captured by
immobilised antibody, prior to being detected by primary detection antibody. Secondary antibody,
specific to the primary antibody, binds to the complex with HRP enzyme. Addition of tetramethylbenzi-
dine (TMB), a chromogenic enzymatic substrate, generates a colour change that can be detected by
absorption spectroscopy.

dehydration. Moreover, the cryo-TEM technique allows superior visualisation of the exosome interior,
including the bi-layer membrane.[138] Inelastic scattering can generate high background noise, but this
can be improved by using single particle analysis. Another disadvantage with conventional TEM is a
lack of specificity, as vesicles cannot be determined to be exosomal in nature. This has been overcome
with the use of gold nanoparticles, conjugated with secondary antibodies, acting as immuno-probes
to specific exosome surface markers.[100] This technique, known as immuno-EM analysis, allows the
identification of exosomes via confirmation of exosomal protein presence. In light of the above, a
combination of TEM and immuno-EM shall be used in this study, to investigate the exosome size,
morphology and confirmation of exosomal membrane protein presence.

Atomic force microscopy (AFM) has been used to characterise the size and morphology of
exosomes by detecting and recording interactions between a probe tip and the exosome surface.[85] In
general, the forces between sample, surface and tip result in a deflection in a cantilever, recorded by a
laser based detection system and a photo diode. Exosome analysis via AFM requires immobilisation
on a sample surface, but provides real 3-D imaging or surface topography in high resolution. However,
the immobilisation of exosomes to a surface may induce deformation, thereby altering their size
and morphology. Furthermore, tip interaction with vesicles may result in artefact introduction and
damage to the vesicle structure.[139] Overall, AFM provides a highly versatile method of exosome
analysis, as it can be conducted in a variety of modes including contact, tapping and non-contact mode,
giving an array of information. A few studies have functionalised the AFM tip with anti-tetraspannin
antibodies to specifically detect the presence of classical exosomal surface markers, providing better
resolution for protein presence than immuno-gold labelling.[140] Clearly, these imaging techniques
provide reliable size information, however they are unable to measure concentration of particles.
Crucially, the generated micrographs are not entirely representative of the sample and can be prone
to measurement biases, thus requiring a more comprehensive approach to account for the entire
exosome sample.

Nanoparticle tracking analysis (NTA) is the most commonly used method of characterising particle
concentration and hydrodynamic size.[141] It is an example of a light scattering technique, where
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diffraction of a laser beam by the Brownian motion of particles in suspension is detected by an optical
microscope. A more technical description of the method is provided in Section 2.2.1. The technique
allows rapid concentration determination, using a maximum of 100µL of sample, whilst providing a
hydrodynamic size that can be compared to microscopy data. As the measurement takes place in
the liquid phase no modification of exosomes is required, enabling measurements of particles as
small as 30 nm. However, standard scatter-mode analysis is limited by an inability to differentiate
between exosomes, non-exosomal vesicles and non-vesicular particles which share a similar size
to exosomes. Therefore, concentration values overestimate the exosome content.[142] NTA can be
conducted in fluorescence mode, making use of optical filters to visualise fluorescently labelled
particles. Lipophilic dyes such as casein or PKH26 can be used to non-specifically label the lipid
membranes of isolated vesicles.[143] This method is effective in eliminating non-vesicular particles
from measurement, but is unable to further discriminate between micro-vesicles and exosomes.
Oosthuyzen et al. demonstrated the use of fluorophore conjugated antibodies to specifically label
exosome surface antigens.[144] Subsequent measurement provided a more reliable insight into the
concentration of vesicles expressing exosomal markers. This would be particularly useful when
assessing the extent of phenotype variation between exosome samples. A key limitation to antigen
labelling is inter- and intra-sample heterogeneity in antigen expression. Additionally, for accurate
analyses, the concentration of a particle sample should reside between 107-109 particles/mL, requiring
dilution optimisation.[145] Issues of fluorophore intensity, particle focus and photo-bleaching are further
reasons to draw conclusions from flourescent-NTA analysis with caution.

Dynamic light scattering (DLS) is a similar technique, which utilises a monochromatic laser beam
to pass through the suspension of particles.[146] The intensity of scattered light as a function of time is
relative to the Brownian motion of the particles as an ensemble, allowing to extract information on the
hydrodynamic radius via autocorrelation function of the speckle pattern. This is different to the NTA
method, which analyses particles based upon their individual trajectories. DLS possesses a lower
limit of detection (LOD) than NTA, with particles as small as 1 nm being measured. However, it shares
similar limitations to NTA scatter mode analysis, in being unable to provide biochemical information
about exosomes, with no additional function to allow for marker labelling.[147] Crucially, DLS is less
suited to the polydisperse nature of exosome samples relative to NTA, which has led to NTA being a
more popular measurement technique.

These conventional methods of exosome analysis have laid the foundation for advanced methods
of exosome detection via the integration and/or miniaturisation of key analytical principles in the form
of biosensing platforms, that have legitimate scope for application in a clinical setting.

1.4 Introduction to biosensing

Traditional methods of characterisation have served the field well for fundamental research on isolated
exosomes within a laboratory setting. The majority of these approaches have a precedent for use
in cellular analysis. There has been a recent drive towards more tailored approaches for exosomal
protein characterisation, which have created an analytical toolkit that leverages a wide range of
scientific principles (e.g. optical, electrochemical, piezoelectric, calorimetric, etc). Moreover, given the
increasing evidence of the role exosomal proteins play in disease pathogenesis, there is a need for
sensing innovations to be translatable for real-world use. For example, the performance benchmark for
newly developed diagnostic platforms should comply with the World Health Organisation ASSURED
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criteria (Table 1.2).[148]

Table 1.2: World Health Organisation ”ASSURED” criteria for point-of-care diagnostic tests.[148]

ASSURED

Affordable

Sensitivity (Limit-of-Detection and Limit-of-Quantification)

Specificity

User friendly

Rapid

Robust

Equipment free

Deliverable to end-users

The adopted sensing platform should be sensitive enough to detect clinically relevant biomarker
concentrations, often in the picomolar (pM) or ng/mL range. Additionally, high specificity is required
to reduce the risk of false positive results and to discriminate sufficiently between disease-state and
healthy individuals. Other desirables include the minimisation of diagnostic reagents, i.e. direct
quantitative assessment of the analyte from minimal patient sample, thereby reducing the per assay
cost. Most importantly, a key barrier to exosomal diagnostic development is the reproducibility of
results between sites and assay runs, which is an essential consideration when attempting to establish
a universal test method. Collectively, these challenges represent a significant non-clinical need, thus
there is an expectation from clinicians for reseachers to develop and apply novel biosensing techniques
for biomarker validation, with the ultimate aim being to perform minimally invasive liquid biopsies for
characterisation of disease states using assays based on exosomal proteins.

These attributes can be harnessed in the form of a biosensor, which are self contained analytical
devices that measure biological or chemical reactions by generating signals that are proportional to
the concentration of an analyte in a test sample. Typically, a biosensor is comprised of 3 components:
(i) a bioreceptor that detects or interacts with a target analyte to generate a stimulus (bio-recognition),
(ii) a transducer that is based on a detection principle that converts the stimulus into a signal, and
(iii) a series of electronic components that processes, amplifies and conditions the signal for display
(Figure 1.4).[149]
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Figure 1.4: Schematic representation of a biosensor and its elements.

The most common form of bioreceptor are biological entities that are able to conduct specific
group reactions or bind to a specific molecule. Catalytic biosensing elements include enzymes,
micro-organisms and cells, whilst affinity sensors utilise antibodies, protein receptors and nucleic
acids. Enzyme based biosensors exploit enzymatic catalytic reactions that either consume or generate
compounds such as hydrogen peroxide, carbon dioxide, oxygen and H+ ions.[150] Alternatively, the
inhibition or activation of the enzyme activity is measured upon analyte detection. Commonly used
enzymes include glucose oxidase, alkaline phosphatase and horseradish peroxidase. Along with their
specificity, enzymes can be modified to a range of analytes and can be used continuously for the
life of the sensor. A limitation of enzyme use is their poor stability in high temperature conditions,
as well as factors such as pH and ionic strength influencing their activity and reaction rate. Similar
challenges afflict micro-organisms as bio-recognition elements. Bacteria like E. coli offer adaptability
in differing environments, whilst also being able to metabolise analytes for generation of compounds
that can be detected by the transducer element.[151] A constraint of micro-organism use is a potential
inconsistency in performance as surrounding conditions changes and due to genetic variability, an
issue similarly experienced by cell-based sensors. These are often used to monitor the effects of
toxins or drugs, and offer the advantage of adhesiveness to sensing surfaces.[152] Tissues can display
higher activity and stability than single cell analysis, however is are hindered by a lack of specificity.

Shortcomings of specificity are overcome by oligonucleotide analogues that are often used to
probe for DNA and microRNA by exploiting the base pairing with a complementary sequence. These
probes present opportunities for re-use as the hybridisation between sequences can be reversed.
However, due to the lower concentrations of circulating nucleic acid analytes, the content is often
multiplied via a polymerase chain reaction. The use of nucleic acid probes have advanced towards
artificial single-stranded DNA or RNA ligands, known as aptamers.[153] Such probes display selective
affinity towards proteins and small molecules, whilst also possessing superior secondary structure
stability. Affinity based sensors are termed immunosensors when implementing antibody ligands,
which have become the gold standard for selective biosensing of antigens. Antibody proteins lend
themselves to being arranged in an array format and are amenable to a wide range detection principles.
Immunosensors also offer a faster, more specific and sensitive assays than most traditional ELISA
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tests.[154] In light of these merits, an immunosensing approach shall be pursued in this thesis for the
detection of exosomal proteins, which requires consideration of antibody immobilisation and orientation
for optimal antibody-antigen interactions.

1.4.1 Biosensor immunofunctionalisation approaches

Immunosensor performance is reliant on the effective immobilisation of the detection antibody. The
most commonly utilised structures are immunoglobulin Gs (IgGs), which are approximately 150 kDa
and 14.3 x 7.7 x 4 nm in dimension.[155] They are comprised of two light and two heavy chains linked
together by a disulfide bond (Figure 1.5A). The structure can also be divided into two functional
regions; the antigen binding region (Fab) and the constant fragment (Fc). The Fab region of the
antibody contains a fragment variable (Fv) region containing the complementarity determining regions
or hypervariable loops, which form the antigen binding site and determine antigen specificity.

To achieve optimal biofunctionalisation for direct immunoassays, three key challenges must be
addressed; control of antibody orientation, minimising the chemical modification of the antibody
during functionalisation and reducing non-specific adsorption of protein onto the functionalised surface.
Through comparing and optimising immobilisation approaches, this study looks to resolve these issues
as part of the platform design (Figure 1.5B).

Solid Surface

Protein A/G

Polyelectrolyte

Polymer

Avidin

Biotin

IgG antibody

Amine Coupling Thiol Coupling Glycomoiety Coupling

Covalent Immobilization

Entrapment Electrostatic Interactions Protein A/G Coupling Avidin-biotin Coupling

Non-covalent Immobilization Affinity-based Immobilization

A

B

NH2 amine residues 

Figure 1.5: Antibody structure and immobilisation approaches. (A) Schematic of IgG antibody
structure. Adapted with permission of American Society of Nephrology from[156]. Copyright 2016. (B)
Schematic of commonly adopted approaches for antibody immobilisation to gold surfaces.
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The orientation of an antibody can be controlled by the interaction with specific reactive groups
on the sensor surface. Random orientation of antibodies on gold surfaces implies little control over
whether the molecule binds side-on, tail-on, head-on or flat to the surface. The implementation of
physical adsorption, entrapment, and covalent amine coupling methods results in the non-orientated
immobilisation of antibodies on sensor surfaces.[157] Adsorption exploits non-covalent forces, including
electrostatic, ionic, hydrophobic and van der Waal forces. These approaches suffer from low control
over antibody orientation and leaching between wash steps, thus reducing sensor reproducibility.
However, Um et al. successfully managed tail-on antibody immobilisation by inducing electrostatic
interactions between cyano groups on sensor surfaces and hydroxyl groups present in the antibody Fc
region.[158]

Covalent approaches to immobilise antibodies are based on modifying sensing surfaces with
reactive hydroxy, carboxy, thiol or amino groups, offering the advantages of improved operational
and storage stability.[159] Amine coupling of antibodies is an extensively used method of covalent
immobilization. Here, antibodies are targeted using amine groups present in the lysine amino acid
side chains of the IgG structure. This method requires the terminal carboxylation of the gold coated
sensor surface, followed by an activation step using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) crosslinker and stabilisation with N-hydroxysuccinimide (NHS).[160] The primary amine groups
on the antibody bind with reactive succinimide esters to form an amide bond. Studies have shown
reproducibility and sensitivity of covalently linked antibody immunosensors as low as 0.3 ng/mL.[161]

These facile approaches are shown to elicit random and minimal homogeneity in antibody orientation.
Lysine residues are abundant and often located near the antigen binding site, hindering antigen access
in some instances where antibody binding has occurred via Fab located amine groups. Thus, random
immobilisation of antibody can display reduced sensitivity compared to oriented approaches.[162]

Oriented immobilization approaches include covalent methods exploiting thiol coupling and glycan
moiety binding; antibody fixation via thiol groups has resulted in improved orientation compared to
amine coupling.[163] Specific thiol groups are introduced to the antibody structure through chemical
or molecular biological methods. The immobilisation is based on thiol-disulphide exchange principle
with the sensor surface. Native thiol groups can also be used by electrolytically cleaving monoclonal
antibodies, exposing the thiol group located on the heavy chain. Jarocka et al. reported using Fab
antibody fragment immobilisation via thiol coupling, as part of an impedimetric peptide sensor.[164] In
addition, the use of intermediate proteins has gained prominence. Direct coupling of protein A and G
(bacterial proteins with high affinity for IgG) to the sensor surface has been shown to improve platform
sensitivity compared to random immobilisation alternatives.[165] These proteins respectively possess
five and two binding sites towards the Fc portion of antibodies. This promotes tail-on orientation and
superior exposure of Fab regions for antigen access.[166] An alternative technique is to immobilize
antibodies exploiting the affinity between streptavidin and Fc-bound biotin molecules. Reliability
of binding is assured through a dissociation constant (Kd) of 10−14 mol / L, one of the strongest in
nature.[167]

Appropriate selection of the fabrication approach is thus crucial in order to maximise the bio-
recognition process for the underlying transducer element. This work compares the performance of an
orientated affinity approach with a covalent amine coupling method, to determine the optimal antibody
immobilisation for exosome immunosensing.
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1.5 Recent developments in biosensing methods for exosomal protein
characterisation

Having discussed the variety in bio-receptor choice, fabrication methods and desirable traits of the
overall biosensor, it is imperative to witness how these are integrated with various transducer elements
for signal generation. Thus, a review of the key detection principles used for exosome biosensing is
provided below, with a focus on some of the most recent and fundamental developments in the field
over the last 5 years.

1.5.1 Fluorescence

The measurement of fluorescence emission after the application of an excitation beam of light is
termed fluorimetry and is an example of a spectroscopic technique. Fluorescence occurs when
photons are absorbed by a molecule (fluorophore), thus moving from a ground electronic state to
one of a few vibrational states within the excited electronic state of higher energy.[168] Collisions with
other molecules results in a loss in energy until the lowest vibrational state is reached, eventually
dropping down to the ground level state resulting in photon emission at a particular frequency across
the electromagnetic spectrum.[168] Generally, the fluorescence emission can be observed, and the
intensity measured, with a lower energy (longer wavelength) beam of light. A schematic of the
fluorescence principle is displayed in a Jablonski diagram (Figure 1.6). The intensity of emission is
proportional to the concentration of the analyte-bioreceptor conjugate, thus is an indirect method of
quantifying the underlying marker of interest.

Figure 1.6: Jablonski diagram including molecular vibrational levels for absorbance and and
fluorescence. Reproduced under Creative Commons licence from[169].

In the context of exosome detection, Zhou et al. pioneered a fluorescence amplification procedure
enabling detection of exosome associated beta-amyloid-(1-42) oligomers.[170] Aptamer-oligomer bind-
ing induced hybridisation of fluorescin amidite (FAM)-labelled replacement probes. The subsequent
oligomer release supports amplification cycles of the FAM fluorescent signal to give a LOD of 20 pM.
An aptamer based fluorescence assay was also reported by Zhang et al. with a LOD of 5x105 parti-
cles/mL.[171] The large mass of an exosome was exploited to amplify the polarization of a fluorescent
rotating species after associated aptamer ligands bound to exosomal surface antigens. Elsewhere,
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an aptamer-linked H2O2 catalysis method was also adopted by Dong and colleagues as part of
the reported ExoID-Chip.[172] EVs exposed to biotinylated CD63-aptamer probes were treated with
streptavidin-linked HRP. The addition of substrate 10-acetyl-3,7-dihydroxy-phenoxazine (ADHP) gener-
ated the highly fluorescent resorufin, displaying an outstanding LOD of 8.9x103 EVs per mL in 10%
v/v serum from breast cancer patients. FAM probe implementation was also reported by Kalimuthu
et al. as part of fluorescence polarization detection of lipophilic dye 5-dodecanoylamino fluorescein.
The dye was inserted into the EV membrane, presenting as a single step assay with an LOD of
2.8x108.[173] The exosomal lipid membrane was also targeted by Dong et al. as part of a lateral flow as-
say.[174] After modifying the exosome membrane with biotin-functionalised phosphatidylethanolamine
(DSPE-PEG-Biotin), they were incubated with fluorescent nanospheres embedded with quantum
dots. Nanosphere-linked exosomes were flowed across a nitrocellulose strip producing a detectable
fluorescent line upon capture, with a LOD of 2x106 particles/mL in human saliva.

Prior to these works, Xu et al. reported a simple method of exosome membrane functionalisation
with CM-Dil lipophilic dye.[175] Labelled exosomes were separated via gel filtration with eluent fractions
monitored for fluorescence, displaying a LOD of 2.9x107 exosome sized particles/mL. Ibsen et al.
combined lipophilic dyes with an alternating current electrokinetic (ACE) chip, to integrate exosome
isolation and detection of both surface and internal protein markers.[176] Exosomes were enriched via
their unique zeta-potential, prior to labelling of the membrane, CD63 and TSG101 markers. Lewis et
al. applied this platform to detect glypican-1 in exosomes from the whole blood of pancreatic ductal
adenocarcinoma patients.[177] This study related fluorescence with exosome concentrations and
disease genotypes with 99% sensitivity and 85% specificity.

Whilst the aforementioned techniques focus on bulk exosome analysis, single-vesicle detection was
demonstrated by Lee et al. via microfluidic multiplexed EV detection.[178] EVs labelled with fluorescent
antibodies specific to pan-exosome surface markers (CD9, CD63 and CD81) and gliobastoma tumour
markers were imaged, using three fluorophores before being quenched with H2O2 and relabelled. This
allowed identification of 14 distinct EV marker clusters at a single EV level. Single vesicle analysis
was also achieved by He et al. using activable aptamer probes (Figure 1.7).[179] Target protein tyrosine
kinase-7 (PTK7) was probed by the addition of a targeted aptamer probes. Reorganisation upon
aptamer binding to PTK7 caused fluorophore-quencher separation to produce a signal that is amplified
by aptamer-based DNA nanodevice self-assembly. The signal was analysed using total internal
reflection fluorescence (TIRF) exhibiting a LOD of 1x106 particles/mL (Figure 1.7). Exosome surface
biomarker PTK-7 was also targeted by Chen at al. as part of a label-free aptasensor based on a
hybridization displacement reaction.[180] PTK-7 recognition by aptamer sgc8 induced hybridisation and
displacement of a signal reporter, N-methylmesoporphyrin IX, to emit high intensity fluorescence with
a LOD of 3.4x108 particles/mL in 30% v/v bovine serum.
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Figure 1.7: Schematic representation of ABDN-TIRF assay for single exosome visualisation
and detection. Reprinted (adapted) with permission from[179]. Copyright 2019 American Chemical
Society.

More recently, Tayebi et al. utilised molybdenum disulphide (MoS2)-multiwall carbon nanotubes
(MWCNTs) as part of a fluorescence resonance energy transfer (FRET) exosome detection assay in
order to exploit MWCNT fluorescence quenching properties of anti-CD63-PE (R-phycoerythrin).[181]

Introduction of CD63-positive exosomes overcame MWCNT-PE binding to induce fluorescence recov-
ery at a LOD of 1.5x106 particles/mL. Chen et al. combined membrane filtration and a magnetic-bead
based immunoassay to automate EV enrichment and quantification from human whole blood.[182]

Immunocaptured EVs underwent an on-bead ELISA, producing a fluorescent signal with a LOD of
3x1010 EVs/mL. A magnetic particle immunoassay based on fluorescence was also employed by Zhao
et al. as part of the ExoSearch chip, offering multiplexed assessment of exosomal tumour markers;
CA-125, EpCAM and CD24, and the generic exosome marker CD9.[183] Effectiveness was displayed
using just 20µL of plasma and a LOD of 7.5x105 particles/mL. Non-magnetic photosensitizer beads
were implemented by Yoshioka and colleagues as part of an amplified luminescent proximity assay,
termed ExoScreen.[184] Samples were incubated with acceptor beads and donor beads before being
excited. Fluorescent emission occurred when beads were within a 200 nm proximity of each other, i.e.
upon exosome binding. Ko et al. used antibody conjugated microbeads to capture exosomes prior
to enzymatic labelling for fluorescence emission after excitation using a smartphone light emitting
diode (LED) performing at a LOD of 107 exosomes/mL (Figure 1.8).[185] The group integrated the
optofluidic microchip and smartphone, thus taking advantage of ’ready-made’ optics for application in
point-of-care medical diagnostics.
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Figure 1.8: Design of a microbead based mobile exosome detector. (A) Schematic overview of
microbead immunoassay procedure from exosome enrichment to fluorescent signal emission. (B)
Diagrammatic representation of optofluidic chip, and (C) a side view of chip and phone interplay with
bead assay. (D) Set-up of LED and smartphone camera for excitation and emission. (E) Rendered
image of 3D-mount for smartphone and disposable chip integration. Reproduced (adapted) under
Creative Commons licence from[185].

A luminescence resonance energy transfer (LRET) assay was demonstrated by Chen et al. using
rare-earth doped upconversion nanoparticles (UCNPs) for their anti-Stokes luminescent properties
(that is, their ability to convert long-wave excitation to short-wave emission).[186] Aptamer-led recog-
nition of exosomes reduced the distance between a UCNP and a gold-nanorod to increase LRET
upconversion and luminescence quenching. This approach was able to detect exosomes with a
LOD of 1.1x106 particles/mL. The same group adapted this technique to a ’signal-on’ approach.[187]

Exosome binding increased the proximity between tetramethyl rhodamine fluorophore and a UCNP,
facilitating LRET to produce a fluorescent response, with a LOD of 8x104 particles/mL. A proximity
assay was also implemented by Zhao et al. as part of an aptamer-cholesterol mediated ligation method
(AcmPLA) (Figure 1.9).[46] Exosome-aptamer conjugation enables cholesterol probe insertion into the
bilayer membrane to initiate DNA ligation and FAM reporter hybridisation. This approach was able to
attain excellent LOD performance of 103 particles/mL.



CHAPTER 1. INTRODUCTION 39

A B

C D

Figure 1.9: Schematic of AcmPLA principle for exosome identification. (A) Shared exosomal
proteins. (B) Working process of exosome isolation and identification. (C) Structure and functional
domains of the anti-CD63 aptamer and cholesterol probes. (D) Reaction steps of AcmPLA for
exosome recognition and signal amplification. CCS, cell culture supernatant. Reprinted (adapted) with
permission from[46]. Copyright 2020 American Chemical Society.

Xia et al. similarly inserted cholesterol-linked DNA anchors with a HRP label into the bilayer
membrane of captured CD63-positive exosomes.[188] The addition of enzymatic substrates catalyses
the formation of 2,5-di- amino-NN-bis-(p-aminophenyl)-1,4-benzoquinone di-imine (PPDox), which
quenches the fluorescence of fluorescein and initiates a colour change from colourless to brown,
thus also offering a colorimetric mode of exosome quantitation. The LODs were 3.4x106 and 3.1x106

particles/mL for colorimetric and fluorescence measurements respectively. Further examples of
absorbance based exosome detection are described in Section 1.5.2 below.

The large number of successful examples of fluorescence based immunodetection is testament to
the high signal to noise ratio, inexpensive, single molecule sensitivity attributes, along with the scope
for multiplexing and customising arrays. Nonetheless, the requirement to have the analyte labelled
with a fluorophore makes these assays susceptible to short lifespans, autofluorescence and issues
with photostability. In light of these limitations, this study will look to employ a detection approach that
adopts a label free and direct method of detection.

1.5.2 Absorbance

Absorption spectroscopy relies on the fraction of incident electromagnetic radiation that is absorbed
by a material with a specific molecular composition. The technique is based on the principal of
atomic absorption of photons by ground state electrons to an excited state (Figure 1.6).[189] The
measurement of photon absorption by a material at wavelengths within the ultraviolet (∼190-380 nm),
visible (∼380-750 nm), or infrared (∼750-2500 nm) regions, are termed UV absorption, colorimetry
and infrared spectroscopy respectively. The amount of energy absorbed is proportional to the number
of atoms in the light path, thus the concentration of the chemical entity can be determined through
the Beer-Lambert law: I(λ) = I0(λ).exp[−α(λ).c.L], where, I0(λ) is the intensity of incident radiation,
α denotes the absorption coefficient, L is the optical path length and c is the concentration of the
sample.[190]
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Zhou et al. implemented an aptamer-based colorimetric assay to detect mucin-1 positive exo-
somes.[191] By using a HRP-mimicking DNAzyme sequence to elicit a colour change upon exosome
binding, visual and quantitative measurements could be observed with a LOD of 3.9x105 particles/mL.
Elsewhere, aptamers have been combined with nanomaterials in order to enhance assay performance.
Jiang et al. utilised an aptamer-gold nanoparticle complex that prevents aggregation in solution, how-
ever, the presence of exosomes displace the nanoparticle to initiate a colour change from red to blue
characterised by visual assessment and absorption spectroscopy.[192] Cholesterol-linked aptamer
probes were used by Zhang et al. as part of an amplified colorimetric assay, driven by alkaline phos-
phatase (ALP)-induced silver ion reduction and deposition on gold-nanorods.[193] Exosome capture
resulted in the metallization of gold that gave rise to a blue shift in the localised surface plasmon
resonance, enabling visual and spectroscopic determination of exosome concentration at LODs of
9x106 particles/mL and 1.6x105 particles/mL respectively. Xia et al. has also reported visible and
colorimetric aptasening of exosomes by combining CD63-specific aptamers with single-walled carbon
nanotubes (s-SWCNTs) that mimic peroxidase activity (catalyses H2O2 mediated oxidation of tetram-
ethylbenzidine (TMB).[194] Exosome binding displaces the aptamer from the s-SWCNT inducing colour
change from deep blue via catalytic attenuation, which was quantified using absorbance spectroscopy
with a LOD of 5.2x108 particles/mL.

Zhou et al. employed a custom chip in which EVs were captured on immobilised gold-nanoparticles,
prior to being exposed to detection antibodies and HRP for signal generation with a LOD of 9.5x104

particles/mL.[195] Moura et al. devised a magneto-actuated immunoassay for exosome detection from
breast cancer cell lines.[196] Bead bound exosomes were tagged using anti-CD24 and anti-CD340
primary antibodies, followed by indirect and direct labelling with with secondary antibodies and HRP-
linked anti-CD63 respectively. This approach adequately overcame issues of matrix effects, receptor
interference and performs at a LOD of 108 exosomes/mL in serum.

Colorimetric based ELISAs have recently been translated to novel platforms such as paper-based
assays.[197] Lee et al. devised a streptavidin agarose resin-based immobilisation (SABRI) approach to
capture CD63-positive exosomes, prior to HRP conjugation and colorimetric read-out (Figure 1.10).
The appeal of a cost-effective, paper-based analytical device (PAD) has led to other research, notably
from Chutvirasakul et al. exploiting the aggregation between immobilised exosome-capture vesicles
(polydiacetylene (PDA)-anti-CD81) with CD81-positive exosomes.[198] Solvent migration distance
helped discern between samples of low and high exosome concentration, reporting a LOD of 105

particles/mL and a linear range of 106 - 1010 particles/mL from a mere 1µL sample volume and
6 minute detection times. A PDA based liposome approach was also adopted by Kim and Lee. by
exploiting the blue to red colorimetric shift and fluorescence emission, upon disturbance of PDA
structure, representing exosome concentrations at a LOD of 3x108 vesicles/mL.[199]
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Figure 1.10: SABRI p-ELISA principle. (A) Schematic representation and (B) optical image of
p-ELISA platform for exosome detection. (C) Procedural steps from surface fabrication to result output.
Reproduced (adapted) with permission of Royal Society of Chemistry from[197].

Like PADs, lateral flow immunoassays (LFIAs) have gained increasing prominence for exosome
detection due to their single step and cost-effective qualities. LFIAs immobilise detection antibodies
on a nitrocellulose membrane for analyte capture once flowed across the surface via capillary action.
Oliveira-Rodriguez et al. incubated exosomes with anti-CD63 conjugated gold nanoparticles, before
applying running buffer to induce sample migration that eventually formed a visible line of bound gold-
nanoparticles that displayed a LOD of 8.5x108 exosomes/mL.[200] More recently, the group applied the
LFIA for the detection of tumour-antigens expressed in exosomes, namely MHC class I chain-related
protein A (MICA).[201] The platform was able to detect poorly expressed exosomal MICA in 25% v/v
human serum at a concentration range of 5x1010 exosome particles per µL.
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Figure 1.11: LFIA exosome immunoassay. (A) Schematic representation of LFIA sensing approach.
Exosomes are mixed in solution with anti-MICA conjugated gold-nanoparticles, prior to application on
nitrocellulose strip for capture by immobilised anti-CD9 antibodies. (B) Optical image of LFIA strips
post-run with samples of increasing exosome titration in 25% v/v human serum. (C) Quantified signal
intensity from ChemiDocTM MP imaging system.

In summation, exosome detection principled on absorbance share much of the advantages and
drawbacks of fluorescence analysis. Favourable traits include analyte quantification, flexible array
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sizes and specificities, inexpensive fabrication and relative simplicity of assay development. Some
key drawbacks include measurements prone to interference from contamination and the solution
conditions, which in-turn affects the reproducibility of imaging. This thesis looks to demonstrate a
sensing approach that is capable of reproducible sensing towards both purified exosomes and those
spiked in more complex media, without the need of any chromophoric characteristics.

1.5.3 Interferometry and refractive index

Other optical techniques for EV detection include interferometry and refractometry. The former of
which was implemented by Daaboul et al. for label-free single EV analysis (SEA) using a method
termed ’Single Particle Interferometric Reflectance Imaging Sensor’.[202] Shining visible light onto
bound nanoparticles enabled assessment of interference in light reflection from the sensor surface,
displaying a LOD of 5.1x109 and 3.9x109 particles/mL respectively. Scope for clinical utility was
demonstrated by the successful detection from just 20µL of human CSF. Wang et al. devised a
microfluidic photonic crystal biosensor capable of detecting parasitic exosomes based upon induced
changes in refractive index.[203] The crystal biosensor is fabricated with a subwavelength grating and
a titanium oxide coating to achieve narrowband optical reflectance (reflecting a defined wavelength
from a broad wavelength of incidence excitation). The capture of EVs causes a shift of the resonant
reflection, with the net shift in the resonance wavelength linked to EV concentration at a LOD of 2.2x109

EVs/mL. An advantage of these approaches is avoidance of a label and the offering of a single-step
approach to detection. However, as seen in both cases, the achieved LOD is an order of magnitude
above the commonly accepted upper limit of EV quantity in biofluids, thus requiring amplification. A
focus of the investigations reported herein, are to ensure reliable detection of exosomes at clinically
relevant concentrations (1x108 EVs/mL).

1.5.4 Plasmon resonance

Another extensively researched platform for exosome detection are those based on surface plasmon
resonance (SPR). SPR is a spectroscopic technique that detects analyte-ligand interaction on a metal
surface, most commonly gold. SPR studies real-time changes in resonant oscillation of conduction
(surface confined) free electrons (surface plasmons) stimulated by plane polarised light passed through
a glass prism at a specific incident angle.[204] A key condition for surface plasmon excitement is the
refractive index of the region proximal to the gold surface. Adsorption of biomolecular analytes induces
changes in this interfacial refractive index, which results in alterations in plasmon excitement.[205] This
SPR response (R) is defined as the shift in wavelength or angle of the ’SPR minimum’ in reflected light
(Figure 1.12). When monitoring these temporal changes, binding kinetics can be derived, as well as
the mass bound as a function of the surface area. SPR techniques have gained prominence due to
their label-free approach to determining mass-uptake, compatibility with microfluidic set-ups and a
high sensitivity of measurement.
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Figure 1.12: Schematic representation of plasmon resonance detection. (A) SPR principle: (i)
surface plasmon resonance generation in the Kretschmann configuration. (ii) Incident angle needed
to excite plasmons is determined where reflectance is minimised. (iii) Biomolecule capture at metal
surface causes angle shift that is captured in the (iv) reflection spectrum. (B) Localised surface
plasmon resonance principle: (i) Schematic illustration of nanoarchitecture-based LSPR sensing. (ii)
Surface illumination generates surface plasmons that absorb at a specific wavelength. (iii) Biomolecule
capture induces wavelength shift of absorbed light as seen in the (iv) absorption spectrum. Reprinted
from[206], with permission from Elsevier.

Rupert et al. initially demonstrated SPR detection of CD63-positive exosomes.[207] Exosomes
induced changes in resonance response as they bound to a capture antibody (thereby changing
the refractive index of the adlayer). In addition, the sensing of a model liposomal system, coupled
with a mathematical formalism enabled estimation of exosome concentration. This work laid the
foundation for dual wavelength excitation that enabled simultaneous measurement at two different
sensing depths.[208] By using the ratio of these responses, film thickness, adsorbed mass and particle
size were more precisely defined. Elsewhere, Sina et al. implemented SPR to detect human epidermal
growth factor receptor 2 (HER2)-positive exosomes with a LOD of 2x106 exosomes/mL.[209] The same
group reported a more direct approach with no prior enrichment of exosomes.[210] This approach
achieved a LOD of 8x106 exosomes/mL in more complex sample media in the form of undiluted serum.

SPR performance is reliant on the refractive index sensitivity, which can be tuned via nanostruc-
turation on a sensor surface. Furthermore, SPR typically uses total internal reflection systems to
monitor changes in the refractive index, however, Im et al. reported a transmission based SPR assay
using periodic nanoholes as sensitive yet discrete detection arrays.[211] The nano-plasmonic exosome
(nPLEX) sensor monitored the change in light transmission intensity and spectra upon exosome
binding at a LOD of 3x103 exosomes/mL. In contrast to whole exosome detection, Park et al. targeted
internal proteins (AKT1) after exosome lysis.[212] Gold-labelled proteins were immuno-captured offering
signal amplification by interacting with the gold sensing surface via plasmonic coupling to display a
LOD of 104 particles/mL. Advancements of the nPLEX was published in 2019, termed the amplified
plasmonic exosome (APEX) (Figure 1.13).[213] APEX demonstrated that CD63-positive exosomes
were able to sequester amyloid-β directly from blood plasma. The change in transmission spectra
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and intensity was amplified by local deposition via an in-situ enzymatic reaction, achieving a LOD
of a mere 200 particles/mL. Alternatively, a 3D-photonic crystal with a LOD of 1x104 particles/mL
was implemented by Zhu and colleagues that possessed dual-layered plasmonic nanostructures and
optical cavity modes to enhance signal intensity via resonance coupling.[214]
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Figure 1.13: Summary of APEX platform for analysis of circulating exosome-bound amyloid-β.
(A) Exosomes associate with circulating amyloid-β. (B) Confirmation of exosome-bound amyloid-β
using immuno-gold EM. (C) APEX assay schematic. Exosomes are immuno-captured onto a nanohole
plasmonic surface. Using an in-situ enzymatic amplification, insoluble optical deposits are locally
formed on immobilised exosomes. (D) Changes in the transmission spectra with APEX amplification.
(E) APEX responses were correlated to PET imaging of brain amyloid plaque deposition. (F) A
photograph of the APEX microarray. Reproduced under Creative Commons licence from[213].

The incorporation of a camera as part of a SPR imaging (SPRi) based exosome assay was
reported by Zhu et al. [215] The technique detected reflection changes at a fixed angle of incidence to
ascertain differences in refractive index following exosome binding to antibody microarrays specific
to surface proteins (CD9, CD41b, MET). A similar method has been described by Picciolini et al.
for the detection of generic exosomal markers (CD81, CD9) and neurological markers (CD171,
ephrinB, PLP1, GM1).[216] SPRi has since been advanced to the single EV level by Yang et al. [217]

The technique, termed surface plasmon resonance microscopy (SPRM), captured images with an
inverted total internal reflection fluorescence microscope of the SPR biosensor that were subsequently
processed using a deep learning algorithm for automated EV identification and quantitation, resolving
concentrations as low as 1.8x108 particles/mL. Raghu et al. published another example of single
exosome detection with a localised surface plasmon resonance (LSPR) platform using nanosized
surface modifications.[218] Using lithography, gold nanosensors are formed on the end of quartz pillars,
performing as a micro-array for multiplexed assessment. Integration with a camera enabled individual
exosome resolution at sub-femtomolar exosome concentrations.
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Nanoplasmonic quantification of cancer-derived exosomes has also been described by Liang et
al. via a nanoplasmon-enhanced scattering (nPES) assay (Figure 1.14).[219] Immobilised EVs were
probed by gold nanospheres and nanorods, forming a gold sphere-EV-nanorod complex exploiting the
influence of particle size and shape on light scattering. Reducing particle proximity to less than 200 nm
(i.e. upon exosome binding) induced coupled scattering of increased intensity, providing a sensitivity
of 0.2µg/mL. Liao et al. also used gold nanoparticles to amplify SPR signals in combination with DNA
tetrahedron capture probes, displaying an LOD of 5.6x105 particles/mL in 50% v/v human serum.[220]

Similarly, Wang et al. employed a double layer gold-nanoparticle approach, whereby exosome-bound
particles were hybridised with a secondary DNA-linked gold-nanoparticle to amplify the initial SPR
signal in proportion to the bound exosome concentration down to 5x103 exosomes/mL.[221]
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Figure 1.14: Summary of nPES platform. (A) Overview of the nPES protocol. (B-D) Dark-field
microscopy of AuS-anti-CD63 (green), nanorod (AuR)-anti-CD9 (red) and AuS-EV-AuR complexes
(yellow). Scale bars: main 2 m; inset: 100 nm. (E) Scattering spectra and (F) intensities of AuS-
anti-CD63, AuR-anti-CD9 and AuR-EV-AuS complexes. Reprinted by permission of Springer Nature
from[219]. Copyright 2017.

Plasmonic approaches generally rely on wavelength modulation, which demands costly and
large spectrometers. Zeng et al. published an alternative technique using a plasmonic interferometer
array (PIA) sensor, using ring-hole nanostructures for wavelength modulation, without the need for
a spectrometer or an angle-tuning prism.[222] A LOD of 3.9x108 exosomes/mL was achieved using
a desk-top setup, compared to a LOD of 9.7x109 exosomes/mL using smartphone based detection.
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A similar approach was described by Yang et al. for single exosome analysis, termed interferometric
plasmonic microscopy.[223] Reflected and scattered light from a gold chip was collected, with the
captured image being a product of the interference between the reflected light and the scattered
surface plasmons. Each captured exosome was distinguished as a bright spot captured on a frame-
by-frame basis, helping to elucidate new mechanisms of immuno-interaction such as the ’hit and run’
phenomena. Liu et al. advanced the SPR set-up in the form of an intensity modulated compact SPR
sensor.[224] The authors concede a compromise in sensitivity (2x1010 particles/mL), but claim superior
quantitative performance compared to ELISAs.

In general, SPR exhibits very high sensitivity, often reporting some of the lowest LOD values
in the field. In addition, it offers label-free detection, in real-time and supports miniaturisation and
low cost fabrication. Due to the optical nature of the approach, SPR gives an indication of the
dry mass of the bound adsorbate and is therefore not affected by coupled solvent. Furthermore,
SPR analyses adsorption phenomena in a single mode of measurement, as opposed to the dual
mode frequency or dissipation read-out capabilities of competing technologies such as acoustic wave
resonance with dissipation monitoring. A crucial consideration is the influence of colloidal contaminants
in the sample and the disturbance they are known to induce in the refractive index at the sensing
surface. It is therefore imperative that research in this thesis considers the use of control surfaces and
complex media in order to demonstrate specific detection of exosome analytes without interference or
artefactual signals.

1.5.5 Surface enhanced Raman spectroscopy

Raman is a technique which relies on the vibrational modes of free molecules, helping to provide a
structural fingerprint of unknown entities. The principle is based on the inelastic scattering of photons
at a Raman frequency (ωR) following irradiation of a vibrational system with incident light at a frequency
of ω0 (Figure 1.15A).[225] The amplification of Raman signals using nanostructures is termed surface
enhanced Raman spectroscopy (SERS), often enabling single molecule detection. Here, metals with
optical resonance properties are arranged to significantly enhance local electromagnetic fields as
a result of excitation in the form of surface plasmon resonance (Figure 1.15B).[225] Enhancement in
SERS occurs in two-steps: (i) a local enhancement in electromagnetic field surrounding a plasmonic
nanostructure or particle, transforming far field to near field at the ω0, and (ii) mutual excitation between
the induced dipole of a molecule and nanoparticle gives rise to Raman polarizability derivatives that
are up to three orders of magnitude larger than that of the free molecule (Figure 1.15C).[226] In this
case, the nanoparticles transfer the near field to the far field at the ωR.
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Figure 1.15: Schematic representation of the SERS principle. (A) Raman scattering of incident
light by a free molecule. (B) Localised surface plasmons where conduction electrons in metal can
be coherently excited by incident light to collectively around the nanoparticle surface. (C) Mutual
excitation of molecule and nanoparticle at ωR enhances the induced dipole and Raman polarizability.
Adapted by permission from Springer Nature, Nature Reviews Materials,[225] Copyright 2016.

In lower frequency vibrational modes of molecules, the incident, Raman scattering frequency and
enhancement factors for (i) and (ii), (G1(ω0) and G2(ωR) respectively) are often comparable. Thus, the
SERS enhancement factor is proportional to the enhancement of the local electrical field and incident
electrical field (Eloc and E0 in the presence and absence of nanoparticles respectively) (Equation
1.1). The local electromagnetic field within interparticle gaps are intensified by strong electromagnetic
coupling, with smaller gap sizes within the nanometre scale increasing SERS enhancement.[225]

G = G1(ω0)G2(ωR) =
(Eloc(ω0))

2(Eloc(ωR))2

(E0(ω0))2(E0(ωR))2
≈ (Eloc(ωR))4

(E0(ω0))4
(1.1)

An early example of SERS for exosome detection was reported by Tirinato et al. with the use of
super-hydrophobic surfaces functionalised atop arrays of silicon micro pillars.[227] The hydrophobicity
helped accumulate a large exosome density within a small analytical footprint. The Raman fingerprint
of proteins, lipids and nucleic acids, discerned between healthy and colon cancer cell lines. Avella-
Oliver et al. integrated SERS with consumer compact disks, taking advantage of the silver coated
nano-sized grooves to reflect light for SERS monitoring.[228]. Silver nanoparticles bound to a thiolated
peptide (LXY30) ligand were used by Lee et al. to detect α3β1 integrin-positive exosomes.[229] The
exosome-LXY30-SH-silver nanoparticle complex generated a unique Raman fingerprint for exosomes
from different sources. Wang et al. reported an apta-immunocomplex SERS assay using a gold coated
magnetic bead and Raman reporters as a readout signal source. The presence of exosomes reduced
the SERS signal intensity from the reporter probe, performing at a LOD in the range of 3x104 - 2x105

exosomes/mL.[230]

SERS detection of known disease biomarkers can be aided with principle component analysis
(PCA) of Raman scattering profiles as described by Shin et al.[231] Shin’s study combined gold
nanoparticle-based SERS with statistical PCA to distinguish unique spectral features specific to
exosomes from cancer cells (EpCAM and EGFR), when compared to normal exosomes and non-
cancerous proteins (Figure 1.16). EpCAM-postive exosomes were also detected by Kwizera et al. with
a gold array device displaying a LOD of 2x106 exosomes/mL.[232] The device comprised of small gold
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nanorods, where the anisotropic rod structure enhanced the electromagnetic field and SERS effect.
The immuno-captured exosomes were detected by the addition of a Raman reporter into a capture
cetrimonium bromide (CTAB) capture layer. Raman reporters were developed by Tian et al. with an
assay LOD of 2x104 particles/mL.[233] The group targeted exosomes based upon their lipid bilayer
and CD9 surface protein, via cholesterol-assisted fixation of SERS nanoprobes and immuno-capture
processes respectively to create a sandwich-like complex to enhance Raman signals upon exosome
capture. Uniquely, Zhang et al. described the assembly of positively charged gold nanoparticles in
hierarchical plasmonic structures using negatively charged triangular pyramid DNA (tetrahedrons).
This created intense electromagnetic hot spots at the junctions between nanoparticles.[234] The
attachment of recognition probes assisted specific capture and quantification of EpCAM positive
exosomes down to a LOD of 1.1x105 particles/mL.

Figure 1.16: SERS-based detection generates unique Raman scattering profiles. Exosomes
derived from lung cancer and normal cells were measured using Au NPs as plasmon-active SERS
signal amplifiers. Subsequent PCA is used to perform correlation analysis on SERS spectra against
profiles of known cancer marker proteins. Reprinted (adapted) with permission from[231]. Copyright
2018 American Chemical Society.

In 2020, Pang et al. reported a SERS immunoassay for the detection of exosomal PD-L1 using
Fe3O4@TiO2 nanoparticles.[235] The TiO2 shell bound to the hydrophilic phosphate head of the
exosomal phospholipid membrane. The marker was subsequently probed using an anti-PDL1 modified
gold@silver@MBA SERS tag, with MBA functioning as a signal reporter with a defined Raman peak.
This method showcased phenotypic analysis from just 4µL of sample and a LOD as low as 1x103

particles/mL. The fast turnaround time of just 40-minutes creates the prospect for this platform to be
used in real-time, tracking response to therapy and disease development.

These reports all benefit from the limited sample preparation (label-free) required for SERS-
based detection. Furthermore, the technique offers rapid measurement with multiplexing scope
and a possibility to be incorporated into a portable device. Additionally, the technique offers single
molecule detection and fingerprint-type analysis that enables complex molecular analysis. However, a
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fundamental limitation to SERS is the poor reproducibility between measurements and the extensive
amount of substrate optimisation required to counter this. Biosensing approaches adopted in this study
will be reviewed for repeatable and reliable measurements in order to overcome such hindrances.

1.5.6 Electrochemical approaches

Alongside optical based detection, electrochemical based biosensors have become the method of
choice for exosomal protein identification. An in-depth description of electrochemical sensing is
provided in Section 2.4.2. Briefly, electrochemistry involves the use of a potentiostat to apply a
potential across a working electrode and measure the electric current generated from electron transfer
via oxidative or reductive reactions of an electroactive species/electrolyte. Potentiostats commonly
use a platinum counter electrode to harmonise total charge within an electrochemical set-up, and a
Calomel or Ag/AgCl reference electrode which receives a constant potential. Changes in electron
transfer are induced upon analyte binding to a working electrode surface as it interferes with the flow
of electron mass across the electrode for current generation.

These changes can be assessed in various modes of electrochemical measurement. Differential
pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS) and amperometry are the
three most commonly employed in the exosome field (Figure 1.17).[236] DPV studies redox properties
using a series of voltage pulses across a linear potential sweep. The current difference at the working
electrode before and after the pulse is measured as a function of potential. EIS measures the non-
linear response of impedance to peturbations in an electrochemical system. Impedance is a function
of the increased resistance in working electrode polarization after analyte binding, as it restricts charge
transfer at the interface between the working electrode surface and electrolyte.[237] Amperometry relies
on the generation and movement of ions in solution to measure the strength or changes in an induced
electric current.

Principle electrochemical methods
for biosensing

Figure 1.17: Graphical organisation of commonly adopted electrochemical techniques used for
biomarker detection, including exosomal proteins. Reprinted (adapted) with permission from[238].
Copyright 2019 American Chemical Society.
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An early example of electrochemistry based exosome detection was reported by Doldan et al. as
part of a sandwich immunosensor approach.[239] Immunocaptured exosomes were labelled with HRP
prior to TMB addition, which induced electrochemical reduction and passing of a current through a
gold electrode. This fundamental study was able to detect exosomes at a LOD of 2x105 exosomes/mL
in up to 10% v/v serum concentration. A similar approach was employed by Jeong et al. in the
form of an integrated assay device (iMEX) with eight-channel electrodes for multiple marker profiling
(Figure 1.18).[240] The iMEX device performed with a LOD of 3x104 particles/mL from just 10µL of
human plasma. In 2020, Moura et al. reported an analogous approach for the detection of exosomal
markers CD9, CD63 and CD81, in addition to cancer-specific exosome markers (CD24, CD44, CD54,
CD326).[241] Hydroquinone was used as the electron mediator in place of TMB. As above, amperometry
was used to measure the current generated, displaying an LOD of 108 exosomes/mL.
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Figure 1.18: Summary of iMEX approach. (A) Schematic representation of iMEX assay. CD63-
positive exosomes are captured on magnetic beads in plasma and labelled with HRP for electrochem-
ical detection. (B) The iMEX device. (C) Eight electrode set-up of the iMEX. Magnets below the
electrodes concentrate immuno-magnetically captured exosomes. (D) iMEX and ELISA response
comparison to titrated concentrations of exosomes. (E) iMEX analysis of plasma samples from ovarian
cancer patients and healthy controls. Reprinted (adapted) with permission from[240,242]. Copyright
2016 and 2018 American Chemical Society.

Aptamers have also found use as a capture ligand within electrochemical methods. Zhou et
al. published an early report on an electrochemical aptasensor for CD63-positive exosome detection,
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with a LOD of 106 particles/mL.[243] Aptamers were hybridised with a methylene blue probing anti-
sense strand that donate electrons towards an electrode to emit a signal captured by square wave
voltammetry. Exosomes displaced the redox reporter-linked probes, thereby suppressing the signal in
proportion to exosome concentration. An aptasensor was coupled with DPV by An et al. by capturing
CD63-positive exosomes prior to functionalisation with lipid electrophiles. Click chemistry amplification
enabled linked HRP units to catalyze a redox reaction between electrophiles and H2O2, with the
reduction in current reporting a LOD of 9x104 particles/mL.[244] DPV was also employed in combination
with EIS by Kilic et al. as part of label-free quantification of CD81-positive exosomes.[245] A greater
concentration of exosome binding increased the barrier to electron transfer towards the working
electrode, thereby reducing the oxidation peak and increasing the system resistance. Changes in
EIS and DPV measurements were reported to have a LOD of just 77 and 379 EVs/mL respectively.
EIS was adopted by Li et al. in order to detect both membrane located (CD81) and internal (syntenin)
protein exosome markers.[246] Antibody functionalised gold beads were used as electrodes as part of
impedimetric electroanalysis of intact vesicles (LOD of 1.9x105 particles/mL) and for syntenin (post EV
lysis) with a detection limit of 3-5 pM.

Cavallaro et al. recently described an electrokinetic method for label free EV detection.[247] The
procedure measures changes in streaming current upon EV binding within a micro-capillary func-
tionalised with antibodies specific to EV membrane proteins. The binding of an electrochemically
active exosome surface in the microfluidic channel dampens ion currents near the adsorbed layer.
Quantifying the net change in the potential showed a dependence on particle size, surface coverage
and concentration, sensitive down to 1.75x105 particles/mL.

Elsewhere, the merging of amperometric and spectroscopic principles was demonstrated by
Boriacheck and co-workers using gold-loaded nanoporous ferric oxide nanocubes, with an extremely
low LOD of 103 exosomes/mL.[248] The method exploits the superparamagnetic properties of the
nanomaterial which also possesses an intrinsic catalytic activity for the oxidation of chromogenic
substrates such as TMB. Immunocapture of exosomes generates a colorimetric and electrochemical
signal in the presence of H2O2. Most recently, Sun et al. reported on a dual-signal electrochemical
approach for the detection of exosomes derived from breast cancer cell lines (Figure 1.19).[249] Black
phosphorus nanosheets were formed with ferrocene-doped metal-organic frameworks on indium tin
oxide (ITO). Methylene blue-labelled CD63-specific aptamer was linked with ITO to complete the
detection platform. Exosome binding caused the aptamer to dissociate away from the ITO, resulting in
the methylene blue to reduce the redox peak attributed to itself, presenting a detection limit of 100
particles/mL.
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Figure 1.19: Schematic summary of the fabrication process and application of the dual-signal
aptasensor of exosomes based on aptamer-BPNSs/Fc/ZIF-67/ITO functionalised thin films.
Reprinted (adapted) with permission from[249]. Copyright 2019 American Chemical Society.

The diverse range of electrochemical measurements are just one of the many desirable attributes
for adoption of this principle as a biosensing technique. Their high sensitivity to analyte binding,
simplicity of cell design, real-time mode of analysis and scope for miniaturisation lay grounds for
translation into clinical use. Nonetheless, specificity is a limiting factor, with the surrounding bulk
environment and ion content of the sample fluid influencing the result. Furthermore, the need for redox
participants could influence the biological integrity of ligand and analyte. In light of these attributes,
electrochemical measurement of exosomes shall be attempted within this study, with exploration
focusing on sensing capacity and response being unaffected by colloidal contaminants.

1.5.7 Electrochemiluminescence

Electrochemical reactions display clear utility in detecting exosomes due to the redox and impedance
signals one is able to measure. These electrochemical signals can be used to directly or indirectly
generate a chemiluminescent output, a method known as electrochemiluminescent (ECL) biosensing.
The ECL principle occurs via photon emission after the reaction of electrochemical intermediates.
Redox reactions form reactive electrogenerated species on an electrode after the application of a
sweeping potential. Excitation energy is obtained after the recombination of the oxidised and reduced
species, resulting in the emission of light, which is proportional to the analyte concentration if the
ECL-active species was labelled to the analyte (Figure 1.20).[250]
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Figure 1.20: A basic ECL principle route for Ruthenium complexes, Ru(bpy)2+3 /TPrA (Tripropy-
lamine) and luminal/H2O2 systems. (A) TPrA and Ru(bpy)2+3 are oxidized at the electrode surface in
a redox approach. (B) ECL emission is generated only by TPrA oxidation at the electrode, involving a
homogeneous reaction of the Ru(bpy)2+3 luminophore with TPrA free radical cations. (C) Luminol anion
and H2O2 are both electronically oxidized at the electrode emitting luminescence upon relaxation to
ground state. (D) Typical setup for ECL imaging. Reprinted by permission of Springer Nature from[251].
Copyright 2020.

An ECL aptasensor was reported by Qiao et al. using mercaptopropionic acid (MPA)- modified
Eu3+ (luminescent probe)-doped cadmium sulphide (CdS) nanocrystals as ECL emitters with H2O2

as a co-reactant (Figure 1.21).[252] Binding of CD63-positive exosomes resulted in the formation of
a DNAzyme that catalysed the reduction of H2O2, thereby reducing the ECL signal of the doped-
nanocrystal. ECL suppression displayed a LOD of 7.4x104 particles/mL from human plasma. Zhang et
al. employed Ti3C2 MXenes owing to their conductive and large surface area attributes, endowing them
with electron transfer and catalysis properties.[253] Electrodes functionalised with EpCAM-specific
aptamer captured exosomes prior to Ti3C2 MXene detection. The addition of luminol as a reducing
agent is able to generate a colorimetric signal without the need of traditional co-reactors such as
H2O2 and performed at a LOD of 1.3x105 particles/mL. Recently, improved ECL efficiency has been
demonstrated when the luminophore and co-reactant are in close proximity, thereby shortening the
electron transfer resistance and energy loss. Fang and co-workers employed black phosphorus
quantum dots (BPQDs) for their optical and electronic properties to enhance the ECL intensity of
Ru(bpy)32+ (Tris(bipyridine)ruthenium(II) chloride) by catalyzing its oxidation for photon emission.[254]

In addition, MXenes were used for support, probe immobilisation and exosome capture. With both
MXenes and BPQDs possessing photothermal properties, a dual-mode of measurement is offered at
a LOD of 3.7x104 exosomes/mL.
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Figure 1.21: Schematic summary of the ECL aptasensor for exosome detection, using guanine-
rich (quadruplex)/hemin DNAzyme. Reproduced with permission of Royal Society of Chemistry
from[252].

ECL as a detection principle exhibits high specificity or anti-interference attributes, along with
possessing a wide detection range. Although, the process can suffer from electrode fouling, the
requirement of numerous reagents and multi-step preparation. Methods employed in this work looks
to adopt a non-fouling, regenerative biosensor for exosome detection, to ensure platform reusability
and cost effectiveness for real world implementation.

1.5.8 Acoustic resonators

An emerging analytical approach for exosome characterisation is based on acoustic resonance. These
technologies are largely divided into those which utilise surface acoustic waves (SAWs) or bulk acoustic
waves (BAW). Both involve the application of an alternating potential to a piezoelectric substrate,
most commonly quartz. Piezoelectric based sensors are attractive for their ability to detect analytes
directly in a sensitive, label-free and real-time manner. The most common BAW resonator used in
liquids is a quartz crystal microbalance (QCM). QCM devices operate by generating thickness shear
waves with frequencies between 1 and 10 Mhz with the entire piezoelectric substrate partaking in wave
propagation.[255] An in-depth description of the QCM-D technique is provided in Section 2.4.1.

In contrast, SAW sensors oscillate via Rayleigh waves that are parallel to the surface, typically
at higher frequencies (50 MHz to low GHz), with the energy being limited to the surface layer on
the sensing substrate (Figure 1.22).[256] For both resonators, as adsorbates bind to the oscillating
substrate there is an induced change to the resonant frequency that is correlated to the physical
characteristics and concentration of the analyte, as well as the physical properties of the bulk sample
medium. From these oscillatory changes, the mass, softness and viscoelasticity of the analyte can
be determined. As a result of the higher frequency of operation, SAW resonators can exhibit greater
sensitivity than QCM set-ups. SAW filters are also lower in cost due to simple lithography methods of
fabrications.
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Figure 1.22: Schematic of a typical acoustic resonators. (A) Bulk acoustic wave (BAW) resonator,
where acoustic waves propagate vertically through the entire 3D structure of the piezoelectric material
following electrical field application. The wavelength of the resonance is defined by the thickness of
the piezoelectric. (B) Surface acoustic wave (SAW) resonator. A comb-shaped interdigital transducer
(IDT) is developed on a piezoelectric material. An AC voltage is applied to these IDTs generating
acoustic waves that are confined to the substrate surface (Raleigh waves) and perpendicular to the
IDTs. The wavelength of the wave is defined by the IDT pitch.

Wang et al. were proponents of SAW in proteomic exosome detection through the binding of
surface-CD63 proteins.[257] Initial signals were further amplified by biotinylated-antibody labelling
of EpCAM antigen and the addition of streptavidin-labelled gold-nanoparticles, providing a LOD of
1.1x103 particles/mL. Selectivity of the technique was demonstrated through the use of alternate
capture antibodies, other vesicular bodies and non-specific proteins, all exhibiting significantly lower
responses when compared to the combination of anti-CD63 and exosomes alone. As a collective,
these findings make acoustic-based immunosensing a viable new technique as part of the exosome
characterisation toolkit. Stratton et al. have published a quartz crystal microbalance with dissipation
(QCM-D) method for the detection of microvesicles (MVs) released from cells atop QCM sensors.[258]

Whilst this approach provided new information on dynamics of exocytosis, it did not explore phenotypic
exosome detection via protein based characterisation.

The ability to acquire mass and viscoelastic properties of the bound analyte makes QCM-D an
attractive technique for further exploration within exosome biosensing. Moreover, QCM-D platforms
share many of the desirable criteria as set out by the WHO by offering rapid, sensitive and affordable
detection, in a label-free and real-time manner. QCM-D signal generation is also well understood and
extensively characterised across a breadth of applications. In spite of these traits and the studies
mentioned, report on QCM-D approaches for exosome analysis remain scarce. The work in this thesis
looks to address this gap in application by employing a QCM-D based immunosensor for exosome
protein detection, with the aim of adding this form of acoustic measurement to the analytical toolkit of
phenotypic biosensing.

A summary of all described principles of advanced characterisation (Section 1.5) is provided in the
Appendix A, Table A.1. Note that literature cites the LOD performance of respective approaches in
different units, pointing to a lack of consensus over the most appropriate measure.
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1.6 Thesis aims and objectives

Exosomes are a concentrated source of protein markers, which reflect the disease state of their
parent cell. With exosomes being able to cross the blood-brain-barrier and freely circulate in the
blood, there is an opportunity to derive clinical insight into the central nervous system in a minimally
invasive manner. The implementation of a new technique to sensitively and specifically characterise
exosomes by their physical and molecular properties at native concentrations would support this
endeavour. However, advanced and integrated techniques are still in development with no clear front
runner, and further analytical approaches are yet to be explored. For example, the unique attributes of
the QCM-D detection principle, namely; the prospect of two modes of measurement (frequency and
dissipation), scope for versatile sensor functionalisation, high sensitivity, multichannel instrumental
architecture and real-time detection, has led to this work harnessing it as the principle technique
of choice. Not only would this advance the current applications of QCM-D, it could also provide
greater information on exosomal binding phenomena which has not previously been elucidated by
spectroscopic, electrochemical or plasmonic techniques.

Chapter 3 explores whether CD63-positive exosomes can be successfully isolated from a range of
biological fluid and be suited for application in downstream sensing platforms. Isolation techniques will
be compared including size exclusion chromatography and differential centrifugation, with physical and
molecular characteristics confirmed using traditional techniques such as nanoparticle tracking analysis
and western blotting. Chapter 4 investigates the possibility of exosome detection via surface-located
CD63 protein using a QCM-D based immunosensing approach. Another research question is the
potential benefit to detection performance when dual-mode biosensing is employed, thus Chapter 5
looks to pair QCM-D with electrochemical measurements to ascertain changes in exosome detection
sensitivity. This shall make use of an electrochemical cell that can support real-time tandem QCM-D
and impedance spectroscopy. The scope to improve biosensing performance using novel surface
architectures are evaluated in Chapters 6 and 7. Gold nanoarrays and silica inverse opals have been
implemented as metamaterials for the manipulation of optical platforms, however, they have yet to be
applied to an acoustic technique despite their enhanced detection surface areas. A block copolymer
directed templating approach will aim to form gold nanoarrays on different sensing surfaces. A single-
step colloidal co-assembly method shall be implemented as an attempt to overcome challenges of
high quality inverse opal fabrication. The use of both methods carry the objective of tailoring the final
material to desired specifications for improved sensing performance.

Collectively, these aims address an overarching hypothesis that an enhanced QCM-D based
biosensing platform may successfully detect exosomal proteins at clinically relevant concentrations,
thereby displaying diagnostic potential for patient benefit in the near future.



Chapter 2

Experimental techniques

Below is an introduction to the key experimental techniques employed throughout this thesis. These
cover exosome isolation and characterisation principles, core biosensing techniques and surface
characterisation approaches.

2.1 Isolation techniques

2.1.1 Differential centrifugation

As mentioned in Section 1.2 the preference for single step ultra-centrifugation (UC) has begun to shift
towards differential centrifugation (DC) protocols, where exosome containing media is subjected to
steps of increasing centrifugal force, reducing isolation of unwanted material and exosome losses
by minimising co-sedimentation. An example DC protocol developed by Jeppesen et al. is shown in
Figure 2.1.[59] This procedure involves spinning the sample as a first step at 300g for 10 minutes,
to remove larger, dense particles such as cells, cell debris and apoptotic bodies. This is followed
by centrifugation at 2000g to remove remaining apoptotic bodies and large protein aggregates. The
penultimate step occurs at 10,000g for 30 minutes or more and helps to remove particles with higher
buoyant densities than exosomes, including micro-vesicles and some lipoproteins. The final step
sediments exosomes and small micro-vesicles at 100,000g for over 60 minutes.

57
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Figure 2.1: Schematic summary of example ultracentrifugation (UC), ultrafiltration with UC and
differential centrifugation isolation protocols.

Livshts et al. developed an online tool (http://vesicles.niifhm.ru/) to reliably determine the required
relative centrifugal force (RCF) and spin time in a manner that accounts for the centrifugal rotor
specifications, thus the spin time and RCF for each step allows for the sedimentation of particles
within a desired size range.[57] This tool highlights the importance of the K factor when deciding
centrifugation times, given by:

K ∼ 1

ω2
ln
Rmax
Rmin

, (2.1)

where ω is the angular frequency of rotation, Rmax and Rmin are the largest and shortest radius of
rotation respectively (Figure 2.2). In addition, swing-bucket rotors are horizontal with respect to the
rotational axis, whereas fixed-angle rotors create a shorter sedimentation path length and improved
exosome sedimentation. In light of these differences, we consider the sedimentation coefficient, (s), of
a rotor when determining spin times (t), this is calculated as t = K/s.[259,58]
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Figure 2.2: Schematic representations of two types of rotors: (A) swing-bucket and (B) fixed-angle.
Reproduced under Creative Commons licence from[57].

2.1.2 Ultra-filtration

Additional purification steps have been shown to marginally improve purity standards of exosomes
isolated via centrifugation procedures, but in exchange for considerable exosome loss when not
optimised.[260] These procedures often comprise filtration based techniques that directly separate
particles based on their size. Ultra-filtration is mostly used in conjunction with other techniques,
such as UC or gel filtration.[89–91] Ultra-filtration uses commercially available filters, with membranes
containing pore sizes with a precise Mw cut-off. This helps to concentrate particles of a required size
range by removing unwanted protein aggregates and lipoproteins which are smaller than the pore size.
In microfiltration, filters with set pore diameters ranging from 0.8µm to 0.1µm are used, with larger
sized particles being removed from the sample first. This technique helps to concentrate particles of
a required size range. By utilising membranes with low affinity protein binding, the process looks to
minimise exosome loss through non-specific binding.[92]

A study by Vergauwen et al. explored the exosome filtration using Amicon 10 kDa and 100 kDa
centrifugal filters. The study found that filter cells employing regenerated cellulose were most effective
in attaining high exosome yield with minimal loss.[62] These devices are effective at removing small
proteins from exosome samples, by loading the filter cell with set volumes of starting material and
then centrifuging at 4000g for 30 minutes. Exosome loss due to membrane binding is a potential
issue, largely due to high centrifugal forces. However, earlier work conducted by Cheruvanky et
al. demonstrated that exosomes are not lost extensively to the waste filtrate, with the majority of the
biologically relevant material remaining within the retentate.[63] Ultra-filtration presents a fast and
facile method of exosome isolation but also leads to impure exosome samples in some instances as
protein aggregates may exceed the membrane cut-off size.[261] Nevertheless, it provides the option
of reducing a large volume of source material down to a very concentrated sample of exosome and
non-exosomal material, which can be further treated with a purifying technique such as gel filtration.
Isolation approaches applied herein use ultra-filtration for purification and enrichment of samples prior
to exosome isolation.

2.1.3 Size exclusion chromatography

As described in Section 1.2 size exclusion chromatography (SEC) separates particles based upon their
hydrodynamic radius, with initial reports for EV isolation demonstrated by Boing et al. [64] Traditionally
SEC has been used to separate and fractionate proteins and polymers, but its ability to remove large
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proportions of unwanted protein and lipoprotein contaminants coupled with a low impact process has
led to its increasing popularity in the EV field.[65,93] The high resultant levels of vesicle purity and quality
provide an ideal sample for downstream analysis with minimal interference. However, in order to gain
maximum benefits out of SEC, pre-filtration treatments are required; namely, the concentration of the
sample using UC or ultra-filtration.[89,90] From an industrial standpoint, SEC offers a scalable technique
of EV isolation and the narrowing or widening of column diameters allows tuning of resolution and
capacity respectively.

SEC for EVs has been studied primarily using three types of resin chromatography material:
Sepharose CL-2B, Sepharose CL-4B and Sephacryl S-400.[262,175,263] Sepharose CL-2B produced the
largest sized EVs, followed by CL-4B, and Sephacryl-400 eluting the smallest sized EV like particles.
This aligns with the pore sizes of the media, with Sepharose CL-2B, CL-4B and Sephacryl S-400
possessing 75 nm, 42 nm and 31 nm pore diameters respectively.[264] Particles smaller than the pore
size travel through the beads, thus having longer elution times as they pass through a more tortuous
path. Particles larger than the bead pore-size cut-off travel via void space in the column, eluting
quicker, thus separating larger material from smaller particles of interest (Figure 2.3). Commercially
available SEC columns developed by Izon are designed specifically for EV isolation and are comprised
of an agarose based proprietary material with pre-defined pore sizes. Studies using these products
have displayed an ability to isolate EVs effectively and validate exosome presence via proteomic
and nucleic acid characterisation.[94,95] Collectively, the reports of SEC offering a rapid, efficient and
highly reproducible isolation technique that yields vesicles of high purity biological integrity, makes it a
technique of interest in this study.

p

Figure 2.3: Schematic representation of the size exclusion chromatography principle.

2.2 Exosome characterisation techniques

2.2.1 Nanoparticle particle tracking analysis

The most commonly used approach for exosome size characterisation, nanoparticle tracking analysis
(NTA), was first introduced commercially in 2006. As described in Section 1.3.2, the technique employs
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the diffraction scattering of laser light by the Brownian motion of particles in suspension. A schematic of
the instrument set-up is displayed in Figure 2.4. The light scatter is detected by an optical microscope
connected to a CCD or complementary metal-oxide-semiconductor (CMOS) camera that is placed
above a liquid cell, which contains the sample suspension through which the laser light passes.[145]

The camera enables the visualisation and recording of nanoparticle movement in a series of videos,
where the displacement of particles is tracked against time. Using the videos, the NTA software relates
the movement to the particle size using a derivation of the Stokes-Einstein Equation:[145]

(x, y)2 =
2kBT

3rhπη
, (2.2)

where kB is the Boltzmann constant and (x, y)2 is the mean squared speed of a particle at a
certain temperature T , within a medium of viscosity η and particle hydrodynamic radius of rh. Faster
moving particles are of a smaller radius, with a lower limit of detection of approximately 30nm.
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Figure 2.4: Schematic representation of the NTA measurement principle.

Adjustable image settings include the camera level, which controls the shutter speed and gain. It is
optimised to provide an image where particles are visible as bright spots without blur or diffraction rings.
The minimum expected particle size is automatically estimated by the software and this determines the
size of the frame searched, ensuring that it is smaller than the size of the moving particle. The minimum
track length is an internal threshold, which states the minimum number of frames a particle must be
detected within before its size data is incorporated into the size distribution.[141] Post-measurement
capture settings include the detection threshold, which determines the minimum intensity of a particle
for it to be viable for tracking analysis.

2.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) employs an electron beam to visualise samples with a high
degree of resolution and magnification. This enables the elucidation of internal sample structures in
addition to some surface characteristics. TEM generates a high voltage electron beam from an electron
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gun, which then travels through an elongated vacuum chamber. Despite being a vacuum-based
technique, it has been used in cell biology since the early 1940s following the introduction of sample
fixation and contrast staining with uranyl acetate and phosphotungstic acid.[265] Electromagnetic lenses
are situated around the chamber to condense and focus the electron beam to a fine point enabling
high resolution (Figure 2.5). The beam is constricted through a condenser aperture before reaching
the specimen. Electrons are able to transmit through the sample depending on thickness, with the
electron scatter being recieved by a phosphor detection screen of a CCD camera. Often, objective
apertures are used to focus all the electrons diffracted from a point on the specimen to an equivalent
point on the image plane. Light is generated from the detection screen, which is projected for the
viewer with darker regions representing areas of lower electron transmission.[266] TEM was used as
a method of verification for isolated samples, in order to ensure exosome morphology and minimal
contamination.

Figure 2.5: Schematic representation of the TEM measurement principle in imaging mode.
Reproduced with adjustments under Creative Commons licence from[267].

2.2.3 Immuno-electron microscopy

The application of immuno-electron microscopy (immuno-EM) to biological analysis was first published
in 1959.[268] Immuno-EM uses an antibody probe in conjunction with electron-microscopy to visualise
and identify the antigen location within a sample. Particles which interact with the antibody probe are
used to aid visualisation, with gold-nanoparticles being used frequently.

The gold-nanoparticles are bound to secondary molecules which are specific to the probe antibody.
Often, this is a secondary antibody which is able to bind to the primary antibody according to the
host animal species of antibody production (Figure 2.6). The technique verifies the presence of
phenotypic protein markers within biological structures and elucidates their position. This research
uses immuno-EM to confirm the presence of surface located CD63 protein in SEC processed isolation
fractions, thereby verifying exosome isolation.
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Figure 2.6: Schematic representation of immuno-gold labelling of exosomes for subsequent
electron microscopy analysis.

2.2.4 Total protein quantification

A conventional approach to determining total protein is based on the interaction between protein,
bicinchoninic acid and copper ions. The assay works via two reactions; firstly the peptide bonds within
proteins reduce Cu2+ ions from the copper (II) sulphate in the stock solution to Cu+ when placed at
an elevated temperature. The extent of reduction is proportional to the quantity of protein present in
solution. The second reaction involves the bicinchoninic acid in the stock solution, which chelates with
each Cu+ ion, generating a purple-complex with a strong absorbance of 562 nm. These steps form the
micro-BCA protein assay that was employed to determine total protein concentration of isolated EVs.

2.2.5 Capillary gel electrophoresis based chemi-luminescent western blot

The traditional western blot involves the digestion and separation of peptides within a biological sample
in a gel. This is followed by a transfer to a membrane and probing of proteins at the surface. The
process is also known as immunoblotting due to the requirement of an antibody to identify the antigen
and was introduced by Towbin et al. in 1979.[269] The specificity of the antibody-antigen interaction
allows for target protein detection in complex media, making it an attractive characterisation technique.

In this study, western blot analysis has been conducted using a capillary based format. Using the
WES Simple western system from Protein Simple (Biotechne Ltd, USA) allowed for an integrated and
automated protein separation based upon Mw and detection via a chemiluminescent immunoassay.
The advantages of capillary electrophoretic based western blotting include the requirement of lower
protein concentrations, increased sensitivity of target detection and consistent band formation enabling
quantitative protein quantification.

In a typical WES run, capillaries are loaded with separation matrix and stacking matrix for the
electrophoresis step. Protein lysate sample is added and voltage applied to separate the peptides
according to their Mw. Protein bands are then immobilised using UV light and the matrices are cleared
from the capillary. The protein bands are consequently incubated with primary antibodies specific
to the antigen of interest. The samples are then incubated with a secondary antibody specific to
the primary antibody, with a horse radish peroxidase (HRP) conjugate. Lastly, a chemiluminescent
substrate, reacts with the HRP, generating light for detection by a charge coupled device (CCD) camera
(Figure 2.7). The method has a clear advantage over traditional western blots by requiring less sample
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by an order of a magnitude, an important consideration given the minimal exosome samples available
post isolation. This research employed the WES instrument for analysis of CD81, CD63, CD9 and Alix
protein markers from lysed exosome-enriched samples.

Figure 2.7: Schematic representation of the capillary gel electrophoresis based chemi-
luminescent western blotting principle.

2.3 Sensor surface characterisation techniques

2.3.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique for elemental analysis based upon emission
spectroscopy, where incident X-ray radiation provides energy to electrons within an atom. This induces
the emission of core electrons from the atom, with the binding energy predicated on the chemical
characteristics of the molecule.[270] References of electron-binding energies are available in order to
verify the presence of the element at the sample surface.[271] Using the peak intensities, ratios of the
elements can be determined, however, as the technique is highly sensitive to the surface composition
it can be susceptible to contaminants. The application of an ion-beam etch has allowed this work to
profile the elemental composition of thin films below any potential oxide layer that may have formed at
the surface. In this study, XPS was used to confirm the presence of a self-assembled monolayer as
part of the sensor functionalisation approach for antibody immobilisation.

2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) was first reported in the late 1980s.[272] The AFM principle relies on a
tip-probe which is affixed to a moveable cantilever attached to a piezoelectric scanner. AFM images
themselves are formed as a result of cantilever-induced deflection of a laser beam. Changes in the
positioning of the laser beam are detected by a photodiode. A feedback loop is able to apply a voltage



CHAPTER 2. EXPERIMENTAL TECHNIQUES 65

potential to the piezoelectric scanner to return the cantilever to its original position, thereby maintaining
the laser location (Figure 2.8A). It is this movement of the scanner which is recorded for each detection
area to generate the micrograph that represents the sample topography.[273]

The AFM technique employs three main modes of measurement which influence the force imparted
onto the cantilever. Contact mode is where the tip is able to touch the sample surface. Changes in the
sample height induces deflections in the cantilever. Naturally, contact mode can reduce the quality of
the tip-probe, especially if the sample is a hard material.[273] Tapping mode involves the oscillation of
the tip at a known frequency, touching the surface at periodic points. The sample height is determined
through changes in the phase angle, frequency and amplitude in the cantilever movement.[274,275]

Lastly, non-contact analysis is where the tip does not touch the sample surface, with the cantilever
being deflected by the long range repulsive forces between tip and sample. This holds advantages of
minimal damage to both tip and sample.[273] Due to the risk of interference for surface adsorbed water
at the sample surface, non-contact analysis is commonly conducted under vacuum.[276] For the work
described herein, PeakForce nanomechanical (tapping) mode was used throughout (Figure 2.8B).
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Figure 2.8: Schematic representation of the AFM principle. (A) AFM setup. Reproduced, under
Creative Commons licence from[277]. (B) Working principle PeakForce nanomechanical (tapping)
mode, (i) tip withdrawal and approach, (ii) Peak Force Tapping tip trajectory and (iii) force-distance
curve. Reproduced with permission of Taylor and Francis from Rashid et al. [278]

2.3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a surface imaging technique, where an electron gun generates
an electron beam within a vacuum channel. The electron beam has an energy ranging from 0.2 keV
to 40 keV and is focused using condenser lenses to a spot as small as 0.5 nm. The electron beam
interacts with the sample surface, but is unable to transmit through the specimen.[266] Backscattered
(elastic interaction between beam and sample atoms, giving information on phase differences) and
secondary electrons (a result of inelastic interaction between electron beam and near-surface region
of the sample, giving topographical information) are used to create the image of the sample. A raster
scan across the sample surface gives information about the topography and composition of the sample.
Magnification with an SEM is not via an objective lens, but instead through the ratio of raster dimension
on the specimen versus the display device. Magnification is thus controlled by the current which is
supplied to scanning coils or deflector plates present in the final lens of the microscope.[279] SEM is an
important tool for the physical characterisation of silica inverse-opal architectures that are explored as
part of this sensing work.
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2.3.4 Spectroscopic ellipsometry

Ellipsometry is an optical technique that measures the change in polarisation state of light reflected
from a thin film sample. The approach requires a model-based method to determine film thickness,
surface roughness, as well as optical properties such as refractive index for thin films ranging from a
few angstroms to several microns in thickness.[280] To determine sample characteristics, the technique
resolves two key ellipsometric angles, Ψ and ∆, which relate to the amplitude ratio and phase change
in the polarisation of light after interaction with the sample, respectively.[281] These values are a
function of the Fresnel reflection coefficient ratio rp

rs
:

ρ = tan(Ψ) exp ı∆ =
rp
rs
, (2.3)

where rp and rs are the complex Fresnel reflection coefficients for parallel- and perpendicular-
polarised light in relation to the plane of sample incidence.[280] In polar coordinates, tan(Ψ) relates
to the amplitude reflection coefficients, and ∆ to the change in phase of parallel- and perpendicular-
polarised light, where:

tan(Ψ) =
|rp|
|rs|

, (2.4)

and

∆ = δrp − δrs. (2.5)

Ellipsometry has numerous advantages when compared to other optical measurement techniques
It measures two values that can be fitted independently, it is highly sensitive to film thickness change
(due to ∆ being a phase measurement) and the accuracy of the ellipsometric technique arises from
the fact that it measures a ratio of the Fresnel reflection coefficients.[280] In order to maximise the
sensitivity of the measurement, ellipsometric analysis is normally conducted close to the Brewster
angle. Brewster’s law defines how the angle can be ascertained from the sample refractive index:

tan θB =
nsub

nair
, (2.6)

where nsub and nair are the refractive indices of the substrate and air respectively.
Spectroscopic ellipsometry measures optimal response in relation to the entire wavelength range

of light, thereby increasing the reliability of the data fitting. Sample analysis in this work was conducted
using a rotating compensator ellipsometer, where the linear polarizing elements are fixed, whilst the
rotating compensator minimises the error due to polarization dependent detectors or polarized light
sources. Figure 2.9 shows the instrumental set-up used during this work. Collimated light is provided
from a Xe light source and passed through a polariser, before interacting with the sample. Reflected
light is detected by the analyser arm of the instrument containing a rotating compensator, measuring
Ψ and ∆.[282] An optical model based on initial estimates of material structure and data from a library
of materials acquired from other characterisation techniques, is used fit to the raw optical data. The fit
quality was determined by the root mean squared error.[280] Routine models for ellipsometric fitting are
available, with their implementation depending on optical and physical characteristics of the sample,
including multi-layers if present.
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Figure 2.9: Schematic of optical configurations of rotating compensator ellipsometer instru-
ment. Reproduced with permission of John Wiley & Sons, Inc. from Fujiwara.[282]

In this study, silica structures bound to the surface of samples were modelled using a Cauchy
dispersion law:

neff = A+
B

λ2
+
C

λ4
+ . . . , (2.7)

where A, B and C are constants for the wavelength (λ) dependence of the refractive index (n).
Changes in refractive index allow estimation of the structure porosity, as the properties or silica and

air are known.[280,283] This is achieved by employing an effective medium approximation (EMA) for the
inverse opal structures created as part of this work. As an ’effective medium’, the material is deemed
to consist of at least two components with structural features within the resolution of the incident
beam of light. For the silica inverse opal porous films, these components are the silica scaffolding and
trapped air respectively. More specifically, this work applies a Bruggeman EMA to estimate the relative
volume fraction of air and silica, atop silicon substrates.[281] The Bruggeman EMA describes a host
medium consisting of two components with comparable volume fractions:[284]

P
n2Air − n2eff
n2Air + 2n2eff

+ (1− P )
n2SiO2

− n2eff

n2SiO2
+ 2n2eff

= 0, (2.8)

where P and 1− P are the volumetric fractions of the two components, neff and nSiO2 represent
the refractive index of the host medium and silica respectively.

It is important to note that EMA application to porous films are associated with some limitations.
There is a need to know the precise optical characteristics of the material forming the scaffolding
that surrounds the pore, which is not always feasible. Furthermore, the EMA simply informs on the
relative void volume, not the actual pore volume or pore size. Most importantly, the validity of the EMA
is limited when the size of structural features are above the resolution of the incident beam of light.
This renders the approximations as unreliable for understanding the precise optical properties of the
material components.

2.3.5 Grazing incidence small angle X-ray scattering (GISAXS)

Grazing incidence small angle x-ray scattering (GISAXS) is a surface-sensitive scattering technique
used to probe nanoscale objects deposited on surfaces (e.g. nanoparticles), thin and ultra-thin layers
of nanomaterials (e.g. block copolymers) or nanostructured surfaces (e.g. lithographic patterns). The
GISAXS experimental set-up utilises a focused and collimated X-ray beam directed towards a thin film
sample on a flat substrate at an angle ranging between 0 ◦ and 1 ◦ to ensure an adequate path length
to analyse its surface features (Figure 2.10).[285]
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Figure 2.10: Schematic of GISAXS geometry principle. Angle of incidence (αi) is lower than
substrate critical angle (αf ). Reproduced with permission from[286].

The angle of incidence is lower than the substrate critical angle, but higher than the critical angle
of the material being probed (silica or gold in this case). The critical angle of a thin film is the incident
angle below where one witnesses total external reflection of the X-ray beam. The scatter of X-rays
from electron dense regions within a material allows for identification of repeating structures at a
nanometre scale due to the short wavelength of X-ray incidence.[285] In diffraction and scattering
approaches, observed peaks are a result of the constructive interference of waves scattered elastically
upon satisfaction of Bragg’s Law:

Nλ = 2d sin θ, (2.9)

where N is the order of the peak, λ is the wavelength, d is the spacing of lattice planes and θ is
the angle between the incident radiation and the lattice plane. It is at the observation angle of 2θ that
constructive interference is observed when Equation 2.9 is satisfied. Scattering angles are commonly
reported as a vector q, incorporating the X-ray wavelength:

q =
4π

λ
sin θ. (2.10)

The scattering from the sample is then recorded with a two-dimensional (2D) X-ray detector. A
beam stop hides the direct beam and the 2D detector records the intensity of the two reflection angles
α f and 2θ, which correspond to the out-of-plane and in-plane scattering.[285] The in-plane scattering
intensity provides spatial information on the repeating unit structure parallel to the surface of the
substrate, while the out-of-plane scattering supplies information about the normal-to-film surface
direction.

Therefore, GISAXS intensity line cuts along the horizontal qy and vertical qz directions provides
quantitative information about the microdomain structure of the thin films. In this work, GISAXS pattern
line-cuts along qy, integrated around the Yoneda band (along the direction of vector qy), allowed for
the extraction of the order of symmetry for different structures, taking into account the specific spatial
relationship between the ratio of q values at the scattering maxima peaks (Table 2.1). Moreover,
position of the first order Bragg peak (q∗) provides the domain spacing, d, of the periodic structure
using the following relation d= 4π

q
√
3
.[287,288]
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Table 2.1: Ratio of q values relative to the first order Bragg peak position for common surface
structure morphologies.[289]

Structure q
q∗

Lamellar 1, 2, 3, 4, 5, 6

Hexagonal 1,
√

3,
√

4,
√

7,
√

9

Body-centre cubic (BCC) 1,
√

2,
√

3,
√

4,
√

5

Face-centre cubic (FCC) 1,
√

4/3,
√

8/3,
√

10/3,
√

11/3

Gyroidal 1,
√

4/3,
√

7/3,
√

8/3,
√

10/3

2.4 Biosensing techniques

2.4.1 Quartz crystal microbalance with dissipation

QCM-D is an acoustic wave transduced analytical technique capable of monitoring changes in in-
terfacial structure,[290] deriving molecular coupling kinetics,[291] affinity determination,[292] elucidating
mechanical properties of the analyte,[293] and providing microgravimetric outputs to binding phenom-
ena. QCM over the years has played a significant role in interfacial sciences, for instance when
biological systems interact with inorganic materials.[294,295] The QCM-D principle relies on the inverse
piezoelectric effect, where the application of an alternating voltage across a piezoelectric quartz
crystal, matches the crystal’s resonance frequency, or multiples of this resonance frequency known
as overtones, leading to cyclic deformation and eventually, standing wave generation giving the
characteristic oscillatory motion. Thus, QCM-D is often termed a shear horizontal acoustic wave
measurement.[296] This phenomenon was harnessed in the 1940s by Cady, through devising stable
oscillator circuits.[297] The quartz crystal itself is AT-cut relative to its crystallographic axes (Figure
2.11A) and thus vibrates in thickness-shear mode where two surfaces move in an anti-parallel fashion
(Figure 2.11B). During resonance, the surface of the sensor is located at the antinode of the standing
wave, with the decay of the wave being interface specific (Figure 2.11A).

A B

C D
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35 25'

Application 
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Fundamental
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Tangential
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Resonance
in liquid
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Oscillatory 
decay

Amplitude of crystal 
shear motion

Figure 2.11: QCM-D operation schematic. (A) AT-cut quartz crystal with gold coated electrode. (B)
Side view of crystal during cyclic deformation, representing anti-parallel oscillation. (C) Resonance
observed in air (blue) and liquid (red), with excitation frequency plotted on the x-axis. (D) Intermittent
voltage switch off and free decay for dissipation extraction. Reprinted (adapted) with permission
from[298]. Copyright 2011 American Chemical Society.
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The wavelengths and resonance frequency are given by Equations 2.11 and 2.12 respectively:

λ = 2d/n, (2.11)

fn = nc/2d, (2.12)

where d is the crystal thickness, n is the overtone order and c is the speed of sound.
The adsorption of a film on the crystal surface will increase the effective crystal thickness and

mass, thereby decreasing the resonance frequency. The frequency shift often reported (∆f ) is equal
to f0 (bare crystal in bulk liquid) - ff (crystal with film in bulk liquid). QCM allows for two fundamental
types of measurements. The first is impedance based, where the polarization of the crystal surface
is measured as a function of voltage frequency, yielding two parameters per overtone; resonance
frequency fn and bandwidth Γn (Figure 2.11C). The second comprises the more recent QCM-D
measurements introduced by Rodahl et al. where the driving voltage is switched off repeatedly, and the
oscillation of the sensor left to decay - also known as the ’ring-down’ approach (Figure 2.11D).[255] The
signal generated includes fn, but also the dissipation Dn. Dissipation and bandwidth are equivalent, as
shown by Equation 2.13.

Dn = 2Γn/fn (2.13)

The energy lost over time during oscillatory decay of the crystal is:

D =
E

d

2πEs
=

1

πfτ
, (2.14)

where Ed and Es are the dissipated and stored energy respectively, and τ is the time constant of
the amplitude decay.

The employment of these crystal sensors as microbalances is based on models that describe the
relationship between changes in resonance frequency and resonator mass upon adsorption of a thin
film. The different types of thin films and that are commonly characterised using QCM-D are illustrated
in Figure 2.12, along with key considerations about the film structure’s impact on acoustic resonance.
When layers are assumed to be rigid, thin and homogenous, a linear relationship between ∆f and
∆mf is applicable known as the Sauerbrey model (Figure 2.12A,B):[299]

∆fn = − n

C
mf = − n

C
ρfhf , (2.15)

where, ∆fn is the net change in resonance frequency at the respective overtone (n), mf is the
areal mass density of the adsorbed film (ng cm−2), and ρf and hf are the density and thickness of the
adsorbed film, respectively. It should be noted that the film is solvated, thus the areal mass includes
both the mass of adsorbate and mass of coupled solvent; mf = mads + msolvent. C represents a mass
sensitivity constant, dependent on the fundamental resonance frequency of the sensor fF ; in the case
of this study fF = 5 MHz, providing a C of 17.7 ng cm−2 Hz−1.
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A B
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Figure 2.12: Typical films analysed using QCM-D. Film deposition increases crystal thickness to
increase the wavelength and decrease the resonance frequency of the standing wave. (A) Thin
and homogeneous rigid films: ∆f proportional to areal mass density of the film. (B) Laterally
heterogeneous films: discrete but rigid particles. Areal mass density includes coupled-solvent
contribution. (C) Laterally homogeneous dissipative films: energy loss occurs within the film according
to viscoelastic properties of film via continuum model. (D) Laterally heterogeneous dissipative films:
energy loss occurs at liquid-particle boundary influenced by discrete particle-surface contact (linker)
regions. Reprinted (adapted) with permission from[298]. Copyright 2011 American Chemical Society.

Incidentally, as measurements in this study are be conducted in the liquid phase, one must consider
the relationship between resonance frequency/bandwidth of the crystal and the liquid viscosity η1 and
density ρ1 (Equation 2.16).

∆fn = −∆Γn = −fn
2

∆Dn = − 1

C

√
ηρ1η1
2ωF

(2.16)

This illustrates how an increase in dissipation is proportional to the square root of the product of
liquid viscosity and liquid density.[300] ωF = 2πfF is the angular fundamental resonance frequency.
As QCM is shown to be sensitive to bulk liquid properties, a reference measurement in the liquid is
required to distinguish between bulk liquid and film contribution to shifts seen. The viscous penetration
depth (δ) describes the decay rate of the oscillating wave as a function of distance from the sensor
surface:[298]

δ =

√
2η0
ρ0ω

. (2.17)

Please note that the penetration depth with water as the solvent is approximately 250 nm, which
aligns well with the sizes of exosomal particles.

Films that are viscoelastic or soft in nature induce significant dissipation due to deformation of the
adlayer and internal friction upon oscillation (Figures 2.12C and D). Their viscoelastic properties are
represented by the complex shear modulus:[301]

G = G′ + iG′′, (2.18)

where, i is an imaginary unit, G′ is the material elasticity (storage modulus), a relationship between
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force and deformation/spring constant. G′′ is the loss modulus describing viscous energy dissipation. If
G′ approximates to G′′, the film is described as viscoelastic. For thicker or heterogeneous viscoelastic
films, the Sauerbrey linear relationship does not hold and the acoustic mass of excessively dissipative
layers are often underestimated.[302]

Assuming the film can still be represented by a continuum mechanics model (Figure 2.12C), ∆f

and ∆D can be corrected for the elastic component in parallel with the viscous component, also
known as the Voigt element. The model was initially implemented for interface analysis by Voinova et
al. and introduced to QCM-D characterisation in 2006 by Hook and Kasemo.[303,304] The Voigt model
assumes homogeneous thickness, density and non-slip conditions. ∆f and ∆D are obtained from the
respective imaginary and real parts of the function of β (power exponent):

∆f =
Im(β)

2πtqρq
, (2.19)

∆D = − Re(β)

πftqρq
, (2.20)

where tq and ρq is the quartz crystal thickness and density respectively.
When considering the adsorption of discrete particles and the importance of the particle-surface

(linker) region on resonance parameters (Figures 2.12 B and D), it is prudent to understand the contact
mechanics at play. The use of QCM for contact mechanics was pioneered by Dybwad, by placing
spherical particles onto a quartz crystal resonator, that resulted in a restoring force onto the crystal,
thereby increasing its frequency.[305] Thus, the frequency shifts with QCM-D can also be used to
measure the strengths of sphere-plate contact. Mechanical and equivalent electrical models can
be used to describe a load on a crystal resonator, in the form of a Butterworth-van-Dyke equivalent
circuit (Figure 2.13).[306] If small enough, an attached rigid sphere, with mass ms, are treated like a
Saurbrey film as defined above, with a correction made for the coverage of spheres across the surface
(Figure 2.13A). In Figure 2.13B, a mass is replaced with a spring, with spring constant kS .[307] This
spring would represent the contact stiffness between crystal and adsorbed object, with the object not
participating in the movement of the crystal due to it being very heavy. This model maybe extended
where the previously immobile object, now partakes in oscillation to an extent. Typically, the adsorbed
particle would be below 10µm in size, with a motion occurring laterally. In this instance, the contact
regions are considered as a ’soft’ first layer, with the particles being a ’hard’ second layer (Figure
2.13C). Sphere and crystal can also be in contact via a dashpot, with drag coefficient εS , that is
independent of frequency Figure 2.13D.[308] Here, the particle slides on the surface, also known as
’creep’ phenomena, which is a liquid-like friction that is linearly dependent on sliding speed. The
combination of previous models, includes the attachment of a sphere via both spring and dashpot, that
is described by either a Voigt or Maxwell-type circuit (Figures 2.13E and F respectively). Voigt-type
coupling is adopted for multi-asperity contacts, with load-bearing regions corresponding to springs in
addition to interfacial drag (dashpot) acting in parallel to the elastic linkers. This approach suggests a
positive frequency shift upon particle adsorption. The Maxwell model considers the retardation time for
oscillation, where short times indicates fast relaxation and large damping, whilst longer times, suggest
purely elastic behaviour allowing for a simple-spring model assumption.[306]
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Figure 2.13: Circuit models for load types in QCM-D analysis. Equivalent electrical circuits (left)
are converted from a the physical model (right). Elements which are physically in series, are displayed
as parallel in electrical circuits. Models representing loading with a (A) mass, (B) spring, (C) mass
in series with a spring, (D) mass in series with a dashpot, (E,F) spring and a dashpot. Reprinted by
permission of Springer Nature from[306]. Copyright 2007.

Having looked at the theoretical principles of QCM-D, one should note that recent innovations in
the instrumental set-up of QCM-D now allows for precise control of fluid exchange, crystal sensor
functionalisation and temperature control, in a manner which satisfies nearly all of the desirable WHO
requirements for a translational diagnostic approach as mentioned in Section 1.4. This has led to
widespread application in the characterisation of biological interactions, as one is able to distinguish
between homogeneous, discrete, dissipative and rigid films. It is for these collective reasons, that
QCM-D has been adopted as the foundational analytical principle for exosome detection in this
research.

2.4.2 Electrochemical impedance spectroscopy

Of the several electrochemical potentiostatic techniques available, electrochemical impedance spec-
troscopy (EIS) has been employed as the primary mode of measurement based upon previous reports
of excellent sensitivity when applied for exosome detection.[245,246] EIS measurements are carried out
in an electrochemical cell, which usually comprises three electrodes in connection with a potentiostat.
The working electrode is where electron transfer occurs and from where current is measured. The
counter electrode harmonises the total charge within the electrochemical cell, commonly made out of
platinum. A reference electrode will receive constant potential from the potentiostat to give a reversible
half cell reaction. Calomel or Ag/AgCl are frequently used as a reference electrode.[309]
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When a metallic working electrode connects with electrolyte it creates an open circuit potential
between those two interfaces. As no net current is flowing, a shift in potential is introduced to instigate
electron flow in order to move away from equilibrium. This can be done using different signal types; a
time domain (direct current), which is irreversible and results in a current that is a sum of all processes
or a frequency domain (alternating current).

Electrical resistance is defined by Ohm’s law, which is the ability of a circuit element to resist the
flow of electrical current:

R =
V

I
, (2.21)

where V and I are voltage and current respectively. This relationship holds for a single circuit
element, the ideal resistor. This assumes that the resistor follows Ohm’s principles at all voltage and
current levels, that the resistance is independent of frequency and that the alternating current and
voltage signal are in phase with each other.[309]

The circuit elements employed in this study and the real world are more complex in behaviour,
resulting in the adoption of impedance, in place of resistance. Impedance is the measure of the
circuit resistance to electrical current flow, without simplified limitations, and thus includes phenomena
such as induction, capacitance, diffusion and resistance, which are discussed below. Impedance is
measured upon the application of an sinusoidal potential to an electrochemical cell, which allows for
alternating current measurement through the cell using a potentiostat. The signal is determined as a
sum of sinusoidal functions, also known as a Fourier series. Ordinarily, a small excitation signal is
used for impedance measurements, so the current response will be a sinusoid at the same frequency
but shifted in phase (time lag), giving a pseudo-linear response. The ratio in magnitude between the
two waves is the impedance. An expression analogous to Ohm’s Law, which is used to calculate
system impedance is:[237]

Z =
Vt
It

=
V0sin(ωt)

I0sin(ωt+ φ)
= Z0

sin(ωt)

sin(ωt+ φ)
, (2.22)

where Vt is the potential at time t, It is the response signal, V0 is the amplitude of that signal, ω is
the radial frequency, φ is the phase shift and Z0 is the magnitude of impedance.

With Euler’s equation (Equation 2.23), we can express impedance as a complex number (Equation
2.24), which gives a real (Zre) an imaginary part (Zim).

exp(jφ) = cosφ+ jsinφ (2.23)

Z(ω) =
V

I
= Z0exp(jφ) = Z0(cosφ+ jsinφ), (2.24)

where cosφ is Zre and jsinφ is Zim.
Overall, EIS determines the influence of individual circuit components to the total cell charge

resistance. The components of the electrical circuit are commonly depicted by a Randles cell model
(Figure 2.14). This includes the solution resistance, double layer capacitor and resistance to charge
transfer, and is often the basis upon which more complex models are built.[310,237]
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Figure 2.14: Circuit diagram of a simplified Randles cell model.

Figure 2.15 is a typical Nyquist plot from a simplified Randles cell. The plot is established by
placing Zre on the X-axis and Zim on the Y-axis. Each point on the Nyquist plot is the impedance of
the system at a particular frequency.[311]

Figure 2.15: A Nyquist plot representing electrochemical impedance from a simplified Randles
cell.

The high frequency intercept provides the Rs, which is the electrolyte or solution resistance present
between the reference and working electrode of the cell. The resistance of the solution depends on
the ionic concentration, ion type, temperature and the area geometry:

R =
1

κ

l

A
=⇒ κ =

l

RA
, (2.25)

where A is the bounded area, l is the length and κ is the reciprocal of the solution resistivity,
also known as the solution conductivity. A commonly used electrolyte is the ferricyanide/ferrocyanide
redox couple K3[Fe(CN)6] / K4[Fe(CN)6]. The electroactive species enables the flow of electron mass
in the direction of the electrode, with the current being directly proportional to the concentration of
the analyte species, also known as the concentration of polarisation. The concentration changes at
the working electrode surface occurs via the oxidation and reduction of the species as described in
Equation 2.26.[312]

[Fe(CN)6]
4− ⇀↽ [Fe(CN)6]

3− + e− (2.26)

At the low frequency intercept of the Nyquist plot, the resistance is the sum of the solution resistance
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and the charge transfer resistance (Rct - also known as the polarization resistance). Therefore, the
diameter of the semicircle is equal to the Rct:

Rct =
RT

eFi0
, (2.27)

where e is the number of electrons involved, i0 is the exchange current density, F is the Faradays
constant, T is temperature and R is the gas constant. This equation assumes a small overpotential
(potential difference between reduction potential and actual potential of redox event) and that the
electrochemical system is at equilibrium.

The Randles cell also contains a double layer capacitance (Cdl) component (Figure 2.14). This
is attributed to the electrical double layer that exists at the interface between the working electrode
and the surrounding electrolyte (Figure 2.16).[313] The layer is formed as a result of ions from the
electrolyte solution adsorbing onto the working electrode surface (the inner Helmholtz plane (IHP)
passes through the centres of these adsorbed ions). There is a separation between the electrode
surface and ions by an insulating space, creating capacitor like behaviour, also known as the dielectric
layer. Electrode potential, temperature, ion type and working electrode roughness are all factors which
influence the capacitance of the dielectric in electrolyte. The potential difference between the boundary
of the Stern layer (outer Helmholtz plane (OHP)) and the bulk solution is known as the Stern potential.
As the distance increases away from the high negative charge of the Stern layer, a fall in the resulting
electrical potential (Ψ) distribution is noted.[311]

Figure 2.16: Schematic representation of double layer capacitance created at the metal-
electrolyte interface. Reprinted (adapted) from[314], with permission from Elsevier.

Given the systems used in this study, it is prudent to modify the simplified Randles cell circuit to
better represent the reality of performance with our given system (Figure 2.17).

Figure 2.17: Circuit diagram of a Randles cell model with constant phase element and Warburg
diffusion element.
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In most instances, the capacitance of the double layer is imperfect or ’leaky’. This is often
represented by a constant phase element (CPE), which is a single element with two degrees of
freedom. The impedance of such a capacitor is:

ZCPE =
1

(iω)wY0
, (2.28)

where Y0 is the capacitance and w is the exponent for a capacitor. For a CPE, the exponent w is
lower than one. Whilst there are a number of theories to the non-ideal capacitance of a double layer, it
is treated as an empirical constant with no physical related bias.[315]

Furthermore, consideration should be given to the effects of the bulk solution, especially the part
of the diffuse layer further away from the double layer interface (Figure 2.16). This layer will introduce
mass transport limitations in the form of a Warburg impedance, which limits current generation by
hindering the movement of an ion to the working electrode surface. The impedance is dependant on
the frequency of the potential peturbation, i.e. at high frequencies the Warburg impedance is small as
reactants are not required to diffuse long distances, whilst at low frequencies the reactants need to
diffuse a greater distance to a point where impedance is increased. The effect of a Warburg impedance
component (diffusionally controlled region) on a Nyquist plot is displayed in Figure 2.18.[316,310]

Figure 2.18: Nyquist plot representing impedance spectra from Randles cell as shown in Figure
2.17. Reproduced with permission of Royal Society of Chemistry from[310].

In our system, the diffusion layer cannot be regarded as having an infinite thickness. It is bounded
by the cell, giving the formula for Warburg impedance:

Z0 = σω
−1
2 (1− i)tanh

(
δ

(
iω

D

) 1
2

)
, (2.29)

where δ is the Nernst diffusion layer thickness, i is the imaginary component, D is the mean value
of diffusion coefficients of the diffusing species and σ is the Warburg coefficient.[316]

This work looks to couple electrochemical impedance with QCM-D, as part of a dual-mode detection
approach for CD63-positive exosomes.
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Chapter 3

Exosome isolation and characterisation

3.1 Introduction

Exosomes have been shown to play a role in tumour progression through carrying carcinogenic
material,[317] as well as being involved in neurodegeneration,[318] viral and prion disease, and cardio-
vascular disease.[319,320] Crucially, exosomes’ bio-molecular composition has been demonstrated to
reflect the disease state of their parent cell.[94,321,322] These findings, along with other advantages
such as high structural stability, low immunogenicity and the ability to pass through tight biological
barriers make exosomes a logical and promising source of biomarkers to develop a minimally invasive
diagnostic assay as part of a liquid biopsy.[323,324] In order to facilitate the implementation of exosomes
with characterisation methods, an optimised isolation technique is required, which ideally minimises
interfering contaminants, maximises purity and ensures biological and structural integrity.

As described in Section 1.2, differential centrifugation (DC), is currently the most popular technique
for exosome isolation, due to its reproducibility and simplicity.[77] Geffen et al. successfully employed
a DC protocol for the isolation of adipose tissue mesenchymal stem cell exosomes for therapeutic
application.[325] Similarly, DC derived exosomes with therapeutic potential from cell lines was published
by Yang et al.[326] Elsewhere, Matic and co-workers employed DC for bovine milk exosome isolation
for downstream assessment of their protective effect in drug-induced cytotoxicity.[327] In spite of these
examples the technique is hindered by poor sample purity, as a result of the co-sedimentation of
particles with similar densities to exosomes, including lipoproteins.[75,76,328] The high centrifugal forces
have also been reported to induce vesicle damage and poor sample integrity.[329,330] From a biosensing
perspective, such artefacts and structural defects could interfere with the measurement and reduce
the number of viable exosomes available for detection, posing a potential problem during feasibility
evaluations of an analytical platform as proposed in this thesis.

In the name of ameliorating the impact on exosome morphology and limitations of isolate contami-
nation, size exclusion chromatography (SEC) offers a practicable alternative, based upon initial findings
of improved exosome purity.[65,262,331] More recently, Wang et al. harvested exosomes from cell lines
and plasma using Izon qEV SEC columns, producing isolates with sufficient purity to successfully
detect small quantities of mitochondrial DNA.[257] SEC was compared to ultra-centrifugation (UC) by
Shu et al. for the isolation of exosomes from cell-lines, with the study describing a 58-fold higher yield
using SEC.[332] This work also underlined the benefit of coupling SEC with a pre-isolation step in the
form of ultra-filtration. A similar approach was adopted by Azambuja and colleagues, where exosomes
were pre-concentrated using centrifugal filters before addition to miniature SEC columns to isolate
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exosomes from glioblastoma cell lines.[333] Boer et al. reported a multi-step exosome isolation process,
where a SEC step was added to UC and density-gradient procedures to enhance the purification of
serum exosomes.[334] Collectively, these examples underline the scope of SEC for exosome isolation
and onward characterisation of their protein cargo.

Another important consideration is the presence of exosomes in nearly all physiological fluids and
determining which of those fluids would be routinely applied to biosensing platforms. Given recent
accounts of the diagnostic potential for exosomes derived from both plasma and urine, the validation
of an isolation technique that is compatible with both types of biological matrices would prove a useful
addition to the field of exosome biomarker characterisation.[335–338]

3.1.1 Chapter aims

This chapter looks to develop and evaluate a SEC protocol that incorporates ultra-filtration pre-
purification for exosome isolation from a variety of complex matrices, including cell culture media,
plasma and urine. Physical characteristics, including size and structural integrity, and isolation
performance, such as yield, purity and concentration are determined using NTA, protein assays and
electron microscopy. These findings are compared between commercially available qEV SEC columns
(Izon Science, UK) and self-prepared Sepharose CL-2B columns, in order to determine an optimal
SEC approach for exosome isolation to be used in subsequent biosensing studies within this thesis.
Once identified, the optimal protocol is compared to a commonly employed DC isolation method as a
reference, in terms of particle size distribution and exosome purity. Lastly, this study seeks validation
of the SEC isolation method by confirming exosome presence within the final SEC isolates. This is
attempted through biomolecular identification of exosome enriched proteins (CD81, CD9, CD63 and
Alix), using western blot and immuno-gold EM characterisation techniques.

3.2 Experimental

3.2.1 Materials

Human umbilical cord mesenchymal stem cell culture media (HUMSCCM) supernatant was provided
courtesy of Professor Mark Lowdell (UCL Institute of Immunity and Transplantation). Dulbecco’s
phosphate buffered saline (PBS) (pH 7.4, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4) was purchased from Sigma Aldrich (USA). Sepharose CL-2B gel filtration matrix and HEPES
buffered saline (HBS, 0.01 M HEPES, pH 7.4, 0.15 M NaCl) were acquired from GE Healthcare Life
Sciences, Sweden. Anti-mouse detection module for a WES machine and 12-230kDa WES separation
modules were sourced from Protein Simple (Biotechne, USA). Primary antibodies include LEAFTM

purified anti-human CD63 (Clone H5C6, Biolegend, USA), purified anti-human CD81 (Clone 5A6,
Biolegend USA), purified anti-human CD9 (Clone HI9a, Biolegend, USA) and purified anti-Alix (Clone
3A9, Biolegend, USA). Formvar/Carbon coated 200 mesh copper grids (Agar Scientific Ltd, UK),
and secondary antibody purified goat anti-mouse IgG (Biolegend, USA) were used for TEM and
immuno-EM characterisation. RIPA buffer with protease inhibitor cocktail (PIC) and human plasma
were purchased from Sigma Aldrich (USA). Human urine was purchased from BioIVT (UK).
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3.2.2 MSC cell culture

Umbilical cord tissue was first manually dissected and then enzymatically and mechanically digested
to isolate MSCs via plastic adherence to cell culture-treated flasks. Passage-0 cultures were cultured
in serum-containing alphaMEM (Gibco) with antibiotic/antimycotic, then expanded subsequently in
serum-free, xeno-free medium (Biological Industries) supplemented with 2.5% v/v human pooled
platelet lysate (Stemulate, Cook Regentec). Cell culture supernatant was aspirated, aliquoted and
dump frozen at -80 ◦C.

Please note, the cell culture work was conducted by Dr Benjamin Weil, Centre for Cell, Gene and
Tissue Therapeutics, Royal Free Hospital, NHS Foundation Trust.

3.2.3 Exosome isolation

3.2.3.1 Differential centrifugation

HUMSCCM was subjected to multiple centrifugation steps, with increasing centrifugal force and time.
The protocol used considers the rotor type, sedimentation path length, and desired particle ’cut-off’
size, to determine the required RCF and spin time for each step. These parameters were derived with
assistance from the web-calculator devised by Livshts and colleagues (http://vesicles.niifhm.ru/)[57].
All centrifugation steps were conducted at 4◦C. Vesicle density, medium density, and medium viscosity
were assumed to be 1.15 g cm−3, 1.077 g cm−3, and 1.1 cP respectively. 60 mL of MSC supernatant
was spun at 300g for 10 minutes, to aid removal of cellular debris. The pellet was discarded and the
remaining supernatant was spun at 2000g for 10 minutes, to remove protein aggregates and larger
vesicular bodies. These two steps were carried out in an Eppendorf 5804R centrifuge, employing a
A4-44 swing bucket rotor (Eppendorf, UK). The pellet was discarded, and the supernatant was spun at
10,000g for 30 minutes, sedimenting the majority of micro-vesicles sized in excess of 150 nm. Once
more, the pellet was discarded and the supernatant spun at 100,000g for 78 minutes, resulting in
the sedimentation of a desired pellet. These two centrifugation steps were carried out in a Sorvall
WX+ centrifuge, with a T647.5 fixed angle rotor (Thermofisher Scientific, UK). The final pellet was
re-suspended in 100µL of PBS and stored at -80 ◦C until downstream analysis.

3.2.3.2 Size-exclusion chromatography

Size-exclusion chromatography (SEC) was explored based on previous work in the field.[64,95] Two
approaches to SEC isolation were initially compared. 15.7 mL of Sepharose CL-2B gel filtration matrix
was packed under gravity for 2 hours into a borosilicate glass column (Econo-Column, Bio-Rad, UK),
with column inner-diameter and length being 1 cm and 30 cm and bed height and cross-sectional
area 20 cm and 0.79 cm2 respectively. Prior to packing, the agarose beads were triple washed
with 0.22µm filtered PBS containing 0.32% w/v trisodium citrate eluting buffer (pH 7.4). The eluting
buffer was degassed via ultra-sonication, whilst the packing material was subject to 5 minutes of
vacuum degassing. The isolation efficiency of this self-prepared Econo-column was compared against
commercially available Izon qEV columns (Izon Science, UK). The Izon columns used possess a lower
bed volume of 10 mL, bed height of 51 mm, inner tube diameter of 15.6 mm and a void volume of 3 mL.

HUMSSCM, human plasma and urine were used as a source material for ESPs in this study.
Starting material was first filtered with a 0.45µm filter (Merck Millipore, USA). 30 mL of clarified matrix
was subsequently concentrated using Amicon Ultra-15 centrifugal filters with a 10 kDa pore size cut-off
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(Merck Millipore, USA). The filters were spun at 4000g for 30 minutes at 4 ◦C using a Eppendorf 5804R
centrifuge, employing a A4-44 swing bucket rotor (Eppendorf, UK). Post-spin, 0.5 mL of concentrated
filtrate (60-fold increase compared to the original media) was collected and loaded onto the respective
isolation column. Collection of 20, 1 mL fractions commenced as soon as the filtrate was loaded onto
each column, using 0.2µm filtered HBS buffer as the eluting buffer, which was allowed to flow under
gravity. Collected fractions were stored at -80 ◦C.

3.2.4 Exosome characterisation

3.2.4.1 Nanoparticle tracking analysis

In this study, NTA was employed as the sole method for quantification of exosome-sized particles
(ESPs) (those within the exosome length scale of 30-150 nm) and estimation of particle hydrodynamic
size from isolated samples with a Nanosight LM10 instrument (Malvern Instruments, UK). In order
to keep medium viscosity consistent, PBS was used for all measurements and the machine was
calibrated with 100 nm polystyrene beads prior to fraction assessment.[141] Measurement specifications
were as follows: 532 nm green laser, 5 videos per fraction, 60 second video length, shutter speed
of 25-32 ms, camera gain of 400, camera level 15, lower threshold of 910 and higher threshold of
11180. Captured videos were processed using the NTA software version 3.2, a detection threshold
of 5, auto settings for blur, minimum track length and minimum particle size. Measurements were
carried out in static mode at room temperature. The instrument was situated away from sources of
vibration. Measurements were commenced after adjusting the view panel from the reference point
’thumbprint’ found on each instrument. Images were taken in a window frame as close as possible
to the reference point with minimal interference from any light scattering from the thumbprint. This
was most commonly 2 frames away from the thumbprint. Lastly, the chamber was cleaned with PBS
between each sample to avoid carry-over risk. Column fractions were diluted to an optimal working
range between 1x108 and 9x88 particles/mL using 0.22µm filtered PBS. Prior to measurement, the
filtered PBS dispersant was analysed as a negative control to ensure less than 3 particles per frame,
thus confirming no adverse contribution towards the particle numbers witnessed.

3.2.4.2 Electron microscopy

TEM images were captured on a Jeol 2100 TEM instrument (Japan) in transmission mode. The
three SEC fractions presenting the highest particle-protein ratio were assumed to be the exosome
containing sample (fractions 4, 5, 6) and were diluted 100 fold prior to analysis. Samples were also
taken from fractions 10, 12, and 14 of the isolation process, to compare particle and protein elution
across the process. Waste filtrate from the centrifugal filter was used as a control sample. Briefly,
10µL of sample was spotted onto parafilm, and incubated with a Formvar coated 200 mesh copper
grid, for 5 minutes. The grids were washed with 10µL spots of PBS three times for 1 minute each. The
grids were then incubated with a 10µL spot of 1% v/v uranyl acetate negative stain for 5 minutes, with
the excess being removed with filter paper at 45 ◦. Histogram analysis was conducted for detected
particles in Fraction 4.

Gold-immuno electron microscopy images were captured on a Jeol 2100 TEM instrument (Japan)
in transmission mode. SEC fraction 4 was diluted 100-fold and 20µL was spotted onto parafilm. A
formvar/carbon coated copper grid (200 mesh) was incubated on top of the sample for 7 minutes.
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The grid was washed 3x with filtered PBS buffer. The grid was then incubated with 20µL of normal
serum block (927501, Biolegend UK) for 30 minutes. Grids were washed 3x with PBS. 20µL of a 1:20
mouse monoclonal anti-CD63 solution (353013, Biolegend UK) in PBS / 5% v/v normal serum block
was incubated with the grids for 1 hour and the grid was washed 6x with PBS. Thereafter, the grids
were incubated with goat anti-mouse IgG conjugated Au NPs (Insight Biotechnology, UK), at a 1:20
dilution in PBS/5% normal serum block, for 1 hour in the dark. The grids were washed 6x with PBS
and incubated with 20µL of 1% v/v uranyl acetate negative stain, mixed with 2% v/v phosphotungstic
acid in a 1:10 ratio in de-ionised water, for 5 minutes. Excess dye was removed using filter paper at
45 ◦ and grids were then left to dry before analysis.

3.2.4.3 Total protein quantification

Total protein concentration of SEC isolated fractions was determined using the micro-BCA protein
assay (Thermo-Fisher Scientific, UK). 5µL of EV sample was incubated for 15 minutes on ice with
15µL of radioimmunoprecipitation assay (RIPA) buffer. The sample was then sonicated for 5 minutes,
before 10µL of the lysed solution was pipetted into a 96-well plate. Bovine serum albumin (BSA)
standards ranging from 0.5-200µg/mL was prepared. 5µL of the standards and unknown sample were
placed into respective microplate wells. 150µL of micro-BCA working reagent (25 parts Reagent MA,
24 parts Reagent MB and 1 part Reagent MC) was added to each well prior to the plate being placed
on a shaker for 30 seconds. The plate was sealed and incubated at 37◦C for 2 hours. After cooling
to room temperature the final absorbance readings were measured at 562 nm using a SpectraMax
(Molecular devices, USA) plate reader.

3.2.4.4 Capillary gel electrophoresis based chemi-luminescent western blot

To validate the SEC isolation, exosome presence was verified through western blot analysis via
capillary gel electrophoresis format. SEC fractions 3, 4, 5 and 6 were selected for analysis as they
possessed the highest ESP purity values (calculated as a ratio of ESP and total protein concentration).
Exosomal proteins Alix (97 kDa) and tetraspannins CD63 (57 kDa) and CD81 (26kDa) were probed in
HUMSCCM derived exosome samples. The same experiments were conducted for exosomes isolated
from plasma and urine, with the exception of CD81 which was replaced with CD9 (24kDa) due to a
perceived higher abundance of CD9 on urine derived exosomes.[339]

The protocol for the WES analysis is described as follows: 40µL of deionized water was added
to dithiothreitol (DTT) to make a 400 mM solution. 10µL of the respective SEC fraction was lysed
in 20µL RIPA buffer by incubating on ice for 15 minutes. The lysed solution was then diluted to a
working concentration between 0.2-1.0µg per µL with 0.1X proprietary sample buffer, before 4µL
was mixed with 1µL of proprietary loading buffer. The loading buffer was prepared by combining
20µL of 10x sample buffer, and 20µL of 400 mM DTT solution. Since the detection of tetraspannin
proteins requires non-reducing/native conditions, an additional 20µL of 0.1X proprietary sample buffer
was added in place of the DTT solution for these samples. Thus, all protein targets were detected
in separate capillaries. The samples and biotinylated ladder were then denatured on a 95 ◦C heat
block for 5 minutes, before being briefly centrifuged and loaded onto the detection module assay
plate. Anti-Alix was used at a 1:20 v/v dilution, whilst anti-CD63, CD81 and CD9 primary antibodies
were used at 1:10 dilutions. Corresponding mouse-reactive secondary antibodies were then added
followed by the chemi-luminescent substrate, comprising 200µL luminol-s and 200µL peroxide. The
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fully loaded plate was then centrifuged at 2000 RPM for 5 minutes before being inserted into the
WES system, in conjunction with a 13-capillary cartridge. Detection and quantification was conducted
via a CCD camera and the Compass software, version 3.1.7 (Protein Simple, USA). Anti-Calnexin
(W17077C, Biolegend) was used as a negative control to ensure that no cellular protein was present
in the chosen SEC fraction.

3.3 Results and discussion

3.3.1 SEC isolation of ESPs from complex matrices

NTA and protein analysis of the 20 fractions eluted from the self-prepared Econo-column and Izon
qEV column is displayed in Figure 3.1. Sepharose-CL2B filled columns are comprised of porous
agarose beads possessing a pore size of approximately 75 nm, compared to a 70 nm pore size for
the Izon column resin.[264] Particles larger than the pore size are unable to pass through the beads,
thus travelling in conjunction with void volume fluid between beads and eluting in earlier fractions
during the process. Smaller particles were able to pass through the resin beads via a tortuous elution
path, delaying their passage and elution from the column. One should note that, given the exosomal
size range, a majority of larger exosomes will not pass through the resin pores and instead elute via
alternative paths. Nonetheless the column still served the purpose of separating larger particles (often
associated with protein aggregates and MVs), creating an isolation size gradient that is reflected in
Figures 3.1A and B. A higher proportion of particles with a hydrodynamic diameter outside of the
exosome size range were eluted in earlier fractions. Subsequently, modal and mean size of eluted
particles started to enter into the exosome size range at fraction 4 for the Izon column, with these
particles being termed exosome size particles (ESPs). The Econo-column did not display elution of
particles above the 150 nm threshold despite using the same sample material. A possible explanation
could be that larger particles became trapped within the column along the eluting path, attributed
to a longer bed height. Similar particle size patterns during SEC elution with Sepharose-CL2B
were reported by DeMenezes-Neto et al., who demonstrated that particle size decreases during the
course of elution, with many particles smaller than 75 nm being eluted alongside non-exosome related
proteins.[340]
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Figure 3.1: ESP isolation from HUMSSCM using SEC: elution comparison between self pre-
pared Econo-column and commercial Izon qEV column. (A) Modal size comparison. (B) Mean
size comparison. (C) Econo-column ESP and protein elution. (D) Izon qEV column ESP and protein
elution. (E) ESP purity comparison across SEC fractions. Standard deviation determined from three
independent measurements.

The Econo-column dimension also underpins the delayed elution of high quantities of ESPs
and protein in fractions 11 and 15 respectively (Figure 3.1C). The shorter Izon column was seen to
elute ESPs in abundance from fraction 4 (Figure 3.1D), likely due to the shorter elution path length.
Both columns were effective in separating a large majority of non-exosomal colloidal protein in the
starting media from fractions possessing the largest quantity of ESPs, represented by a delay in
the appearance of total protein towards later elution fractions. Similar separation phenomena have
been shown by Welton et al. with almost identical overlap in fractions where ESP numbers begin to
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decrease and protein content begins to rise.[65] Welton’s work reported a 94.6% mean for total protein
removal from vesicle-relevant fractions, which aligned closely with our protein-vesicle separation
performance values of 97.6% and 89.2% for the Econo-column and qEV columns respectively. These
were calculated as the proportion of total particles that elute prior to a total protein concentration of
1µg mL−1.

The Izon qEV column displayed higher vesicle purity across 2 fractions, with elution fraction 4
possessing the greatest ESP purity of 1.6x1011 ESPs/µg of protein. This is compared to the Econo-
column which displayed comparatively lower vesicle purity across 4 fractions (Figure 3.1E). It is
proposed that this could be a symptom of the Econo-column’s inferior ability to elute ESPs across
a narrow range of fractions, i.e. displays a poor chromatographic resolution. This highlighted the
possibility of sub-optimal resin packing in the Econo-column. A lack of pressure and controlled flow
rate during column preparation was likely to result in agarose beads being packed inconsistently,
therefore compromising the vesicle purity to a degree. Additionally, the time required to allow column
material to settle, the formation of air bubbles and unpredictability of material flow is likely to result
in column to column variation, impacting elution reproducibility. One assumes the qEV columns to
have been prepared under quality controlled environments resulting in resin beds of greater integrity,
producing vesicle purities 2.7 fold greater than the Econo-column across relevant fractions. As a result
of these findings, the qEV route of SEC isolation was chosen as the method of choice for comparison
with other isolation techniques.

To further assess the efficiency of the isolation protocol, waste from the Amicon filter was analysed
with NTA, exhibiting an ESP concentration of 1.2x107 ESP/mL, a 5-order of magnitude decrease in
concentration from ESP-rich fractions. Whilst this was a small proportion of the total ESP concentration,
it agreed with findings that a degree of EV loss during isolation is common. Moreover, when explored
with TEM analysis, few or no vesicular bodies were seen in the waste fraction (Figure 3.2A), suggesting
a large majority of the particulates in the waste were protein aggregates which possess similar sizes
to vesicular bodies. Protein and ESP elution patterns seen with the qEV column (Figure 3.1D) are
supported by SEC fraction analysis using TEM, providing a representative insight into their contents
(Figure 3.2B-F). Fractions 4, 5 and 6 display the highest ESP concentrations and vesicular content
upon imaging (Figure 3.2B).
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Figure 3.2: TEM analysis of eluted SEC fractions using qEV Izon-column. Representative micro-
graphs of; (A) centrifugal filter waste, (B) fractions 4, 5 and 6, (C) fraction 10, (D) fraction 12, (E)
fraction 14, Scale bars: 200 nm. (F) Profile measurement of isolated vesicle from fraction 4. Scale bar:
100 nm. (G) Histogram of particle size distribution from Fraction 4.
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The complex appearance of the fractions eluted is indicative of the increased presence of proteins,
aggregates and general contaminants as seen in later elution fractions 10, 12 and 14 (Figure 3.2C-E).
These findings align strongly with the protein concentrations as characterised by the total protein assay
(Figure 3.1D) and with work conducted by Boing et al. and Karimi et al. previously.[64,101] In all, one
could assume the Izon isolation protocol results in minimal EV loss, as supported by NTA and TEM
findings. Figure 3.2F confirms the presence of membrane bound bodies in the fraction with the highest
ESP purity (fraction 4) and that the bodies existed within the exosomal size range of 30-150 nm. Profile
analysis of the micrographs identified vesicle membrane thickness to range between 4-6 nm (arrows in
Figure 3.2F and G), which matches previously recorded results for exosome bilayer thickness, further
supporting the assumption that these are vesicles of interest.[138,341] A quantitative representation
of extracted particle sizes from the micrograph of fraction 4 is displayed in Figure 3.2G, indicating a
mean size of 53 nm, falling at the lower end of the exosomal size range.

Although micrographs and NTA data alone cannot conclusively confirm the presence of exosomes
due to a lack of biological characterisation, this work clearly demonstrated the advantages of the
SEC protocol in isolating vesicles within the size range of interest and removing in excess of 85% of
contaminating proteins from ESP-rich fractions.

3.3.2 Impact of isolation method on yield, purity and particle size distribution

Isolated EVs from the SEC protocols were compared to EVs isolated from the more commonly used
DC method. Fractions displaying the highest purity from previous Econo-column and Izon column
isolations (fractions 14 and 4 respectively) were analysed against pelleted EVs from a DC isolation
protocol. Yield, purity and size distribution analysis are displayed in Figure 3.3.
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Figure 3.3: NTA analysis of EV isolates: comparison between DC and SEC isolation. Analysis
of (A) ESP purity, (B) ESP isolation yield, (C) particle size distribution of high purity fractions from DC
and SEC methods, (D) particle size distribution of SEC fraction 4 from the qEV Izon column, shaded
areas represent the standard deviation taken across the 5 video captures, (E) modal and mean particle
size and (F) percentage frequency of particle size ranges. Standard deviation determined from three
independent measurements.

Our SEC protocols successfully isolated an abundance of particulate material that is consistent
with the hydrodynamic diameter of exosomes.[65] DC was found to suffer from a lack of specificity in the
sedimentation of particulates, leading to the co-isolation of unwanted contaminants present in the cell
culture media. This is reflected in the lower vesicle purity of 8.27x108 particles/µg of protein as seen
in Figure 3.3A. The established purity values for the DC pellet match closely to values obtained by
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Webber and Clayton, who also suggested that ratios within this range should be considered as unpure,
thus requiring additional wash steps.[260] Downstream analysis of EVs of this DC sample may be
hindered by the large presence of non-EV material. Ratios obtained from the Econo-column and Izon
columns match purity values obtained by other SEC studies.[65,87] The purity of EV sample obtained
from the Econo-column can be deemed as moderate, whereas the qEV’s 2.1x1010 particles/µg ratio
indicated high levels of purity, suitable for application in diagnostics. This underlines the ability of
SEC to remove lipoproteins from vesicles of interest and the need to improve the resolution of the
Econo-column.

ESP yield from DC was also found to be lowest amongst the three isolation protocols (Figure
3.3B). This is surprising, as the nature of centrifugal based isolation allows for the sedimentation
of particulates in a non-specific manner, generally leading to larger numbers of ESP sedimenting.
Investigations by Gheinani et al. support our findings for elevated co-isolated protein with centrifugation
based isolation, but also indicated that higher yields were achieved compared to SEC and precipitation
isolation techniques.[339] A possible explanation of the contradictory findings in this work could be the
loss of ESPs during the removal of supernatant in each step of the DC protocol. Another possibility
is the aggregation of particles in later stages of DC, where high centrifugal forces are employed,
resulting in larger bodies and reduced particle numbers, as reflected in the wider ranging particle size
distribution (Figure 3.3C).

These findings favour SEC as a method to provide particles of superior monodispersity compared
to DC (Figures 3.3C). The Izon column was seen to provide a narrow size distribution range compared
to the Econo-column whilst also producing particles with a lower modal (89 nm) and mean size than
the other adopted approaches (Figures 3.3D,E). DC was shown to produce a significant proportion
of particles in excess of the exosomal size range (43.1%) compared to SEC based methods, with
both columns eluting in excess of 80% of their particles within the size range of interest (Figures
3.3F). It should be noted that monodispersity and size of isolated particles was not necessarily an
indicator for successful exosome isolation, but instead an approximate guide for reduced contaminant
presence, aggregation and damage to particles. It is reasonable to assume that a greater proportion
of particles within the exosomal size range indicates greater integrity, recovery and structural quality of
isolated vesicles. Similar findings have also been shown by Games-Valero et al. and Mol et al. [93,331]

These findings underline DC’s unsuitability for isolating EVs for validation of sensing platforms when
compared to SEC.

3.3.3 Protein characterisation of SEC isolated EVs

In order to validate the SEC isolation protocol using qEV Izon columns, confirmation of the presence
of exosomes amongst the ESPs was required. Western blot analysis against cytosolic and membrane
integrated proteins successfully identified exosome enriched proteins Alix and CD81 in fractions 4, 5
and 6 (Figure 3.4). The notable exception was CD63, which was more prominent in fractions 3, 4 and
5. This underlines the heterogeneity of protein expression amongst exosomes and the importance of
looking at multiple biomarkers when attempting to select an exosome rich sample for further analysis.
Fractions 4 and 5 were shown to contain vesicles expressing all three markers and are also the
fractions possessing the highest concentrations of ESPs, thus agreeing with previous NTA findings
(Figure 3.1D).
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Figure 3.4: Capillary gel electrophoresis based chemi-luminescent western blot of Izon qEV
fractions 3, 4, 5 and 6, isolated from HUMSCCM. Mw bands indicate presence of exosome specific
proteins; cytosolic Alix (93 kDa), membrane integrated CD63 (57 kDa) and CD81 (26 kDa).

This result confirms that a significant proportion of isolated particles were exosomal in nature,
due to the lack of these proteins in micro-vesicles or other ESPs. These exosomal marker pro-
teins have previously been identified in SEC isolated samples by Baranyai et al. and Benedikter et
al. amongst others.[90,263] The characteristic smear for CD63 ranging between 25kDa to 60kDa was
seen inconsistently, with often a single band at 57kDa being present, indicating variable levels of
CD63 glycosylation.[342] Alix protein functions as part of the programmed cell death pathway and was
identified in the dimeric form at 93 kDa, with additional bands of lower Mw identified as monomeric
fragments of Alix.[343] Bands in the region of 26 kDa were also seen in fractions 4 and 5, indicative of
CD81 presence, thus confirming the expression of 3 exosome-enriched markers.

Having identified tetraspannin CD63 in lysed exosome samples from HUMSCCM, the membrane
protein was visualised using immuno-gold EM (Figure 3.5). Here, goat anti-mouse secondary antibod-
ies, conjugated to 5 nm Au NPs, were used as probes against CD63. Analysis using TEM identified
vesicular bodies with Au NPs bound to the surface membrane, indicating the presence of CD63 protein.
The size of vesicles carrying Au NPs matched the sizes of vesicles previously analysed via TEM and
NTA, supporting the theory that these were the same sub-type of vesicles previously isolated. This
complementary characterisation technique has been previously employed by Helwa et al. and Sakha et
al. who both positively probed for CD63 in UC and SEC derived exosomes respectively.[100,127] These
images reinforce the structural integrity and phenotype of the vesicles, allowing at least a proportion to
be classed as exosomes. It is important to note that the ESPs detected with TEM exhibit smaller sizes
than characterised on NTA, which is often explained by dehydration of the ESP during the imaging
process. As an alternative verification measure, cytosolic proteins such as Alix or TSG101 could also
have been identified by permeabilising the surface membrane of the exosomes, to allow access to
antibody and Au NP probes.[344]
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Figure 3.5: Immuno-gold EM micrographs of qEV SEC fraction 4. Secondary antibody conjugated
gold nanoparticles are bound to surface CD63 protein. Scale bars: 100 nm.

3.3.4 SEC isolation of exosomes from biofluids

SEC using an Izon qEV column was also explored as an exosome isolation technique using biological
matrices in the form of human plasma and urine, with size and protein expression being compared.
NTA derived ESP concentrations from SEC fractions of cell-culture media, urine and plasma are
displayed in Figure 3.6A. Urine and HUMSCCM eluted the highest ESP concentration in fraction 4,
whilst with plasma, ESPs were slightly more abundant in fraction 5. It is evident that plasma and
cell-culture media displayed similar elution profiles in terms of ESP quantity, with maximum ESP elution
of 1.2 and 4.3x1011 ESPs/mL respectively. These findings suggest that ESP quantities decreased
significantly after fraction 4 for HUMSCCM, but remained elevated for plasma, indicating that the
overall concentration of ESPs within the source material is far higher, to a point where the SEC
column may have been saturated with ESPs, preventing it creating an effective size gradient. Urine
sourced fractions were shown to display concentrations up to two-orders of magnitude lower, despite
undergoing identical pre-isolation enrichment steps. This was possibly a result of the renal filtration
process and the lack of circulating cells and platelets, which are known to ordinarily contribute a large
proportion of exosomes in the blood.[134]
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Figure 3.6: SEC isolation comparison between source media using Izon qEV column. (A) ESP
concentration on a log-scaled axis and (B) modal size comparison across SEC fractions. (C) Particle
size distribution for SEC fraction 4 sourced from HUMSCCM and (D) fraction 5 sourced from plasma.
(E) Particle size distribution for SEC fraction 4 sourced from urine. Standard deviation determined
from three independent measurements.

Modal sizes of SEC fractions again show close alignment between all matrices, with particle sizes
ranging between 70 nm and 138 nm across the fractions of interest (4 and 5) (Figure 3.6B). Size
distribution analysis was able to provide a snapshot of size heterogeneity in the SEC fraction displaying
the highest ESP concentration (Figure 3.6C-E). Size profiles for plasma and HUMSCCM are largely
similar, with the majority of particles residing within the exosome size range. Urine analysis identified
a significant number of larger particles, many of which had a diameter in excess of 150 nm.

Verification of exosome presence was again confirmed using capillary format western blotting.
Figure 3.7 shows the presence of Alix protein in plasma derived fractions 5 and 6. CD9 expression
was detected in the same fractions, however, CD63 was not detected in fraction 5, instead appearing
later in the isolation process. This further reflects the heterogeneity of tetraspannin expression across
isolated vesicles. It also stresses caution in assuming fractions with the highest ESP counts are those
of most biomolecular relevance.
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Figure 3.7: Capillary gel electrophoresis based chemi-luminescent western blot of Izon qEV
fractions 4, 5, 6 and 7, isolated from human plasma. Mw bands indicate presence of exosome
specific proteins; cytosolic Alix (93 kDa), membrane integrated CD63 (57 kDa) and CD9 (24 kDa).

The same protein markers were probed in SEC fractions isolated from human urine (Figure 3.8).
In contrast to the plasma samples, all the markers were present in all four fractions that were analysed.
This would suggest that exosomes of varying size express these markers. Both CD9 and CD63
Mw bands appeared as a smear, which was likely attributed to a higher degree of glycosylation of
these surface proteins, as has previously been reported.[342] The extent of protein modification is not
an inconsequential finding, as this would affect the ability of sensing platforms to probe underlying
proteins, as well as having implications for protein sequestration.[213]

MW Ladder F3  F4  F5  F6 F3  F4  F5  F6 F3  F4  F5  F6

Figure 3.8: Capillary gel electrophoresis based chemiluminescent western blot of Izon qEV
fractions 4, 5, 6 and 7 isolated from human urine. Mw bands indicate presence of exosome
specific proteins; cytosolic Alix (93 kDa), membrane integrated CD63 (57 kDa) and CD9 (24 kDa).
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Collectively, this data validated the SEC protocol for isolation of exosomes of structural and
biological integrity from complex biological matrices, supporting the use of SEC for exosome purification
in diagnostic applications.

3.4 Conclusions

Investigations in this chapter looked to establish a gravity based SEC isolation protocol for exosome
extraction from a range of starting materials and to compare the ESP elution to the more commonly
utilised DC. A commercially available qEV Izon column was found to provide superior particle monodis-
persity, with a greater frequency of isolated particles within the exosomal size range (95% of total
ESPs) compared to a self-prepared column (82%). Both SEC columns were shown to extensively
separate extra-vesicular protein from the majority of ESPs, as shown by NTA, microBCA and TEM
analysis, with the commercial Izon columns providing a greater vesicle purity in excess of 1010 ESPs
per µg of protein, likely due to more consistent resin packing. DC, by comparison, resulted in impure
vesicles, a wider range of particle sizes, potentially due to co-isolation of contaminants and aggregation
of vesicles, raising questions over its suitability for pre-sensing isolation applications.

Whilst we cannot guarantee all isolated ESPs were exosomes without analysing them on an
individual level, a significant number of isolated ESPs were confirmed as exosomes by capillary
western blotting, followed by immuno-gold EM analysis. The detection of exosome specific proteins
CD9, CD63, CD81 and Alix, validated the exclusion protocol as being able to isolate exosomes from
cell culture media, and also biofluids such as human plasma and urine. These results mark one of
the few times that exosomal proteins have been detected using a capillary format, as opposed to
traditional gel cassette based western blotting. This method was able to identify proteins of interest
with 1µg of total protein, whereas traditional blots require in the region of 10-20µg. Considering
the limited sample volume available post-isolation, the capillary based method of detection offers
clear advantages in being more sensitive, thus requiring less isolate. In contrast, multiple isolation
procedures are often required to harvest sufficient exosomal material to satisfy protein requirements
of traditional blotting. Therefore, it is proposed that capillary based gel electrophoresis coupled with
chemi-luminescence should be used as the gold standard method for protein detection with exosome
samples.

This initial set of findings provides a reliable method of exosome isolation for application in
downstream experimental biosensing approaches, namely the detection of exosomal surface markers
using a combination of immunosensing and acoustic wave analysis.



Chapter 4

Acoustic immunosensing of exosomes
using a quartz crystal microbalance with
dissipation monitoring (QCM-D)

Disclosure: This chapter is an adapted version of a publication: ”Acoustic Immunosensing of
Exosomes Using a Quartz Crystal Microbalance with Dissipation Monitoring.” Suthar, J., Parsons, E.
S., Hoogenboom, B. W., Williams, G. R. and Guldin, S. Anal. Chem, 2020, 92, 4082-4093.[1]

4.1 Introduction

Chapter 3 describes a validated SEC protocol for effective isolation of CD63-positive exosomes from
a variety of biological media. Moreover, these exosomes were found to be of high purity and yield,
therefore, these isolates can be described as being ready for downstream biosensing exploration, due
to minimal interference from unwanted lipoproteins and other non-exosomal artefacts.[87]

4.1.1 Current limitations of exosome characterisation

The successful implementation of conventional characterisation approaches thus far, such as NTA,
are unsuitable for miniaturisation. Whilst microBCA total protein assays and TEM techniques destroy
the sample, preventing onward analysis. Another limitation of these methods is an ability to discern
between exosomes and other EVs, protein aggregates and lipoproteins. Given the added complexity
of exosome heterogeneity, this raises a challenge of specific exosome phenotyping in complex
physiological fluids.[78] Section 1.5 provides a thorough review of the field’s most novel application of
detection principles to transduce the detection of exosome analytes and overcome issues of specificity
for real world application. This is primarily achieved through automation and miniaturisation of exosome
screening using microfluidics, and lab-on-a-chip approaches to match the clinical demand of patient
stratification in a minimally invasive manner. These advancements offer real-time measurements at a
sensitivity that makes the use of exosomes in liquid biopsy diagnostics a strong possibility. Nonetheless,
many of these principles (SPR, electrochemistry, interferometry, refractometry, SERS) are limited
by their ability to distinguish between exosome and non-specific or background binding.[345,346] Qiu
et al. was able to overcome background fluctuations and interference in a photoelectrochemical
biosensor by using a ratiometric aptasensor, which spatially-resolved dual signal read-outs from
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two working electrodes.[347] Recently, Yu and colleagues successfully employed a carbon nanotube
modified pressure electrode to discern between human serum biomarkers and an analyte of interest
(carcinoembryonic antigen).[348] This is an essential consideration, as not all circulating particles are
exosomal in composition, potentially leading to a false positive results if not appropriately distinguished
from other colloidal contaminants.

4.1.2 Immunosensing of analytes transduced by QCM-D

Acoustic based detection in the form of quartz crystal microbalance with dissipation (QCM-D) mon-
itoring, can leverage differences in mechanical properties between exosomes and associated con-
taminants in colloidal suspension, offering a level of analytical discrimination not previously reported
for exosome sensing. As described in Section 2.4.1, QCM-D is capable of characterising interfacial
structure, binding kinetics, molecular affinity and mechanical properties of the adsorbent.[349] This is
achieved with label-free and real-time measurements, with a potential for miniaturisation.[292,350] With
exosomes being below 150 nm in diameter, they fall within the typical penetration depth of the QCM-D
acoustic wave in liquid, which is approximately 250 nm.[351]

As described in Section 1.4, a common biorecognition approach that is paired with detection
platforms is immunosensing via the use of antibodies. The application of an immunosensor platform
transduced by QCM-D, exploits the specific binding between an antibody ligand and antigen analyte
to build analytical assays based on the impedance and dissipation of sensor oscillation. Uludag
et al. demonstrated the technique’s applicability for the detection of the cancer biomarker prostate
specific antigen.[352] Pirincci et al. evaluated a competitive immunoassay for QCM-D based detection
of mycotoxin ochratoxin A.[353] Tang and co-workers devised an immunoassay which exploits the
frequency change upon glucose displacement of bound concanavalin-A-complex to detect brevetoxin
down to 0.6 pg mL−1.[354] Salmonella was detected in food by QCM-based immuno-detection by
Flugione and colleagues.[355] Despite these attributes and example works, QCM-D has yet to be
exploited for exosome characterisation.

4.1.3 Chapter aims

In this work, a direct immunoassay of CD63-positive exosomes using QCM-D is explored. After
successfully isolating and characterising exosomes, an optimal antibody immobilisation approach is
identified by comparing the performance of a covalent and affinity fabricated sensor to spiked samples
of CD63 protein. The chosen sensor fabrication method is validated for performance by assessing its
sensitivity towards varying concentrations of spiked CD63. The platform is subsequently tested with
purified CD63-positive exosomes in buffer. The specificity, LOD and LOQ of the approach are then
determined towards exosomes spiked in complex media (75% v/v human serum), by comparing the
target platform performance to a control surface. QCM-D responses are validated by complimentary
in-liquid AFM measurements for the presence of vesicle particles on both target and control surfaces.
The re-use of the immunosensor is also assessed by applying cycles of a ligand regeneration solution
followed by re-testing with exosome analyte.
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4.2 Experimental

4.2.1 Materials

Materials were sourced as follows, anti-mouse detection module for a WES machine and 12-230 kDa
WES separation modules were acquired from Protein Simple (Biotechne, USA). For isolation and
sample preparation, acquired materials included: qEV original SEC columns (Izon Science,UK),
0.45µm filters (Merck Millipore, USA), HEPES buffered saline (HBS, 0.01M HEPES, pH 7.4, 0.15M
NaCl) (GE Healthcare Life Sciences, Sweden), Amicon Ultra-15 centrifugal filters (Merck Millipore,
USA), 100 nm polystyrene beads (Thermofisher Scientific, UK), RIPA buffer (Sigma Aldrich, USA),
mouse monoclonal anti-CD63 (353013, Biolegend UK), mouse anti-Alix (634502, Biolegend UK),
mouse anti-calnexin (W17077C, Biolegend). For QCM detection, SH-PEG (polyethylene glycol 2 kDa)-
COOH and SH-PEG (2 kDa)-CH3 (Laysan Bio, USA), SH-PEG (2 kDa)-Biotin (Laysan Bio, USA),
SH-OEG (Oligomer 800 Da)-COOH (Polypure, Norway), mouse monoclonal biotinylated-anti CD63
(353017, Biolegend UK), CD63 (Sinobiological, China), streptavidin (Sigma Aldrich, USA), biotin-IgG
isotype control antibody (400103, Biolegend UK), human serum (Sigma Aldrich, USA). 5 MHz gold
coated QCM sensors were purchased from QuartzPro, Sweden.

4.2.2 Exosome isolation and characterisation

SEC isolation of a distinct batch of ESPs from HUMSCCM was conducted following previously detailed
methods in Section 3.2.3.2. NTA analysis of 20 SEC fractions was conducted as described in Section
3.2.4.1. Total protein concentration of SEC isolates was determined using the micro-BCA protein
assay as reported in Section 3.2.4.3.

To validate the SEC isolation, exosome presence was verified through western blot analysis via
capillary gel electrophoresis format, using the method described in Section 3.2.4.4. SEC fraction 4 was
selected for analysis as it possessed the highest ESP purity of 1.6x10 10 ESPs /µg of protein. Exosomal
proteins Alix (97 kDa) and tetraspannin CD63 (57 kDa) were probed using mouse monoclonal anti-Alix
and mouse monoclonal anti-CD63 as primary antibodies.

4.2.3 QCM-D measurements

4.2.3.1 General methods for QCM-D apparatus set-up and sample preparation

All QCM-D measurements in this work were carried out using a Q-Sense E4 instrument (Biolin
Scientific, Sweden). Analysis of frequency and dissipation response was conducted using the QTools
software, version 3.0.17.560 (Biolin Scientific, Sweden). Changes in resonance frequency (4f ) were
recorded from the third, fifth, seventh, ninth and eleventh overtones. The presented data relate to the
5th overtone, with variation of (4f ) between overtones being 10% or less. In all instances, samples
were degassed prior to exchange in the QCM flow module and AT-cut 5-MHz gold coated quartz crystal
sensors with a 0.79 cm2 active area (Biolin, Sweden) were used. The reproducibility of the fabrication
process was ensured by preparing all analytes using the same HEPES buffered saline (HBS) stock
solution or serum stock to minimise impact of buffer properties during sample exchange. These
were prepared to identical volumes (0.25 mL per sensor). All reagents were sourced from the same
suppliers throughout the study to avoid influences of differing characteristics or quality. In all cases,
the analyte was flowed at 10µL/min and a sensor was routinely reserved for baseline measurement,
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to account for drift and background changes induced by buffer exchange. Frequency and dissipation
responses are reported net or post-buffer rinse, to account for the removal of weakly bound analytes.

4.2.3.2 Optimisation of sensor functionalisation

An optimal antibody immobilisation procedure was first developed comparing a covalent and affinity
based approach. The covalent approach involved the formation of a self-assembled monolayer
(SAM). A 1 mM ethanolic solution of SH-PEG(2 kDa)-COOH and SH-PEG(2 kDa)-CH3 in a 1:3 mol/mol
mixture was flowed across the sensor surface at 7.5µL/min overnight. The molar concentration
was used as per previous SAM optimisation studies.[356] Carboxylic acid end groups were activated
with an equal parts solution of EDC crosslinker (0.4 M stock) and NHS (0.1 M stock) in pH 5.5 2-(N-
morpholino)ethanaesulfonic acid (MES) coupling buffer (50 mM) at 7.5µL per minute for 30 minutes.
20µg/mL of mouse monoclonal anti-CD63 was immobilised on the surface by binding the amine group
of the antibody to the activated carboxylic acid group on the functionalised sensor. This was conducted
at 10µL/min, in pH 7.4 HBS buffer. Unbound active groups were de-activated with 1 M ethanolamine
for 20 minutes at 40µL/min. This preceded a rinse step with HBS buffer at 80µL/min and response
stabilisation for 30 minutes prior to sample addition.

The affinity based approach utilised an alternative SAM. Here, a 1 mM ethanolic solution of SH-
PEG (2 kDa)-biotin and spacer molecule SH-OEG (800 Da)-COOH at a 1:9 mol/mol ratio was flowed
across the sensor surface at 7.5µL/min overnight. The molar ratio is based on optimised protocols in
previous sensing studies.[357,358] A 100µg/mL solution of streptavidin (SAv) (Sigma Aldrich, USA) was
flowed across the sensor surface at 10µL/min, followed by a rinse step of HBS at 80µL/min for 15
minutes. 20µg/mL of mouse monoclonal biotinylated-anti CD63 was immobilised on the surface at
10µL/min, followed by another rinse step and response stabilisation for 30 minutes prior to sample
addition.

Both covalent and affinity functionalised platforms were compared for a response to a sample
spiked with freely circulating CD63 protein at a concentration of 2µg/mL. The protein is a recombinant
protein of 112 amino acids, with no post-translational modification and an estimated molecular weight
of 22.8 kDa. The protein has four transmembrane domains, with two extracellular amino acid chains
and a single intracellular amino acid region. The lyophilised formulation was reconstituted in HBS
buffer to the required concentration prior to analysis.

4.2.3.3 Detection of spiked-CD63 protein and CD63-positive exosomes

The affinity based approach was chosen as the method of choice for the following investigations.
Immunosensor functionality towards spiked CD63 and exosomal CD63 was assessed. Spiked samples
of CD63 at 1.25, 2.5, 5, 10, 20, 40, 80, 160 and 320 nM were used to determine the platform’s sensitivity
towards the target antigen in HBS buffer. Performance towards exosomal CD63 was initially assessed
by measuring responses to SEC fractions 3, 4, 5, 6 and 7 isolated from the qEV Izon column, following
a 100-factor dilution in HBS buffer. Sensitivity towards CD63-positive exosomes in HBS buffer was
tested using dilutions of fraction 4 from SEC isolations, with concentrations being verified by NTA. The
following concentrations were assessed: 1x108, 2.5x108, 5x108, 7.5x108, 1x109, 5x109, 1x1010 and
5x1010 ESPs/mL. The same concentrations of ESPs were spiked into 75% v/v serum to determine
platform sensitivity towards CD63-positive exosomes in more complex media. Determination of
specificity and SNR required response comparison with a control sensor surface. Here, biotin-IgG
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isotype control antibody was used instead of biotin-antiCD63. Binding response was compared to
a target sensor against a 5x109 ESPs/mL sample in HBS buffer and 1x109 ESPs/mL, spiked in 0%,
25%, 50% and 75% v/v serum. For the purpose of this work, LOD and LOQ were defined as the
concentration eliciting a signal-to-noise ratio (SNR) of 3 and 10 respectively, as governed by best
practice.[359] SNR was calculated as a ratio of the response seen on the target sensor and on a control
sensor surface.

4.2.3.4 Non-specific protein adsorption measurement

The degree of non-specific protein binding with different SAM surfaces was assessed to gauge the non-
fouling properties of the thin films, prior to activation. Different SAMs on sensor surfaces were formed
using 1 mM ethanolic solutions of SH-OEG (800 Da)-COOH, 1:3 molar mixture of SH-PEG (2 kDa)-
COOH and SH-PEG (2 kDa)-CH3, 1:9 molar mixture of SH-PEG (2 kDa)-Biotin:SH-OEG (800 Da)-
COOH and 11-mercaptoundecanoic acid (MUA) respectively. Solutions were flowed individually across
respective sensor surfaces at 7.5µL/min overnight. Post-incubation, sensors were rinsed with 95%
ethanol for 15 minutes followed by a rinse with PBS at 80µL per minute until a stable baseline was
achieved. A 0.1% w/v BSA solution in PBS was flowed across the sensor at 20µL per minute to
allow for non-specific protein adsorption, followed by a PBS rinse to remove loosely adsorbed protein.
Changes in frequency and dissipation between sensor surfaces were monitored and compared in real
time.

4.2.3.5 Determination of mass-transport limited binding

For determination of diffusion limited binding kinetics, a sample with a ESP concentration of 5x109

ESPs/mL in 75% v/v serum was flowed across 3 affinity functionalised sensors at increasing flow rates
of 10µL/min, 80µL/min and 120µL/min. The rate of change in frequency for each flow rate was plotted
as a function of the cube root of the flow rate. A linear relationship held the rule of mass-transport
limited binding as per literature reports.[360]

4.2.3.6 Sensor regeneration and re-use

Sensor regeneration was investigated by flowing two samples of known concentration (7.5x108 and
1x109 ESPs/mL) across parallel sensors following affinity functionalisation. Post-binding of CD63-
positive ESPs, the antibody detection surface was regenerated with 100 mM glycine solution (pH 2.0),
followed by a re-addition of both ESP samples to assess the re-usability of the sensing surface. A
rinse step followed every addition of ESP sample and regeneration solution. This cycle was repeated
a total of 4 times.

4.2.4 Surface characterisation

4.2.4.1 Contact angle goniometry

Contact angle measurements were performed using a Krüss DSA100 goniometer (Krüss GmbH,
Germany) equipped with a CCD camera. Advancing contact angles were measured by the sessile
drop method, using deionised water with drop volumes of 3µL. The data were analysed with the DSA1
Drop shape analysis software. The results shown are a mean of three measurements performed
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on gold-sensors after the formation of SAMs as described above. Experiments were conducted in
triplicate to determine standard deviation.

4.2.4.2 X-ray photoelectron spectroscopy

XPS spectra were acquired with a K-Alpha X-Ray system (ThermoFisher Scientific, UK) equipped with
a 180 ◦ hemispherical analyzer, an aluminium K-alpha micro-focused monochromator (1486.68 eV)
with a 100 W power source, and measurements performed in constant analyzer energy mode. Pass
energy was set to 50-200 eV, base pressure in the analysis chamber below 2x10−8 Pa, energy step
size 0.1 eV and total scan numbers of 15 and 30 were used for survey and high resolution scans
respectively. Peak areas were quantified and corrected for atomic sensitivity from high-resolution
elemental surface spectra using C1s, O1s, S2p and Au4f core levels. XPS spectra were fitted using
smart background and Shirley peak profiles, confirming the binding of SAMs to the metal surface
using the Casa XPS software (Casa XPS Ltd, UK). Variations of O1s, S2p and C1s signal ratios
with respect to Au4f signal ratios were correlated with the presence of the various chemical species.
Energy calibration was conducted using the C1s peak of hydrocarbon contamination as a reference.
XPS analysis was carried out within 2 hours of rinsing the gold-coated sensors after incubation for
SAM formation as described above.

4.2.4.3 Atomic force microscopy

AFM was carried out on ultra-flat gold substrates (Platypus Tech, USA) with a Multimode 8 instrument
(Bruker, USA), using imaging based on fast force spectroscopy (PeakForce Nanomechanical mapping)
with 1 kHz oscillation frequency and 5 nm amplitude. Imaging was conducted in solution with a PF-
HR-B probe (Bruker, spring constant = 0.12 N/m, resonance frequency = 100 kHz in air). Filtered HBS
was used as an imaging buffer. Substrates were incubated overnight in the SAM solution at room
temperature. Surfaces were functionalised with identical SAv and antibody solutions as used in the
affinity approach, by introducing and washing directly within the liquid-cell. For assessment of ESPs
in buffer and serum, 100µL of 5x109 ESPs/mL in HBS buffer and 1x109 ESPs/mL in 75% v/v serum
were introduced into the chamber respectively. This was followed by incubation for 30 minutes, prior
to washing with 1 mL of HBS buffer and image capture. Images were processed using Gwyddion
software (Version 2.5) by first aligning rows using a median of differences correction. Images were
then flattened using mean plane subtraction. A 3-pixel (∼ 6 nm) Gaussian filter was applied to reduce
image noise. Height and diameter profiles of particles were taken as an mean from 15 detected
particles across three micrographs.

4.3 Results and discussion

4.3.1 SAM formation and characterisation

The first step in effective sensor functionalisation for immunosensing was the formation of a SAM
at the surface of the gold substrate. SAMs based on single molecules (11-MUA, SH-OEG (800 Da)-
COOH) and mixed monolayers (SH-PEG (2 kDa)-Biotin:SH-OEG (800 Da)-COOH, SH-PEG (2 kDa)-
COOH:SH-PEG (2 kDa)-CH3) were formed by overnight incubation within the QCM chamber, relying
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on chemisorption between thiol and the gold surface. Following rinsing with ethanol, the presence and
properties of the SAMs were elucidated.

Table 4.1 lists contact angle characterisation of sensor surfaces post SAM functionalisation, using
the advancing angle sessile drop method. Contact angle provided a good representation of the surface
modifications induced by functional end-group properties of respective SAMs. All angles were found
to be below 90 ◦, suggesting all surfaces to be hydrophilic in nature. Bare gold surfaces possessed
mean contact angles of 62.1 ◦, matching previous findings.[361] Cerruti et al. previously demonstrated
COOH end group monolayers to possess hydrophilic properties,[362] which is reflected in the significant
reduction in contact angle to 35 ◦ and 31.3 ◦ for 11-MUA and OEG-COOH SAMs respectively.

Table 4.1: Contact angle and XPS elemental ratio data for gold functionalised SAM.

Fig.
ref.

SAM sample Contact
angle◦

Au:C ratio Au:O ratio C:O ratio

4.1a Bare sensor 62.1± 4.1 2.4± 0.1 27.2± 0.2 11.2 ± 0.2

4.1b 11-MUASAM 35.0± 1.7 1.7± 0.1 4.6± 0.1 2.7± 0.1

4.1c OEG-COOHSAM 31.3± 1.9 0.9± 0.1 1.0± 0.1 1.0± 0.1

4.1d PEG-
CH3:COOHSAM

45.2± 2.1 1.1± 0.1 1.6± 0.2 1.4± 0.1

4.1e PEG-Biotin:OEG-
COOHSAM

39.9± 1.2 0.9± 0.1 1.5 ± 0.2 1.6± 0.3

Conversely, the addition of hydrophobic biotin endgroups in a 10% molar ratio induced a higher
angle of 39.9 ◦.[363] Similarly, the incorporation of hydrophobic end groups in the form of PEG-CH3

resulted in a contact angle of 45.2 ◦. These results suggest that bare gold is more hydrophobic in
nature than any of the SAMs. It is likely that the hydrophilic nature of PEG and its large Mw influence
the properties of the surface significantly. The contact angle measurements align with surface property
expectations in terms of the hydrophobicity and hydrophilicity of the selected surface molecules,
suggesting successful SAM formation.

XPS was used to confirm chemical modification of gold sensor substrates after incubation with
respective SAM solutions. High resolution spectra for Au4f, S2p, O1s, and C1s elemental species
are displayed in Figure 4.1. The Au4f band was used to derive quantitative data on the addition of
chemical species after SAM formation. Firstly, no sulphur species was detected on the bare gold
surface, whereas discernible S2p peaks were identified for PEG-thiol and 11-MUA SAMs, providing
initial confirmation of thiol SAM adsorption at the gold surface. Au:C, Au:O and C:O ratios were
calculated to estimate coverage of molecular species with respect to the Au substrate. Table 4.1
highlights Au as being the dominant elemental species on the bare sensor, despite a considerable
quantity of contaminating surface carbon. The addition of long chain alkane-thiol 11-MUA increased
the presence carbon species as expected, reducing the Au:C ratio from 2.43 to 1.70. The presence of
oxygen species in the carboxylic end groups significantly reduced the Au:O ratio from 27.17 to 4.67,
whilst also reducing the C:O ratio to 2.75, indicating significant presence of oxygen containing species
compared to the non-functionalised bare sensor (Figures 4.1A,B). Addition of PEG-thiol and OEG-thiol
SAMs introduced larger molecules with greater oxygen and carbon content than 11-MUA. This is
reflected in the lower Au:C and Au:O ratios respectively. It is assumed that the relative reduction in Au
presence in the spectra is attributed to the greater PEG-thiol molecule size as opposed to improved
SAM coverage.
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Figure 4.1: XPS data for SAM functionalised gold coated quartz crystal sensors. Au4f, C1s, O1s and S2p high resolution spectra for; (a) bare gold
sensor, (b) 11-MUASAM , (c) OEG-COOHSAM , (d) PEG-COOH:CH3SAM , (e) PEG-Biotin:OEG-COOHSAM .
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Moreover, the reduction in oxygen containing carboxyl groups in methylated and biotinylated
monolayers is reflected in higher Au:O and C:O ratios. C1s peaks are seen at 284.4 eV indicating
a high presence of aliphatic carbon at the surface.[364] The relative abundance of carbon could be
a result of introducing the larger PEG molecule, with carbon dominating the elemental detection
compared to a OEG-COOH or 11-MUA SAM. C1 peaks at 288.8 eV and 289 eV were seen for all three
COOH containing SAMs (11-MUA, OEG-COOH and PEG-Biotin:OEG-COOH), confirming thiol-carbon
and O=C-O presence. This is coupled with O1s peaks at 534.5 and 533.6 eV attributed to C-O and
C=O respectively.[365] These findings may also suggest that the mixture of long and short chain PEG
molecules produced a SAM of higher density. Collectively, these results display clear differences
between bare and functionalised sensors. The elemental ratios, peak heights, contact angles and
frequency changes aligned very well with the expected chemical species, thus allowing one to conclude
that the desired SAMs have formed successfully, with significant coverage across the sensor surface.

The in-situ formation of the SAM within the QCM chamber was tracked for frequency and dissipation
response, with example profiles displayed in Figure 4.2A and B. A decrease in frequency suggested
a binding of thiolated molecules to the sensor surface. The largest net decrease, witnessed for
PEG-COOH:PEG-CH3, is likely attributed to the high molecular weight of the mixture relative to the
other monolayers. This is supported by the smallest frequency change with 11-MUA being matched
by the alkanethiol possessing the lowest Mw of the systems explored. One should note that some
frequency drift was observed for 11-MUA and PEG-Biotin SAMs. This could be a result of additional
molecules being adsorbed on top of the formed monolayer, which are subsequently removed upon
rinsing as depicted by a small increase in frequency. Dissipation response display the formation of
dense monolayers and support a thickness estimation of 3 nm. The alkanethiol displayed minimal
viscoelasticity compared to PEG and OEG containing SAMs, where the softness of the layer translated
to higher energy dissipation at the interface.

A key consideration in selecting a SAM for onward use in our study was to determine the optimal
composition that minimises non-specific protein binding. As shown in Figure 4.2C, SAMs which
possessed more hydrophilic properties were found to have a greatly decreased propensity for fouling
by non-specific protein (BSA) binding. This was particularly the case for OEG and PEG containing
SAMs compared to 11-MUA, due to the added steric hindrance to BSA binding. The display of
hydrophilic end groups for both PEG-Biotin:OEG-COOH and OEG-COOH SAMs led to strongest
non-fouling properties, with a negligible difference between their performance. The former possesses
the added advantage of offering affinity routes for antibody immobilisation. All these findings were in
line with the contact angle data (Table 4.1) and with previous studies.[366] From these findings, the
mixed SAMs formed by PEG-Biotin:OEG-COOH and OEG-COOH was determined to be optimal for
use in this study, due to its ability in minimising non-specific artefactual binding.
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Figure 4.2: SAM formation and non-fouling properties. (A) QCM-D frequency and (B) dissipation
analysis of in-situ overnight SAM formation. (C) Frequency response profiles of various monolayers
after testing with 0.1% BSA solution.

4.3.2 Immunosensor functionalisation

Prior to sensing exosomes, an appropriate antibody immobilisation procedure was investigated. A
covalent approach utilising amine-coupling to directly bind anti-CD63 antibody was compared with
an affinity driven approach. Amine-coupling relied on the activation of carboxyl end-groups on a
SH-PEG-COOH:SH-PEG-CH3 mixed monolayer using carbodiimide chemistry to cross-link the amine
residues found in lysine groups present in the antibody structure.[160] The affinity approach exploited
the binding between streptavidin (SAv) and biotin, the strongest naturally occuring non-covalent
association (Kd = 10−14 M−1).[367] SAv’s four binding sites were used to bind to biotin end-groups on
a SH-PEG-Biotin:SH-OEG-COOH mixed monolayer and biotin-functionalised anti-CD63 antibodies
(Figure 4.3A).[368]

Example QCM frequency response profiles during the layer formation of the respective approaches
are shown in Figures 4.3A,B. Net decreases in frequency were seen upon the addition of anti-CD63,
SAv and biotinylated-anti CD63, with no indication of desorption (net frequency increase) following
the rinse step. The addition of ethanolamine deactivated the activated ester of the EDC, which
manifested as a small net decrease in frequency upon buffer rinse and ethanolamine removal from
the chamber. Collectively, these findings suggests that both covalent and affinity approaches were
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effective in immobilising capture antibodies to the sensor surface. The higher magnitude of frequency
change seen for the binding of biotin-antiCD63 (affinity) compared to anti-CD63 (covalent) may
suggest a greater degree of binding, notwithstanding the additional molecular weight of the biotin
molecule. Additionally, EDC/NHS chemistry is a complex process that is highly sensitive to surrounding
environment in that it is susceptible to hydrolysis and deactivation of the surface. This may be a factor
in the low coupling efficiency seen with the covalent approach in contrast with the affinity.
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Figure 4.3: Immunofunctionalisation strategy for QCM-D sensors. Schematic of immuno-
fabrication approach and example frequency and dissipation profiles (post-SAM formation) for (A)
covalent and (B) affinity-based approaches to antibody immobilisation.

4.3.3 Immunosensor performance towards spiked-CD63

The performance of the two sensing approaches was compared by reviewing the QCM-D responses
to a spiked concentration of exosome-free CD63-protein in HBS buffer. Frequency responses to the
CD63 protein test sample are shown in Figure 4.4.
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2µg/mL of CD63 between antibody immobilisation approaches. (B) Response curve for spiked-CD63
in buffer using optimised affinity functionalisation method. Standard deviation is determined from three
independent measurements.

A significant net reduction in frequency of the sensor oscillation was seen for the affinity approach in
response to the CD63 sample. This frequency response was a result of CD63 capture by surface bound
antibodies, effectively increasing the crystal thickness and modifying the crystal resonance during
thickness-shear oscillation. With the ratio of dissipation and frequency change being <4x10−7Hz−1,
we could confirm the CD63 adsorbate layer is rigid in nature.[298] The finding for the affinity approach
was contrasted by a negligible response for the covalently functionalised sensor, which resulted in
only a marginally larger net frequency shift than found for the control surface (functionalised with non-
specific antibodies). Both of these responses were minimally different from frequency drift witnessed
with the running buffer alone, suggesting almost no CD63 capture to the sensor surface (Table 4.2).

Table 4.2: QCM-D frequency and dissipation responses in Figure 4.4A.

Sensor Analyte Conc. ∆f (Hz) ∆D (1x10−6)

Baseline Running buffer - -0.61± -0.13 0.16± -0.05

Control CD63 2µg/mL -0.52± -0.11 0.15± -0.05

Covalent CD63 2µg/mL -0.82± -0.17 0.17± -0.04

Affinity CD63 2µg/mL -11.04± -1.21 0.73± -0.12

Despite exhibiting clear antibody adsorption, the poor performance of the covalent approach may
be caused by the inferior coupling efficiency has earlier higlighted during sensor functionalisation,
but also sub-optimal antibody orientation. As previously reported, the amine coupling approach has
the risk of random antibody orientation towards the sensor surface, as opposed to oriented covalent
and non-covalent approaches. Steric hindrance can prevent optimal binding site exposure for antigen
access.[369,370,163] Conversely, the stronger responses observed with an affinity approach has been
reported to occur due to superior orientation of antibody via the Fc-bound biotin, encouraging higher
binding site availability and improved antigen sensitivity by utilising SAv-biotin interaction for antibody
immobilisation as compared to randomly orientated covalent alternatives.[162,371] However, in our study
the small frequency and dissipation shifts upon antibody binding displayed in Figure 4.3B, indicate
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a dense layer with thickness lower than the 15 nm that is expected if the antibodies were to have
bound ’tail-on’/upright. It is therefore likely that these ligands have instead bound ’side-on’ with a single
antigen binding site being available, thereby presenting a sub-optimal orientation albeit superior to
random covalent functionalisation hence eliciting a stronger response to CD63 analyte.

Having identified the affinity immobilisation approach as offering optimal performance, this method
was employed for the rest of the study. The performance of the immunosensor was subsequently
assessed towards exosome-free spiked CD63 samples in HBS buffer at titrated concentrations (Figure
4.4B). Our platform displayed a LOD of 3.0 nM and LOQ of 7.9 nM, with a linear dynamic range of
7.9 nM - 160 nM (0.44 - 8.96µg/mL). This demonstrated the high sensitivity of the immunosensor
towards the target antigen, aligning with sensitivities reported by other practitioners of acoustic
biosensing.[372,373]

4.3.4 Sensitivity and specificity assessment towards CD63-positive exosomes

For initial screening of CD63-positive exosomes, a SEC fraction had to be chosen that would offer
high exosome purity. Exosome purity was calculated as a ratio of ESP and total protein concentration,
identifying fraction 4 to have the highest purity of 1.57x1010 ESPs/µg (Figure 4.5A). Vesicles from this
fraction were then lysed and probed for exosome-enriched proteins CD63 and Alix using capillary-
format western blot, which successfully identified these markers (Figure 4.5B). This ensured that the
sample is suitable for surface capture via anti-CD63 antibodies. Fractions 3, 4, 5, 6 and 7 possessed
the highest purity of the SEC fractions and were therefore compared for their acoustic response
(Figure 4.6). Frequency responses aligned proportionally with the purity values (Figure 4.6A), with
higher frequency reductions for those fractions possessing higher purity. ESP-rich fractions 4 and 5
exhibited significant responses (∼ -100±8 and ∼ -91±7 Hz respectively) compared to fractions 3,
6 and 7. This is in spite of fractions 6 and 7 possessing relatively higher total protein content. This
would suggest the exosome purity was a determining factor for frequency response. A higher relative
exosome content may elicit greater responses due to: 1) the large size of the exosome causing more
liquid at the surface to be displaced, 2) a high degree of hydrodynamic co-solvation and/or 3) the
greater mass of the fluid-filled vesicles.
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Figure 4.5: Purity assessment and western blot analysis of SEC fractions. (A) SEC fraction
particle purity, as ESP:total protein concentration ratio. Fraction 4 displayed highest purity of
1.57x1010 ESPs/µg, and chosen as the exosome source. (B) Capillary western blot of SEC frac-
tion 4 identifying exosome enriched Alix and CD63 proteins.
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An important component of acoustic exosome analysis is dissipation. As exosomes are not
inherently rigid and prone to deformation, one expects significant friction in the newly formed adlayer
during oscillation of the sensor, leading to regions of energy loss.[207] Fractions 4 and 5 exhibited
the most pronounced dissipation of 14.7±1.9 and 13.5±1.6 ppm respectively (Figure 4.6B), again
showing agreement with elevated ESP purity levels. This phenomenon has been previously reported by
groups sensing synthetic vesicles, where the viscoelastic structures resulted in energy storage (elastic)
and loss (viscous) during oscillation.[374,375] This is of interest, as it provides another discriminating
factor to determine whether bound adsorbates are exosomal (vesicular and dissipative) or artefacts
(non-vesicular and rigid). The smaller dissipation responses seen for fractions 6 and 7 were likely
a combination of smaller-sized vesicles expressing CD63, lower relative ESP purity overall and the
relative rigidity of the abundant non-exosomal protein. Notably, despite the ESP purity in fraction
4 being 6.3-fold higher than fraction 5 (Figure 4.5A), the differences in frequency and dissipation
response were smaller and thus non-linearly proportional to the ESP purity.
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Figure 4.6: Example QCM-D profile responses to eluted SEC fractions taken from 3 indepen-
dent runs. (A) Frequency response to SEC fractions 3-7, and (B) corresponding dissipation profiles.

This notion is supported by the response curve in Figure 4.7, which establishes the sensitivity of
our immunosensing platform by titrating concentrations of purified ESPs in HBS buffer. We note that
the underlying ESP concentrations of fractions 4 and 5 (4.4x1011 and 6.7x1010 per mL, respectively)
sit outside the linear dynamic range of the QCM platform, with the immunosensor nearing performance
saturation at these concentrations. LOD and LOQ for the frequency mode of measurement were found
to be 1.7x108 and 8.2x108 ESPs/mL, respectively. The dissipation mode of measurement showed a
marginally higher sensitivity, 1.1x108 and 3.3x108 ESPs/mL for LOD and LOQ respectively.
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Figure 4.7: QCM-D immunosensor performance against varying concentrations of SEC purified
ESPs in 100% HBS buffer. (A) Frequency response curves and example QCM-D profiles. (B)
Corresponding dissipation response curves and QCM-D profiles. Standard deviation determined from
3 independent experiments.

In order to determine the specific nature of our sensing platform, QCM-D responses to ESP
samples were compared between a target and a control surface, where the latter was functionalised
with non-specific control antibodies (Figure 4.8A-C). Mean SNRs of 34.2 and 44.8 were reported by
the frequency and dissipation modes of measurement, respectively (with exosomes in the picomolar
concentration range). Our findings highlighted dissipation as a more sensitive and selective mea-
surement over frequency. The control measurements did reveal some signatures of binding, but this
response was nearly overcome upon rinsing with buffer (Figure 4.8B). Therefore, it was likely this
binding was weak in nature. Conversely, little change was seen in the response curves of the target
sensor during the buffer rinse, suggesting a more robust binding between exosome and anti-CD63.
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Figure 4.8: Selectivity of the QCM-D immuno-sensing approach towards SEC purified ESPs in
HBS buffer. (A) Example frequency profiles comparing target (anti-CD63) vs control surfaces (IgG
control) against 5x109 ESPs/mL. (B) Corresponding dissipation response. (C) Mean QCM-D data
taken from 3 independent experiments. Student t test (two-tailed) compared responses from the
control and target sensor (***p < 0.001). (D) AFM micrographs comparing control and target surfaces
post-exosome incubation. Scale bar: 250 nm. Colour scale (height): 100 nm).

These QCM-D responses were supported by in-liquid AFM measurements, as particles within the
exosome size range were detected (Figure 4.8D) on the target surface, whilst almost no vesicular
material was seen to be bound on the substrate functionalised with control-IgG. Detected particles on
the target surface had an mean height of 60±17 nm (mean ± standard deviation, n = 15 particles).
This was somewhat smaller than the values previously determined by NTA and TEM (3.2F and 3.3D)
but one must not discount the surface-induced deformation that exosomes undergo upon adsorption,
which likely reduced the observed height.[208] The mean particle diameter was determined to be
79± 13 nm (n = 15 particles), thus suggesting that the majority of exosomes expressing CD63 resided
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in the lower half of the ESP size range and supporting previous findings by Rupert et al. [208]

The QCM-D results are superior in sensitivity to the commonly adopted ELISA kits towards
exosomal CD63, by an order of magnitude.[120] The detection limits demonstrated similar sensitivity to
other recently reported approaches, including interferometric plasmonic imaging of exosomes.[222]

Only a handful of detection platforms have shown superior sensitivity in terms of particle concentration.
Ko et al. devised an optofluidic device with sensitivity of up to 1.1x107 total particles/mL.[185] Zhou
et al. combined electrochemistry with an aptamer probe to sense exosomes down to 1x106 total
particles/mL.[243] Nevertheless, with exosome counts in native biological samples in the range of 1x108

to 1x1012 particles per mL,[376] the acoustic immunosensor developed in this work should be able to
reliably detect exosomes from biological samples, underlining its clinical suitability.

Critically, specificity in more complex biological media was also observed. Figure 4.9A-D compare
the QCM-D response of a target and control surface towards 1x109 ESPs/mL spiked in increasing
concentrations of human serum. Note that lags in response from ESP addition and rinse procedures
are attributed to varying tube lengths that transport the sample to the respective sensing chambers.
This gave rise to staggered time delays and response according to when reagents reach and interact
with the sensor surface. The maximum shift in frequency and dissipation increased along with serum
content, likely due to a greater quantity of non-exosomal particles within the serum (lipoproteins, lipids,
aggregates) available to adsorb at the sensor surface. However, the net changes (post-rinse) on
both measurements for serum containing samples were similar to ESPs in 0% v/v serum, suggesting
a large proportion of the pre-rinse shift was caused by loosely-bound, non-specific adsorbates, of
which the majority was removed upon buffer addition. No significant differences were found in net
frequency and dissipation changes between ESPs in buffer alone versus ESPs in serum samples at
95% confidence. These results indicate that the presence of colloidal contaminants does not hinder the
target surface’s ability to sense CD63-positive exosomes. The control surfaces once again displayed
some signatures of transient binding that was almost entirely overcome upon rinsing with buffer. In
75% v/v serum, a mean SNR of 5.8 and 11.4 was demonstrated by the frequency and dissipation
modes of measurement, respectively. The findings once again highlight dissipation as a more sensitive
and selective measurement over frequency. In our view, sensing CD63 protein as part of a vesicular
structure provides an amplified and sensitive dissipation response, without the need for a secondary
probe.

Complementary in-liquid AFM measurements displayed particles within the exosome size range
on the targeted surface, with no evidence of similar material bound to the control surface (Figure
4.9E). Detected particles on the target surface had a mean height of 53±13 nm (mean ± standard
deviation, n = 15 particles). As previously, surface-induced deformation of exosomes upon adsorption
needs to be considered, which likely reduced the observed height from the expected value.[208] The
mean particle diameter was determined to be 64±9 nm (n = 15 particles), again suggesting that
CD63-positive exosomes were smaller than the mean (94 nm) and modal (87 nm) particle size of the
ESP sample derived from NTA, agreeing well with previous literature.[208] Evidenced obtained by AFM
indicates a reduced sensor coverage by bound exosomes, which suggests the QCM responses are
not limited by sensor saturation.
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Figure 4.9: Selectivity of the QCM-D immunosensing approach towards CD63-positive exo-
somes in human serum. (A) Example frequency and (B) dissipation profiles from target surfaces
(anti-CD63), (C) bar chart comparing net frequency change and (D) dissipation change between target
and control surfaces against 1x109 ESPs/mL spiked in increasing concentrations of human serum.
Mean data from 3 independent experiments. A student t test (two-tailed) was used to compare target
vs control responses (***p < 0.001). (E) AFM micrographs comparing control and target surfaces
post-ESP incubation in 75% v/v human serum. Scale bar: 200 nm. Colour scale (height): 100 nm.

The frequency measurement, in particular, highlights a small degree of residual, non-specific
(non-exosomal) binding that occurred on the control surfaces (Figures 4.9C,D). This indicates that
some rigid adsorbates remain, whereas dissipative, loosely bound particles were removed from the
surface with ease. The source of this phenomena was likely attributed to the complexity of human
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serum, which is laden with its own proteins, lipids and electrolytes. Fortunately, this phenomenon
did not hinder ESP specificity, with high SNRs and differences between target and control responses
remaining statistically significant. This is of analytical importance as it ensures the platform sufficiently
discriminates between CD63-positive vesicles and other colloidal contaminants.

In order to elucidate changes in conformation during the ESP binding process, analysis that
displays the change in dissipation as a function of the change in frequency are shown in Figure 4.10A-
D. From this, the process by which the viscoelastic properties of the layer changed (approximated by
dissipation) with adsorbed mass (approximated by frequency) can be determined. In all instances,
viscoelasticity was found to increase with adsorbed mass, suggesting that both the specific binding of
ESPs and non-specific adsorption of serum contaminants induced significant friction in the sensor
adlayer. A rinse of the sensor surface elicited significant concomitant decreases in frequency and
dissipation for serum containing samples, consistent with dissipative material being removed from the
bound layer on rinsing (Figure 4.10C-D). Conversely, no change in frequency was observed alongside
the small decrease in dissipation for the ESP in HBS buffer sample, suggesting that any removed
material may have not been bound to the sensor surface (thus not affecting mass or layer thickness)
while weakly contributing to energy dissipation during oscillatory decay (Figure 4.10A). Tymchenko et
al. previously reported conformational changes (spreading) of cellular layers on silica surfaces, which
impart negative dissipation effects but negligible mass changes, suggesting a similar re-arrangement
of ESPs during this phase.[377] Another possibility may lie in the difficulty of interpreting the binding
of certain viscoelastic microparticles, which elicit both positive and negative effects on oscillatory
frequency, a behaviour explained by the coupled-resonator model.[378] Here, some of the adhering
exosomes may couple to the sensor surface via as ’spring’ which could exert a restoring force, which
if large enough, created an elastic loading regime and overcame the frequency decrease normally
governed by the inertia of the deposited mass (Figure 2.13). In this instance, it is possible that the
balance between inertia (partial participance in oscillation) and spring elasticity meant that some
particles oscillated in resonance with no or little net effect on frequency.
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Figure 4.10: Dissipation change as a function of frequency change for 1 x 109 ESPs/mL binding
to the target immuno-sensing surface. Response analysis of (A) 0% v/v serum, (B) 25% v/v serum,
(C) 50% v/v serum and (D) 75% v/v serum.

To verify that the responses were not limited by the binding reaction, the introductory flow rate
of a sample possessing a concentration of 5x109 ESPs/mL (i.e. higher than 1x109 ESPs/mL) was
increased from 10µL/min to 80µL/min and 120µL/min (Figure 4.11). The increase in adsorption rate
was linearly proportional to the cube root of the flow rate, indicating mass-transport limited binding
(Figure 4.11C).[360] These findings are consistent with diffusion of exosomes to the detection antibody
being the rate limiting step during the adsorption rather than the binding kinetics.
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Figure 4.11: Verification of diffusion limited conditions through increasing sample flow rate.
(A) Frequency and (B) corresponding dissipation response to 5x109 ESPs/mL in 75% v/v serum. (C)
Computed derivatives plotted as a function of Q1/3. Derivatives were fitted with a linear model, with
quality of fit determined by R2 as 0.96 and 0.98 for dissipation and frequency respectively.

Having already established the platform’s sensitivity to purified ESPs in HBS buffer (Figure 4.7),
identical concentrations of ESPs were spiked into 75% v/v serum, revealing marginally elevated LOD
and LOQ values as compared to sensing in HBS buffer (Figure 4.12A,B). Given our findings of a
small degree of non-specific binding from serum matrices (Figure 4.9), these results are expected and
encouraging considering the relatively small increment in LOD and LOQ (Table 4.3). For both matrices,
the dissipation mode of measurement showed a higher sensitivity relative to frequency, particularly in
75% v/v serum, outlining its utility in distinguishing CD63-positive exosomes amongst complex media.
These values may be further improved by increasing the saturation capacity of the sensor, allowing for
increased capture and coverage of exosomes.



CHAPTER 4. ACOUSTIC IMMUNOSENSING OF EXOSOMES WITH QCM-D 117

1E8 1E9 1E10 1E11 1E12
-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0
Δ
ƒ
5
 (

H
z
)

Concentration (ESPs/ml)

1E8 1E9 1E10 1E11 1E12
0

2

4

6

8

10

12

14

16

18

Δ
D

is
s
ip

a
ti
o

n
 (

1
0

-6
)

Concentration (ESPs/ml)

A B

Figure 4.12: QCM-D immunosensor performance against varying concentrations of ESPs
spiked in 75% v/v human serum. (A) Frequency and (B) corresponding dissipation response curves.
Standard deviation determined from 3 independent experiments.

Notably, the sensitivity by QCM-D reported here is superior to some commercially available
immunoassays towards exosomal CD63, with the added advantage of being able to conduct specific
measurements in complex media.[120] Other recently reported approaches, e.g. interferometric
plasmonic imaging of exosomes,[222] demonstrated similar limits of detection, whilst other platforms
have shown superior sensitivity in terms of particle concentration, with examples provided in Table A.1.

Table 4.3: QCM-D immunosensor LOD and LOQ values.

Sample media LOD (ESPs/mL) LOQ (ESPs/mL)

Frequency Dissipation Frequency Dissipation

HBS buffer 1.7x108 1.1x108 8.2x108 3.3x108

75% v/v serum 2.9x108 1.4x108 9.4x108 4.5x108

The limited sensitivity is a potential disadvantage of the adopted QCM-D immunoassay approach
and can be attributed to the entire piezoelectric substrate being used for wave propagation. In contrast,
surface acoustic wave (SAW) sensors confine the acoustic wave to a thin surface layer of the substrate
and are capable of operating at higher frequencies (50Mhz-GHz), thus offering pathways to higher
sensitivity.[299,379] Nevertheless, with native exosome counts in serum reported in the range of 0.8x108

to 1x109 particles per mL,[376,380] the acoustic immunosensor developed in this work can detect
exosomes from serum at clinically relevant concentrations. However, in some biological matrices,
exosome concentrations may reach values as low as 1x107 per mL.[381,382] Further modifications
are required to reliably improve the platform sensitivity towards this concentration domain. The
process currently consumes 300µL for analysis, slightly more than commercially available ELISAs.
Improvements such as reducing the volume of the sample chamber, tubing dead volume or blocking
non-sensing surfaces by pre-incubation with bovine serum albumin may reduce the sample requirement
down to 20µL though this is still above the minimal requirements for some SPR and electrochemical
set-ups (which consume less than 5µL).[239] Another consideration is the assay time that is offered
by the QCM-D platform, which is approximately 1-hour on a pre-functionalised sensor, as per Figure
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4.9A. This compares similarly to other novel methods of exosome detection, with reported assay times
ranging from 6 minutes to 1 hour and is 10x faster than conventional techniques.[171,185,198,235,240]

Ultimately, the QCM-D platform offered two principles for exosome analysis, with dissipation
describing the stiffness of the adsorbate relative to the frequency change and lending a superior
degree of selectivity to the procedure. This is an advantage over conventional immunoassays, which
typically deliver a single method of discrimination (e.g. colorimetric or electrochemical immunoassays).
Another advantage over a traditional, single endpoint, ELISA, is an ability to make measurements
in real-time, avoiding lags associated with sample manipulation for signal amplification and indirect
assessment. Beyond serving as a useful quality control tool, the clinical utility of sensing exosomal
CD63 has been highlighted by earlier work from Logozzi et al. which demonstrated how CD63-positive
exosomes may serve as biomarkers due to their increased abundance in melanoma patients.[120] More
recently, Miki et al. identified exosomal CD63 as a potential prognostic marker in gastric cancer.[383]

QCM-D offers a robust platform to analytically supplement these research areas, whilst being applicable
to other exosomal biomarkers.

4.3.5 Immunosensor regeneration

An important consideration for the adoption of the immunosensor developed here is the ability to
regenerate the sensing surface and produce equivalent responses when tested with identical ESP-
containing samples. Figure 4.13 displays characteristic decreases in frequency response and increase
in dissipation upon the addition of ESPs at two different concentrations. The addition of a glycine
based regeneration solution was then explored based on previous studies investigating regeneration of
immunosensing surfaces.[353,384] The glycine solution induced an increase in frequency and decrease
in dissipation to pre-ESP sample levels, likely suggesting the removal of CD63-positive exosomes
from the capture antibodies, without the additional removal of capture ligands. Crucially, the addition
of identical samples post-regeneration elicited near equivalent shifts in frequency and dissipation over
a total of 5 cycles, demonstrating no loss in sensor performance and pointing to the re-usability of the
detection surface.
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4.4 Conclusions

This study established a reusable QCM-D transduced immunosensing approach as a technique for ex-
osome characterisation. After optimisation of an affinty-based antibody fabrication approach, surfaces
were tested with spiked-CD63 samples, prior to detection of CD63-positive exosomes. Unlike other
methods, this work exploited a combination of mass, viscoelasticity and surface antigen expression
of exosomes. This allowed sensitive and selective detection of CD63-positive exosomes in 75% v/v
human serum without the need for a secondary label. At concentrations of 1x109 ESPs/mL the tech-
nique achieved signal-to-noise ratios of 5.8 and 11.4 compared to a control surface for frequency and
dissipation measurements, respectively. With a detection limit as low as 1.4x108 ESPs/mL, acoustic
biosensing presents a direct route to phenotypically subtype exosomes at native concentrations, thus
offering advantages in fundamental bioanalytical characterisation with the potential to integrate with
real-time liquid biopsies for clinical diagnostics in the future. Efforts should continue to focus on
reducing the LOD for the QCM-D platform. One approach is to combine QCM-D with a highly sensitive
complimentary detection techniques such as electrochemical impedance spectroscopy (EIS), which
offers an integrated dual-mode analysis with the potential to be measured simultaneously within the
same instrumental set-up.



Chapter 5

Dual-modal and label-free detection of
plasma exosomes using an
electrochemical quartz crystal
microbalance with dissipation
monitoring (EQCM-D)

Disclosure: This chapter is currently under preparation for publication: ”Dual-modal and label-free
detection of plasma exosomes using an electrochemical quartz crystal microbalance with dissipation
monitoring (EQCM-D).” Suthar, J., Fornerod, M., Williams, G. R. and Guldin, S.

5.1 Introduction

Having successfully established and validated the QCM-D detection of CD63-positive exosomes, it was
important to expand the analytical toolkit in a complimentary manner. Being able to sense exosomes
through an immunsensor transduced via an additional mode of measurement in tandem with the
QCM-D process could offer greater insight on binding phenomena and/or performance in terms of
sensitivity. At the very least, an alternative method of detection would offer a point of comparison
against the frequency and dissipation outputs from the acoustic approach. It is now common to see
QCM-D coupled with techniques such as SPR, with the rationale being that QCM-D offers co-solvated
mass of bound adsorbates whilst SPR informs on dry mass, allowing for solvation fraction deter-
mination.[385,161,386,387] Combining QCM-D with in-situ ellipsometry measurements supports similar
conclusions in addition to greater understanding of the interfacial optical properties.[388,389,360,390]

A less explored approach, particularly in the field of biosensing, is the combination of electro-
chemical measurements in conjunction with QCM-D, collectively termed EQCM-D. The technique
makes use of a gold coated QCM sensor which performs as a working electrode (WE) within an
electrochemical cell with a conventional three electrode set-up, as described in Section 2.4.2. This
arrangement enables the conduct of routine electrochemical measurements, such as CV, DPV, SWV
and EIS, whilst also capturing frequency and dissipation responses simultaneously, in real-time.[391]

The overall result is an ability to leverage bound mass, interfacial structural changes and alteration to

120
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the electron transfer processes at the WE surface, to detect analytes with nanomolar sensitivity.
EQCM-D has been previously employed to provide dual-mode analysis on molecular interactions

during monolayer functionalisation and binding of biological analytes such as avidin.[392] Galagedera et
al. were able to monitor the cross-linking interaction between DNA and the chemotherapy drug cisplatin
on gold QCM sensors using CV measurements alongside changes in oscillation frequency.[393] The
same group explored redox-switching of DNA viscoelasticity, including the effect of deuterium isotope
selection, both of which leverage CV and QCM derived frequency measurements to advance drug
screening and studies of DNA damage by toxic chemicals.[394,395]

Application of EQCM-D to biological materials, include the monitoring of viscosity changes in
protein (albumin) solutions, with additional improvements in time resolution achieved through working
on a single frequency.[396] Albumin adsorption onto titanium (a commonly used material in biodevices)
was explored by measuring the open circuit potential alongside frequency response. This helped to
understand the influence of applied potential on protein adsorption in variable albumin concentra-
tions.[397] Da Silva et al. showed CV measurements in combination with frequency and dissipation as
being able to detect discernible differences in fibronectin adsorption onto a copolymer graft, validating
the surface as a superior matrix material for tissue engineering.[398]

From a clinical perspective, an EQCM cytosensor based on red blood cells was developed for
the detection of cell surface sialic acid, combining in-situ CV analysis with QCM derived frequency
response.[399] The approach enabled successful differentiation of sialic acid expressed between normal
cells and those derived from diabetic patients. The utility of integrated EQCM-D was showcased as
part of a biosensor array for point-of-care detection of dengue fever by targeting the NS1 antigen.
The work was able to demonstrate the improvement in platform sensitivity that EIS measurements
offer in addition to QCM frequency, with a LOD as low as 10 ng mL−1.[400] Clinical application of
EQCM was also published by Gao et al. where the employment of CV and acoustic frequency
measurements in combination with an immunosensor platform successfully detected C-reactive
protein with a LOD of 0.02µg/mL. This represented a significant amplification in response compared to
an ELISA technique.[401] Srivastava et al. devised an EQCM platform with an imprinted graphene-starch
nanocomposite matrix, using DPV and frequency for epinephrine detection.[402] Separately, the group
also demonstrated aspartame detection using a EQCM sensor, which utilised chitosan nanoparticle
probes.[403] Both studies were able to demonstrate the lower LOD that DPV measurements offer
compared to QCM, thereby improving the sensitivity of the platform overall.

In-spite of these successful applications, EQCM-D has yet to be explored for the detection of
exosomes as a target source of analytes. Traditionally, EQCM-D has been a popular technique for
the characterisation of electrochemical energy storage and conversion.[404,405] Recently however,
electrochemical assessments (either on their own or in conjunction with other techniques) have
become leading modes of measurement in the exosome field. Assessment of exosomal proteins
using electrochemistry has been discussed at length in Section 1.5.6. Many reports exhibit superior
sensitivity towards exosomes than that achieved in Chapter 4.

Doldan et al. employed amperometry for detecting surface located exosomal proteins through
the use of an immunosensor.[239] Amperometry was also the method of choice for the iMEX device,
which successfully profiled exosomal membrane proteins, including CD63, from cancer patients.[240]

Most recently, Moura et al. applied amperometry for exosome enriched markers such as CD9, CD63
and CD81, in addition to cancer-specific exosome markers (CD24, CD44, CD54, CD326).[241] All
three methods involve the use of direct or indirect labelling of the exosomal protein, or response



CHAPTER 5. DUAL-MODAL EXOSOME DETECTION USING EQCM-D 122

amplification through enzymatic digestion (TMB/HRP). Amperometry has also been used in tandem
with colorimetric detection, offering a multi-modal measurement of placental alkaline phosphatase
(PLAP)-positive exosomes.[248] SWV is an alternative electrochemical approach that was used as part
of an aptasensor platform for exosomsal CD63 detection.[243] Here, a linear potential sweep that uses
a combination of a square wave and staircase potential is applied to an electrode, which produces a
differential current plot as opposed to more traditional anodic and cathodic peaks. It also benefits from
more effective exclusion of background currents than CV, making it particularly useful for detecting
analyte concentrations in the nanomolar range. An et al. implemented a DPV based aptasensor to
also detect exosomal CD63 by measuring the reduction in current upon exosome binding.[244]

EIS based detection of CD81-positive exosomes has been introduced alongside DPV, highlighting
the utility of EIS for exosome detection.[245,246] Changes in impedance were found to be proportional to
the exosome concentration, as the physical barrier to electron transfer across the WE was increased.
EIS was also combined with CV and SWV modes of measurement as part of an aptasensor platform
to sensitively detect CD63-positive exosomes in human serum.[249] Whilst these reports did not assess
EIS performance in more complex matrices, they lay the foundation for the implementation of EIS as
the electrochemical method of choice for the study reported herein.

5.1.1 Chapter aims

In this chapter, a method for EQCM-D detection of CD63-positive exosomes is presented. This
combines principles of QCM-D (Section 2.4.1) and EIS (Section 2.4.2) in an attempt to conduct label-
free electronic transduction of binding events, that can be compared with changes in viscoelasticity
and adsorbed mass at the WE surface. Initially, this work shall determine the most appropriate
electrochemical model to fit against the EIS data. Once established, comparisons will be made
between impedance spectroscopy and frequency and dissipation outputs from the QCM-D platform.
This technique will look to support measurements for each stage of immunofunctionalisation and
immunosensing process (from sensor fabrication to analyte detection). Findings will highlight the
influence of molecular rigidity and softness of different layers on EQCM-D response. Furthermore,
the sensitivity and specificity of the EIS technique shall be explored against a range of exosome
concentrations in both buffer and complex media.

5.2 Experimental

5.2.1 Materials

Materials were sourced as follows: anti-mouse detection module for a WES machine and 12-230 kDa
WES separation modules were acquired from Protein Simple (Biotechne, USA). For isolation and
sample preparation, qEV original SEC columns (Izon Science,UK), 0.45µm filters (Merck Millipore,
USA), HEPES buffered saline (HBS, 0.01M HEPES, pH 7.4, 0.15M NaCl) (GE Healthcare Life
Sciences, Sweden), Amicon Ultra-15 centrifugal filters (Merck Millipore, USA), 100 nm polystyrene
beads (Thermofisher Scientific, UK), RIPA buffer (Sigma Aldrich, USA), were used. Mouse monoclonal
anti-Alix (634502, Biolegend UK), mouse monoclonal anti-CD63 (353013, Biolegend UK), mouse
monoclonal anti-CD9 (31202, Biolegend UK), mouse monoclonal biotinylated-anti CD63 (353017,
Biolegend UK), biotin-IgG isotype control antibody (400103, Biolegend UK), were acquired for western
blot and immunosensing experiments. Ferrocyanide (>98.5%, Honeywell) and ferricyanide (99%,
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ACROS Organics) were employed as the redox couple for EIS measurements. Human plasma
and streptavidin were purchased from Sigma Aldrich, USA. 5-Mhz gold coated QCM sensors were
purchased from QuartzPro, Sweden.

5.2.2 Exosome isolation and characterisation

A new batch of ESPs were derived from human plasma using SEC isolation as per previously
detailed methods in Section 3.2.3.2. Western blot analysis via capillary gel electrophoresis format
was conducted to verify exosome protein presence, using the method described in Section 3.2.4.4.
SEC fractions 4, 5, 6 and 7 were selected for analysis. Exosomal proteins Alix (97 kDa), tetraspannin
CD63 (57 kDa) and CD9 (24 kDa) were probed by chemiluminescent immunoassay, using mouse
monoclonal anti-Alix, mouse monoclonal anti-CD63 and mouse monoclonal anti-CD9 as primary
antibodies. Based upon the protein identification from the western blot, the sixth isolation fraction
was chosen for concentration and hydrodynamic size characterisation of particulates using the NTA
method described in Section 3.2.4.1.

5.2.3 EQCM-D

5.2.3.1 General methods for EQCM-D apparatus set-up and sample preparation

All EIS measurements reported herein were conducted using a Q-Sense Electrochemistry Module
from Biolin Scientific (Sweden), in tandem with a Q-Sense Analyser instrument and a Gamry (UK)
Reference 600 Plus potentiostat. A schematic of the apparatus set up is shown in Figure 5.1. The
system used gold coated QCM sensors or silica coated QCM sensors with gold nanoparticles as the
WE, a platinum CE and Ag /AgCl RE as part of a conventional three-electrode system. Data was
acquired using Gamry Instrument Framework (v7.07) software and analysed using Gamry Echem
Analyst (v7.07) software.

EIS experiments were all carried out with a frequency scan range of 10−1 Hz to 105 Hz at a
5 mV AC amplitude. The detection area was set at 0.79 cm2. An equimolar solution of 5 mM of
K3[Fe(CN)6] / K4[Fe(CN)6] in 0.1 M KCl was used for all measurements. Modified Randles cell circuit
models used to fit against EIS data were explored and are expanded upon in Section 5.3.2. Impedance
was determined after the formation of each layer, following the addition of electrolyte into the chamber.
The flow of electrolyte through the chamber was paused during measurement acquisition. EIS were
captured in tandem with QCM-D response in all instances. The QCM-D aspect of analysis was
conducted as per general methods stated in Section 4.2.3.1.

5.2.3.2 Sensor functionalisation

An affinity based immunosensing approach was employed as identified in Section 4.2.3.2. A 1 mM
ethanolic solution of SH-PEG (2 kDa)-Biotin and spacer molecule SH-OEG (800 Da)-COOH at a
1:9 mol/mol ratio was flowed across the sensor surface at 7.5µL/min overnight. Subsequently, a
100µg/mL solution of SAv was flowed across the sensor surface at 10µL/min, followed by a rinse step
of HBS buffer at 80µL/min. 20µg/mL of mouse monoclonal biotinylated-anti CD63 was immobilised
on the surface at 10µL/min, followed by another rinse step and response stabilisation for 30 minutes
prior to sample addition.
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5.2.3.3 EQCM-D detection of CD63-positive exosomes

The QCM-D immunosensor performance towards spiked CD63-positive exosomes was assessed in
tandem with electrochemical measurement (EQCM-D). Sensitivity towards CD63-positive exosomes
in HBS buffer and 25% v/v serum was tested using titrated concentrations of ESPs verified by NTA.
The following concentrations were assessed: 5x107, 7.5x107, 1x108, 2.5x108, 5x108, 7.5x108, 1x109

and 2.5x109 ESPs/mL. Control studies used a biotin-IgG isotype control antibody in place of biotin-
antiCD63. Binding response on the control sensor was compared to a target sensor (functionalised
with anti-CD63 antibodies), using a 5x108 ESPs/mL sample in 25% v/v serum. For the purpose of
this work, LOD and LOQ were defined as the concentration eliciting a SNR of 3 and 10 respectively,
as governed by best practice.[359] SNR was calculated as a ratio of the response seen on the target
sensor and on a control sensor surface.

5.3 Results and discussion

This chapter advances detection of plasma derived CD63-positive exosomes by employing a dual-
modal method of analysis that combines in-situ EIS measurements with QCM-D. The result is an
immunosensor which was transduced through both bulk acoustic wave and electrochemical principles.
A summary of the experimental work flow is displayed in Figure 5.1.

5.3.1 SEC isolation of plasma exosomes
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Figure 5.1: A schematic summarising the adopted experimental approach. CD63-positive exo-
somes were isolated from human plasma using SEC, prior to detection using the EQCM-D platform.

Based upon previous SEC isolation protocols conducted in this thesis (Section 3.3) and other reports,
SEC fractions 4, 5, 6, 7 were considered for onward characterisation for exosome presence.[65,64]

Exosome enriched proteins such as cytosolic Alix, transmembrane CD63 and CD9 were probed using
western blot in a capillary format (Figure 5.2A). Alix and CD9 were seen to be prominently expressed
in particles present in fractions 5 and 6, with smaller concentrations of CD9 also seen in fractions 4
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and 7. CD63 was solely detected in fractions 6 and 7. As all three exosomal markers were present in
fraction 6, this isolate was selected for downstream characterisation and sensing due to favourable
protein expression. It is interesting to note that the greatest elution of exosomal markers from plasma
appeared in later SEC fractions when compared to exosomes isolated from cell culture media, as
demonstrated in Section 3.3. This points to the heterogeneity of exosomes, which is further influenced
by the source media, where differing parent cells incite variable marker expression in relation to their
size.[32,406,114] NTA analysis of fraction 6 found over 81% of particles falling within the exosomal size
range, with a modal size of 127 nm (Figure 5.2B), therefore suggesting good reproducibility when
compared to Section 3. Collectively, this data confirms that plasma exosomes expressing the target
CD63 protein were successfully isolated with the applied SEC protocol.[120,263,407] It also ensures the
analyte possesses the molecular composition required for the EQCM-D immunosensing approach,
which was based upon surface capture of CD63.
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Figure 5.2: Characterisation of SEC fraction isolates. (A) Western blot analysis of SEC fractions
4, 5, 6 and 7 from human plasma, probing for exosome enriched proteins Alix, CD63 and CD9. (B)
Particle size distribution profile of SEC fraction 6 as determined by NTA.

5.3.2 EIS circuit model evaluation

To reliably determine the Rct from the EIS data, an appropriate circuit model was required. Figure
5.3A displays the two different circuit models that were evaluated. The bounded Warburg model and
CPE with diffusion model both account for key components of the electrochemical system. Firstly, as a
double-layer capacitance is created at the interface between the conductive gold WE and the adjacent
liquid electrolyte, a CPE component was introduced to account for the imperfect capacitor that is
the dielectric layer.[408] Secondly, the impedance of electron transfer at low frequencies is increased
by the long distance of electron diffusion through the bulk phase. This is especially relevant to the
system in question due to the large size of bound ESPs, thus it is addressed by the inclusion of a
Warburg element. The key difference between the two models is that the bounded Warburg model
assumes two time constants, compared to the single time constant of the CPE with diffusion model.
The incorporation of two time constants assumes a greater complexity in the dielectric features at the
WE surface; that is, it accounts for the varying degrees of capacitance that is introduced by multiple
sensing layers or layers with high heterogeneity in thickness and coverage.

EIS data captured after the formation of each detection layer (as described in Section 5.2.3.2)
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were fitted with both models (Figures 5.3 B-E). The quality of fits were found to be largely equivalent
between the models for these sensing layers, with some advantage seen with the bounded Warburg
model when applied to impedance spectra acquired from the bare gold WE (Figure 5.3B). This is
expected, as these layers are comprised of particles which are homogenous and relatively small in
size (<15 nm). It is unlikely that significant changes in capacitance or increases in diffusion related
impedance would be incurred with these molecular layers, making the single time-constant CPE with
diffusion model a suitable approach. However, divergence was seen upon application of an ESP
solution to the WE surface. This introduces heterogenous particles to the surface, up to 150 nm in size
and filled with cytosolic fluid. This disrupted and altered the dieletric capacitance at the WE, increased
the diffusion length and raise the barrier to electron transfer across the WE (also known as tunnelling
distance), thereby exaggerating the impedance at low frequencies. This impedance was found to be
overestimated by the CPE with diffusion model (Figure 5.3F).



CHAPTER 5. DUAL-MODAL EXOSOME DETECTION USING EQCM-D 127

0.00 0.01 0.02 0.03 0.04 0.05

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

Z
im

 (
k
Ω

)

Zre (kΩ)

 EIS raw data

 Bounded Warburg

 CPE with Diffusion

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Z
im

 (
k
Ω

)

Zre (kΩ)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 EIS raw data

Z
im

 (
k
Ω

)

Zre (kΩ)

 Bounded Warburg

 CPE with Diffusion

0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

 EIS raw data

Z
im

 (
k
Ω

)

Zre (kΩ)

 Bounded Warburg

 CPE with Diffusion

A B

C D

E F

i

ii

 EIS raw data

 Bounded Warburg

 CPE with Diffusion

 EIS raw data

 Bounded Warburg

 CPE with Diffusion

 EIS raw data

 Bounded Warburg

 CPE with Diffusion

R.E.

R.E. W.E.

W.E.

Rs

Rs

CPE

CPE

Wb

W

Cdl

RCT1 RCT2

RCT

0 1 2 3 4 5 6 7 8

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Z
im

 (
k
Ω

)

Zre (kΩ)

 CPE with Diffusion

 EIS raw data

 Bounded Warburg

 CPE with Diffusion

Figure 5.3: Evaluation of optimal electrochemical cell model for EIS fitting. (A) Circuit diagrams
representing two cell models: (i) Bounded Warburg model and (ii) CPE with diffusion model. Nyquist
plots showing fittings of both models to EIS response after addition of each sensing layer; (B) bare
sensor, (C) SAM, (D) SAv, (E) anti-CD63 and (F) 1x109 ESPs/mL.

5.3.3 EIS characterisation of immunosensor fabrication

Comparing net changes in Rct between models after layer addition confirms the overestimation of
impedance by the CPE with diffusion model (Figure 5.4A). Layers comprised of small molecules that
incur small changes in dissipation, such as the mixed-SAM, SAv and antibody, presented similar
impedance changes between models; however, the ESP addition resulted in a ∼1 kOhm overvaluation
by the CPE with diffusion model, thus the bounded Warburg model was selected as the optimal
approach moving forward. Figure 5.4B illustrates how impedance increased upon the addition of
each layer, demonstrated by the increasing diameter of the Nyquist plot semi-circle (please refer to
Section 2.4.2 for further explanation). As the biomolecular layering at the WE surface changes during
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the sensing process, this increased the barrier, and therefore resistance to charge transfer across
WE for current generation. This change in charge transfer relates to the raised impedance of the
overall system. Similar impedance increases upon immunosensor fabrication have been reported in
literature.[409–411] It is interesting to note the extent to which Rct increased for each sensing layer (Figure
5.4C). Whilst the bare gold sensor displays minimal charge resistance, the mixed-SAM increased the
impedance of the system by ∼0.6 kOhm, followed by the anti-CD63 antibody (∼0.3 kOhm) and SAv
(∼0.1 kOhm).
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A possible explanation for the high impedance induced by the PEG-SAM is that it produced a
homogenous coverage across the entire WE surface, whilst also assembling with high order and
packing density, thereby forming a complete barrier to electron transfer.[412,413] Furthermore, PEG at
the WE surface has been shown to increase the dielectric capacitance, likely contributing to the large
increase in impedance.[414,415] Another consideration is that the mixed-SAM was formed directly on
the WE gold surface. Therefore, another reason for the large increase in Rct is that the impedance of
a double layer capacitor was more sensitive to electrical potential when changes occur nearer to the
WE surface, as it disrupts the ion dense region but also reduces ion permeability. Despite the SAv and
antibody layer increasing impedance, they do so to a lesser extent than has been in the case in other
studies.[416,417] This could be a result of layers which are not homogeneously arranged and instead
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present as a layer of discrete particles, with a sub-optimal surface coverage or an incomplete layer.
This could provide regions of easy access to the underlying SAM for passing ions, lowering the mean
Rct, a notion also advocated by Pali et al.[418]

5.3.4 Tandem EQCM-D detection of CD63-positive exosomes

The EIS characterisation of the sensor fabrication and exosome detection process was acquired in
tandem with QCM-D monitoring within a single apparatus set-up. Example EIS and QCM-D profiles
captured on the same WE are displayed in Figure 5.5. It is apparent that increases in impedance
coincide with decreases in frequency upon analyte addition to the sensor surface. The addition of
sensor mass upon adsorbate binding reduced the oscillatory frequency of the sensor, whilst also
providing a barrier to electron transfer. The addition of exosomes to the WE resulted in a significant
increase in dissipation, due to the raised friction upon oscillation in the adlayer. Moreover, the
energy storage and loss of the viscoelastic ESPs amplified the oscillatory decay. These results are
in alignment with those presented in Chapter 4. This viscoelastic layer also resulted in the largest
increase in system impedance (∼5.5 kOhm). Whilst the large mass of the ESPs was likely a prominent
contributor to the EIS response, the size of the particles and their dissipation seemed to have a more
significant influence on the Rct.
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Figure 5.5: Example of tandem EIS and QCM-D information acquisition. (A) EIS response across
entire sensing process (fabrication to ESP detection) captured simultaneously alongside, (B) QCM-D
response profile on the same WE for the addition of (I) SAM, (II) HBS buffer, (III) SAv, (IV) biotin-
anti CD63, (V) 7.5x108 ESPS/ml and (VI) HBS buffer rinse.

Response comparison during immunosensor fabrication between the three modes of measurement
(EIS, frequency and dissipation) is displayed as a proportional change in Figure 5.6. These proportional
responses of each method were converted to relative response ratios, as displayed in Table 5.1. SAM
and antibody layers displayed QCMdiss : QCMfreq response ratios of 2.7 and 2.9 respectively, yet
a QCMfreq : QCMEIS response ratio of 0.6 and 0.8 respectively. Hence, of the three modes of
measurement, QCM-D derived dissipation exhibited superior magnitude of response across all three
sensing layers, with significant increases for comparatively dissipative layers (SAMs and antibodies)
and decreases for non-dissipative layers (SAv). Layers that increased dissipation also seemed to elicit
higher proportional responses in impedance rather than frequency. Conversely, SAv which was found
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to decrease dissipation during oscillatory decay, induced a relatively smaller impedance increase
than QCM derived frequency, further supporting the proposal that dissipative layers strongly influence
impedance at the working electrode surface.
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Figure 5.6: Relative response comparison upon sensing layer addition between EIS, frequency
and dissipation modes of analysis. Responses are taken as a proportional change from the
baseline prior to layer addition. Standard deviation is determined from three independent experiments.

Table 5.1: Relative response ratios towards immunosensor layers.

Layer QCMfreq : EIS QCMdiss : EIS QCMdiss : QCMfreq

SAM 0.6 1.6 2.7

Streptavidin 4.7 5.9 1.3

Biotin anti-CD63 0.8 2.2 2.9

5.3.5 Sensitivity and specificity of EQCM-D towards CD63-positive exosomes

After characterising EQCM-D responses for the immusensor fabrication process, the impact of titrated
concentrations of ESPs in HBS buffer was explored (Figure 5.7). Figure 5.7A presents the correspond-
ing Nyquist plots that show increasing half-circle diameters as ESP concentration increases. The
increase in Rct is expected, as higher concentrations of ESPs resulted in a greater coverage of the
WE surface with particles, which are large and dissipative in nature, raising the tunnelling distance and
also the impedance to electron flow for eventual polarization. This was similarly reported by Kilic et
al. where increasing concentrations of EVs resulted in Rct increments.[245] A second phase in the form
of an upward inflexion was seen at lower frequencies for a few of the impedance profiles. This was the
effect of the Warburg or diffusion related impedance induced by the formation of an exosome layer at
the surface, that forced reactants to diffuse greater distances to the electrode surface, as referred to
in Section 2.4.2.[310] This phenomena was not apparent across all concentrations, suggesting some
heterogeneity of exosome layer coverage between sensors.

Response to these concentrations were compared between EIS, frequency and dissipation via their
net proportional change and relative response ratio (Figures 5.7B-C). A steady increase in response
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is seen for all measurements along with ESP concentration. At the lower concentrations (5 - 7.5x107

ESPs/mL), dissipation was seen to be the most responsive of the three techniques. However, upon
increasing the ESP content, EIS became marginally more responsive (Dissipation:EIS ratio ¡1), prior
to plateauing with dissipation at the highest concentrations. Once again, we see a clear link in the
highly dissipative ESP analyte and strong EIS response, whereas frequency exhibited comparatively
small changes.
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Figure 5.7: EQCM-D performance against varying concentrations of ESPs spiked in HBS buffer.
(A) Nyquist plots representing EIS response. (B) Net proportional change in response across EIS,
frequency and dissipation. (C) Relative response ratio between frequency:EIS, dissipation:EIS and
dissipation:frequency. Standard deviation is determined from three independent experiments.

Nonetheless, frequency response in relation to dissipation and EIS was seen to increase slightly
along with ESP concentration, which could be accounted for by the fact that frequency is a measure
of the co-solvated mass. The solvent coupling includes the liquid in the interstitial spaces between
adsorbed ESPs.[419] The amount of liquid that is trapped is influenced by a few factors. Generally, if
the higher coverage of ESPs were creating a homogeneous layer at the sensor surface, it would result
in a displacement of entrapped liquid, thus reducing solvent contribution to frequency response.[420]

However, it is likely that even at high ESP concentrations, the surface coverage is incomplete, making
it important to consider the hydrodynamically trapped liquid coats surrounding each adsorbed particle.
It is also known that higher liquid content of the particle results in higher solvent entrapment within
the particle layer, which is clearly applicable to the cytosol filled exosomes.[298] Furthermore, solvent
association is seen to be higher for layers comprised of particles with heterogenous height-to-width
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ratios. Exosomes already possess variable sizes and are assumed to deform at the WE surface giving
low height-to-width ratios, thereby supporting the feasibility of this theory.[208] Lastly, entrapment is
shown to be prevalent where particles have a disparate distribution / lateral organisation.[420] The
combination of liquid filled particles, particle deformation and heterogeneity in distribution may all
contribute to stronger hydrodynamic effects at higher ESP concentrations, leading to the relatively
stronger response in frequency. Alternatively, the relative decrease in dissipation response as
concentrations increase could be due to the more complete coverage of ESPs at the sensor surface,
which reduces the hydrodynamic interaction between particles and inhibits the rocking and translational
movements of the bound ESPs where dissipation predominantly occurs normally.
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Figure 5.8: EQCM-D performance against varying concentrations of ESPs spiked in 25% v/v
serum. (A) Nyquist plots representing EIS response. (B) Net proportional change in response across
EIS, frequency and dissipation. (C) Relative response ratio between frequency:EIS, dissipation:EIS
and dissipation:frequency. Standard deviation is determined from three independent experiments.

The performance of the EQCM-D platform to titrated ESP concentrations was subsequently
assessed in more complex media (25% v/v serum), to determine whether non-specific particles
(proteins, lipoproteins and lipids) could alter the detection and affect the relative response between
the techniques. Figure 5.8A shows that the introduction of serum into the buffer caused an overall
increase in the system impedance, likely due to a small degree of non-specific binding, but the relative
outputs from both EIS and QCM-D remain unaffected by non-exosomal artefacts (Figure 5.8B-C). As
the overall response relationships between techniques are unchanged, it points to a high platform
specificity.
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Figure 5.9: Specificity assessment of the EQCM-D platform. (A) EIS response to 5x108 ESPs/mL
on a control surface compared to a target surface. (B) Tandem QCM-D frequency and dissipation
response towards 5x108 ESPs/mL captured on a control functionalised sensor.

This notion was further enforced when comparing the platform response to an ESP sample
between a control and target surface. The control surface had anti-CD63 antibodies replaced with
non-specific IgG antibodies. Figure 5.9A confirmed a small difference in impedance response between
the control surface (1225 Ohms) and a baseline reading (1058 Ohms) conducted in just running buffer.
The increase in impedance could be attributed to the binding of some non-specific proteins to the WE
electrode surface from the 25% v/v serum matrix. Crucially, an identical sample (5x108 ESPs/mL)
elicited an impedance reading of 4112 Ohms on the target surface, equating to a SNR of 3.4. This
result underlines the capability of the EIS-based immunosensor to effectively discern CD63-positive
exosomes in a specific manner. Tandem QCM-D results show the same capability as shown in
Figure 5.9B and previously reported in Section 4.3. Almost no increase in dissipation, or decrease in
frequency, was seen upon addition of ESPs, demonstrating a low-propensity for non-specific binding.
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Figure 5.10: Concentration response curves for QCM-D and EIS modes of measurement to-
wards CD63-positive exosomes. (A) frequency, (B) dissipation and (C) EIS towards varying con-
centrations of ESPs in HBS buffer and 25% v/v serum. Standard deviation is determined from three
independent experiments.

Sensitivity of the three analytical principles employed by the EQCM-D platform towards CD63-
positive exosomes in 25% buffer, was derived from response curves, displayed in Figure 5.10.
Frequency response was seen to possess a larger dynamic range of measurement; however, dissi-
pation and EIS exhibited superior sensitivity. Furthermore, as EIS was more effective at minimising
background signal, it delivered a favourable SNR across the range of concentrations, resulting in a
lower LOD than dissipation response by approximately half an order of magnitude (Table 5.2). This
aligns with other reports of EIS lowering the LOD of the overall detection system.[400,402,403] These
detection limits are 1-2 orders of magnitude better than some recent biosensing attempts of exosomes,
all whilst being conducted in complex media.[182,201,222,224,421] The clinical significance includes being
able to detect CD63-positive exosomes using minimal sample volumes or using biological fluids where
exosome concentrations were reported to be lower than seen in plasma. One should note that the
concentration response curves for EIS measurements did not adopt a classical sigmoidal shape for
both HBS buffer and complex media, unlike the QCM-D measurements. A possible explanation was
the sensitivity of EIS to the heterogeneity in surface coverage of ESPs and non-ESPs material at the
sensor surface. Given these unexpected findings, the EIS LOD results require further validation.

Table 5.2: EQCM-D LOD values.

LOD (ESPs/mL)

Sample media QCMfreq QCMdiss EIS

HBS buffer 1.71x108 1.08x108 5.34x107

25% v/v serum 2.15x108 1.25x108 6.71x107
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5.4 Conclusions

The results in this chapter underlined an extension to the previously established QCM-D immunosens-
ing method for CD63-positive exosomes, by incorporating an additional mode of in-situ measurement
in the form of EIS. Using a circuit model which incorporates two time constants to account for dielectric
complexity, this work showcased a multi-modal approach that offers label-free analysis with high speci-
ficity from complex matrices. Uniquely, all this was achieved whilst using the same sensing surface to
detect exosomes based upon their mass, viscoelasticity and impedance inducing properties. Such an
approach allowed for analytical comparison between techniques, which suggested a synergy between
EIS and QCM-D, as determined by the proportionality in the dissipation of an analyte and resulting
increase in impedance at the working electrode. This allowed further discrimination between rigid and
viscoelastic particles, which is of particular utility for fluid filled exosome analytes, thus the strength
of the QCM-D platform was enhanced by coupling with impedance. Besides the complimentarity
between the techniques, impact was delivered through a lowering of the LOD to 6.71x107 ESPs/mL in
25% v/v serum, compared to 2.15x108 and 1.25x108 ESPs/ml for QCM-D frequency and dissipation
techniques respectively. Ultimately, this work has expanded the analytical toolkit for exosomes and
provided a technique which can be used to detect a library of markers with diagnostic potential
or for quality control. However, other detection platforms continue to report lower detection limits,
achieved through surface structure manipulation.[211,218,232] Similar adoption of nanoarchitectures to
the EQCM-D sensing surface could help to optimise ligand orientation for enhanced exosome capture
and lower detection limits.



Chapter 6

Amplified EQCM-D detection of
exosomes using 2D gold nanostructure
arrays fabricated by block copolymer
self-assembly

Disclosure: This chapter is currently under preparation for publication: ”Amplified EQCM-D detection
of exosomes using 2D gold nanostructure arrays fabricated by block copolymer self-assembly.” Suthar,
J., Alvarez-Fernandez, A., Williams, G. R. and Guldin, S.

6.1 Introduction

Nanostructured surfaces have recently attracted great attention in many fields of research and
technology due to their wide range of properties from optoelectronic to catalytic, offering applications
in many scientific disciplines.[422–424] In a biosensing context, a common rationale behind nanoscale
modifications of surface structure is to increase the sensing surface area (surface-to-volume ratio)
for enhanced binding capacity, or modify the aspect ratio (length to diameter ratio) for optimal ligand
arrangement, that collectively enhances analytical sensitivity and specificity.[425–427]

One approach to creating these structures is to randomly distribute pre-synthesized colloidal
nano-objects across the sensor surface, a method that has shown benefit in electrochemical-based
immuno-detection.[428] Letchumanan et al. recently described the addition of gold-nanorods to enhance
differential pulse voltammetry (DPV) detection of C-reactive protein by 100-fold.[429] Similarly, gold
nanorods with different aspect ratios have been successfully employed to enhance amperometric
immunosensing of alpha-fetoprotein, attributed to an increased binding area and improved working
electrode access for electron transfer.[430] Alternative shapes such as spherical Au NPs conjugated
with streptavidin, have shown the possibility of increasing the LOD for carcinoembryonic antigen
detection via DPV.[431] More complex architectures based on bimetallic nanopillar sensors have elicited
a 10-fold increase in square wave voltammetry sensitivity towards insulin compared to commercial
detectors, as a result of increased electron transfer across a larger working electrode surface area.[432]

Some detection principles such as surface enhance Raman scattering (SERS) and localised surface
plasmon resonance (LSPR) are reliant on the nano-structuration of plasmonic materials to yield intense
local electric fields, especially when the architectures possess a high degree of order.[433,434,225]

136
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These works are examples of the biosensing scope of nanoarchitectures that has driven an
advancement in different fabrication techniques, moving away from randomly distributed arrangements
and instead focusing on reproducible and spatially confined materials engineered at the nanoscale. Top-
down lithographic techniques such as photo-lithography, electron beam lithography or nanoimprinting
lithography have been successfully implemented in the production of controllable nanostructured
surfaces for enhanced analytical detection of exosomal proteins.[227,243,214] Cai et al. reported a
gold nano-checkerboard surface created using an interference lithography approach that displayed
enhanced sensing performance.[435] Similarly, Raghu et al. employed electron beam lithography to
create elliptically-shaped gold nanopillars that delivered improved sensitivities by over three orders
of magnitude.[218] Lithography free nano-patterning has also been used to increase the binding
surface area of a device for higher ligand probe density and improved efficiency for exosomal CD24
detection.[436] However, a requirement of sophisticated instrumentation, time constraints and the
excessive costs associated with these top-down fabrication methods limit their application on a
wide-scale.

Bottom-up approaches have emerged as practical alternatives to guide surface modification with
Au NP arrays, in lieu of the chemical and physical etching processes of lithography.[288,437,438] Amongst
other techniques, the utilisation of block copolymer (BCP) self-assembly to create etch masks or
templates that aid metallic backfilling has been shown to be highly effective in constructing nanometric
features with high order periodicity over large surface areas, all in a reproducible, fast and cost effective
manner.[439,440] A BCP is comprised of two or more polymers chains (blocks) that are covalently linked.
One can exploit the tendency of these macromolecules to segregate on a local scale in order to
minimise interfacial area and energy of the structure, forming configurations with sizes that are
associated with the gyration radius of the polymer chain.[441] Diblock (A and B chain) BCP segregation
is influenced by the degree of polymerisation (N = NA + NB), the volume fraction of each block
(ψA and ψB) and the interaction between the repeating units, known as the Flory-Huggins parameter
(XAD).[442] Depending on the fraction asymmetry within a diblock BCP, the resulting microphase
separation can produce features such as gyroids, cylinders and spheres, with a periodicity in the
sub-100 nm range.[443]

This underlines the versatility that BCPs present for nanoarchitecture design by simply tuning
the block molecular weight and/or chemistry. Reproducible and homogeneous BCP self-assembly
invariably requires initial casting as a thin film. Favourable interfacial energies between the substrate
and a particular block could result in parallel (in-plane) orientations, whilst uncharged interfaces will
generate out-of-plane structures that are more desirable in the context of immunosensing, due to their
propensity to support growth of orthogonal structures that are accessible to analytes.[444–446] Following
self-assembly, BCP structural templates are combined with materials using strategies such as BCP
co-assembly,[447] sputtering,[448] electrochemical deposition,[449] sequential infiltration synthesis and
aqueous metal reduction (AMR).[450–453] AMR involves the introduction of metal (gold) in an aqueous
environment and is reliant on the chemical interaction between metal ions and a particular BCP
phase of the template.[454,455] After incubation and successful impregnation, the BCP scaffolding is
sacrificed through reactive ion etching (RIE), UV/Ozone exposure or chemical agents.[456] The result
is an arrangement of well-ordered metal nanoparticles across the substrate surface, achieved in a
simple, consistent and scalable process. The advancements in biosensing performance using these
2D surface arrays of Au NPs makes it a desirable architecture for application in exosomal protein
immunodetection.
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6.1.1 Chapter aims

This work addresses a scarcity in surface structural modifications to piezoelectric crystal biosensors,
by implementing a bottom-up fabrication approach that attempts to establish highly ordered structures
with <100 nm periodicity at a nanoscale resolution.[457] To this end, two diblock BCP poly(styrene)X -
block-poly(4-vinylpyridine)X (PSX -b-P4VPX ) solutions with different molecular weights have been
employed to help form sacrificial templates to aid the formation of metallic (gold) particle orthogonal
arrays with distinct nanoscale geometries and densities, in combination with an in-situ AMR protocol.
Formation of Au NP arrays are tested on both silica and gold coated sensors, to explore whether
Au NP-substrate combinations could improve the analytical performance towards CD63-positive
exosomes using previously established QCM-D and EQCM-D techniques. A particular focus is the
improvement of analytical sensitivity in order to align performance with techniques that possess
detection limits a few orders of magnitude below what has been reported in this thesis so far.[244,458]

Complementary surface characterisation of sensor substrates is conducted to investigate the impact of
Au NP-array periodicity and size on the binding surface area and spatial arrangement, thus elucidating
the underlying mechanisms behind the changes witnessed in analytical performance.

6.2 Experimental

6.2.1 Materials

For surface characterisation, Si (100) wafers (p-type) were purchased from MicroChemicals GmbH and
cut to appropriated dimensions (1x1 cm). Two different poly(styrene)-block-poly(4-vinylpyridine) (PS-b-
P4VP) materials with Mw = 22 kg mol−1 (Mw PS = 15 kg mol−1; Mw P4VP = 7 kg mol−1) and Mw =
257 kg mol−1 (Mw PS = 187 kg mol−1; Mw P4VP = 70 kg mol−1) were purchased from Polymer Source,
Inc., Canada, and were used without further purification. Propylene glycol methyl ether acetate
(PGMEA) (reagent plus, 99.5%), THF (ACS reagent, 99.9%), and tetrachloroauric acid (HAuCl4)
(99.999% trace metals basis) were purchased from Merck and used without further purification. For
isolation and sample preparation, qEV original SEC columns (Izon Science,UK), human plasma (Sigma
Aldrich, USA), 0.45µm filters (Merck Millipore, USA), HEPES buffered saline (HBS, 0.01M HEPES, pH
7.4, 0.15M NaCl) (GE Healthcare Life Sciences, Sweden) and Amicon Ultra-15 centrifugal filters (Merck
Millipore, USA) were used. For sample characterisation 100 nm polystyrene beads (Thermofisher
Scientific, UK), a microBCA assay (ThermoFisher, UK) and RIPA buffer (Sigma Aldrich, USA) were
acquired. For QCM detection, mouse monoclonal biotinylated-anti CD63 (353017, Biolegend UK),
biotin-IgG isotype control antibody (400103, Biolegend UK) and streptavidin (Sigma Aldrich, USA)
were utilised. For EQCM-D measurements, materials included; ferrocyanide (>98.5%, Honeywell),
ferricyanide (99%, ACROS Organics), gold coated and silica coated QCM sensors from QuartzPro,
Sweden.

6.2.2 Exosome isolation and characterisation

A fresh sample of ESPs were isolated from human plasma using SEC isolation as per Section 3.2.3.2.
SEC fractions were analysed using NTA as described in Section 3.2.4.1. Total protein concentration of
SEC isolates was determined using the micro-BCA protein assay as discussed in Section 3.2.4.3.
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6.2.3 PS-b-P2VP BCP self-assembly

Hexagonal out-of-plane cylindrical arrays formed from BCP self-assembly in thin films were produced
by spin coating a 2 wt.% solution of PS15K-b-P4VP7K (BCP1) in PGMEA and a 2 wt.% solution of
PS187K-b-P4VP70K (BCP2) in a mixture of PGMEA:THF (90:10 volume ratio) respectively onto bare
silica and gold coated QCM sensors. Coating was performed at 3000 rpm, for 30 s following cleaning
with oxygen reactive ion etching (RIE) plasma for 90 s.

6.2.4 Selective Au impregnation and Au array formation

1 wt.% solutions of HAuCl4 in milli-Q water were used to impregnate the BCP films by overnight
immersion of the sample in the solution. The silica and gold surfaces were exposed to oxygen reactive
ion etching (RIE) plasma treatment in a Diener Electronic PICO instrument (Germany) (plasma
conditions: 20 sccm O2, 60 s) in order to etch the polymer scaffold and reduce the gold salts to Au0.

6.2.5 Surface characterisation

6.2.5.1 Atomic force microscopy

AFM images of surfaces after spin coating and after plasma etching were obtained using a Bruker
Dimension Icon instrument (UK) with a Bruker ScanAsyst Air probe (normal tip radius 2 nm, spring
constant = 0.4 N/m, resonance frequency = 70 Hz in air) in ScanAsyst mode at 1 kHz oscillation and
a linear scan rate of 0.5 Hz. Images were processed using Gwyddion software (Version 2.5) by first
aligning rows using a median of differences correction.[459] Images were then flattened using mean
plane subtraction. A 3-pixel (∼6 nm) Gaussian filter was applied to reduce image noise. Height and
diameter profiles of particles were taken as an mean from 15 detected particles across 3 micrographs.
Centre-to-centre distribution and fast Fourier transform (FFT) was determined using ImageJ (Version
1.53, NIH, USA) analysis software. Particle diameter was determined using Pebbles software.[460]

6.2.5.2 Grazing-incidence small-angle scattering

GISAXS experiments were performed using a SAXSLab Ganesha 300XL (8 keV), as part of the
CNIE research facility service, University College London. The incident angle was set at 0.18 ◦. 2D
scattering patterns were collected with a PILATUS 300K solid-state photon-counting detector at a
sample-to-detector distance of 1400 mm. GISAXS data analysis was performed using FitGISAXS
software.[461] Au NPs formed on Si surfaces after etching BCP1 and BCP2 were used for analysis to
exploit scattering differences between Au NPs and the Si substrate, since it would be challenging to
detect Au NPs on Au substrates.

6.2.5.3 Spectroscopic ellipsometry

An optical study of the Au NP decorated silicon-wafers and plain silicon-wafers was performed using
spectroscopic ellipsometry (Semilab SE2000, Hungary)) at an incident angle of 73◦. Obtained values
for Ψ and ∆ were subsequently analysed using the Semilabs SEA software (v1.6.2).
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6.2.6 QCM-D

Information on general QCM apparatus set-up and sample preparation is given previously in Section
4.2.3.1, with a key difference here being that silica coated sensors were also used alongside gold
coated sensors.

6.2.6.1 In-situ gold island formation

The gold impregnation process to form Au NPs was also conducted in-situ, within the QCM-D chamber,
and monitored for frequency and dissipation response in real-time. Two silica coated sensors and two
gold coated sensors were prepared with BCP1 and BCP2 self-assembled templates as described in
Section 6.2.3 above. Each sensor was run in parallel using the four individual QCM-D chambers. After
response stabilisation in water, the HAuCl4 solution was flowed across the sensor surface at 10µL/min
overnight. The surfaces were then rinsed with water, with the net shift being recorded.

6.2.6.2 QCM-D immunosensing of CD63-positive exosomes

Following Au NP formation, the method of immunosensor fabrication remained as previously described
in Section 5.2.3.2, thus only gold regions across the surface were modified for sensing, whilst any
underlying silica substrate remained unfunctionalised. The sensing capabilities of flat (unmodified)
silica and gold coated surfaces were subsequently compared to silica and gold surfaces which had
been modified with large Au NPs following impregnation of BCP2-based templates. The sensors were
assessed against 1x108 ESPs/mL in 25% v/v serum.

Sensitivity of silica and gold coated sensors, modified with small and large Au NPs following
impregnation of BCP1- and BCP-2 based templates were then compared. The sensors were as-
sessed against the following concentrations: 5x107, 7.5x107, 1x108, 2.5x108, 5x108, 7.5x108 and
1x109 ESPs/mL in 25% v/v serum. LOD and LOQ of the sensor surfaces were determined by replacing
the anti-CD63 antibody with a biotin-IgG isotype control antibody. LOD and LOQ were defined as the
minimum ESP concentration displaying an SNR of 3 and 10 respectively.[359] SNR was determined
as a ratio of the response elicited on the target and control sensor surfaces using the concentrations
provided above.

6.2.7 EQCM-D analysis of CD63-positive exosomes

The presence of Au NPs on both silica and gold sensors, allows for detection of CD63-positive
exosomes using electrochemical impedance as a comparison technique to QCM-D. Please refer to
Section 5.2.3.1 for description of instrument, impedance measurement protocol and reagent details in
relation to the tandem electrochemical measurements.

Impedance was measured for all four sensor surfaces against 1x109 ESPs/mL in 25% v/v serum
and compared against impedance values from a flat (unmodified) gold sensor. In order to determine
the influence of the sensor surface on the overall impedance value, the measurement protocol was
conducted on the bare sensor surfaces post-Au NP formation, without the addition of any of the
immunosensing layers. The inherent impedance of the four sensor surfaces was again compared to
that of a flat (unmodified) gold sensor.
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6.3 Results and discussion

Two Mw BCPs have been used to create gold arrays with different structural parameters, allowing for
immunosensor fabrication and downstream application on QCM-D and EQCM-D analytical platforms.
A summary of the experimental approach is presented in Figure 6.1.

0.0 0.1 0.3 0.4 0.6

0

2

4

6

8

10

12

D
is

si
pa

tio
n 

(1
0

-6
)

Time (h)

1x109ESPs/ml Rinse

0 1 2 3 4 5 6 7 8 9 10 11

0

1

2

3

4

5

6

Z
im

 (
kΩ

)

Zre (kΩ)

0.0 0.1 0.3 0.4 0.6
-80

-70

-60

-50

-40

-30

-20

-10

0

10
 Small Au array on Au
 Large Au array on Au
 Small Au array on Si
 Large Au array on Si

Δ
ƒ 5

 (
H

z)

Time (h)

1x109ESPs/ml Rinse

Electrochemical Impedance Spectroscopy

QCM-D

BCP directed assembly for templating of Au nanostructures

Dual mode detection of
CD63+ exosomes

Au island

Thiol

PEG 

Biotin

Streptavidin

Biotin

Antibody

Exosome

B C

D

E

O2 plasma

 Spin coating

 Pyridine moiety
 in P4VP domain

A

Figure 6.1: Schematic summary of the experimental approach. (A) Two BCPs of different Mw
were cast as thin films onto silica and gold sensors by spin coating. This initiates, (B) self-assembly
via phase separation of the BCP mixture to form a template comprised of out-of-plane cylinders. (C)
BCP templates were incubated overnight with HAuCl4. (D) The BCP template was sacrificed via
reactive ion etching, revealing reduced Au NPs on both silica and gold coated sensors for onward
immunofunctionalisation. (E) Nanopatterened sensors were used in QCM-D and EQCM-D detection
of CD63-positive exosomes.

6.3.1 BCP self-assembly and formation of out-of-plane cylinders

A 2% w/v solution of low Mw (PS15K-b-P4VP7K) BCP1 in PGMEA was spin-coated onto bare silica
and gold QCM sensors (3000 rpm, 30 s), creating a film with thickness of ∼35 nm. The AFM topo-
graphical image obtained immediately after BCP1 deposition on silica surfaces is shown in Figure
6.2A, suggesting the self-assembly of the BCPs into a cylindrical formation. The power spectral
density (PSD) function was calculated as the square of the absolute intensity value of the FFT from
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the AFM image. The correlation peak allows derivation of cylinder centre-to-centre distance (dc−c) to
be 22.4 nm (Figure 6.2B). In the case of BCP2, a 2% w/v solution in a PGMEA:THF 90:10 volumetric
ratio mixture was spin-coated onto silica and gold QCM sensors (3000 rpm, 30s), creating a film
thickness of ∼75 nm. The AFM micrograph again displayed a pattern of dots that can be interpreted
as topographical characterisation of out-of-plane P4VP cylinders surrounded by a PS matrix (Figure
6.2C). The PSD correlation peak helped determine a cylinder dc−c of 77.2 nm (Figure 6.2D).

A B

D

B CB

C FD

Figure 6.2: Topographical analysis of sensor surfaces following BCP spin-coating. (A) AFM
micrograph of self-assembled out-of-plane cylinders after casting BCP1, (B) PSD graph calculated as
the square of the absolute value of the FFT of (A), (C) AFM micrograph of self-assembled out-of-plane
cylinders after casting BCP2 and (D) PSD graph from FFT of (C). Scale bar: 100 nm.

The choice of solvent for the polymer solution is dictated by the material-solvent parameters
(affinity and evaporation rate) and the macromolecular characteristics of the respective BCP system.
The formation of out-of-plane cylinders was likely aided by the use of solvents that are neutral for
both blocks.[462] Table 6.1 lists the respective polymer-solvent interaction parameters calculated using
the Hansen solubility values for PS, P4VP, THF and PGMEA.[463] Interaction parameters below 0.5
ensure effective miscibility between polymer in a specific solvent. Therefore, both THF and PGMEA
are suitable solvents for PS and P4VP blocks respectively. Even if THF presents a higher affinity
for both blocks than PGMEA, the latter appeared to be a better option for the adopted BCP system
since it presents a higher boiling point than THF (146◦C vs. 66◦C). This could support slower solvent
evaporation during the spin-coating process, giving more mobility to the polymer chains and supporting
self-assembly. The increase in the Mw for BCP2 (PS187K-b-P4VP70K), can reduce this polymer chain
mobility, solubility and inhibit fast microphase separation.[464,465] Thus the addition of a small fraction
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of THF likely supported solvation for the casting solution. The combination of BCPs with sufficient
polymer chain mobility and the use of a non-selective solvents resulted in well-ordered structures
exhibiting an out-of-plane orientation, without requiring any post-deposition processes such as solvent
or thermal annealing.

Table 6.1: Hansen solubility parameters for the BCP materials studied[465].

Polymer or solvent δd(MPa1/2) δp(MPa1/2) δh(MPa1/2) V (µm3/mol)a χpolymer−THF
b χpolymer−PGMEA

b

THF 16.8 5.7 8.0 81.7 - -

PGMEA 16.1 6.1 6.6 137.1 - -

PS 18.7 5.9 3.5 115 0.40 0.46

P4VP 18.1 6.8 7.2 108 0.10 0.19

a Vapour pressure is at 298K. b Values of χ parameters estimated at 298K using:

χij = V
RT ((δdj − δdi)2 + 0.25(δpj − δpi)2 + 0.25(δhj − δhi)2)

δd, δp, δh are parameters related to dispersion, polarity and hydrogen bonding respectively.

V is the molar volume and χ is the Flory-Huggins interaction parameter.

6.3.2 Selective Au impregnation and Au NP formation

The cylindrical BCP template was subsequently used to produce gold arrays through selective gold
incorporation. Gold preferentially impregnated into the P4VP domains as a result of the Bronsted base
character of the 4VP units, forming pyridium salts in the presence of HAuCl4 through the protonation of
pyridine moieties.[466] Overnight incubation of the polymer film with the metallic salt precursor solution
facilitated the ionic interaction between the pyridine (PyH+) and [AuCl4]− ions. The penetration of the
gold salts was facilitated by P4VP domain swelling in water and appeared to be homogeneous across
the film thickness. The BCP scaffolding is removed with O2 plasma, which also reduced the metallic
salts, creating a Au NP decorated array deposited on the sensor surface (Figures 6.3A and B) that
faithfully reproduced the initial out-of-plane assembly pattern of the BCP (Figures 6.2A and C).[467]

The FFT of the AFM image revealed hexagonal packing of nanodots (P6mm symmetry), which are
interpreted as top surface out-of-plane gold arrays. Due to effects related to the tip morphology, the
AFM can only provide an upper bound value of the in-plane dimension (maximum diameter) of the gold
dots. Image analysis using the Pebbles software was able to identify Au NP boundaries on the sensor
surface (Figures 6.3C and D). Au NPs produced from the BCP1 template (BCP1 NPs) was estimated
to have a modal diameter of 18.4 nm (±3.2 nm) (Figure 6.3E). This was compared to an estimated
diameter of 59.9 nm (±8.2 nm) for Au NPs produced from the BCP2 template (BCP2 NPs) (Figure
6.3F). The large Mw of the P4VP domain of BCP2 (70 kDa) produced larger out-of-plane cylinder
domains than the 7 kDa P4VP of BCP1. This is possibly because the high Mw domain accommodated
a greater volume of gold salts that contribute to the large Au NPs post-BCP removal, a finding that has
been similarly reported elsewhere.[288]
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Figure 6.3: In-plane AFM analysis of manipulated sensor surfaces. AFM topographical images of
(A) small (BCP1) and (B) large (BCP2) gold nanodots obtained after overnight incubation and O2 RIE.
Scale bars: 100 nm. FFT of both images are shown in the respective inset. Application of Pebbles
software to (C) AFM micrograph of BCP1 gold nanoarray surface (scale bar: 100 nm) and (D) BCP2
gold nanoarray surface (scale bar: 200 nm). Corresponding particle diameter size distribution of (E)
BCP1 and (F) BCP2 nanoarray.

Tip morphology limitations also meant that AFM only provided the lower bound value of the out-of-
plane dimension (minimum height) of∼7.0 nm (± 1.4 nm) and∼20.1 nm (± 3.7 nm) for particles created
from BCP1 and BCP2 respectively (Figures 6.4A and B). This gives an estimated height-to-width
ratio of 0.38 and 0.33 for BCP1 NPs and BCP2 NPs respectively, thus confirming a semi-ellipsoidal
particle shape. The dc−c between the nanodots (largely unaffected by tip effects) were found to be
∼22 (BCP1) and ∼75 nm (BCP2), which were in agreement with the PSD data on the out-of-plane
cylinders following BCP self-assembly (Figures 6.2B and D). The AFM images suggest that Au NPs
formed from BCP1 were tightly packed with a denser population than those formed from BCP2, which
were far more isolated.
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Figure 6.4: Out-of-plane AFM micrographs of Au NPs silica sensors post-RIE etch. (A) AFM
analysis of Au NPs from BCP1 template surface, (i) 2D and 45◦ tilted 3D AFM micrographs (ii)
topographical profile and (iii) schematic of Au NP height. (B) AFM analysis of Au NPs from BCP2
template surface, (i) 2D and 45◦ tilted 3D micrographs (ii) topographical profile and (iii) schematic of
Au NP. Scale bars: 100 nm.

The higher degree of gold adsorption with BCP2 derived templates is supported by overnight
in-situ QCM-D analysis (Figure 6.5). Monitoring was conducted for the gold impregnation process
of BCP1 and BCP2 templates on both silica and gold sensors. A significant decrease in oscillation
frequency for all four sensor surfaces indicated a large mass of gold being adsorbed onto the sensor
surface (Figure 6.5A). The fact these shifts were higher for the large Mw BCP2 films on both sensor
surfaces suggests that the larger P4VP domains were the reason for increased gold incorporation. It
can also be inferred that the superior gold adsorption for BCP2 films was a result of particle diameter
growth as opposed to height as characterised by AFM in Figure 6.4B. Interestingly, a greater quantity
of gold adsorption was witnessed on gold surfaces compared to silica. A possible explanation could
be the relative bond strength between gold and silica being poor, whilst electrostatic attractive forces
likely exist between conduction electrons of the gold substrate and positively charged metal ions, thus
possibly facilitating gold nanoparticle formation on flat surfaces via metallic bonding.[468] Differences in
dissipation during the incubation process were of a lower magnitude, but the trends were similar to
those observed with frequency, with the largest dissipation shifts seen for BCP2 films (Figure 6.5B). As
the gold impregnated the P4VP domain, it is possible that the metal near the crystal surface moved at
a different tangential velocity to the tip of the Au NP located furthest away from the surface. This can
account for the partial dissipation of some oscillation energy.[404] The transient increase in dissipation
upon rinsing in Figure 6.5B was a result of remaining gold salt solution in the sample tubing passing
into chamber upon flow re-commencement, prior to the rinse buffer entry.
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Figure 6.5: Example QCM-D profiles from overnight HAuCl4 impregnation of BCP thin film. (A)
Frequency and (B) dissipation response to Au incorporation for BCP1 and BCP2 thin films on silica
and gold sensors.

GISAXS experiments were conducted to confirm the hexagonal order of the Au NPs obtained. The
AFM topographic images present a small fraction of the sample (in this case 0.5 x 0.5µm), whereas
GISAXS is able to probe a surface area several orders of magnitude larger than the nanostructure
characteristic size, as the footprint of the beam at the grazing incidence is typically of several mm2. The
GISAXS patterns (at an incidence angle of 0.18◦, between gold and silicon substrate critical angles)
corresponding to both BCP1 and BCP2 NPs are shown in Figures 6.6A and B. In both instances,
the patterns displayed intense Bragg peaks along αf that are associated with the presence of gold
particles on the silicon wafer surface. The horizontal line cut (out-of-plane) of the qy component,
integrated around the Yoneda band, represent the GISAXS intensity distribution parallel to the surface
and are presented in Figures 6.6C and D.[469] The pronounced modulation of scattering intensity in
this region is correlated to the interference effects induced by surface roughness of the substrate. The
dc−c between the Au NPs can be calculated with respect to the position of the first Bragg peak (q∗)
following equation 6.1.[470]

dc−c =
4π√
3q∗

(6.1)

For the smaller BCP1 NPs, the q∗ position of 0.267 nm−1 for the first Bragg peak indicates a dc−c of
27.1 nm between NPs. Higher order Bragg rods are observed at

√
3 indicating the hexagonal ordering

of the Au NP structure. Similar results were obtained for the larger BCP2 NPs. In this case, the
position q∗ = 0.097 nm−1 of the first Bragg peak confers a dc−c of 74.3 nm. Higher order Bragg peaks
at qy/qy∗ =

√
3 and

√
7 clearly confirmed the hexagonal order of the array structure. These results

aligned strongly with the reported AFM findings (Figure 6.2).
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q*= 0.0976

q1= √3q*

q*= 0.2676

q1= √3q*

𝐷𝑐−𝑐 =
4π

3𝑞∗
= 74.3 nm

𝐷𝑐−𝑐 =
4π

3𝑞∗
= 27.1 nm

q3= √7q*
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D

Figure 6.6: GISAXS analysis of manipulated sensor surfaces. GISAXS profile of a silicon wafer
with (A) BCP1 Au NPs and (B) BCP2 Au NPs after O2 RIE etching. Out-of-plane scattering profiles
corresponding to a horizontal line cut as a function of qy for (C) BCP1 Au NP and (D) BCP2 Au NP
arrays.

With the dc−c, in-plane and out-of-plane dimensional information, an estimation was made on the
surface area and density of the Au NPs on the sensing surface. Figure 6.7A and B use the radii and
particle height acquired from Figures 6.3 and 6.4 to calculate the surface area of the Au NP, which was
determined to be half an oblate spheroid (low height to width ratio). Taken as a single entity, the BCP2
NPs displayed a larger surface area than BCP1 NPs. However, Figure 6.7C accounts for the change
in detection surface area in consideration of particle density as derived from the AFM micrographs.
BCP1 Au NPs displayed nearly 7-fold higher density (398 NPs vs 57 NPs per 500 nm2) across the
same substrate area compared to the BCP2 Au NPs, resulting in BCP1 arrays alone offering a 2.7
higher surface area than BCP2 arrays.

Crucially, the higher density of BCP1 Au NPs reduced the surface area of the exposed interstitial
(inter-particle) substrate (46.2% of total surface area). Conversely, the underlying substrate contributed
a greater proportion (76.8%) to the overall surface area in the presence of BCP2 Au NPs. This
becomes salient when we consider the nature of the underlying substrate. If the substrate is silica, the
Au NPs act as discrete/confined binding arrays amongst non-binding interparticle spaces, whereas
a gold substrate could compete for binding with the Au NP (effectively a continuous binding region),
resulting in potential non-discriminate analyte binding across the entire sensing surface. Therefore,
although BCP1 NPs with their current density present a larger theoretical surface area, the small
interparticle distance may not suit the ESP target molecules due to their large size (50-150 nm), with
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only the uppermost part of the particle being accessible to the analyte. On the contrary, the bigger
BCP2 NPs and their more elongated structures (perpendicular to the surface), create a surface area
that is likely more accessible to the target analyte; this, along with larger inter-particle spacing could
minimise steric effects that would ordinarily inhibit ESP binding.

A B

C

cross sectional area cross sectional area

hemispheric surface areahemispheric surface area

Figure 6.7: Estimation of Au NP size, density and surface area. AFM-derived surface area
estimation of (A) BCP1 and (B) BCP2 Au NPs. (C) Schematic representation of sensor surface area
with and without Au NPs, and Au NPs alone, derived from both BCP1 and BCP2 templates. Scale bar:
100 nm.

Lastly, to demonstrate the reduction of the HAuCl4 salt into metallic dots with O2 plasma, spectro-
scopic ellipsometry measurements were performed on the visible and near-infrared spectral domain
for the silicon substrate decorated with BCP2 NPs (Figure 6.8). The evolution of the measured Ψ and
∆ as a function of the photon energy revealed a clear S-shaped feature characteristic of resonance in
the region ≈ 2.4 eV, which was not present for the bare (non-functionalised) silicon wafer. This can be
directly linked to the localised surface plasmon resonance of the formed Au NP array.
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A B

Figure 6.8: Post-RIE spectroscopic ellipsometry results obtained from a bare and BCP2 Au
NPs functionalised silicon wafers. (A) Ψ and (B) ∆ as a function of photon energy. Observed
plasmon resonance is circled on both.

6.3.3 QCM-D detection of exosomes using Au NP patterned surfaces

Prior to investigating biosensing with these surface, ESPs were first isolated from human plasma using
SEC. Fractions were assessed for total protein content and particle concentration (Figure 6.9A). The
highest concentration of ESPs were eluted within fractions 4 and 5. Corresponding protein elution
was found to peak later, in fraction 11, confirming that the SEC was effective at separating ESPs
from smaller, possibly non-exosomal artefacts and contaminants. This ensures that the final exosome
isolate was of sufficient purity to be used for downstream biosensing. Particle size distribution of
fraction 4 demonstrates a narrow range, with the majority of particles residing within the ESP size
thresholds. The modal size was determined at 129 nm (Figure 6.9B).
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Figure 6.9: Particle size characterisation of ESP SEC isolation. (A) ESP and protein concentration
profiles across SEC fractions using NTA and microBCA analysis. (B) Particle size distribution of SEC
fraction 4.

It was prudent to compare the sensing performance between flat gold and flat silica sensors
to silica and gold sensors with large Au NPs, to determine whether the introduction of Au NPs
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improves response to a concentration of ESPs. The gold surfaces (Au NPs and exposed gold sensor
substrate) were functionalised with a mixed SAM (SH-PEG (2 kDa)-Biotin:SH-OEG (800 Da)-COOH
at a 1:9 mol/mol ratio), prior to SAv and biotinylated-anti CD63 addition. Figure 6.10A displays an
example frequency response from the addition of SAv to ESP detection. As expected, no significant
shifts were seen on the flat silica sensor as the thiol-based affinity fabrication approach was tailored to
gold surfaces. The surfaces with large Au NPs show significantly higher frequency shifts upon ESP
addition than flat gold, with Au NPs on gold and silica surfaces exhibiting changes of ∼-5.5 Hz and
∼-9.0 Hz respectively. This was despite a greater mass of SAv and capture ligand antibody binding
to the surface of flat gold, as indicated by the larger frequency decrease. It is possible that having
a denser packing of antibody molecules (as seen on flat gold) may not necessarily result in greater
capture of ESPs. Binding of particles with sizes up to 150 nm is known to be limited by exacerbated
steric effects.[201,471,385] Perhaps promoting favourable spatial orientation over density of antibodies,
as offered by large Au NP binding arrays, is an explanation for superior ESP detection. Dissipation
responses were in agreement with the frequency trends (Figure 6.10B). Sensors with large Au NPs
exhibited larger dissipation response upon ESP addition, again suggesting superior ESP attachment
to surfaces, which offered optimal spatial orientation of capture antibodies to reduce perceived steric
hindrances of ESPs.

Interestingly, Au NPs of both sizes displayed superior binding responses towards ESPs when
formed on silica sensors compared to gold surfaces. These results are in spite of the increased
theoretical binding surface area being offered by the Au NP on gold sensors (Figure 6.7C). This can be
attributed to the immunosensor fabrication being specific towards gold surfaces, coating both the gold
substrate and Au NPs for gold sensors and only Au NPs on silica sensors. Therefore, Au NPs on silica
offer specific binding regions interspersed amongst non-binding silica domains. The spatial separation
of antibodies on the surface and elongated Au NPs could promote favourable access for the large
ESPs to effect superior binding, however, additional computational molecular modelling would help to
substantiate this theory as the underlying cause behind the binding discrepancy.
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Figure 6.10: QCM-D analysis of flat sensor surfaces compared to Au NP functionalised sur-
faces. Example QCM-D (A) frequency and (B) dissipation profiles comparing 1x108 ESPs/mL
detection on flat gold, flat silica and large BCP2 Au NP binding arrays on gold and silica.

The next step was to compare detection performance between small BCP1 Au NPs and large
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BCP2 Au NPs, on both gold and silica surfaces (Figure 6.11). BCP2 templated gold arrays produced
higher changes in frequency and dissipation towards 1x109 ESPs/mL on both sensor substrates. This
can be attributed to the greater influence of spatial orientation and reduced steric hindrance on ESP
binding offered by the larger binding arrays. This was in contrast with BCP1 templated arrays, which
offered improved binding surface area but denser packing of binding sites. Once more, we note that
Au NPs on silica performed significantly better than on gold, with even BCP1 Au NPs on silica showing
more response than BCP2 Au NPs on gold. This further supports the suggestion that the introduction
of non-binding silica spacer regions was the dominating factor behind the differences, with this effect
only being enhanced by increasing the size of the Au NP on silica, which reduced the density of
sensing regions (Figure 6.7C).

0.0 0.1 0.3 0.4 0.6

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

Δ
ƒ
5
 (

H
z
)

Time (h)

 Small Au array on Au

 Large Au array on Au

 Small Au array on Si

 Large Au array on Si

1x109ESPs/ml Rinse

0.0 0.1 0.3 0.4 0.6
-2

0

2

4

6

8

10

12

14

16

D
is

s
ip

a
ti
o

n
 (

1
0

-6
)

Time (h)

 Small Au array on Au

 Large Au array on Au

 Small Au array on Si

 Large Au array on Si

1x109ESPs/ml RinseA B

Figure 6.11: QCM-D analysis comparing to Au NP functionalised surfaces. Example QCM-D (A)
frequency and (B) dissipation profiles comparing 1x109 ESPs/mL detection with small BCP1 and large
BCP2 Au NPs on gold and silica sensors.

Response curves for the different sensing surfaces were acquired by titrating ESP concentrations,
in order to determine changes in sensitivity for frequency and dissipation (Figure 6.12). The LOD
of each sensor surface in 25% v/v serum is displayed in Table 6.2. BCP2 Au NPs display improved
LOD compared to BCP1 Au NPs for both sensor substrates. Moreover, Au NPs on silica surfaces
demonstrated superior detection of ESPs than the equivalent array on a gold surface. Crucially, despite
the larger BCP2 Au NPs on silica possessing 4-fold lower binding surface area (63,400 nm2 across
a 250,000 nm2 sensor region) compared to flat gold, the surface exhibited 4-fold higher exosome
sensitivity for frequency measurements and 1.5-fold higher dissipation performance, indicating superior
binding efficiency of the surface that was reflected in a stronger response to all ESP concentrations.
The reported LOD was an order of magnitude improvement to a colorimetric sensing approach
described by Xia et al.[194] In addition, an advantage of nearly 2 and 3 orders of magnitude was
observed compared to interferometric and SPR based detection platforms from Daaboul et al. and Liu
and colleagues respectively.[202,224]
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Figure 6.12: QCM-D concentration response curves to CD63-positive exosomes on Au NP
functionalised sensors. QCM-D (A) frequency and (B) dissipation response curves, comparing
detection of varying concentrations of ESPs with large BCP2 and small BCP1 Au NPs on gold and
silica sensors. Standard deviation determined from three independent experiments.

Conversely, small Au NP arrays on gold substrates, which provided the greatest binding surface
area, did not result in a sensitivity improvement of a similar magnitude, suggesting a comparatively
lower efficiency of the sensor surface. Interestingly, frequency was seen to have become the more
sensitive mode of measurement upon the introduction of Au NPs, which was contrary to the earlier
findings reported in Section 4.3. Linkage or compliance between Au NP and spherical ESP may be
more robust than on flat surfaces, with reduced nanoscale rotational and translational motion around
the contact region, which could collectively contribute to the reduced dissipation sensitivity.[298]

These results suggested a significant role of the interstitial space, binding site density and spatial
orientation of ligands in effective exosome detection. Formation of Au NPs on silica sensors, created
specific orthogonal binding particles limited by non-binding silica regions that displayed superior
sensitivity on lower binding surface area, likely achieved through the minimisation of steric hindrances
for the exosome analyte to support access to capture antibodies. The sensing efficiency of this surface
creates the possibility of using the silica interstitial space for distinct functionalisation towards a different
target analyte, thus supporting dual-analyte co-adsorption experiments on the same QCM-sensor.

Table 6.2: QCM-D sensor surface sensitivity and binding surface area comparison.

Sensor substrate Gold Silica

Structure type Flat Small BCP1
Au NP

Large BCP2
Au NP

Small BCP1
Au NP

Large BCP2
Au NP

Frequency LOD (ESPs/mL) 2.15x108 1.01x108 8.30x107 9.40x107 5.20x107

Dissipation LOD (ESPs/mL) 1.25x108 1.05x108 9.70x107 1.03x108 8.31x107

Binding surface area over
250,000 nm2 region (nm2)

250,000 321,640 273,200 173,130 63,440

It is important to note that the difference in frequency response between silica and gold surfaces
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is exacerbated at higher ESP concentrations, particularly for the BCP2 Au NP array. This superior
detection capacity was further highlighted when comparing the dissipation response as a function of
frequency (Figure 6.13). All four sensor surfaces were tested with the highest concentration of ESPs
(1x109 ESPs/mL). Figure 6.13A shows that with small Au NPs on Au there is a lag in response, prior
to an increase, followed by a reduction in dissipation with no corresponding decrease in frequency.
This would suggest that the sensor has become saturated and is undergoing reorganisation of ESPs
at the surface to an arrangement that reduces dissipation upon oscillation as the particles enter a
more favourable orientation. This is in alignment with behaviour witnessed on flat gold surfaces in
Section 4.3 and supports the theory that the density of small Au NPs on Au caused the sensor to
perform similarly to flat sensors (Figure 6.7C). This rearrangement process is also seen with the large
Au NPs on Au albeit to a much lesser extent (Figure 6.13B). Figures 6.13C and D show the opposite
effect with silica substrates, where the rate of dissipation response actually increased simultaneously
with high frequency shifts, further underlining this surface’s higher binding capacity and efficiency at
the peak concentrations.

A B

C D

5 5

55

Figure 6.13: Dissipation change as a function of frequency change towards 1x109 ESPs/mL.
Response analysis using (A) small BCP1 Au NPs, and (B) large BCP2 Au NPs on silica surfaces, (C)
small BCP1 Au NPs, and (D) large BCP2 Au NPs on gold surfaces.
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6.3.4 Impact of Au NP array formation on EQCM-D detection of exosomes

Exploration of whether the introduction of nanoarchitectures at the sensor surface could affect the
EQCM-D analytical approach was also explored, with a focus on the EIS measurement. Figure
6.14A presents Nyquist plots as EIS response towards 1x109 ESPs/mL using the different Au NP
surfaces, which were compared to flat gold. BCP2 Au NPs on silica were found to provide the largest
change in impedance upon ESP binding, followed by BCP1 Au NPs on silica. BCP1 Au NP arrays
on gold were found to present the lowest changes in EIS and thus the collective results align with
the QCM-D responses reported above, with similar theories on ligand orientation and reduced ESP
steric hindrance being directly relevant. However, it is important to note that the BCP1 Au NPs on
gold displayed lower impedance responses than even flat gold surfaces. To understand this behaviour
and to appropriately evaluate total EIS performance, impedance measurements of the bare surfaces
were performed, i.e. a determination of the native Rct of each sensor, without any detection layers or
analyte (Figure 6.14B).
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Figure 6.14: EIS characterisation by Au NP patterned sensors. (A) Nyquist plots in response to
1x109 ESPs/mL on Au NP sensors compared to flat gold. (B) Nyquist plots representing inherent EIS
of bare sensing surfaces.

Sensors with a silica substrate were shown to have a far higher inherent impedance compared to
those with a gold substrate. With silica being a poor electrical conductor, the transfer of electrons is
confined to the Au NPs on these surfaces, thus increasing the overall Rct. As we see in Figure 6.7C,
the silica sensor with BCP2 Au NPs has a reduced surface area of conductive gold and greater area of
silica compared to BCP1 Au NP surfaces, which have a higher gold surface area for electron transfer.
For Au NPs on gold, this behaviour is exaggerated, due to the additional availability of conductive
gold regions between Au NPs. Clearly, the sensor with a higher gold surface area will provide greater
access to electron transfer and thus exhibit far lower EIS Rct. This is reflected in the results, with the
increase in conductive surface area of small Au NPs on gold giving a lower impedance value than
both large Au NPs on gold and flat gold itself (inset of Figure 6.14B). Therefore, it is possible that
the inherent impedance of the surfaces contributed to the EIS changes upon ESP binding in Figure
6.14A. Nonetheless, the overall observations confirm BCP2 Au NPs on silica sensors as being the
most sensitive platform for EQCM-D detections of CD63-positive exosomes.
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6.4 Conclusions

This chapter reported a PS-b-P4VP block copolymer self-assembly method to form well-ordered
gold nanoarrays on silica and gold sensor surfaces. Diblock BCPs of two molecular weights were
spin-coated onto substrates as thin films, promoting self-assembly into out-of-plane cylinders. Gold
was then successfully incorporated into the P4VP domain in an incubation process that was tracked
in real-time using QCM-D analysis. The monitoring confirmed a higher amount of gold adsorption
in high molecular weight BCP thin films. These findings were verified by AFM characterisation,
which identified the hexagonal formation of small (d= 18.4 nm, h= 7.0 nm) and large nanoparticles
(d=60.0 nm, h=20.0 nm) from low and high Mw BCP films respectively. AFM and GISAXS derived
analysis estimated centre-to-centre distances between particle arrays, presenting a 7-fold increase in
particle density and 2.7-fold increase in nanoarray surface area for low molecular weight BCP templated
structures. Collectively, these results demonstrate a unique application and the biosensing scope of a
well-established bottom-up technique capable of reproducible array formation, precise particle size
tuning and inter-particle distance at the nanoscale, simply through changing BCP molecular weight.

The biosensing impact of nanoparticle introduction, particle size and the use of silica or gold
sensing substrates was subsequently explored using the previously established QCM-D and EQCM-D
immunosensing platforms to analyse CD63-positive exosomes. The introduction of gold particles
onto sensing substrates increased the overall sensitivity of the platforms compared to flat gold. Large
gold nanoparticle arrays elicited stronger responses than small arrays, with the discrepancy being
exaggerated when the particles are formed on silica substrates, resulting in the lowest limit of detection
across the sensor types (5.2x107 ESPs/mL). Moreover, arrays on silica displayed superior binding
efficiency to flat gold and arrays on gold substrates, when comparing detection limits with detection
surface area. Frequency LOD was improved 4-fold despite a 4-fold lowering sensing surface area.
This led to the theory that ESP binding is favoured by surfaces which possess discrete gold detection
regions, interspersed by non-binding silica spacer domains. It is thought these surfaces may improve
ligand orientation and minimise steric effects that would normally hinder ESP capture on flat or
pseudo-flat surfaces. This important finding raises the possiblity of conducting dual-marker analysis
on a single sensing platform through targeted functionalisation of different ligands to silica and gold
regions respectively. Similar detection patterns were witnessed for tandem EIS measurements using
the EQCM-D approach. Here, the increase in inherent impedance of silica based sensors was
suggested as a key contributor to enhanced EIS sensitivity overall. Conversely, efficient electron
transfer offered by a larger conductive surface area using gold substrates was found to decrease
impedance significantly, especially when combined with densely packed small gold nanoparticles.

The formation of large gold nanoparticle arrays from high molecular weight BCP thin films gives a
precise architecture that displays demonstrable benefit to QCM-D and EQCM-D detection sensitivity
and binding efficiency, thereby advancing phenotypic analysis of exosomes at concentrations below
a clinical range. Additional work should strongly consider the use of such surfaces for acoustic and
electrochemical analysis, whilst also exploiting the newly acquired optical features of the metasurface
in a tri-modal approach.



Chapter 7

Silica inverse-opal architectures for
enhanced exosome detection using
QCM-D

Disclosure: This chapter is currently under preparation for publication: ”Silica inverse-opal architec-
tures for enhanced exosome detection using a quartz crystal microbalance with dissipation monitoring.”
Suthar, J., Alvarez-Fernandez, A., Taylor, A., Williams, G. R., and Guldin, S.

7.1 Introduction

Immunosensing of CD63-positive exosomes has been successfully demonstrated on QCM-D and
EQCM-D platforms. Further improvements were introduced through the introduction of surface
architectures that improved spatial orientation of ligands and access for ESP binding. Until now, these
protocols have been reliant on: 1) gold surfaces for effective functionalisation and 2), out-of-plane
particle arrays acting as individual binding points. In the interest of exploring alternative materials and
structures for enhanced analyte binding, biosensing research has sought well-ordered structures on
the nano- and mesoscale, that offer an increased binding surface area, but also possess properties that
lend themselves to multiple methods of analysis. This has led to the adoption of inverse opals (IOs), that
present as three-dimensional porous structures with an ordered and regular arrangement of spheroid
cavities in a solid matrix.[472,473] Asides from their optical properties, 3D inverse opals (3DIOs) possess
large internal surface areas, uniformity in pore size (ranging between 100-1000 nm) on the macroscale,
periodic pore arrangement and interconnectivity between pores.[474] Moreover, 3DIO structures are
highly tunable using external stimuli and lend themselves to downstream functionalisation for a myriad
of application purposes. In this instance, the creation of a porous detection film would allow for
ESP immuno-detection via a pore blockage mechanism, possibly altering detection sensitivity and
behaviour.

IO structures have shown utility in catalytic systems,[475,476] photonics,[477,478] electrochemistry
and energy devices.[479–482] Exploitation of the enhanced IO surface area in the field of biosensing
is still in emergence but holds much promise.[483] Previous IO-based biosensors include a TiO2

immunosensor exhibiting a detection limit of 1µg/mL−1 with an IgG antibody couple.[484] Jiang et
al. created horseradish peroxidase (HRP) and amylase-based enzymatic inverse opals for use as
biocatalysts with scope for application as part of an immunosorbent assay.[485] The incorporation of

156
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gold nanoparticles into macroporous 3DIO structures is commonly used to exploit their plasmonic
properties.[486] Wang et al. used the conductivity of gold to detect hemoglobin adsorption via EIS
anaylsis.[487] Elsewhere, the lattice spacing in hydrogel based IO sensors has been employed for the
detection of lectins by biotin bound sugars.[488] Maeng et al. opted to apply hydrogel porous structures
for the detection of Rotavirus with a viral load down to 6.35µg/mL−1.[489] IO mediated DNA detection
was demonstrated by Chiappini et al. through the immobilisation of fluorescent aptamers to silica
structures, creating a potential fluorescence-based platform for biosensing.[490] Of closer relevance is
a study published by Lee et al. where antibodies were successfully immobilised onto silica IO nanos-
tructures to create a label free optical immunosensor capable of detecting influenza virus with high
sensitivity and specificity as a direct result of enhanced internal surface area.[491] Most recently, Dong
et al. created gold coated TiO2 3DIOs. The structures were able to successfully capture exosomes and
offered outstanding SERS intensity from bonds within exosomal phosphoproteins, enabling specific
differentiation between exosomes isolated from cancer patients and healthy individuals.[492] As yet,
the application of inverse opal structures with QCM-D has not been extensively reported.

Until recently, the conventional approach to IO structure fabrication was through a multi-step
process.[493,494] Specifically, this involved the infiltration of a sol-gel matrix material around a sacrificial
colloidal self-assembled crystalline template or opal (commonly comprised of polystyrene (PS) and
polymethyl(methacrylate) (PMMA)). This is followed by template removal via calcination, chemical
or ion etching to reveal an IO porous inorganic structure in the form of an oxide material such as
SiO2, TiO2 and Al2O3.[472,473,495] Colloidal or opal templates have been successfully formed using
techniques such as gravitational sedimentation,[496,497] centrifugation,[498,499] spin-coating,[500,501]

evaporative deposition,[502,474] and physical confinement.[503,504] Infiltration of solution precursors or
sol-gel into the voids created by the opal template is often achieved by dip-coating and drop-casting
that rely on capillary forces to fill inter-particle spaces.[478,505,506] These conventional approaches can
produce highly-ordered structures on a small scale (<50µm), however, structural defects such as
domain boundaries and cracking are common due to the extreme capillary forces induced between
the high-curvature void space of the colloidal crystal. Additionally, under- and over-filtration can cause
complete collapse of the structure or surface overlayer formation respectively.[495] The introduction of
vapour phase atomic layer deposition has helped to alleviate some of these issues by impregnating
the opal structure with the target oxide in gaseous form.[507,508] Nonetheless, the technique is hindered
by the requirement of high-temperature processing and costly instrumentation, making it unsuitable for
use at scale. Sintering of the opal crystal has been implemented to increase the template strength
and to expand inter-pore neck sizes to aid infiltration.[509,510] Gentle infiltration techniques that impart
lower hydraulic forces to impregnate the crystal have also been reported.[511] Particle pre-sintering
and deposition onto surfaces with varying topographies have been attempted to overcome these
structural hurdles.[512,513] Collectively, these approaches have been unable to show sufficient reliability
to produce IO films that possess large domains which are crack free and scalable.

Hatton et al. and Mischenko et al. have since described a single step co-assembly method that
is able to overcome the perceived limitations of current IO fabrication techniques.[474,514,515] The
approach combines the colloidal particle and sol-gel precursor in a single suspension, which self-
assembles via evaporative deposition at the meniscus on the surface of a vertically-oriented substrate
that is suspended in the mixture. In effect, an oxide matrix is distributed in the interstitial space of the
polymeric particle, and upon removal this yields a uniform inverse opal inorganic structure over the
length scale of centimetres. The ability to achieve high order IOs without defects over large domains is
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attributed to an increase in attractive forces between colloidal particles, as a result of spontaneous
poly-condensation of the sol-gel matrix that functions as a necking layer or glue during the co-assembly
process. Ultimately, this robust, low-cost and reproducible approach expands the possible application
of IO films through chemical and bio-molecular tailoring.

7.1.1 Chapter aims

The work conducted in this chapter adapts the previously reported immunosensor functionalisation
protocol (Section 5.2.3.2) towards silica surfaces of varying structure. Two co-assembly based
fabrication methods, vertical withdrawal and evaporative deposition, are compared to each other for
the creation of silica IO structures upon silica substrates. Vertical withdrawal involves the slow removal
of a vertically oriented substrate from a stationary co-assembly mixture, whilst evaporative deposition
keeps the silica substrate stationary in a solution that is evaporated at an elevated temperature.
Assembled PMMA colloidal spheres (opal crystals) are used as a sacrificial template in conjunction
with a sol-gel precursor solution (tetraethyl orthosilicate (TEOS)) for SiO2 IO matrix formation. The
resulting architectures are characterised using SEM, ellipsometry and GISAXS for structural elucidation
of the IO layers, specifically focusing on layer thickness, pore size and porosity. The impact of these
parameters on detection sensitivity were investigated on a QCM-D platform against spiked samples
of CD63 protein initially, followed by increasing concentrations of CD63-positive exosomes in 25%
v/v serum. Lastly, differences in detection limits between the sensing surfaces were evaluated by
quantifying the contribution of the different IO structures to the background signal in the presence of
complex media.

7.2 Experimental

7.2.1 Materials

Materials for inverse opal formation include TEOS (98%, Sigma-Aldrich, USA), 250 nm and 600 nm
poly(methyl methacrylate) (PMMA) (Microparticles GmbH, Germany). Si (100) wafers (p-type) were
purchased from MicroChemicals GmbH and cut to appropriate dimensions (1x2 cm). Anti-mouse
detection module for a WES machine and 12-230 kDa WES separation modules were acquired
from Protein Simple (Biotechne, USA). For isolation and sample preparation, qEV original SEC
columns (Izon Science,UK), 0.45µm filters (Merck Millipore, USA), HEPES buffered saline (HBS,
0.01M HEPES, pH 7.4, 0.15M NaCl) (GE Healthcare Life Sciences, Sweden), Amicon Ultra-15
centrifugal filters (Merck Millipore, USA), 100 nm polystyrene beads (Thermofisher Scientific, UK) and
RIPA buffer (Sigma Aldrich, USA) were employed. Antibodies used in immunosensing and western
blotting included, mouse monoclonal anti-Alix (634502, Biolegend UK), mouse monoclonal anti-CD63
(353013, Biolegend UK), mouse monoclonal anti-CD81 (349501, Biolegend UK), mouse monoclonal
biotinylated-anti CD63 (353017, Biolegend UK), biotin-IgG isotype control antibody (400103, Biolegend
UK). Streptavidin was acquired from Sigma Aldrich (USA). Silane-PEG (2 kDa)-biotin (Laysan Bio,
USA) and silane-OEG (600 Da)-COOH (Nanocs, USA) were purchased for SAM formation on silica.
Silica coated QCM sensors were purchased from QuartzPro, Sweden.
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7.2.2 Exosome isolation and characterisation

SEC isolation of 10 x 1 mL ESPs fractions from HUMSCCM was conducted as per previously detailed
methods in Section 3.2.3.2. NTA analysis of SEC fractions were conducted as described in Section
3.2.4.1. Exosome presence in HUMSCCM derived ESPs was verified through western blot analysis via
capillary gel electrophoresis format, using the method described in Section 3.2.4.4. SEC fractions 3, 4,
5 and 6 were selected for analysis. Exosomal proteins Alix (97 kDa), tetraspannin CD63 (57 kDa) and
CD81 (26 kDa) were probed by chemiluminescent immunoassay, using mouse monoclonal anti-Alix,
mouse monoclonal anti-CD63 and mouse monoclonal anti-CD81 as primary antibodies.

7.2.3 Formation of silica IOs by colloidal co-assembly

7.2.3.1 Colloidal suspension preparation

Monodispersed colloidal particles of PMMA, 250 and 600 nm in diameter, were purchased commer-
cially (Microparticles GmbH, Germany). A TEOS mixture consisting of 1:1:1.5 ratio (by weight) of
TEOS, 0.10 M HCl, and EtOH (100%) was made. 0.15 mL of this mixture was added to 19.5 mL of
deionised water and 0.5 mL of a 5% w/v colloidal PMMA particle suspension in water (pre-dispersed
by sonication). The solution was stirred for 1 h at room temperature prior to use.

7.2.3.2 Vertical withdrawal co-assembly

Bare Si wafers (1 x 2 cm) and Silica coated QCM sensors, were exposed to 60 s of oxygen plasma
(20 sccm) using a Diener Electronic PICO instrument, in order to remove organic contaminants and
for oxide activation to introduce desirable hydrophilic properties for co-assembly. Si wafers and silica
coated QCM sensors were suspended in a container of colloid/TEOS suspension using a custom
made motorised sample holder. The submerged sample was withdrawn at a programmed rate of
0.01 mm/min for 24 hours, inducing thin film deposition at the air-solvent interface. The PMMA opal
template was removed by oxygen reactive ion etching using oxygen plasma exposure for 300 s
(20 sccm). Post-deposition, wafers/sensors were annealed at 180 ◦C for 2 h to aid mechanical stability
prior to removal of PMMA.

7.2.3.3 Vertical evaporative deposition co-assembly

Bare Si wafers (1 x 2 cm) and Silica coated QCM sensors, were exposed to 60 s of oxygen plasma
(20 sccm) using a Diener Electronic PICO instrument, in order to remove organic contaminants and
for oxide activation to introduce desirable hydrophilic properties for co-assembly. Si wafer and silica
coated QCM sensors were suspended in a container of colloid/TEOS suspension using a custom
made sample holder. The colloidal suspension was evaporated over a 2 day period in a 65 ◦C oven,
inducing film deposition at the air-solvent interface. The opal substrates were then calcined in air at
500◦C for 2 h with a 4 h ramp time for the removal of PMMA and sintering of the silica inverse opal
structures. Post-deposition, wafers/sensors were annealed at 180 ◦C for 2 h to aid mechanical stability
prior to removal of PMMA.
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7.2.4 Surface and morphology characterisation

7.2.4.1 Scanning electron microscopy

Si wafers with inverse opal films were analysed with SEM using a JEOL 6701 instrument (Japan).
All micrographs were collected at an accelerating voltage of 10 kV. Samples were mounted for both
cross-sectional and longitudinal imaging on black carbon tape followed by gold sputter coating for
10 s at 0.08 mBarr prior to analysis. In-plane and out-of-plane pore size distributions were determined
using Pebbles software.[460]

7.2.4.2 Spectroscopic Ellipsometry

The optical study of the Si wafers were performed using spectroscopic ellipsometry (Semilab SE2000,
Hungary) at an incident angle of 73◦. Si wafers from both withdrawal and evaporative co-assembly
approaches were analysed prior to and post PMMA removal. The obtained values for Ψ and ∆ were
subsequently analysed using the Semilabs SEA software (v1.6.2) using a Cauchy dispersion law to
determine the layer thickness and refractive index, from which the relative porosity of the surface
structure was estimated using the Bruggeman EMA as described in Section 2.3.4.

7.2.4.3 Grazing incidence small angle scattering

GISAXS experiments were performed as described in Section 6.2.5.2. Si wafers with inverse opals
formed from 100 nm PMMA spheres using the evaporative deposition approach were used for analysis
in order to understand the structural order of the pores.

7.2.5 QCM-D

7.2.5.1 Silica-coated sensor functionalisation

Information on general QCM apparatus set-up and sample preparation are described previously in
Section 4.2.3.1. This work used silica coated QCM sensors with silica IO structures. As a result, an
alternative affinity based immunosensing approach to that adopted for gold surfaces was employed.
A 5 mM solution of silane-PEG (2 kDa)-Biotin and spacer molecule silane-PEG (600 Da)-COOH at a
1:9 molar ratio was flowed across the sensor surface at 7.5µL/min overnight to form a mixed SAM. A
100µg/mL solution of SAv was flowed across the sensor surface at 10µL/min for 20 minutes, followed
by a rinse step of HBS at 80µL/min for 15 minutes. 20µg/mL of mouse monoclonal biotinylated-
anti CD63 was immobilised on the surface at 10µL/min for 20 minutes, followed by another rinse step
and response stabilisation for 30 minutes prior to sample addition.

7.2.5.2 QCM-D immunodetection of exosomes using silica sensors

Silica based immunosensor functionality towards spiked CD63 and exosomal CD63 was assessed.
Spiked samples of CD63 tetraspannin protein with a concentration of 35 nM were used as a positive
control. Sensitivity towards CD63-positive exosomes in HBS buffer was tested using dilutions of SEC
fraction 4. ESP samples were titrated in 25% v/v human serum (Sigma Aldrich, USA) to determine
the sensitivity of the platform in complex media. The sensors were assessed with the following
concentrations: 5x107, 7.5x107, 1x108, 2.5x108, 5x108, 7.5x108 and 1x109 ESPs/mL. Specificity of
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the sensor surfaces and background signal were determined by replacing the anti-CD63 antibody
with a biotin-IgG isotype control antibody. Response was compared between sensor surfaces using a
concentration of 1x109 ESPs/mL in HBS buffer and 25% v/v serum. LOD and LOQ were defined as
the minimum concentration displaying an SNR of 3 and 10 respectively.[359] SNR was determined as a
ratio of the response elicited on the target and control sensor surfaces.

7.3 Results and discussion

7.3.1 SEC isolation of exosomes from cell culture media

Prior to detection of exosomes on silica substrates, effective isolation from cell culture media was
achieved through the implementation of a SEC protocol as previously described (Section 2.1.3). NTA
analysis of the 10 eluted SEC fractions identified fraction 4 as possessing the highest concentration of
ESPs per mL. Concentrations of ESPs reduced steadily in subsequent fractions (Figure 7.1A). This
earmarked fraction 4 for further analysis and validation for exosome presence. The size distribution
profile of the particles in fraction 4 confirmed >91% of particles as being ESPs, with a modal size of
98 nm. Western blot analysis successfully identified enriched exosomal proteins, namely CD81, Alix
and CD63 (Figure 7.1C). This confirmed exosome presence amongst ESPs but also that the vesicles
possessed good biological integrity. Moreover, it ensures that CD63 was in sufficient abundance to be
used as the target protein molecule for subsequent immuno-detection.
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Figure 7.1: Concentration and particle size characterisation of ESP SEC protocol. (A) ESP
concentration of SEC fractions. Standard deviation determined from three independent experiments.
(B) Particle size distribution of SEC fraction 4. (C) Capillary gel-based electrophoresis western blot
of SEC fraction 4, identifying exosome enriched proteins, CD81 (26 kDa), Alix (93 kDa) and CD63
(57 kDa).
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7.3.2 Silica inverse opal fabrication and characterisation

A single-step co-assembly approach was adopted for the formation of SiO2 inverse opals. Co-assembly
of PMMA colloidal spheres (opal crystals) along with a silicate containing sol-gel was achieved through
vertical deposition using two approaches, vertical withdrawal (using 250 nm spheres) and evaporative
deposition (using 600 nm spheres). Sample holder apparatus for both techniques is displayed in Figure
7.2, illustrating the vertical orientation of the silica QCM sensor in solution.

A B

Motorised
sample holder

Direction of
removal at 

submerged 

Sol-gel mixture

sensor

0.01 mm/min

Vented sample holder

Direction of
solvent vapour flow
at 65oC

Vertically

submerged 
sensor

Vertically

Figure 7.2: Sample holders utilised in colloidal co-assembly fabrication process. (A) Vertical
withdrawal and (B) evaporative deposition apparatus set-up.

Further illustrations of both deposition techniques are schematically represented in Figure 7.3A
and B. Vertical withdrawal involved immersing a silica coated substrate in the co-assembly mixture at
room temperature. The slow withdrawal of the substrate at 0.01 mm/min created capillary forces at the
meniscus that drives the assembly of the spheres and entrapment of the sol-gel matrix (hydrolysed
TEOS) in-between. Evaporative deposition utilised a custom-made perforated sample holder that held
the substrate in a solution that was evaporated at elevated temperatures to initiate assembly. After the
deposition is complete (substrate withdrawn or mixture evaporated) the surfaces were subject to O2

ion etching (post-vertical withdrawal) or calcination (post-evaporative deposition) in order to remove
the PMMA colloidal spheres to yield the inorganic SiO2 IO network of pores. Both structures display
crack-free, homogeneous films with a face-centered cubic (FCC) structure with the {111} plane being
parallel to the surface as has been previously reported.[516,517,510] Furthermore, films were seen to
grow along the {110} direction of the deposited FCC structure.

Longitudinal and cross-sectional SEM analysis of the IO surfaces revealed clear differences in layer
thickness (Figures 7.3C and D). IOs from the vertical withdrawal methods presented as a monolayer,
with excellent ordering as confirmed by FFT analysis (Figure 7.3C). This type of surface would provide
the analyte direct access to the underlying substrate and ensure that bound analytes are kept at a
close distance to the oscillatory surface. The evaporative deposition approach produced a multilayer IO
structure (Figure 7.3D). Each pore layer was laterally offset from the layer below by a distance equal to
the pore radius. This would increase the tortuosity for analytes to reach the sensor surface and provide
a greater internal surface area for immunofunctionalisation. A possible reason for the difference in layer
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thickness could be attributed to stronger capillary forces at the meniscus during solvent evaporation at
elevated temperatures, which results in multilayer stacking of colloidal particles.[502,474]

A

II. Condensation and calcination

I. Colloidal co-assembly

B

C D

Figure 7.3: Schematic representation of implemented colloidal co-assembly methods and re-
sulting inverse-opal structures. (A) Vertical withdrawal and (B) evaporative deposition 3DIO forma-
tion approach. Resulting (C) inverse opal monolayer on silicon (scale bars: 400 nm) and (D) inverse
opal multilayer on silicon (scale bars: 1µm). Insets: FFT of respective SEM image and tilted views of
substrate.

The SEM images were also able to demonstrate that pore sizes differed between the IOs due
to the variance in colloidal sphere diameter. The rationale for selecting larger PMMA spheres for
multilayer IOs was in order to provide sufficient pore and neck size for larger ESPs to infiltrate deeper
within the porous network. Using image analysis, estimations were made of the surface (in-plane) pore
diameter for both monolayer and multilayer IOs (Figures 7.4A and B). Monolayer IO pores were found
to have a modal pore size of 247 nm, which suggests minimal shrinkage from the original 250 nm
PMMA sphere size during the ion etching process. Multilayer IO pores displayed an estimated surface
diameter of 494 nm, which confirmed significant (17.7%) shrinkage of pores compared to the original
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600 nm PMMA sphere size, during the calcination process. This phenomena is linked to the volume
shrinkage of the sol-gel precursors that occurs during the condensation reaction upon heating.[472,493]

Pore size analysis using the cross-sectional SEM image of the multilayer IO suggests that the
shrinkage of the pores have occurred with a directional bias, with the modal height being 381 nm,
representing a 36.5% shrinkage. The full pore width by comparison is determined to be 501 nm,
marking a 16.5% shrinkage, highlighting significant pore anisotropy to give an oblate ellipsoid. The
thickness of the multilayer was seen to be approximately 1525 nm, which was in agreement with
previously reported thickness ranges of IO layers formed from evaporative deposition techniques.[506]

The ability to vary pore size was further investigated in Appendix B, Figure B.1, where a range of
PMMA sphere sizes were co-assembled using the evaporative deposition approach. The result was
a clear increase in surface pore diameter post-PMMA removal, in line with the increasing colloidal
sphere size. Collectively, these results demonstrate the ease of tuning IO structural properties. Simply
adopting the appropriate vertical deposition method and colloidal sphere size can influence layer
thickness and pore size respectively.

A

B

C

W H

C

Figure 7.4: SEM analysis of inverse opal functionalised sensors. Surface pore size determination
of (A) monolayer (scale bar: 400 nm) and (B) multilayer (scale bars: 1µm) inverse opals from
longitudinal SEM images. (C) Pore size determination of multilayer inverse opal from cross-sectional
SEM image. ’W’ represents width and ’H’ represents height. Scale bar: 1µm.

Ellipsometric assessment of opal (with PMMA) and inverse opal (without PMMA) surfaces was
conducted to verify layer thickness and porosity. Application of a Cauchy dispersion model displayed
reasonable fit with optical parameters acquired for the PMMA opal monolayer on a silicon wafer
(Figures 7.5A and B). This allowed for a layer thickness estimation of 232 nm, which was slightly below
the 250 nm size of the PMMA spheres. After ion etching and removal of the polymeric colloids, a
determined thickness of 104 nm suggested a significant portion of the PMMA monolayer was not
coated by the sol-gel matrix during assembly (Figures 7.5C and D). The refractive index of the opal
layer (refractive index 1.49) is comprised of both silica precursors and PMMA components. The
removal of the PMMA spheres induced a difference in refractive index between the opal layer and
inverse opal layer (refractive index 1.206). Applying these values to the Bruggeman EMA (Section
2.3.4) enabled an approximation of porosity at 74%.
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C D

Si substrate

Inverse opal layer
Thickness: 104 nm

Porosity: 74%

Figure 7.5: Ellipsometric measurement of opal and inverse opal monolayers on silicon. (A)
Ψ and (B) ∆ as a function of photon energy for opal (with PMMA) monolayer. Inset: schematic
representation of opal layer structure using Cauchy dispersion model. (C) Ψ and (D) ∆ as a function of
photon energy for inverse opal (without PMMA) monolayer. Inset: schematic representation of inverse
opal layer structure using Cauchy dispersion model.

A similar characterisation was employed for the multilayer structures acquired from the evaporative
deposition procedure. On this occasion, the Cauchy dispersion model displayed a good fit with the
acquired optical spectra from the opal multilayer, enabling reliable estimation of film thickness to be
2314 nm, with a refractive index of 1.49 (Figure 7.6A and B). Figure 7.4C indicates that 4 layers of
colloidal spheres were formed at the substrate surface, giving a theoretical thickness of ∼2400 nm,
thus aligning strongly with the ellipsometric estimation. Post-calcination, the shrinkage of the structure
was confirmed with an estimated thickness of 1516 nm, equivalent to a shrinkage of 34.5% (Figure
7.6C and D) in terms of the out-of-plane dimension. These results bear an outstanding resemblance
with the SEM analysis of the same structures (Figure 7.4C). Using the Bruggeman EMA in combination
with the Cauchy dispersion-derived refractive indices of the IO multilayer (1.206), air (1.0) and SiO2

(1.457), gives a porosity estimation of ∼53%. This porosity falls short of what is conventionally
reported for FCC structured inverse opals (∼74%).[514,493,490] These findings confirm the densification
of the multilayer during the calcination process, excessive volumes of sol-gel matrix infiltration and the
induced anisotropy of pores within the FCC arrangement.
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i)

Si substrate

Inverse opal layer
Refrac�ve index:

n = 1.206, nSiO2
= 1.457

Thickness: 1516 nm
Porosity: 53%

Si substrate

Mul� opal layer
Thickness: 2314 nm

nSiO2 + PMMA : 1.49

Figure 7.6: Ellipsometric measurement of opal and inverse opal multilayers on silicon. (A) Ψ
and (B) ∆ as a function of photon energy for opal (with PMMA) multilayer. (i) schematic representation
of opal layer structure using Cauchy dispersion model. (C) Ψ and (D) ∆ as a function of photon energy
for inverse opal (without PMMA) multilayer. (i) schematic representation of inverse opal layer structure
using Cauchy dispersion model.

It is important to acknowledge that fittings in Figures 7.5 and 7.6 are sub-optimal. This is a result
of the large length scale of structural features, which fall above the resolution of the incident beam of
light. The pores were found to significantly interfere with and even cancel the optical signal at lower
wavelengths of light, with a semblance of a fit only being acquired as light wavelength approaches
the infra-red region (Figure 7.7). Thus, porosity and layer thicknesses are regarded solely as an
estimation.

A Optical signal interference and cancellationB

Figure 7.7: Ellipsometric measurement of multilayer inverse opal with expanded scale. (A)
Source data for Ψ as a function of photon energy for multilayer inverse opal, and the addition of a (B)
Cauchy dispersion model fit.
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Without conducting BET surface area analysis, an accurate measurement of the internal surface
area of both monolayer and inverse opal layer cannot be ascertained. Nonetheless, the combination
of the above characterisation techniques has allowed for estimation of pore size dimensions. This
information supported tentative calculations of internal surface area for a single oblate ellipsoidal pore
within the multilayer structure using equation:[518]

S = 4π

(
(ab)1.6 + (ac)1.6 + (bc)1.6

3

)−1.6
, (7.1)

where S is the surface area, a and b represent the in-plane radial dimensions, and c being the
out-of-plane dimension from ellipsoid centre to its surface. Using Figure 7.4B and C, an estimation
was made over the total number of elliposidal pores (formed from 600 nm spheres) that are present
across a corresponding 5µm2 in-plane region of a flat silica sensor. The result was a total internal
surface area of ∼215µm2, marking a 43-fold increase in surface area compared to flat silica. This
estimation discounted the micro- and mesopores within the walls of the IOs, as well as the underlying
substrate surface and the incomplete pore structure of the uppermost layer. A similar calculation for
the monolayer IOs is also made, although a correction was applied by halving the figure to account for
the fact that all pores in the layer are incomplete. In comparison, the equivalent total internal surface
area of the pores formed from the smaller 250 nm spheres was estimated to be ∼9.9µm2, i.e., a
doubling of surface area. This underlines the scope for significant increases of detection surface area
that IO structures offer.

Confirmation of the 3DIO arrangement of the multilayer surfaces was provided by the acquired
GISAXS patterns of the IOs formed from 100 nm PMMA spheres (Figure 7.8A). The incident beam
was parallel to the {111} plane that enabled elucidation of the spatial organisation of the IO structure
(Figure 7.8B). The experimental data exhibited typical lattice diffraction features in accordance with
the pattern for the {111} zone. Simulations of the diffractogram for the two-dimensional projection
of a FCC lattice is presented in Figure 7.8C.[519–521] The dc−c between two consecutive pores were
calculated as 2π

q111
∼123 nm (Figure 7.8D).

A B D

C

Figure 7.8: GISAXS characterisation of multilayer inverse opal. (A) 2D GISAXS scattering diffrac-
tion pattern and (B) detailed view of multilayer inverse opal structure created from 100 nm PMMA
spheres. (C) Simulated diffractograms for the 2D projection of a FCC lattice of scatterers along the
{111} plane. (D) A vertical (in-plane) line-cut profile taken as a function of qz.
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7.3.3 3DIO modified sensors for QCM-D detection of exosomes

The ramifications of the IO structural characteristics on ESP immunosensing was explored using the
established QCM-D platform. Silane-based chemistry was initially used to functionalise flat, monolayer
IO and multilayer IO silica surfaces with a mixed-SAM that presents biotin molecules for subsequent
SAv fabrication. The QCM-D response to the fabrication process is shown in Figures 7.9A and
B, confirming the adsorption of the relevant immuno-detection layers. No significant difference in
response was seen between the surface architectures, however, the multilayer IO structure did exhibit
marginally higher binding of the anti-CD63 antibody, which could be a result of its increased internal
surface area. The magnitude of responses were the same when compared to adsorption on gold
sensors as previously reported (Section 4.3). After functionalisation, the performance of all three
surfaces was assessed against a spiked concentration of CD63 protein. Figures 7.9C and D both
indicate that an incremental increase in response occurs with the increasing internal surface area
of the structure. The monolayer exhibited a marginal improvement in CD63 detection compared to
the flat silica; however, the multilayer IO increased the response further by approximately 30% in
terms of frequency change. Dissipation changes upon addition of CD63 were small in nature, which
was expected due to the largely non-viscoelastic properties of the spiked protein. Furthermore, this
suggests that the protein was able to bind rigidly to the IO structure, irrespective of layer thickness.
Spiked CD63 is a small molecule (2.4 nm) compared to the pore size, and thus would not induce any
pore blockage but would likely infiltrate the entire IO structure through inter-pore necks.
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Figure 7.9: QCM-D analysis of immunosensor fabrication atop 3DIO coated sensors. Example
QCM-D (A) frequency and (B) dissipation profiles captured for immunosensor fabrication process on
silica substrates. Subsequent comparison of (C) frequency and (D) dissipation profiles for 2µg/ml
CD63 detection on flat silica, silica inverse opal monolayer and multilayer surfaces.
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The detection impact of the considerably larger, fluid-filled, ESP structures on these surfaces were
explored via the addition of 5x108 ESPs/mL in 25% v/v serum (Figure 7.10). The net decrease in
frequency following a post-adsorption rinse signified the adsorption of particles to all three sensor
surfaces, the most significant of which was seen with the multilayer IO structure, offering almost a
100% and 40% increase in response compared to flat and monolayer IO surfaces respectively (Figure
7.10A). Corresponding improvement in dissipation was witnessed to a lesser extent, with monolayer
IO surfaces displaying only marginal improvements over the flat silica surface (Figure 7.10B). This
could be a result of the thinner structure, holding the ESPs closer to the oscillating surface, thereby
inducing reduced viscoelastic effects compared to the thicker multilayer IO.
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Figure 7.10: QCM-D analysis of exosome detection using 3DIO immunofunctionalised sensors.
Example QCM-D (A) frequency and (B) dissipation profiles comparing response to CD63-positive
exosomes in 25% v/v human serum on flat silica, silica inverse opal monolayer and multilayer surfaces.

In order to evaluate the dissipation response in the face of high ESP concentrations, dissipation
change was assessed as a function of frequency for ESP adsorption and rinse steps (Figure 7.11). All
three sensor surfaces demonstrated an initial linear relationship between dissipation and frequency as
ESPs are captured, with a subsequent decrease in relative dissipation response as the surface nears
saturation. The follow-up rinsing of the sensor surface resulted in significant frequency and dissipation
reduction for both flat and monolayer IO surfaces, indicating comprehensive removal of many loosely
bound, or non-specifically adsorbed artefacts from the sensing surface. These are presumably from
the serum content of the running buffer. In contrast, the multilayer IO sensor exhibited a stunted
removal of such artefacts and a prolonged period of frequency reduction with minimal decrease in
dissipation. This may be a result of the continual removal of surface bound contaminants, albeit to
a lesser extent. Moreover, the thickness and interconnectivity of the multilayer IO could result in the
entrapment of artefacts and small non-ESP particles within the porous network, that contributed to the
elevated dissipation signal.
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Figure 7.11: Comparing dissipation response as a function of frequency change across in-
verse opal functionalised surfaces. Response analysis using (A) flat silica, (B) silica inverse opal
monolayer and (C) silica inverse opal multilayer substrates towards 1x109 ESPs/mL in 25% v/v serum.

To substantiate this theory, control investigations were conducted by flowing 1x109 ESPs/mL in HBS
buffer and 25% v/v serum across the three surface types following functionalisation with a non-specific
IgG control antibody. This was necessary in order to determine the background non-specific binding
contribution to the overall response. Figure 7.12A and B, illustrate that the introduction of sample to
the sensor surface caused a small yet significant response in frequency and dissipation for multilayer
IO surfaces, whilst monolayer IOs demonstrate negligible change. It is possible that the multilayer
architecture entrapped a greater volume of sample, increasing the oscillatory mass. Furthermore,
different velocities of tangential oscillation may occur in the discrete pores of the structure, thereby
inducing dissipation. This effect was exaggerated in the presence of more complex media such as
25% v/v serum, where some ESPs, lipoproteins, cell debris and non-ESP particles are likely trapped in
addition to the solvent, resulting in a larger net change in frequency and dissipation response (Figure
7.12C and D). Responses seen with multilayer IOs should therefore be approached with caution along
with the knowledge of buffer composition prior to drawing conclusions about perceived sensitivity.
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Figure 7.12: QCM-D response comparison using control 3DIO sensors against CD63-positive
exosomes. Example (A) frequency and corresponding (B) dissipation profiles acquired upon addition
of 1x109 ESPs/mL in HBS buffer to control non-specific sensor. Black arrows indicate signal distur-
bances attributed to presence of air bubbles within the sample chamber. Example (C) frequency and
corresponding (D) dissipation profiles acquired upon addition of 1x109 ESPs/mL in 25% v/v serum to
control non-specific sensor.

Differences in sensing performance between the substrates for both frequency and dissipation
response are shown over a range of ESP concentrations in Figure 7.13. Multilayer IOs seemed to
exhibit stronger responses across all tested ESP concentrations for both methods of measurement, as
well as increasing the dynamic range of detection compared to flat silica. It is likely that the increased
internal surface area of the IO supports additional antibody fabrication and subsequent exosome
capture. It is also apparent that frequency responses for all three surfaces converged at the highest
concentration of ESPs, perhaps as the sensors near saturation (Figure 7.13A). Conversely, dissipation
response for multilayer IOs continued to increase and at a faster rate (Figure 7.13B).
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Figure 7.13: QCM-D performance comparison between flat silica, silica inverse opal monolayer
and multilayer surfaces against titrated concentrations of ESPs spiked in 25% v/v serum. QCM-
D (A) frequency and (B) corresponding dissipation profiles. Standard deviation is determined from
three independant experiments.

Table 7.1 compares the LOD of the silica based sensors. Whilst the introduction of inverse opal
structures seemed to improve the overall LOD of the platform, enhanced entrapment of non-ESPs
within this structure may also elevate responses in a significant and non-specific manner as highlighted
in Figure 7.12. Moreover, the significant increase in binding surface area did not lead to a proportional
increase in sensitivity of IO substrates, indicating that the enhanced capture region is not being
optimally utilised for biosensing benefit. Differences in LOD between monolayer IO and flat surfaces
were minimal, which reflects the marginal increase in surface area offered by monolayer IO and also a
reduced scope for non-specific particle entrapment.

Table 7.1: QCM-D LOD values for silica surfaces.

LOD vs Sensor surface type

Mode Flat silica Mono IO Multi IO

Frequency 9.60x107 9.24x107 6.24x107

Dissipation 9.01x107 8.42x107 6.91x107

7.4 Conclusions

In summation, this chapter looked to explore the utility of inorganic IO networks for improved biosensing
performance. Vertical withdrawal and evaporative deposition techniques were employed as two co-
assembly methods for the production of silica IOs with monolayer and multilayer thickness respectively.
SEM characterisation confirmed the shrinkage of pores from the original colloidal sphere size, resulting
in the formation of oblate ellipsoidal pores. This allowed the internal surface area to be estimated
as being 2-fold and 43-fold larger for monolayer and multilayer IOs respectively, compared to a
flat silica surface. Ellipsometry measurements of both opal and IO surfaces verified the shrinking
phenomena as a result of the condensation reaction and elucidated porosity (55% for monolayer
IO and 76% for multilayer IO) of the structures in order to ascertain the quality of arrangement and
accessibility to ESP analytes. The generation of these structures on silica QCM sensors enabled
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successful immunosensing of spiked CD63 protein, followed by CD63-positive exosomes. IO structures
were shown to improve detection performance towards ESPs, with high surface area multilayer
IOs demonstrating a frequency and dissipation LOD as low as 6.24x107 and 6.91x107 ESPs/mL
respectively. A potential drawback in using multilayer IOs was identified, in the potential entrapment
of colloidal contaminants and non-ESP artefacts from complex media within the porous network.
Such behaviour would falsely exaggerate the frequency and dissipation response, thus reducing the
specificity of the platform. Nonetheless, the highly tunable, scalable and low-cost IO approach to
generate ordered porous detection networks holds significant potential if QCM-D was to be combined
with an optical method such as ellipsometry, in order to utilise the photonic band gap properties of the
multilayer IO as part of a dual-mode analysis of clinically relevant biomarkers.
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Chapter 8

Conclusions

The aim of this thesis was to devise an immunosensor platform, transduced by a well-established
acoustic wave analytical technique called QCM-D, for exosomal protein detection. This analysis
was advanced via the pairing of QCM-D with electrochemical impedance spectroscopy, highlighting
the versatility of the platform to engage in multi-modal detection of analytes. Baseline detection
performance was further improved through the introduction of precise and tunable nanoarchitectures
on the sensor surface. Structures explored, included the synthesis of gold nanoarrays using self-
assembled BCP templating for enhanced ligand orientation. This was compared to a silica inverse opal
porous network derived from colloidal co-assembly for increased surface area binding capacity. The
results underlined the utility of surface morphology manipulation for advanced detection of exosomes.

Fundamental to the immunosensing studies was the initial isolation of exosomes from complex
matrices. Chapter 3 optimised a size exclusion chromatography method for exosome purification from
human umbilical cord mesenchymal stem cell culture media, human urine and plasma. The protocol
relied on a commercially available Izon qEV column, which was evaluated against a custom-made
column and a differential centrifugation isolation method. The superior yield and purity of ESPs
(2.1x1010 particles/µg of protein) from the qEV column made it the method of choice for the remainder
of the study. The isolation was validated for exosome presence through the confirmation of exosome-
enriched proteins, namely Alix, CD63, CD81 and CD9, through the use of a capillary gel western blot.
The effective separation of CD63-positive exosomes from a large proportion of unwanted colloidal
protein, along with the low-impact of gel-filtration on vesicle integrity, make it an ideal technique for
sample generation in downstream sensing applications, where exosome integrity is paramount.

After successful isolation of CD63-expressing exosomes, this study investigated a QCM-D im-
munosensor as described in Chapter 4. Initial optimisation developed an affinity based antibody
functionalisation approach that possessed a superior response to spiked samples of CD63 protein
compared to covalent attachment, attributed to a favourable antibody orientation. Assessment of
the sensor with CD63-positive exosomes exhibited a limit of detection of 1.4x108 ESPs/mL in highly
complex media (75% v/v serum), which placed QCM-D within the analytical toolbox for clinically
relevant exosome concentrations. The comparison of response with a control sensor, along with
further verification from AFM analysis, underlined the inherent specificity of the platform as a result
of the non-fouling nature of the mixed-monolayer formed at the gold sensor surface. Lastly, the
reusability of the immunosensing surface against cycles of analyte confirmed the potential for QCM-D
use in phenotypic analysis of multiple exosome samples, providing information on the mass and
viscoelasticity of the vesicles.
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For QCM-D to compete with other exosome analytical approaches, an improvement in detection
sensitivity was still required. This was achieved through the addition of tandem electrochemical
assessments, in the form of electrochemical impedance spectroscopy (EIS) (Chapter 5). Using an
electrochemical cell that exploited the QCM-D sensor as a working electrode, enabled real-time
impedance monitoring upon addition of functional layers and analyte to the sensor surface, which were
directly compared to frequency and dissipation responses from changes in the sensor oscillation. After
identifying an appropriate circuit model, it was found that EIS response aligns with the viscoelasticity
(dissipation) of the exosomes, which provides a complimentary identifier for exosome binding. Crucially,
the detection limit of the EQCM-D was 6.71x107 ESPs/mL in 25% v/v serum, marked a significant
improvement from QCM-D alone and suggesting the resistance to electron transfer was more sensitive
to exosome binding than the sensor oscillation, thus presenting a synergistic approach.

In order to further advance detection performance and to lay a platform for additional measurement
modalities, Chapter 6 took advantage of BCP segregation behaviour. Diblock BCP thin films were
cast onto silica and gold sensors to create out-of-plane cylinder structures. This formed a template
which was hybridised with gold salts as part of an aqueous metal reduction procedure, for subsequent
formation of gold nanoparticle arrays following template etch removal. The use of two different
molecular weights of BCPs was able to produce two distinct arrays, in terms of nanoparticle size and
centre-to-centre distance, as confirmed by in-situ QCM-D monitoring, AFM, GISAXS and ellipsometric
characterisation. The resulting structures displayed high periodicity and order at the nanoscale,
resulting in a large increase in the binding surface area of the sensor. The impact of the two different
morphologies of gold nanoarrays on QCM-D and EQCM-D detection of CD63-exosomes was then
explored, using both silica and gold sensor surfaces. Large gold arrays on silica surfaces were
found to possess the lowest limit of detection (5.2x107 ESPs/mL for frequency analysis) in 25% v/v
serum despite displaying the lowest area for binding. This raised the theory of favourable ligand
orientation, reduced steric hindrance and improved binding efficiency of ESPs that comes with discrete
immunosensing gold arrays dispersed amongst non-binding silica spacer regions. The EQCM-D
response also benefited from the presence of silica in-between gold nanoparticles, because of an
increase in sensor impedance that contributed to greater resistance for charge transfer upon exosome
binding to confined detection regions. These findings promote the use of BCP self-assembly as a
tuneable bottom-up approach for nanostructure manipulation of sensor surfaces to yield incremental
improvements in acoustic and electrochemical exosome detection, with the added potential for
plasmonic methods of analysis.

As a point of comparison, Chapter 7 explored the formation of porous structures of different layer
thicknesses atop silica sensors for exosome detection. Through the optimisation of two different
colloidal co-assembly methods, FCC structured silica inverse opals free from cracks and defects were
successfully formed. SEM, GISAXS and ellipsometry characterisation confirmed the shrinkage of the
structure upon PMMA removal, provided an estimation to the porosity (55% and 76% for multi layer and
monolayer inverse opals respectively) and internal surface area of the network (9.9µm2 and 215µm2

for monolayer and multilayer inverse opals respectively). Silane-based immunofunctionalisation of
the silica surfaces was successfully implemented, as confirmed by QCM-D analysis. Comparison of
mono- and multi-layer inverse opals to flat silica surfaces suggested minimal differences in sensitivity
and magnitude of response between monolayer porous networks and flat silica. Multi-layer inverse
opals exhibited superior limit of detection of 6.24x107 ESPs/mL. However, control investigations
exposed considerable background binding effects with this surface type in complex media, due to
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likely entrapment of non-exosomal artefacts within the pores. Nonetheless, the low-cost and efficient
formation of such structures supports the addition of tandem ellipsometric measurements alongside
QCM-D for further expansion of exosomal analysis.

A summary of the achieved LOD values with different sensor types used in this thesis is provided
in Appendix C, Table C.1. The lowest LOD displayed by large Au NPs arrays on silica surfaces out
performed platforms recently reported.[173,180,196,199,217] Moreover, this sensitivity was achieved on
the smallest surface area for binding, suggesting the Au NP functionalised surface benefits from high
detection efficiency, afforded by discrete spatial arrangement of ligands across the sensor surface.
There is also the added benefit of being able to analyse secondary markers through dual-antibody
functionalisation and support additional modes of measurement such as electrochemical assessments,
or optical measurements (due to plasmon resonance effects, not explored in this work). With the
perspective of these findings, a recommendation is made for the adoption of precise Au NP arrays,
formed via high Mw BCP self-assembly on silica sensors, as the surfaces of choice for dual-modal
exosome detection based on an acoustic wave platform.



Chapter 9

Future work

Further to the aforementioned findings and those published in peer-reviewed articles, this thesis
creates a case for a number of subsequent studies.

As discussed in Chapter 3, SEC provides a robust method for exosome isolation, but it does so
by eluting the exosomes over a number of elution fractions, which require subsequent downstream
analysis to confirm those with the highest yield. Furthermore, the employed SEC columns continue
to elute protein impurities, which can compromise sample purity compared to techniques such as
density gradient centrifugation as discussed in Section 1.2. An option is to chemically or biologically
functionalise the column packing material in order to selectively capture protein impurities. In addition,
designing a column that elutes all exosomes within a single fraction would be desirable from a
reproducibility and time-efficiency perspective. The recent market entry of the SmartSEC columns
(Systems Biosciences, USA) offers a solution to both by using a proprietary resin capable of trapping
contaminants prior to a centrifugation step, which elutes the exosomes within a single fraction.
Additionally, Section 1.5 referred to a number of techniques that integrate isolation of exosomes with
some form of quantification. Similarly, the combination of a SEC column with a UV-spectrometer would
be a feasible advancement to quantify nucleic acid or protein concentration in the eluted fraction, as a
surrogate measure for EV and exosome concentration.

The findings presented in Chapter 4 are highly encouraging, but for QCM-D to be adopted in a
clinical diagnostic setting additional efforts should focus on two areas. The first being to advancing the
current sensitivity by multiple orders of magnitude down to 102 - 104 ESPs/ml in order to compete with
other detection techniques and to minimise the sample volume requirement. The second necessary
advancement is the conversion of QCM-D responses into quantitative information about exosome
concentrations and mass. The former can be achieved through the use of an immunofunctionalised
probe, such as a gold nanoparticle, that is able to bind to another exosomal surface protein, such
as CD9 or CD81. The use of gold nanoparticles for QCM-D signal amplification has been previously
described.[352,161,399,522] The direct quantification of exosome number and mass is met with the
limitations of current QCM-D models such as the Sauerbrey or Voigt, as both assume homogeneous
layer formation.[298] The introduction of a formalism that accounts for the discrete, heterogeneous
and dissipative nature of exosome binding, along with the coupled solvated mass, would further
enhance the analytical insights offered by QCM-D. However, this is a non-trivial task due to multiple
measurement parameters, complexity of sample structure, issues of deformation and difficulty in
distinguishing coupled water from the bulk solvent. A possible approach is to replace water with D2O.
This would increase the shear viscosity of the bulk liquid whilst not affecting the kinetic or equilibrium
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state. Hence, discerned differences in frequency between water and D2O would permit determination
of mass contribution by the particle and coupled water fractions respectively.[523,524] Alternatively,
combining the QCM-D measurement with techniques such as SPR or AFM has shown the ability to
decouple the contribution from layer hydration, thus offering pathways to identify the proportion of
response attributed to the species of interest.[388,525,419,526]

EQCM-D detection of exosomes as described in Chapter 5 may be expanded via conducting
additional electrochemical assessments in the form of DPV. The combination of DPV and EIS have
been previously demonstrated with superior sensitivity over conventional ELISA based techniques.[245]

DPV would allow the extraction of electrode current in a more rapid manner than EIS, facilitating higher
analytical throughput. Another modification would be to ascertain exosome binding through current
generation, after assessing the impact on impedance. This can be enacted through the addition of
HRP-linked antibodies, followed by the addition of TMB enzymatic substrate. Such amperometry
assessments have been reported, but not in tandem with EIS.[240,241]

The incorporation of self-assembled BCP templates for gold nanoarray formation helped to im-
prove the EQCM-D measurements further (Chapter 6). As previously described, the formation of
spatially arranged Au NPs on silica substrates allows for the targeted functionalisation of both surface
types using chemistries employed in this work (thiol and silane functionalisation for gold and silica
respectively). This supports the targeting of two different exosomal proteins on the same sensor in the
form of a co-adsorption investigation. Additional variation of particle size and array patterns could be
explored through the use of a greater number of diblock BCPs with a range of Mws or different solvents
respectively. Crucially, the plasmonic metamaterial that is generated by the nanoparticles creates
the possibly for conducting additional optical measurements in the form of SPR. Such a modification
would support lower detection limits, but would also allow one to decouple the hydrodynamic effects
from the exosomes alone, enabling accurate modelling of the exosomal mass and solvent fraction
that is bound to the sensor surface.[526] An alternative to the SPR is the implementation of surface
enhanced raman spectroscopy (SERS), which takes advantages of Raman scattering enhancement
by the ordered gold nanoparticles. The implementation of statistical approaches such as principal
component analysis would allow for the spectra attained from protein detection to be aligned with EIS
and QCM-D data.[231]

The notion of adding an additional mode of measurement to the QCM-D analysis is also applicable
for the silica inverse opal based sensing in Chapter 7. Such structures possess unique optical
properties in the form of high refractive index contrast and photonic band gaps in the visible and near-
IR regions.[493,507,478] Binding of exosomes within the porous network would alter these properties, and
this could be monitored in real-time with tandem ellipsometry measurements.[420,360] Like SPR, this
would also provide an indication of the ’dry’ mass of the analyte, aiding the determination of the solvated
fraction. Furthermore, the combination of the techniques would provide an indication of any clustering
or reorganisation effects of the analyte. From a materials perspective, the incorporation of conductive
or plasmonic components such as TiO2 and gold as part the inverse opal co-assembly process could
facilitate EIS, SPR or SERS measurements in addition to QCM-D.[492,483,486] Alternatively, PMMA
sphere opal crystals can be used as a template for subsequent electrodeposition of gold, yielding
macroporous gold inverse opals after polymer removal and enabling enhanced electrochemical
assessment of exosome detection.[527,482]

The next steps for these biosensing findings would be to apply the detection principles to a
clinical case study. Comparison of exosomes derived from healthy and disease-state patients with
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known protein markers would be an essential requirement to validate the approaches for use in
diagnostics. Additionally, recent reports of CD63-positive exosomes being able to bind circulating
amyloid-β raises the case for an interesting study where similar binding phenomena could be explored
on the QCM-D platform.[213] Furthermore, this thesis focuses solely on the detection of exosomes
based upon their surface expression of CD63. In order to demonstrate the versatility of the technique,
it would be of interest to sense exosomes based upon other external markers (CD81, CD9 or major
histocompatiblity complex proteins from dendritic cell derived EVs) and internal (cytosolic) protein
markers such as TSG101 or syntenin.[176,246] This would enable the platform to detect prominent
markers of disease, irrespective of their location within the exosome. Looking further afield, the surface
capture of exosomes creates a potential use in advancing research in supported lipid bilayers. The
majority of research in this field exploits synthetic vesicles for the formation of continuous regions
of lipid bilayer on a QCM sensor surface, for subsequent studies into molecular binding.[528,293] As
exosome protein expression reflects the disease state of their parent cell, they are strong candidates to
create biogenic supported lipid bilayers, creating an ideal model for studies into molecular interaction
with native membranes.[529]

The objective of this doctoral research was to advance the analysis of exosome associated
proteins through the use of QCM-D and EQCM-D. The results presented herein show the utility of
an immunosensor that combines frequency, dissipation and impedance responses for multi-modal,
label free and sensitive exosome detection in complex biological matrices. The addition of surface
architectures through the implementation of efficient and low cost fabrication techniques served to
enhance these platforms. The author hopes that further development of the detection platforms and
material fabrication techniques described in this thesis could pave the way for acoustic based detection
of exosomal proteins as a principle approach in liquid biopsy-based disease diagnostics.
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Appendix A

Introduction to exosome
characterisation

The intention of this supplementary chapter is to summarise the recent studies described in Section
1.5 as part of Chapter 1.

A.1 Recent developments in assay methods of exosomal protein char-
acterisation

A plethora of advanced analytical detection techniques have begun to be employed for exosome
and EV detection. Prominent examples of reports, their chosen analytical technique and detection
performance are summarised in Table A.1.
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Table A.1: A summary of advanced techniques for exosome characterisation.

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Fluorescence

Magneto
microfluidic
immunoassay

Human blood plasma diluted
in PBS buffer

3.0 x 1010

exosomes/mL
CD63 Fluorescence [182]

Magneto-
immunoassay

Human plasma 7.5 x 105 particles/mL CD9, CA-125,
EpCAM, CD24

Fluorescence [183]

Photosensitizer
beads assay

Human serum - CD9, CD147 Fluorescence [184]

Microbead
immunoassay

Murine serum 107 exosomes/mL CD81, GluR2 Fluorescence [185]

Cholesterol-linked
DNA

Pre-purified exosomes in
PBS buffer, Human serum

3.1-3.4 x 105

particles/mL
CD63 Colorimetry,

Fluorescence

[188]

Dilelectrophoretic
chip

Human whole blood, serum
or plasma

- CD63, TSG101,
Glypican-1

Fluorescence [176,177]

Aptasensor Human plasma diluted
100-fold

5.0 x 105 particles/mL CD63 Fluorescence [171]

Aptamer based
DNA nanodevices

Murine plasma diluted
10-fold in PBS buffer

1.0 x 106 particles/mL PTK7 Fluorescence [179]

Fluorescence
polarization

Pre-purified exosomes in
PBS buffer

2.8 x 108 particles/mL Lipid bilayer
membrane

Fluorescence [173]

Continued on next page
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Table A.1 – Continued from previous page

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Molybdenum
disulphide-linked
MWCNTs

Pre-purified exosomes in
PBS buffer

1.5 x 106 particles/mL CD63, CD81,
CD24

Fluorescence [181]

Aptasensor Serum diluted 8-fold in PBS
buffer

20 pM Amyloid-β
oligomer

Fluorescence [170]

Aptasensor 10% v/v serum 8.9 x 103 EVs/mL CD63 Fluorescence [172]

Lateral flow assay Human saliva 2.0 x 106 particles/mL Lipid bilayer
membrane

Fluorescence [174]

Aptasensor 30% fetal bovine serum 3.4 x 108 particles/mL PTK7 Fluorescence [180]

Gel filtration Cell culture media 2.9 x 107 EVs/mL Lipid bilayer
membrane

Fluorescence [175]

Cholesterol-linked
DNA

Pre-purified exosomes in
PBS buffer

103 particles/mL CD63, Lipid
bilayer

Fluorescence [46]

Microfluidic
fluorescence

Pre-purified exosomes in
PBS buffer

Single EV EGFR, PDL1,
PDL2, IDH1,
PDPN, CD63,
CD81, CD9

Fluorescence [178]

Luminescence
resonance energy
transfer

Pre-purified exosomes in
PBS buffer

8.0 x 104 particles/mL EpCAM Fluorescence [187]

Luminescence
resonance energy
transfer

Pre-purified exosomes in
HEPES buffer

1.1 x 106 particles/mL CD63 Fluorescence [186]

Continued on next page
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Table A.1 – Continued from previous page

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Absorbance

Lateral flow
immunoassay

Pre-purified exosomes in
PBS buffer

8.5 x 108

exosomes/mL
CD9, CD63,
CD81

Optical image [421]

Lateral flow
immunoassay

25% v/v human serum 5.0 x 1010

exosomes/mL
CD81, MICA Optical image [201]

Magneto-
immunoassay

Human serum 108 exosomes/mL CD81, CD24,
CD340

Colorimetry [196]

Paper based
agarose ELISA

0-100% v/v human serum - CD63 Colorimetry [197]

Aptasensor + Au
NP

Pre-purified exosomes in
PBS buffer

- CD63, EpCAM,
PTK7, PDGF,
PSMA

Colorimetry [192]

Magneto-
immunoassay

Human plasma - EpCAM Colorimetry [530]

Aptamer-linked
SWCNTs

Pre-purified exosomes in
PBS buffer

5.2 x 108 particles/mL CD63 Colorimetry [194]

Paper based
aggregation

Pre-purified exosomes in
PBS buffer

105 particles/mL CD81 Solvent
migration

[198]

Microfluidic
immunoassay

Human whole blood diluted
45-fold in PBS buffer

9.5 x 104 particles/mL CD81, CD24,
EpCAM

Chemi-
luminescence

[195]

Aptasensor Pre-purified exosomes in
PBS buffer

3.9 x 105 particles/mL MUC1 UV-Vis
absorption

[191]

Continued on next page
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Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Liposome-based
immunosensor

Pre-purified exosomes in
PBS buffer

3 x 108 vesicles/mL CD63 UV-Vis,
Fluorescence

[199]

Cholesterol-linked
DNA

Pre-purified exosomes in
PBS buffer, Human serum
diluted 1000-fold

1.6 x 105 particles/mL CD63 UV-Vis
absorption

[193]

Interferometry
and refractive
index

Microfluidic
photonic crystal

Pre-purified exosomes in
PBS buffer

2.2 x 109

exosomes/mL
CD63 Refractive index [203]

Interferometry with
nanoparticles

Pre-purified exosomes in
PBS buffer, undiluted CSF

3.9 x 109 particles/mL
(CD81)

CD63, CD81,
CD9, CD171

Interferometry [202]

Plasmon
resonance

Nanohole
immunodetection
via SPR

Pre-purified exosomes in
PBS buffer, filtered Ascites

3.0 x 103

exosomes/mL
CD63, EpCAM,
CD24

SPR
(transmission)

[211]

Au NP amplified
Nanohole
immunodetection

Pre-purified exosomes in
PBS buffer

104 particles/mL CD63, EpCAM,
AKT1, EGFR,
HSP90, HSP70

SPR
(transmission)

[212]

Enzyme amplified
nanohole
immunodetection

Undiluted human plasma 200 exosomes/mL Amyloid-β,
CD63

SPR
(transmission)

[213]

Immunodetection,
Dual wavelength

Pre-purified exosomes in
Tris-EDTA buffer

- CD63 SPR
(reflectance)

[207,208]

SPRi Cell culture media - CD9, CD41b,
MET

SPR
(reflectance),
surface imaging

[215]

Continued on next page
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Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Immunodetection Human serum, pre-purified
exosomes in PBS buffer

2.0 x 106 (indirect), 8.3
x 106 (direct)
exosomes/mL

CD63, CD9,
HER2

SPR
(reflectance)

[209,210]

Aptasensor 50% v/v serum, pre-purified
exosomes in PBS buffer

5.6 x 105 particles/mL CD63 SPR
(reflectance)

[220]

SPR microscopy Pre-purified exosomes in
PBS buffer

1.8 x 108 EVs/mL CD63 SPR
(reflectance),
surface imaging

[217]

3D photonic crystal
platform

Pre-purified exosomes in
PBS buffer

1.0 x 104 particles/mL EpCAM SPR
(transmission)

[214]

Immunodetection Pre-purified exosomes in
PBS buffer

2.0 x 1010 particles/mL EGFR, PDL1 SPR
(reflectance)

[224]

SPRi Pre-purified exosomes in
HBS buffer

- CD9. CD81,
CD171, PLP1,
GM1

SPR
(reflectance),
surface imaging

[216]

Aptamer-linked Au
NPs

Pre-purified exosomes in
PBS buffer and 30% v/v FBS

5.0 x 103

exosomes/mL
CD63 SPR

(reflectance)

[221]

Nanopillar localised
SPR imaging
(LSPRi)

Pre-purified exosomes in
PBS buffer

Single EV CD63 SPR
(reflectance),
surface imaging

[218]

Nano-plasmon
enhanced
scattering (nPES)

Undiluted plasma 0.2µ/mL CD63, CD9,
CD81, EphaA2

SPR
(reflectance)

[219]

Continued on next page
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Table A.1 – Continued from previous page

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Plasmonic
interferometry

Pre-purified exosomes in
PBS buffer

Single exosome CD63, Lipid
bilayer
membrane

Interferometry,
SPR
(reflectance)

[223]

Plasmonic
interferometry

Pre-purified exosomes in
PBS buffer

3.9 x 108 (desktop),
9.7 x 109 (smartphone)
exosomes/mL

EGFR Interferometry,
SPR
(reflectance)

[222]

Acoustic
resonators

Immunodetection Pre-purified exosomes in
Hyclone buffer

1.1 x 103 particles/mL CD63, EpCAM SAW [257]

Electrochemistry

Immunodetection
using Au NPs

Pre-purified exosomes in
PBS buffer

1.9 x 105 particles/mL CD81, Syntenin EIS [246]

Direct
immunoassay

Pre-purified exosomes in
PBS buffer

77 (EIS) and 379
(DPV) EVs/mL

CD81 EIS, DPV [245]

Electrochemical
aptasensor

Cell culture media, 10%
bovine serum

106 particles/mL CD63 SWV [243]

Electrochemical
aptasensor

Pre-purified exosomes
spiked in human serum

9.0 x 104 particles/mL CD63 DPV [244]

Black phosphorous
nanosheets

Pre-purified exosomes
spiked in human serum

100 particles/mL CD63 SWV [249]

Sandwich
immunosensor

10% v/v serum 2.0 x 105 particles/mL CD9 Amperometry [239]

Sandwich
immunosensor

Human serum, pre-purified
exosomes in PBS buffer

108 (serum), 105

(buffer) exosomes/mL
CD63, CD9,
CD81, CD326,
CD44, CD54

Amperometry [241]

Continued on next page
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Table A.1 – Continued from previous page

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

Immunofunctionalised
microcapllaries

Pre-purified EVs in PBS
buffer

1.7 x 105 particles/mL EGFR, CD9,
CD53

Electrokinetic [247]

Sandwich
immunosensor

Pre-purified exosomes
spiked in undiluted human
plasma

3.0 x 104 particles/mL EpCAM, CD24,
CD63, CA125

Amperometry [240]

Nanoporous ferric
oxide nanocubes

Cell culture media 103 exosomes/mL PLAP, CD63 Amperometry,
Colorimetry

[248]

Electro- chemi-
luminescence

Luminescent
nanocrystals

Pre-purified exosomes in
PBS buffer, Human serum

7.4 x 104 particles/mL CD63 ECL
suppression

[252]

Black phosphorous
quantum dots

Pre-purified exosomes in
PBS buffer

3.7 x 104

exosomes/mL
EpCAM ECL,

Photothermal

[254]

Ti3C2 MXene
nanosheets

Pre-purified exosomes in
PBS buffer and human serum

1.3 x 105 particles/mL EpCAM ECL [253]

SERS

Gold nanoparticles
with principle
component
analysis

Pre-purified exosomes in
PBS buffer

- CD81, CD9,
EGFR, EpCAM
Syntenin

SERS [231]

Fe3O4@TiO2
nanoparticle
exosome capture

Human serum 1.0 x 103 particles/mL PDL1 SERS [235]

Aptamer capture Pre-purified exosomes in
PBS buffer, Whole patient
blood

3 x 104 - 3 x 105

depending on cell type
CD63, PSMA,
HER2, CEA

SERS reduction [230]

Continued on next page
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Table A.1 – Continued from previous page

Measurement
principle

Assay approach Analytical sample media LOD Target
Marker(s)

Measurement
output

References

DNA tetrahedron +
Au NPs

Pre-purified exosomes in
PBS BUFFER

1.1 x 105 particles/mL EpCAM, lipid
bilayer

SERS [234]

Silicon micropillars Pre-purified exosomes in
PBS buffer

- - SERS [227]

Silver coated
polycarbonate
disks

Pre-purified exosomes in
PBS buffer

- - SERS [228]

Peptide-linked
silver nanoparticles

Pre purified exosomes in
PBS buffer

- 3β1 integrin SERS [229]

Gold array SERS
device

Pre-purified EVs in PBS
buffer

2.0 x 106

exosomes/mL
EpCAM, CD44,
HER2, EGFR

SERS [232]

Cholesterol fixation
of SERS probe

Pre-purified exosomes in
PBS buffer

2.7 x 104 particles/mL CD9, lipid
bilayer

SERS [233]



Appendix B

Silica inverse-opal architectures for
enhanced exosome detection using
QCM-D

The intention of this supplementary chapter is to summarise the recent studies described in Section
7.3 as part of Chapter 7.

B.1 Silica inverse opal fabrication and characterisation

Variation of PMMA sphere size, coupled with an evaporative deposition approach, leads to a change
in surface pore diameter following PMMA removal (Figure B.1)

A B C

D E

Figure B.1: SEM micrographs of inverse opal multilayers. Inverse opals formed using (A) 100 nm,
(B) 200 nm, (C) 250 nm, (D) 400 nm, (E) 600 nm, sized PMMA spheres during evaporative deposition.
Scale bars: 1µm.
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Appendix C

Sensor performance summary

Having explored QCM-D based biosensing using flat gold, gold nanoparticle arrays of two different sizes on gold and silica, flat silica, monolayer and
multilayer silica inverse opal modified substrates, a summary of obtained frequency and dissipation LOD in this thesis are provided in Table C.1.

Table C.1: QCM-D sensor surface sensitivity and binding surface area comparison.

Sensor substrate Gold Silica

Structure type Flat Small BCP1
Au NP

Large BCP2
Au NP

Small BCP1
Au NP

Large BCP2
Au NP

Flat Monolayer IO Multilayer IO

Monolayer chemistry Thiol Silane

Frequency LOD (ESPs/mL) 2.15x108 1.01x108 8.30x107 9.40x107 5.20x107 9.60x107 9.24x107 6.24x107

Dissipation LOD (ESPs/mL) 1.25x108 1.05x108 9.70x107 1.03x108 8.31x107 9.01x107 8.42x107 6.91x107

Binding surface area over
5µm2 region (µm2)

5.0 6.4 5.5 3.5 1.3 5.0 9.9 215.0

The use of flat silica sensors in this chapter of work, introduced a marginal improvement in the LOD compared to flat gold sensors. A possible reason
could be attributed to a more effective monolayer formation using silane chemistry as employed on silica surfaces, compared to thiol-based monolayers as
used on gold.
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X. Breakefield, V. Budnik, E. Buzas, G. Camussi, A. Clayton, E. Cocucci, J. M. Falcon-Perez,
S. Gabrielsson, Y. S. Gho, D. Gupta, H. C. Harsha, A. Hendrix, A. F. Hill, J. M. Inal, G. Jenster,
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C. Théry, G. Raposo, J. Cell Sci. 2013, 126, 5553–5565.



BIBLIOGRAPHY 198

[97] Q. Ge, Y. Zhou, J. Lu, Y. Bai, X. Xie, Z. Lu, Molecules 2014, 19, 1568–1575.

[98] I. Vanni, A. Alama, F. Grossi, M. G. Dal Bello, S. Coco, Drug Discov. Today 2017, 22, 927–936.

[99] V. Sunkara, H. K. Woo, Y. K. Cho, Analyst 2016, 141, 371–381.

[100] I. Helwa, J. Cai, M. D. Drewry, A. Zimmerman, M. B. Dinkins, M. L. Khaled, M. Seremwe,
W. M. Dismuke, E. Bieberich, W. D. Stamer, M. W. Hamrick, Y. Liu, PLoS One 2017, 12, (Ed.:
G. Camussi), e0170628.

[101] N. Karimi, A. Cvjetkovic, S. C. Jang, R. Crescitelli, M. A. Hosseinpour Feizi, R. Nieuwland,
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6, DOI 10.1038/srep37246.

[203] Y. Wang, W. Yuan, M. Kimber, M. Lu, L. Dong, ACS Sensors 2018, 3, 1616–1621.

[204] J. Homola, S. S. Yee, D. Myszka in Opt. Biosens. (Second Ed. (Eds.: F. S. Ligler, C. R. Taitt),
Elsevier, Amsterdam, 2008, pp. 185–242.

[205] Y Fang in Compr. Med. Chem. III, (Eds.: S. Chackalamannil, D. Rotella, S. E. Ward), Elsevier,
Oxford, 2017, pp. 416–433.
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1321–1326.

[416] M. Cimafonte, A. Fulgione, R. Gaglione, M. Papaianni, R. Capparelli, A. Arciello, S. B. Censi,
G. Borriello, R. Velotta, B. D. Ventura, Sensors (Switzerland) 2020, 20, 274.

[417] H. P. Peng, Y. Hu, A. L. Liu, W. Chen, X. H. Lin, X. B. Yu, J. Electroanal. Chem. 2014, 712,
89–95.

[418] M. Pali, I. I. Suni, Electroanalysis 2018, 30, 2899–2907.

[419] Z. Adamczyk, M. Sadowska, Anal. Chem. 2020, 92, 3896–3903.

[420] I. Carton, A. R. Brisson, R. P. Richter, Anal. Chem. 2010, 82, 9275–9281.

[421] M. Oliveira-Rodrı́guez, E. Serrano-Pertierra, A. C. Garcı́a, S. L. Martı́n, M. Y. Mo, E. Cernuda-
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