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Build to-day, then, strong and sure,
With a firm and ample base;
And ascending and secure
Shall to-morrow find its place.
– Henry Wadsworth Longfellow,
"The Builders"
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Abstract
Point-of-care assays are easy-to-use, portable and inexpensive tests that can
be used to aid diagnostics by measuring levels of disease-specific molecules
in settings where access to advanced laboratory equipment and trained
personnel are limited, such as at the patient's bedside or in low resource
parts of developing countries. In order to achieve high multiplexing
capacities, such assays can be based on planar microarrays consisting of
spots immobilized on a flat surface or on particle-based microarrays based
on populations of encoded particles. The aim of the work presented in this
thesis is to develop new point-of-care amenable planar and particle-based
microarrays that allow for highly multiplexed assays while maintaining low
sample-to-result times, complexity and instrumentation requirements.
Paper I demonstrates the use graphically encoded particles for colorimetric
detection of autoantibodies using a consumer-grade flatbed scanner. Four
graphical characters on the surface of each particle allows for millions of
codes and the use of gold nanoparticles as a detection label allows both the
code and the signal intensity to be read out in a single image.
Paper II describes a signal enhancement method that increases the
sensitivity of gold nanoparticle detection on planar microarrays. Using this
method, detection of allergen-specific IgE can be carried out using a
consumer-grade flatbed scanner instead of a more expensive fluorescence
scanner without sacrificing assay performance.
Paper III demonstrates the use of an isothermal DNA amplification method
for detection of adenoviral DNA on a paper-based microarray. Using an
isothermal amplification method eliminates the need for a thermocycler,
reducing the instrumentation required for such detection.
Paper IV shows the use of solid-phase PCR to amplify bacterial DNA directly
on the surface of particles. This strategy reduces assay time by eliminating
the need for separate amplification and hybridisation steps.
Keywords: Planar microarrays, Particle-based microarrays, Point-of-care
diagnostics, Colorimetric detection, Signal enhancement, Isothermal DNA
amplification, Solid-phase DNA amplification
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Populärvetenskaplig sammanfattning
Många sjukdomstillstånd kan leda till förändringar i koncentrationer av
diverse biomolekyler såsom DNA och proteiner i kroppen. Till exempel kan
bakteriella infektioner leda till ökade halter av bakteriellt DNA, eller allergier
leda till ökade halter av allergiantikroppar i blodet. Eftersom halterna av
dessa biomolekyler skiljer sig åt mellan friska och sjuka personer kan tester
som mäter dessa halter användas som ett verktyg för att kunna upptäcka
sjukdomstillstånd; biomolekyler som är kopplade till sjukdomar på detta sätt
kallas för biomarkörer. I vissa fall är det tillräckligt med ett test som bara
mäter en enda biomarkör, t.ex. i glukostester där koncentrationen av glukos i
blodet mäts för att se om en person har diabetes. Dock är det i många fall
fördelaktigt att kunna mäta ett stort antal biomarkörer samtidigt då detta
t.ex. gör det möjligt att leta efter flera olika sjukdomar i en och samma
mätning; detta kan vara användbart bl.a. för att kunna skilja mellan olika
sjukdomar som har snarlika symptom.
En sorts teknik som används för att kunna mäta många biomarkörer
samtidigt är en s.k. microarray. Microarrayer förekommer i två olika
varianter: plana och partikelbaserade. Plana microarrayer består av en
matris av små prickar i mikrometer-storlek fastsatta på en yta, t.ex. på ett
chip av glas. Varje prick består av ett stort antal av en viss s.k. bindarmolekyl
som kan fånga upp en viss specifik biomarkör, och man vet vilken
bindarmolekyl som finns i varje prick genom att varje bindarmolekyl är
kopplad till en specifik position i matrisen. När en biomarkör har fångats
sker en kemisk reaktion som leder till en mätbar förändring i pricken, t.ex.
genom att pricken ändrar färg. Intensiteten i färgskiftet är proportionell mot
mängden av biomarkör som har fångats upp; man kan därför mäta
koncentrationen av många olika biomarkörer i ett prov genom att sprida ut
provet på en microarray och sedan ta en bild där man kan mäta intensiteten
av färgskiftet i alla prickar som ingår i matrisen.
Partikelbaserade microarrayer fungerar enligt samma principer som de
plana, men istället för att fästa bindarmolekyler på en plan yta fäster man
dem på partiklar av mikrometer-storlek. Eftersom partiklarna inte har en fix
position i en matris så har varje partikel en kod på sin yta som avslöjar vilken
bindarmolekyl som finns på partikeln; koncentrationer av olika biomarkörer
kan därmed mätas genom att blanda partiklarna med ett patientprov, sprida
ut partiklarna på en yta och sedan ta en bild där koden och intensiteten på
färgskiftet kan läsas av för varje enskild partikel.
Målet med arbetet som presenteras i denna avhandling är att ta fram nya
plana och partikelbaserade microarrayer som kan användas i sammanhang
där tillgången till avancerad utrustning och utbildad personal är begränsade,
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s.k. point-of-care sammanhang. Detta kan vara t.ex. resursfattiga områden i
utvecklingsländer. Microarrayer som används i sådana sammanhang måste
vara enkla att använda, kräva minimalt med utrustning och helst ge resultat
så snabbt som möjligt. De microarrayer vi har utvecklat är designade så att
de kan köras med så lite labbutrustning som möjligt och så att resultaten kan
avläsas med en vanlig kontorsskanner av samma sort som används för att
skapa digitala kopior av dokument.
Fyra artiklar ingår i denna avhandling. Artikel I beskriver en partikelbaserad
microarray som kan användas för att i plasmaprover mäta nivåer av
antikroppar som är biomarkörer för sjukdomen multipel skleros. Artikel II
handlar om en plan microarray på en glasyta som använder en ny sorts
signalförstärkningsmetod för att med hög känslighet kunna mäta nivåer av
allergiantikroppar i serumprover för att kunna upptäcka allergier. Artikel III
redogör för en plan microarray på en pappersyta som kan mäta nivåer av
viralt DNA för att kunna upptäcka och skilja mellan olika sorters
luftvägsinfektioner. Artikel IV beskriver en partikelbaserad microarray som
kan mäta halter av bakteriellt DNA för att kunna upptäcka och skilja mellan
olika varianter av sjukdomen meningit.
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Preface
The work presented in this thesis is focused on the development of both
planar and particle-based microarrays for use in point-of-care settings. In
order to contextualise the work, this thesis aims to present an overview of
how microarrays are produced, how they work on a molecular level and how
they can be utilized for point-of-care applications.
Chapter 1 presents an overview of planar microarrays. The main focus is on
explaining the different methods that can be used for microarray production
and signal generation in order to give an idea of the diversity of technologies
available when designing new planar microarrays.
Chapter 2 gives background information on particle-based microarrays. The
topics covered are similar to those found in Chapter 1, but with additional
discussion of various strategies for encoding particles so that different
particle populations can be distinguished from one another.
Chapter 3 provides background information on point-of-care diagnostics and
the design considerations to keep in mind when designing microarrays for
use in point-of-care applications. The chapter concludes with a brief
explanation of how liquid-phase and solid-phase DNA amplification can be
carried out as both of these amplification approaches are used in the
appended papers.
Chapter 4 presents summaries of the appended papers.
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Chapter 1: Planar microarrays
Introduction to planar microarrays
A common problem faced in many fields of science is how to measure
concentrations of specific analytes in a sample. One might, for example, wish
to measure the level of heavy metals in a water sample, the levels of
pathogens in food or the concentration of allergen-specific antibodies in a
blood sample. A variety of sensors have been designed using a wide range of
technological principles in order to detect such analytes. It is often
advantageous in terms of throughput, cost and required sample volume for a
sensor to be able to measure the concentrations of multiple different analytes
in a sample with just a single measurement. The ability for an assay to test
for multiple analytes simultaneously is known as multiplexing and the
specific number of different measurable analytes is called the multiplexing
capacity; this work concerns a widely used setup to design sensors with high
multiplexing capacities called a microarray. Two different categories of
microarrays are covered in this thesis; this chapter will cover planar
microarrays and the next chapter will cover particle-based microarrays. Note
that because planar microarrays were the first type to be developed, they are
often referred to simply as microarrays. Whenever the word microarray is
used throughout this chapter, it is to be understood as referring to the planar
variety.
Planar microarrays consist of several rows and columns of microspots
immobilized on a solid support, where each spot contains a specific molecule
or mix of molecules1. In order to achieve multiplexed analyte detection, each
microspot is made to contain a unique capture molecule that binds to a
specific target molecule. Depending on the intended application the size of a
planar microarray can vary between just a single microspot up to tens of
thousands of microspots, such as in microarrays used to probe samples for
the entire human proteome2. Figure 1.1 illustrates a typical planar
microarray, side by side with a typical particle-based microarray such as
those covered in the next chapter.
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Figure 1.1: a) A typical planar microarray consisting of an array of micrometre-sized spots. The
identity of each spot is given by its x and y coordinates in the array. b) A typical particle-based
microarray consisting of a suspension of micrometre-sized particles. The particles have no fixed
position, the identity of each particle is instead given by a unique code on the particle itself.
Reprinted from reference 3 with permission from John Wiley and Sons.

DNA microarrays
The earliest precursors of modern microarrays were developed in the 1960s
when it was discovered that DNA could easily be adsorbed onto a
nitrocellulose membrane, allowing for detection of complementary RNA
sequences via hybridization directly on the membrane4. In 1995, the word
"microarray" was coined to describe a method wherein a robotic high-speed
arraying machine was used to immobilize a large number of DNA sequences
on a glass surface, allowing gene expression patterns to be monitored by
detecting the presence of specific genes via hybridization to their
complementary sequences on the array5. In the years since, DNA microarray
technology has been refined and applied to various applications where many
DNA sequences needed to be analysed simultaneously, including genome
mapping and analysis of mutations in genetic diseases6. It should be noted
that DNA microarrays can also be used to measure levels of RNA as these
two types of nucleic acids can hybridize with each other7.
Protein microarrays
The ability to use microarrays to analyse large numbers of nucleic acid
sequences proved to be useful in many fields of research, but for many
biological applications nucleic acid measurements alone were not sufficient.
For example, it was discovered that changes in mRNA levels in human tissue
did not always correlate with changes in levels of the associated protein8,
meaning that disease states that are characterized by changes in protein

CHAPTER 1: PLANAR MICROARRAYS | 17

levels could not always reliably be identified solely through measurements of
nucleic acids. Mechanisms have been elucidated by which factors such as the
stability, sub-cellular localization and translation efficiency of transcribed
mRNA can be regulated, for example through mRNA binding factors that
bind to the untranslated regions at the 3' end of mRNA, which in turn affects
the amount of protein that ends up being translated9. It should be noted,
however, that the question of whether or not RNA levels can be correlated to
protein levels has been the subject of debate even to this day; one recent
study10 found that a correlation between RNA levels and protein levels can
in fact be valid if a gene-specific RNA-to-protein ratio is applied in the data
analysis. Nonetheless, researchers saw a need to develop new methods that
could directly measure levels of a large number of proteins in biological
samples. This need spurred researchers to adapt DNA microarray technology
to protein applications, leading to the emergence of protein microarrays in
the early 2000s11. Protein microarrays utilize the surface immobilization of a
variety of different classes of molecules that can selectively bind to specific
target proteins, including antibodies, affibodies, aptamers, receptor ligands
and substrates of enzymes1. Broadly, protein microarrays can be divided into
three categories: analytical, functional and reverse-phase12, see Figure 1.2.
Analytical protein microarrays consist of immobilized binder molecules
(most commonly antibodies) and are mainly used to measure levels of
specific target molecules in a sample. Functional protein microarrays consist
of immobilized proteins and are mainly used to study protein-protein
interactions such as which substrates an enzyme can react with. Reversephase protein microarrays are defined as arrays where the samples
themselves are immobilized on a surface, usually tissues or cell lysates.
These are "reverse" because they involve probe molecules being incubated on
an array of samples, rather than the more usual approach of samples being
incubated on an array of probe molecules. These three classes of protein
microarrays have seen widespread use in a variety of biological and clinical
applications including diagnostics, profiling of antibody specificities,
protein-protein interaction studies and discovery of biomarkers for
diseases13.
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Figure 1.2: Illustration of analytical, functional and reverse phase protein microarray setups.
Reprinted from reference 12 with permission from Taylor & Francis.

Microarray production
Deposition methods
In order to create a DNA or protein microarray, specific binder molecules
have to be immobilized in a controlled and reproducible manner into a
defined array pattern so that their identity is encoded into their spatial
position within the array. The simplest possible method to achieve this is
manual pipetting, but microarray development typically requires more
precise methods. There are two general approaches to producing
microarrays, in situ synthesis of binder molecules directly on the microarray
surface and deposition of binder molecules from an external source.
Deposition methods are typically simpler and less laborious12, making them
more suitable for small scale laboratory production. To give an idea of the
different ways in which microarrays can produced, some commonly used
deposition methods are briefly covered here.
Inkjet printing
Inkjet printing is perhaps most widely known for its applications in printing
text and graphical data, but it has also been applied to the production of
biosensors since 1989 when this technology was first used to immobilize
enzymes on a surface14. Inkjet printing involves dissolving molecules in a
solvent, a small droplet of which is ejected onto a surface through a nozzle by
causing a pressure differential between the nozzle and the surroundings.
There are three methods commonly used to control this pressure differential:
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valvejet printing, piezoelectric printing and thermal printing. In valvejet
printing, constant pressure is applied to the nozzle and the ejection of the
droplets is controlled by electromagnetically opening and closing a valve15.
Piezoelectric printing involves a change in volume of the inkjet reservoir
induced by contraction of a crystalline material in an electromagnetic field
that causes a pressure increase16. In thermal printing, a gas is rapidly
expanded via heating, causing an increase in pressure17. After the droplet has
been ejected onto the surface, the solvent evaporates and the dissolved
molecules are left behind as a deposit. Inkjet printing is a non-contact
method, as the print head never makes contact with the surface. This
minimizes the risk that the printing process damages the surface material,
which is especially useful for sensitive materials such as nitrocellulose18.
Inkjet printing is a useful method for small-scale laboratory production of
microarrays because of its flexibility; the contents and design of the printed
array can easily be customized for each print run. Inkjet printers can also be
used for mass production of microarrays due to their high printing speeds,
under ideal conditions some commercial printers can print up to 640 spots
per second19. The inkjet reservoirs can also be made to store such large
volumes that a vast number of spots can be printed before it is emptied and
the printer head has to aspirate an additional volume, further improving
array production throughput and reducing batch-to-batch variability18.
Pin printing
Pin printing utilizes micrometre-sized metal pins that are dipped in solutions
containing the molecules to be immobilized, after which the pins are brought
into contact with a surface. Micrometre-sized spots are created when the
solutions are transferred from the pins onto the surface through this physical
contact, see Figure 1.3. Pin printing has the important advantage of being
relatively simple and inexpensive to implement; this along with the fact that
it was used in the earliest days of microarray production has lead pin
printing to be one of the most widespread methods of producing both DNA
and protein microarrays12. However, the method has several significant
drawbacks. As a contact method, pin printing is unsuitable for printing on
sensitive surfaces as the pins risk damaging the surface. High viscosity
liquids such as highly concentrated protein solutions cannot be pin printed
unless a very wide pin is used, but using a wide pin leads to a reduction in
spot reproducibility which in turn decreases the accuracy of the results from
the array20. Additionally, pins do not include large liquid reservoirs so the
volume carried by each pin is only large enough to print a small number of
spots before needing to pick up more solution. This in turn means that the
print heads needs to spend a lot of time reloading the print solution,
significantly reducing the array throughput compared to inkjet printing and
thus making pin printing mainly suitable for producing relatively small
arrays21.
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Figure 1.3: Schematic illustration of pin printing. a) Liquid sample is loaded onto the pin by dipping it
into a sample well. b) The sample is transferred onto the surface substrate via physical contact.
Reprinted from reference 20 with permission from Taylor & Francis.

Microstamping
Microstamping is a contact printing method introduced in 1993 that is used
to print entire arrays in a single step, rather than printing each spot in the
array individually22. This method is conceptually similar to conventional
rubber-stamping commonly used to transfer ink onto paper in predefined
patterns, but used for micron-sized patterns of various different sensor
materials. The first step in microstamp production is to create a mould that
is etched into the desired pattern using e.g. photolithography; stamps can
then be mass-produced by curing a material such as PDMS on the mould23.
Biomolecules can then be transferred onto the microarray surface in the
chosen pattern by dipping the stamp into the biomolecule solution and then
pressing it onto the surface. This entire process is schematically illustrated in
Figure 1.4. Care must be taken in choosing the solvent, stamp material and
microarray surface material. The chosen solvent must not diffuse along the
stamp surface or into the inside of the stamp, as this would ruin the accuracy
of the intended pattern, and the solvent must also have a sufficiently high
affinity for the surface so that a large enough volume will be transferred from
the stamp when it is pressed into the surface23.
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Figure 1.4: Schematic illustration of the microstamping process. First, a mould is produced through
mask photolithography, after which stamps can be created by moulding of PDMS. These stamps
can then be used to transfer samples to a surface substrate n a defined array pattern by dipping the
stamp into the samples and then pressing against the surface. Reprinted from reference 12 with
permission from Taylor & Francis.

One important advantage of microstamping is that once the stamp has been
produced, very large arrays can be produced very quickly as printing time
does not scale up with the size of the printed array, as it does with e.g. inkjet
and pin printing12. It is therefore a useful method for large-scale microarray
production. However, this method is poorly suited for small-scale laboratory
experiments where the array size and shape needs to be customized between
experiments, because that would require the etching of an entirely new
mould for each experiment. As with other contact print methods, it is also
unsuitable for printing onto sensitive surfaces.
Photolithography
Aside from being used to etch moulds for microstamps, photolithography
can also be used to create microarrays directly on a surface. One way to
achieve this is to spin-coat a silica surface with a polymer that breaks down
and can be washed away after being exposed to UV light, this polymer is
known as a positive photoresist. A mask is then used to selectively shine UV
light onto the positive photoresist in a defined pattern, thus enabling the
removal of the photoresist specifically in the patterned regions. Binder
molecules can then be selectively coupled to the exposed silica by exploiting
the differences in surface chemistry between the photoresist and the silica24.
Similar to microstamping, this is a high-throughout production method
because entire microarrays can be produced in a single step so the
production time does not scale with the array size. However, it has the rather
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significant disadvantage that microarrays produced in a single
photolithographic step cannot contain multiple different molecules in
different parts of the array, since there is no mechanism to deposit specific
molecules onto specific spots25. This is not a problem in those applications
where it is useful for the entire array to contain the same reagent
throughout; one example of such an application is the production of
nanoparticle arrays for use as diffraction grates for biosensing26. It is
possible to create multiplexed microarrays using this photolithographic
approach through a sequential process of removing the photoresist in
specific areas, followed by probe binding to the exposed areas, then
removing the photoresist in a different area and binding probe to it etc.,
however this does of course remove the advantage of being able to produce
entire arrays in a single step27. This kind of sequential photolithographic
microarray production is schematically illustrated in Figure 1.5.

Figure 1.5: Schematic illustration of a method for using photolithography to produce microarrays
where different spots contain different biomolecules, via sequential exposure of UV-light and
binding of biomolecule to different regions of the array. Reprinted from reference 27 with permission
from Elsevier.

Surface immobilization chemistries
The mechanisms by which molecules are attached to the microarray surface
can be divided into two major groups: covalent and non-covalent. For
covalent coupling, the surface must contain a functional group that
chemically reacts with the printed molecule in order to form a stable
covalent bond. Examples of surface functional groups commonly used
include epoxide, aldehyde and carboxyl groups which can all form covalent
bonds with amine groups on the printed molecules28. Because of the specific
nature of the chemical reaction involved, covalent coupling only works on
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those molecules that contain the exact functional groups required for the
coupling reaction to take place, which can be problematic if a wide range of
molecules containing different functional groups need to be coupled to a
single surface or if the printed molecule simply does not contain any
functional groups that can be coupled to29. In such instances, non-covalent
coupling can be a useful alternative. Non-covalent coupling utilizes forces
such as hydrogen bonds, van der Waals forces, hydrophobic interactions,
physical adsorption or electrostatic interactions to immobilize molecules on
the surface21. Because these forces do not rely on any specific functional
group, they can be used to immobilize chemically diverse molecules as long
as they are sufficiently similar in e.g. electric charge or hydrophobicity.

Signal detection and examples of applications
When a capture molecule on a microarray has bound to its target molecule, it
generally does not lead to any quantifiable change in the microarray and
thus cannot be detected directly. Some additional method for converting
molecular binding events into a measurable signal must therefore be applied
in order to get useful data from a microarray. There exist a large number of
strategies to accomplish this, and they can broadly be divided into labeldependent and label-free.
Label-dependent detection
Label-dependent strategies involve tagging the target molecule with a label
that emits a measurable signal; the presence of the target on the array can
then be measured through the presence of the label e.g. because the label
itself gives off a measurable signal or because it catalyses a reaction that
produces a signal. Such labels can either be attached to the target molecule
directly in the sample or after the target has already been captured on the
microarray. Examples of commonly used labels include fluorophores,
radioisotopes, chemiluminescent substances and nanoparticles. Here, the
mechanisms by which these labels function will be briefly covered along with
some examples of how they have been applied to applications based on
planar microarrays.
Fluorophores
Fluorophores are molecules that absorb light in a specific range of
wavelengths (excitation spectrum) followed by emission of light in a different
range of wavelengths (emission spectrum) as a result of electrons moving
between energy levels. Fluorophores have been among the most popular
microarray detection labels because they deliver highly sensitive detection
and utilize widely available optical setups30. In addition, a large number of
fluorophores are commercially available with excitation/emission spectra
that cover a wide range of wavelengths from ultraviolet (e.g. DAPI) to far red
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(e.g. Cy5), allowing for the use of several different fluorescent labels
simultaneously. An illustrative example of fluorescence-based biosensing is
the simultaneous detection of allergen-specific IgG and IgE in clinical
samples using an allergen microarray31. To achieve this the sample is first
incubated on the array, thus capturing any antibodies that bind to the
allergens. The presence of captured IgG and IgE can then detected by
incubating the array with anti-IgG conjugated with the fluorophore Alexa
Fluor® 532 and anti-IgE conjugated with the fluorophore Alexa Fluor® 647.
Because these two fluorophores are spectrally distinct, they can be selectively
excited and measured individually using a fluorescence scanner and the
relative ratios of IgG and IgE binding to each allergen can therefore be
determined.
Radioisotopes
Some atomic elements can form radioisotopes that are unstable and
therefore undergo radioactive decay in order to transition into more stable
isotopes. When this decay occurs, radiation is emitted and this radiation is
measurable, thus enabling radioisotopes to be used as labels for detection on
microarrays. Radioisotopes have seen use in studies of biochemical
pathways. For example, one study determined the substrate specificity of
yeast kinases by using a proteome-wide microarray where each spot
contained a unique yeast protein32. Each studied kinase was incubated on
such an array in the presence of ATP labelled with 33P, a radioisotope of
phosphorus. In the proteins that were phosphorylated by the kinase, this
radioactively labelled ATP was incorporated into the protein and that spot
thus began emitting radiation. The intensity of radiation being emitted from
each spot could be measured by covering the array with X-ray film and
measuring the intensity of the spots formed on the film.
Chemiluminescent substances
Chemiluminescence is a phenomenon wherein a chemical reaction results in
the emission of light. Substances that can undergo chemiluminescent
reactions include luminol and fluorescein, and these have therefore seen use
as labels for detection on microarrays with luminol being the most popular
due to its low cost33. Chemiluminescence is often used to study biological
systems, one study34 utilized the fact that luminol emits light in the presence
of hydrogen peroxide to determine rate constants of hydrogen peroxide
removal by human erythrocytes. By incubating known concentrations of
hydrogen peroxide and luminol on a microarray consisting of erythrocytes
and then measuring the rate at which the intensity of light emitted from each
spot was reduced, the kinetic rate constants of hydrogen peroxide removal
could be determined.
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Nanoparticles
Many colloidal suspension of nanoparticles exhibit bright colours, including
gold, silver and latex35. Molecular targets bound to a microarray that are
labelled with such nanoparticles therefore undergo a colorimetric shift that
can be imaged using an optical sensor. The most popular material of
nanoparticles for this purpose is gold due to the vivid colour it produces even
at low concentrations due to an optical phenomenon known as localized
surface plasmon resonance36, and because the chemistry of gold
nanoparticles make it simple to create gold nanoparticles that bind
specifically to a desired target molecule by attaching affinity molecules such
as antibodies to their surface37. Because the presence of gold nanoparticles
on a microarray can be measured using very simple optical equipment such
as flatbed scanners and smartphone cameras, or even using the naked eye,
they have seen widespread use in low-cost, simple-to-use devices such as
paper-based microarrays38. One such microarray was developed in order to
detect allergen-specific IgE by flowing clinical samples through a
nitrocellulose membrane containing an allergen microarray, followed by
flowing through gold nanoparticles coated with anti-IgE. Any allergen spot
that captured IgE would show up as red, with the intensity of the colour
correlating with the concentration of the captured IgE39.
An advantage of using metallic nanoparticles as detection labels is that they
allow for various different signal enhancement strategies that can lead to
increased detection sensitivity. Gold nanoparticles, for example, allow for
both silver enhancement and gold enhancement40. Silver enhancement can
be achieved via reduction of silver ions into metallic silver upon the surface
of the gold nanoparticles on the array by incubating the array with
hydroquinone and silver nitrate. This deposition of silver causes an increase
in the size of each particle and thus the intensity of the colour of the spot.
Gold enhancement can be achieved by utilizing two different sets of gold
nanoparticle labels, the first conjugated with both antibody towards the
target analyte and biotinylated BSA and the second conjugated with
neutravidin, which binds with high affinity to biotin. By incubating the array
with both of these sequentially, the number of gold nanoparticles in each
spot is increased and therefore also the intensity of the colorimetric signal.
Both of these strategies are illustrated in Figure 1.6.
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Figure 1.6: Schematic illustration of A) silver enhancement and B) gold enhancement of gold
nanoparticles for the detection of prostate specific antigen (PSA) using two anti-PSA antibodies
(HS-5 and HS-8). Reprinted from reference 40 with permission from Elsevier.

Enzymes
Enzymes are proteins that function as catalysts in specific chemical
reactions. If such an enzyme-catalysed chemical reaction converts a nondetectable substance into a detectable substance, then that enzyme can serve
as a detection label. In one example, a series of enzymatic reactions were
used to devise a paper-based glucose sensor with colorimetric detection41. In
the device, the enzyme glucose oxidase was immobilized in paper and
samples containing glucose were flowed through the paper, leading to the
enzymatically catalysed conversion of glucose to gluconic acid and hydrogen
peroxide. For visualization a second enzyme, horseradish peroxidase, along
with potassium iodide was added. Horseradish peroxidase catalyses the
reduction of hydrogen peroxide to water alongside the oxidation of iodide to
iodine. Out of all these reagents, the final product of iodine is the only one
that gives off a visible colour signal, and thus the final colour intensity is
proportional to the concentration of produced iodine, which in turn is
proportional to the produced hydrogen peroxide, which finally is
proportional to the original glucose concentration in the sample.
Label-free detection
Although label-dependent strategies are very useful for a broad range of
applications, the use of labels does carry with it some drawbacks that can
make them unusable in some cases. One major concern is that attaching a
label to the target molecule can change its conformation, thereby affecting its
function. In cases where a target molecule must be studied in its native form,
a label-free detection strategy might be more suitable. Foregoing the use of
labels can also shorten assay times since there is no need for a separate
labeling step.
Surface plasmon resonance
Biosensors based on surface plasmon resonance utilize an optical
phenomenon wherein the refractive index of light that falls upon a
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transducing medium such as a thin metal layer is changed depending on the
concentration of molecules attached to the medium42. This phenomenon has
been utilized as a detection modality for planar microarrays e.g. for the
purpose of measuring autoantibody concentrations in human serum
samples43. Peptides were printed and covalently immobilized on a NHS-ester
functionalized polycarboxylate-coated gold surface, after which serum
samples were flowed over the array. During this incubation step, the array
was illuminated by light scanning between various incident angles using a
movable mirror while simultaneously measuring the intensity of the
reflected light at a fixed angle using a CCD. Plotting the reflectivity versus the
angle of the illuminating light for each microspot reveals a shift in the
illumination angle that gives minimum reflectance, and the magnitude of
this shift correlates with the concentration of bound autoantibody on the
array. A schematic illustration of this setup is shown in Figure 1.7. This
technique is not limited to just quantifying the concentration of analytes in a
sample; because the measurement can take place in real time as the analytes
are binding to the array, the rate at which the analytes bind can be quantified
by measuring how fast the angle shift occurs. Coupled with a second
measurement during the washing of the array in which the rate at which the
analytes unbind from the array is measured, this allows for quantification of
the binding kinetics by determining the binding on-rates and off-rates. This
type of multiplexed kinetic measurement has been applied to affinity binding
of antibodies44 and other protein interactions such as the binding between
insulin and insulin-receptor45.

Figure 1.7: Schematic illustration of experimental setup for measuring autoantibody concentration
on a planar microarray using SPR. The scanner is a mirror that moves in order to vary the angle of
incident light on the array and the CCD records the resulting reflectance for each incident angle.
Reprinted from reference 43 with permission from The American Chemical Society.
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Electrochemistry
Electrochemical detection involves using electrodes to measure changes in
electric current as a function of the number of target molecules bound to a
microarray. In one illustrative example, a label-free immunosensor for
detecting proteins indicative of cardiac disease was created by producing an
array of electrode surfaces46. Each electrode surface was comprised of carbon
nanofibers, the tips of which were covalently coated with antibodies toward
specific cardiac markers such as cardiac troponin-I. Incubation of a sample
on this array would thus lead to affinity capture of cardiac markers on the
corresponding electrode surfaces. Addition of the redox probe molecule
potassium hexacyanoferrate (III) leads to the exchange of ions between the
probe molecule and the carbon nanofibers when a potential is applied across
the electrode, which causes a measurable electric current. However, presence
of target molecule bound to an electrode surface causes an impedance of this
ion exchange and thus a reduction in the observed current. This reduction is
proportional to the amount of target molecule bound to the electrode, which
allows for quantitative measurement of the concentrations of each protein in
the sample.

CHAPTER 2: PARTICLE-BASED MICROARRAYS | 29

Chapter 2: Particle-based microarrays

Introduction to particle-based microarrays
Particle-based microarrays is an alternative to planar microarrays wherein
detection of target molecules occurs on the surface of particles that float
freely in the sample, as opposed to taking place on a fixed surface. This type
of microarray often utilizes micron-sized spheres which are commonly
referred to as beads; hence this setup is sometimes known as a bead-based
microarray47. However, the nomenclature used to describe this type of array
varies and other terms such as liquid-phase array48 and suspension array49
are also used. Here, the more general term particle-based microarray will be
used to encompass all microarrays where detection of an analyte takes place
on the surface or on the inside of micrometre-sized particles, which can be of
any shape.
The earliest example of a particle-based microarray was published in 1977,
when it was demonstrated that spherical particles coated in different
antigens could be used to simultaneously detect antibodies towards those
antigens50. In order to accomplish this, two main questions had to be
addressed: how can the groups of particles coated with different antigens be
distinguished from one another, and how can those particles that have
bound their target antibody be distinguished from those that have not? In
other words, there is a need for particle encoding to give each group of
particles a unique signifier, and for signal detection, similar to how signal
detection is necessary for planar microarrays. In this earliest setup, particle
encoding was achieved by using differently sized particles for each antigen,
and signal detection through the use fluorescent secondary antibodies as a
detection label. However, there has since been an enormous development in
the variety of methods used to design particle-based microarrays, which will
be covered in the following sections.

Particle production
Particle synthesis methods
The first step in producing a particle-based microarray is to synthesize the
particles. A number of synthesis protocols utilizing a wide range of materials
have been developed for this purpose and overview of some synthesis
methods will be given in order to illustrate the diversity of ways that
microparticles can be produced for biosensing purposes.
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Stöber synthesis
Stöber synthesis, named after Werner Stöber who first demonstrated the
method in 1968, is a chemical method for producing silica microspheres with
a narrow distribution of sizes ranging from 0.05 to 2 µm51. Silica has many
advantageous properties as a sensor surface such as low fluorescence, wide
range of available chemical functionalisation methods and physical stability
which makes it a useful material for particle-based microarrays52. The
fundamental principle of Stöber synthesis lies in a reaction that occurs when
tetraethyl orthosilicate (TEOS) is mixed with water, alcohol and ammonia
resulting in the hydrolysis of TEOS to form silanol monomers that
subsequently condense together to form spherical particles, with the size of
the particles depending on the proportions of the different reagents in the
reaction53. Modifications to this reaction have also been developed that allow
for the incorporation of other materials into the particles such as gold54 and
carbon55.
Droplet microfluidics
Droplet microfluidics refers to subcategory of microfluidics wherein
emulsions of micrometre-sized droplets are generated inside microfluidic
channels by combining immiscible liquids such as oil and water56. Such
droplets can be used directly for biosensing applications such as single cell
analysis57, but they can also be used as the basis for production
microparticles made of polymers. For example, polyfluorene (PFO)
microparticles can be created by combining an aqueous solution of PFO with
toluene in a microfluidic chip to create water-in-toluene droplets containing
PFO. Collecting these droplets and allowing the toluene to slowly evaporate
followed by centrifugation to remove any remaining toluene results in the
formation of monodisperse spherical PFO particles, the size of which can be
tuned to be between 0.15-2 µm by adjusting the polymer concentration in the
aqueous phase58.
More complex, multifunctional particles can be created using double
emulsions. Double emulsions can essentially be described as droplets
containing smaller droplets and can be created using a setup with multiple
microfluidic channels nested inside of each other. By mixing the middle and
outer fluids in a square microchannel and injecting the inner fluid via a
smaller nested cylindrical capillary it has been shown that droplets can be
created containing one or multiple inner droplets, with the size of the
droplets and number of inner droplets determined by the channel
geometries59. Multifunctional particles can be made from such droplets by
utilizing the fact that the inner droplets can contain different materials than
the enclosing droplets. For example, by creating oil-in-water-in-oil double
emulsions where the inner droplet contains a fluorescent quantum dot and
the outer droplet contains a photocurable pre-polymer and then exposing
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these to UV-light, spherical polymer microparticles with sizes ranging from
tens to hundreds of µm can be created containing a fluorescent core which
can be used for particle encoding60. Utilizing multiple inner channels, it is
even possible to create particles that contain multiple cores made of different
materials, allowing for e.g. particles with both a quantum dot shell and a
shell containing magnetic nanoparticles to enable magnetic manipulation of
the particles. Manipulating the concentrations and flow rates during droplet
generation also allows for creation of so-called Janus particles where one
half of the particle contains the quantum dot and the other half contains the
magnetic nanoparticles, named in reference to the two-faced god of Roman
mythology. Example images of such multifunctional particles being
produced are shown in Figure 2.1.

Figure 2.1: Microscope images of droplet generation used for production of multifunctional
microparticles. The top image shows production of particles with two discrete inner regions, one
containing quantum dots (red) and one containing magnetic nanoparticles (transparent). The
bottom image shows production of Janus particles where one half of each particle contains
quantum dots while the other half contains magnetic nanoparticles. Reprinted from reference 60
with permission from The American Chemical Society.

Photolithography
For certain biosensing applications it is desirable to create hydrogel particles
with complex geometries, in these cases photolithography can be a useful
method. There are several photolithographical setups that have been
demonstrated for this purpose; the most straightforward of these is referred
to as stop-flow lithography. In one example of this method a PDMS-coated
photomask is produced with holes that correspond to the desired particle
shape. A PDMS-coated glass slide is then covered with a layer of
photocurable pre-polymer such as PEG-DA along with a photoinitiator.
When UV-light is shone onto the mask, it will only illuminate the parts
outlined by the holes in the mask so only those parts will be will undergo
cross-linking of the pre-polymer, resulting in solid, insoluble particles being
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produced in the regions where the mask holes are. Because these particles
are hydrophilic they are repelled from the hydrophobic PDMS layers on the
mask and glass slide, so they can easily be collected by washing them off of
the glass slide. A schematic illustration of this process along with images of
particles thus produced is shown in Figure 2.2.

Figure 2.2: a) Schematic illustration of stop-flow lithography using a photomask for production of
hydrogel microparticles. b) Microscope images of three different particle shapes produced using this
method. Reprinted from reference 61 under the Creative Commons Attribution License (CC BY 3.0).

Stop-flow lithography is a very flexible method in that it can be used to
produce particles of any size or shape in which a mask can be produced.
However, there is an inherent limitation in production throughput since the
number of particles that can be produced in a single run is limited to the
amount that can fit onto the PDMS-coated glass slide. To achieve higher
production throughput, a different method known as continuous flow
lithography can be used62. Continuous flow lithography also makes use of a
photomask with holes corresponding to the desired particle shape, however
the mask is not put in direct contact with the pre-polymer. Instead, the mask
is positioned underneath a microfluidic channel made of PDMS-coated glass
through which the pre-polymer is flowing. Shining UV-light through the
mask causes cross-linking to take place in less than 0.1 s in the regions
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corresponding to holes in the mask, and because the particles cannot crosslink to the PDMS layer they remain free to flow through the channel into a
collection chamber. In this way continuous production of particles can be
maintained until the desired number of have been produced. Continuous
flow lithography is schematically illustrated in Figure 2.3.

Figure 2.3: a) Schematic illustration of a continuous flow lithography setup for microparticle
production. b) Microscope image of the resulting particles c) Microscope image of the collection
chamber where most of the particles have been flipped on edge, enabling measurement of their
height. Reprinted from reference 62 with permission from Springer Nature.

Using masks for continuous flow photolithography is not ideal in cases
where it is desirable to produce particles of many different shapes because
each shape requires the production of a new mask, which can be time
consuming and costly. For more flexible control over particle shape it is
possible to instead use maskless photolithography, wherein the patterning of
UV-light is achieved using light shone onto a dynamically controlled twodimensional array of micromirrors which reflect it onto the channel in a
desired pattern63. This technique also allows for production of more complex
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particle geometries through multiple exposures of UV-light; a particle of a
given shape can be produced with the first UV-exposure and then using
image-tracking software the micromirrors can be realigned to polymerize a
particle of a different shape around the initial particle in order to create
multiple differently shaped particles that are linked together, see Figure 2.4.

Figure 2.4: Dynamic control of particle shape during continuous flow lithography using a maskless
setup based on an array of micromirrors. a) Dynamic alignment of mirrors allows for differently
shaped particles to be produced at different time points. b) Image-tracking software allows an initial
particle to be embedded into a larger particle that is polymerized around it, allowing for more
complex geometries. Reprinted from reference 63 with permission from AIP Publishing.

Particle coupling methods
Simply synthesizing particles of a specific size and shape is not enough for
microarray applications, in order to make the particles useful they must be
coupled to specific molecules e.g. affinity binders to allow them to capture
specific target molecules. There are two major approaches to molecular
coupling to microparticles: coupling during the synthesis process or coupling
after synthesis is complete.
Coupling during synthesis
Coupling during synthesis can be done via copolymerization of the desired
molecule along with the particle pre-polymer during photolithography. One
advantage of this approach is that it allows for extremely fine spatial control
over where in the particle the molecule will be located. For example,
microparticles with multiple distinct regions can be produced via flow
lithography by setting up multiple streams of pre-polymer adjacent to each
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other each containing a different molecule of interest and shining UV-light
light across all streams simultaneously, thus creating particles with different
regions that contain whatever molecules of interest were contained in those
streams64. In this case, one stream contained antibody conjugated with a
bifunctional PEG linker that could crosslink with the pre-polymer during
photocuring in order to stably incorporate the antibody inside a distinct
probe region of each particle, where the target protein would later bind
during the assay procedure. A different stream contained no antibody and
thus resulted in a negative control region of the particle. An important tradeoff that is made in order to achieve this spatial control over the coupling is
that it makes the array setup inherently less flexible for the end user.
Because the molecules have to be coupled during the synthesis procedure, it
is not possible to deliver uncoupled particles to the end user so that they
themselves can decide what molecules are required for their particular assay
setup. In cases where this kind of coupling flexibility is more important than
spatial control, post-synthesis coupling can be used instead.
Coupling after synthesis
In order to allow covalent coupling of molecules to the particles after they
have been synthesized, the surface of the particles can be covered with a
functional group such as carboxyl, amine or thiol groups. Carboxyl groups
are a common choice because they can be covalently coupled to primary
amine groups found in e.g. proteins or amine-terminated DNA sequences.
Several methods have been demonstrated for carboxylation of particle
surfaces, for example inclusion of acrylic acid in the pre-polymer mixture of
photolithographically synthesized particles can introduce carboxyl groups
directly61 and carboxylation of particles with a silica surface can be
accomplished via a series of chemical reactions involving aminating the
surface by incubation with APTES followed by conversion of the amine
groups to carboxyl groups through incubation with succinic anhydride65.
Once the carboxyl groups are present on the particle surface, the end user
can couple their desired primary amine-containing molecules to the particles
e.g. via the very commonly used method of activating the particles with EDC
and NHS, which converts the carboxyl groups into NHS-esters which in turn
can react with primary amines to form stable amine bonds66.

Encoding strategies
In a planar microarray the identity of the molecule in a given spot is known
through the position of each spot in the array, a strategy known as spatial
encoding. However, in a multiplexed particle-based microarray this strategy
cannot be used, as the particles do not have a fixed position. Instead, the
particles themselves must be given some kind of code that allows different
populations of particles to be distinguished from each other. Two important
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considerations when designing an encoding method is the code readout, i.e.
what equipment is needed to actually read the code, and the coding
capacity, i.e. how many different codes can be produced. Some of the
different particle encoding strategies and how they address these
considerations will be covered here.
Shape encoding
Shape encoding is based on producing populations of particles that each
have a unique shape that makes them distinguishable from each other. The
simplest and earliest example of this strategy is to use spherical particles of
different sizes. The size of spherical particles can be measured in a flow
cytometer or an imaging device such as a microscope, however there are a
number of problems inherent to this method that limit its usability. The
number of codes that can be achieved is limited by the fact that after a
certain point the particles will be either too small to measure or too large to
feasibly handle. Additionally, changing the size of a particle will change
characteristics such as its sedimentation rate and the number of binder
molecules needed to coat its surface, meaning that an array of differently
shaped particles might perform differently e.g. during coupling reactions or
during sample incubation. For these reasons, particle size has not become a
widespread method of encoding.
A more sophisticated approach to shape encoding involves giving each
particle population a characteristic shape while maintaining roughly the
same overall particle size between populations. Photolithographic methods
are often used for this purpose, as they are most suitable for making particles
with various complex geometries. For example, Figure 2.2 shows the
photolithographic production of circular, square and triangular particles.
Mixing together multiple particles of different shapes thus allows for
multiplexed detection using an optical readout method such as microscopy
where the shape of each particle can readily be measured. However, the
multiplexing capacity of graphical encoding has so far been relatively small
compared to other methods, limited by the number of distinct shapes that
can be manufactured. Software-based methods of distinguishing differently
shaped particles are also somewhat complicated to program, so shape
encoding has so far not been a very popular approach for developing
multiplexed microarrays.
Graphical encoding
Graphical encoding refers to particles that have the same size and shape but
that are distinguishable from each other because they have a distinctive
pattern or design such as a barcode on their surface. The first instance of
graphically encoded microparticles used for biosensing was published in
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2011 and made use of electrochemically produced metallic rods with a length
of 4.5 µm67. These are composed of different metals such as gold and silver
and are encoded by arranging these materials in distinctive stripe patterns,
which can be read out as a binary code using a microscope because of the
different reflective properties of these materials when illuminated by light of
specific wavelengths, see Figure 2.5. One advantage of graphical encoding is
that the coding capacity is generally very high and this was the case even in
this early method. Using only gold and silver, 4160 different binary codes
could be made and incorporating a third metal for a ternary code increased
this to around 8*105 possible codes.

Figure 2.5: Microscope images of metallic microrods composed of striped patterns of gold and silver
illuminated by light of wavelength 430 nm. Because silver reflects more light at this wavelength,
those segments appears brighter than the gold ones. a) Particles of a single code demonstrating
the distribution of particle sizes b) Particles with nine different binary barcodes consisting of silver
67
and gold segments . Reprinted from reference 67 with permission from The American Association
for the Advancement of Science.

More recently the same photolithographic methods that have been used to
create differently shaped particles have also been used to create particles
containing graphical codes upon their surface, allowing for particle designs
with truly massive coding capacities. Continuous flow lithography has been
used to create 270 µm long microparticles with a binary code based on holes
on the particle surface; by fitting up to 20 holes per particle the potential
coding capacity is 220 = 1048576 codes that can be read using an optical
imaging method such as microscopy68. This neatly illustrates the enormous
coding potential of graphical methods, as this coding capacity is so large that
it is difficult to imagine a microarray application that would realistically
require more codes.
Fluorescence encoding
Fluorescence encoding is an encoding strategy wherein each particle
contains one or more fluorophores and the relative intensities of each
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fluorophore create a unique code for each particle population. This strategy
is exemplified in the Luminex xMAP (Multi-Analyte Profiling) system, the
most widespread commercially available particle-based microarray69. xMAP
utilizes polystyrene microspheres with a diameter of 5.6 or 6.5 µm. During
production, the interior of each microsphere is filled with various
concentrations of two different fluorophores, one red and one infrared. For
code readout the microspheres are illuminated with a 635 nm laser, which
excites both of the fluorophores, and measuring the intensities of their two
emission spectra gives the particular code of each microsphere. 10 different
internal concentrations of each fluorophore can be produced, giving a total
of 10*10=100 different codes, see Figure 2.6. To further increase the coding
capacity, a third internal dye can be added at five different concentrations to
give a total of 500 different fluorescent codes. In general, fluorescent
encoding methods have lower coding capacities than graphical encoding due
to the fact that the numbers of fluorophores that can be combined are
limited due to overlap in their excitation and emission spectra. The coding
capacity is further reduced when fluorescence is used for signal readout as
well as encoding, since the fluorophore used for detection necessarily cannot
also be used for encoding.

Figure 2.6: Schematic overview of the fluorescence encoding of microspheres used in Luminex
arrays. 10 different concentrations of two different fluorophores inside each microsphere results in
100 distinct codes that can be read using standard fluorescence equipment. Reprinted from
reference 69 under the Creative Commons Attribution License (CC BY).
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Signal detection and examples of applications
Just as in a planar microarray, particle-based microarrays must incorporate
some method of converting molecular binding to the surface of the particles
into a measurable signal. In principle, most signal detection modalities that
are used in planar microarrays could be used also on microparticles, however
there are some additional considerations that must be made. The signal
detection must be compatible with the code readout; both the code and the
signal must be read simultaneously in order to assign each signal to a
specific particle identity. Secondly, any instrument that relies on the signal
being read from a, flat, stable surface such as a fluorescence scanner can only
be used in those cases where the particles are immobilized on a surface
during signal readout, which is often the case for graphically encoded
particles. Here, a brief overview will be given of some signal detection
strategies used with particle-based microarrays along with examples of
practical applications that they are utilised for.
Label-dependent detection
Fluorophores
A representative example of how fluorophore-based detection is used is
found in the commercial Luminex xMAP system where it is used for a wide
variety of applications. In one example, the proteins IBV and ILTV
antibodies against which are indicative of the viral infections
laryngotracheitis and bronchitis in chickens, were covalently coupled to the
surfaces of two differently coded microspheres using EDC-NHS chemistry
and the microspheres were then incubated with chicken serum samples70. If
the target antibodies were present in the samples, they would bind to the
proteins on the microsphere surface. Subsequent incubation with
biotinylated anti-chicken antibodies and the streptavidin-conjugated
fluorophore phycoerythrin gave a fluorescent signal to particles that had
bound the target antibodies. Fluorescence detection is compatible with
fluorescence encoding of the microspheres, as the coding and detection
fluorophores have different excitation and emission spectra. In the xMAP
system, signal and code readout takes place in a flow cytometer where a 532
nm laser excites the detection fluorophore phycoerythrin, and a 635 nm laser
excites the two internal coding fluorophores simultaneously. Thus, for each
bead three fluorescent signals are recorded, one giving the intensity of the
signal from the bound target molecule and two giving the code of that
particle which corresponds to the identity of the coupled capture molecule.
Fluorescence detection is also compatible with graphically encoded
microparticles. This cannot be done in a flow cytometer, as the graphical
code cannot be read out in that setup. Instead, the particles are imaged using
a microscope. For example, photolithographically produced graphically
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encoded particle with a carboxylated silica surface can be coupled to DNA
probe sequences complementary to ten different HPV gene sequences65.
Those HPV gene sequences can thus be detected in a sample by first
amplifying them using PCR, then labelling them with biotin-dCTP and then
incubating with the particles, resulting in the HPV genes hybridising with the
probe sequences. A fluorescent signal is generated by a final incubation step
with the streptavidin-conjugated phycoerythrin. In order to assign each
signal to its corresponding particle code two microscope images are taken,
one brightfield image which is used to find and decode the particles and one
fluorescence image which is used to measure the intensity of the signal from
each particle.
Enzymes
Just as in planar microarrays, enzymes can be used as detection labels if they
catalyse a reaction that converts a non-detectable substrate into a detectable
reaction product. Horseradish peroxidase, an enzyme that can be used on
planar microarrays for this purpose as covered in the previous chapter, has
been demonstrated to allow the use of microparticles for the colorimetric
detection of cancer biomarkers such as vascular endothelial growth factor
(VEGF)71. In this setup, photolithographical curing of PEGDA using a
photomask with copolymerization of anti-VEGF antibodies was used to
create microparticles with covalently bound antibodies throughout their
interiors. When these particles were incubated with a sample, the sample
would diffuse into the particle interiors and the antibodies would capture
any VEGF present. Horseradish peroxidase was then bound to the target
molecules via addition of a biotinylated secondary anti-VEGF antibody
followed by streptavidin-conjugated horseradish peroxidase. With the
enzyme in place, a colorimetric signal could be created by incubating the
particles in a solution containing silver salt and an initiator. This results in
the enzyme catalysing a redox reaction of hydrogen peroxide that results in
the generation of electrons. Subsequently, these electrons reduce the silver
ions from the silver salt into insoluble metallic silver, which is deposited
inside the particles. This silver deposition causes the particles to undergo a
measurable colour shift, with the colour intensity being proportional to the
concentration of target molecule in the sample.
Label-free detection
Reflective peak shift
Fluorescently encoded microspheres made of a type of material known as
bioresponsive hydrogel have been used to achieve label-free detection of
specific DNA sequences72. The hydrogel microspheres are synthesized with
different concentrations of fluorescent quantum dots for encoding and with
specific DNA probe sequences cross-linked inside their interiors. Upon
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incubation with their target DNA sequences, hybridization between the
probe and target sequences causes a reduction in the hydrogel volume and
thus a reduction in the pore size of the microspheres. This pore size
reductions leads to a shift of the wavelength of light reflected from the
microspheres due to an optical phenomenon described by Bragg's law. Two
microscope images are thus required for each particle, one illuminated by
UV-light to excite the quantum dots and allow decoding of the particle and
one illuminated by white light to measure the reflection spectrum. By
comparing the wavelength of the reflection peak with a blank sample, it was
shown that the magnitude of the wavelength shift caused by target DNA
hybridisation was correlated with the concentration of target DNA in the
sample.

Comparing planar and particle-based microarrays
Both planar and particle-based microarrays broadly try to achieve the same
goal of highly multiplexed detection of analytes in samples. What reasons,
then, are there to choose one setup over the other? Particle-based arrays
have several advantages over their planar counterparts in a number respects,
both in terms of production and usability.
Production of planar microarrays is necessarily sequential, meaning that
producing two arrays with a given production setup will take twice as long as
producing one array. Particles, on the other hand, can often be produced in
bulk and producing two million particles does not necessarily take twice as
long as producing one million particles. In a chemical synthesis such as the
Stöber method, scaling up the number of particles can be accomplished by
scaling up the reaction volume without necessarily having to scale up the
reaction time. Similarly, photolithographic production of particles can be
scaled up by increasing the area of the surface on which particles are UVcured without necessarily increasing the time required.
Another consideration which is worth discussing is the scrapping costs
associated with microarray production. In a planar microarray, every single
spot must be properly formed or the entire microarray might have to be
scrapped, especially in a commercial context where the customer can
reasonably expect a very high level of quality in every purchased array. This
becomes an increasingly large concern as the size of the array to be produced
grows. No piece of array-producing equipment is infallible and there is
always some non-zero risk of a given spot in an array to be poorly produced,
e.g. misaligned or of the wrong size. As the number of spots in an array
increases, the risk that at least one spot could be poorly produced scale
proportionally with it. This is in contrast with how particle-based
microarrays are constructed. Because the arrays are formed by pooling
together large numbers of different particles, there is no need to scrap an
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entire batch when some percentage of the particles are poorly produced,
instead the number of particles can simply be increased proportionally to the
expected number of poorly produced particles to compensate for the defects.
In effect, this can mean that one poorly produced particle is just one poorly
produced particle, but one poorly produced spot in a planar microarray can
potentially ruin the entire array and thus magnify the magnitude of the error
by a thousand fold or more, depending on the size of the array and how
many replicate spots there are. Statistical methods have been developed in
order to identify unreliable data caused by poorly manufactured planar
micrarrays73,74, but these require data from multiple replicate experiments
with the same type of array and so cannot be applied to smaller scale
experiments with few or no replicate arrays.
For the end user, the modularity of particle-based microarrays could be a
competitive and significant advantage. Encoded particles can be synthesized
to have functional groups such as carboxyl groups on their surface, allowing
the end user to coat the particles with whatever molecules are needed for
their specific application. Furthermore, once batches of particles with
different codes have been coated with different molecules, the end user can
choose exactly which particles to include in the measurement of any given
sample depending on which targets need to be measured. In this way, the
number of measurements performed in each experiment can be decided on a
per-experiment basis. This type of customisation is missing from planar
microarrays, in which the number of measurements performed in each
experiment is fixed and cannot easily be increased or decreased by the enduser.
Despite these advantages, particle-based microarrays are not entirely
superior to planar ones in all regards. One major advantage of planar
microarrays is that they can be designed to facilitate ease of use and minimal
equipment requirements. While almost all contemporary particle-based
microarrays require a certain degree of advanced equipment for particle
decoding and signal readout, for example to use of a flow cytometer or a
fluorescence microscope, many planar microarrays have been designed to be
easily run, imaged and analysed using nothing more than a smartphone,
some smartphone accessories and rudimentary equipment such as
pipettes75–77. While it might in principle be possible to design particle-based
microarrays of comparable simplicity, so far no particle-based microarray
exists that can rival the ease of use that has been achieved with some planar
microarrays.
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Chapter 3: Microarrays for point-of-care diagnostics
Introduction to point-of-care diagnostics
From traditional diagnostics to molecular diagnostics
The most common and familiar method of acquiring diagnostic information
from a patient has historically been through the observation of signs and
symptoms displayed by the patient78. Alongside this sort of traditional
symptoms-based diagnostics, there has long been a desire to be able to carry
out diagnostics using analysis of samples from patients without necessarily
needing to actually observe the patients themselves. Due to it being the most
readily available bodily fluid, most efforts along these lines throughout
history have gone towards attempting to identify diseases through analysis of
urine, a field known as urinalysis79. The earliest records of urinalysis date
back to Hippocrates (460-377 B.C) who noted a correlation between certain
disorders of the kidney and bubbles appearing in the urine (caused by an
increased protein concentration due to damaged kidneys leaking proteins
from blood into the urine, although this molecular explanation was of course
entirely unknown at the time)79. However, the tools and methods available to
physicians throughout history were mostly not sophisticated enough to give
accurate diagnoses based on patient samples, and so clinical analysis of
samples for diagnostic purposes remained uncommon until the 1800s when
the science of chemistry had advanced to a point where substances such as
glucose and albumin could reliably be detected in urine e.g. for diagnosis of
diseases such as diabetes and dropsy80.
The scientific advances of the 1800s and 1900s carried with them
improvements for clinical analyses of patient samples81. One landmark
achievement came in 1949 when Linus Pauling and colleagues for the first
time elucidated a specific molecular explanation for the symptoms of a
disease, sickle cell anaemia, namely a change in the protein structure of
haemoglobin82. This structural change gives rise to a shift in the isoelectric
point of haemoglobin, which could be measured by applying an
electrophoretic mobility test to blood samples. Such detailed understanding
of the molecular mechanisms of disease, along with the laboratory
techniques needed to reliably detect them in clinical samples, continued to
be further developed for many different diseases and eventually gave rise to a
field of diagnostics based on analysis of patient samples that came to be
known as molecular diagnostics83. Today molecular diagnostic techniques
are routinely used in healthcare settings across the world, with examples
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including screening for phenylketonuria in newborn infants via
measurements of phenylalanine concentration in their blood84 and diagnosis
of diabetes via measurements of blood glucose concentration85.
Molecular diagnostics outside of the laboratory
In modern times, there exists a range of sophisticated techniques that allow
for multiplexed, sensitive and accurate detection of specific biomolecules for
clinical applications, some examples of which have been given in the
previous chapters. However as clinical laboratory tests become ever more
advanced there has tended to be an accompanying rise in their cost, both in
terms of equipment and reagents but also in the training and expertise
needed to run them80. For example, diagnostic blood test panels started
gaining widespread clinical use during the 1960s, but their high cost and
complicated equipment meant that the testing could not be performed
outside of a laboratory setting; in order to test a patient a blood sample had
to be collected and transported to a centralized laboratory where the test
could be run, and then the results had to be relayed back to the patient86.
The complex logistics involved, along with the increased sample-to-result
time, meant that there was a great need to develop simpler alternative
sample testing methods that could be applied in close proximity to the
patient. Tests of this kind are commonly referred to as point-of-care (POC)
tests, some of the earliest examples of which started seeing use during the
1980s for e.g. blood glucose monitoring and pregnancy testing86. Other
names for the same concept such as bedside test87 and near-patient test88 are
also sometimes used. Note that the definition of a POC test does not
exclusively include sensors that detect specific molecular analytes, there are
for example POC ultrasonographs that aid in diagnostics through ultrasonic
imaging89, however as this thesis work focuses on the development of POC
sensors for molecular diagnostics, that category of tests won’t be discussed
here.
The development of POC tests during the 1980s was not limited to improving
diagnostic capabilities in the well developed healthcare systems of high
income countries; it was also recognized that the kinds of robust, portable,
inexpensive and easy-to-use tests that were being developed could have a
significant impact on the public health in developing countries90. The first
commercially available POC test designed for use in developing countries
was introduced in 1993 and consisted of a paper-based sensor capable of
detecting a trophozoite-derived protein in blood samples for diagnosis of
malaria in village health centres with no access to microscopes91. In the
decades since, the field of POC testing has grown significantly and in 2015
there were at least 251 POC malaria tests commercially available92.
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The importance of multiplexing in point-of-care diagnostics
Multiplexing is advantageous in many different types of sensors e.g. because
it increases sample throughput and decreases the sample volume required to
acquire a given number of measurements. In the context of POC diagnostics,
multiplexing also has additional importance in that it can greatly improve
diagnostic accuracy. Certain diseases can cause characteristic changes in the
concentration of specific biomolecules, which means that those diseases can
be detected by using sensors to measure those concentrations. Such
biomolecules that are associated with the presence of a certain disease are
known as biomarkers93. However, many diseases are complex and any given
biomarker could be indicative of several different diseases. Detecting just
one biomarker is therefore in some cases not as reliable for diagnostic
purposes as detecting a panel of multiple different biomarkers94. Multiplexed
sensors additionally have the capacity to measure several different such
biomarker panels simultaneously, potentially allowing a single sample to be
probed for the presence of multiple diseases simultaneously. Microarrays are
a well-known technology capable of achieving high multiplexing capacities,
making them potential candidates for the design of POC tests. In order to
help identify POC tests that are fit for use in low-resource settings, the World
Health Organization (WHO) has issued a number of design criteria that such
tests should fulfil; some of these have been summarized in the acronym
ASSURED: tests should be Affordable, Sensitive, Specific, User-friendly,
Rapid and robust, Equipment-free and Deliverable to end-users95. Many
researchers have chosen to look to these criteria as a guide in developing new
POC sensors96–98; in the following sections, some of the design
considerations that are important in the development of microarrays that
fulfil these criteria will be considered.

Planar microarrays for point-of-care diagnostics
As seen in chapter 1, there exists a wide range of technologies for the design
of planar microarrays. However, not all microarrays are equally well suited
for use in POC testing. In order to be suitable in a POC context, two of the
design parameters that must be chosen with care are the array substrate
material and the signal readout equipment.
Substrate materials
Several parameters have been identified as being crucial for any microarray
surface, including high binding capacity, low levels of non-specific
background signals and the ability to maintain proper three-dimensional
structure and stability of printed molecules over long periods of time99. In
addition to these, additional considerations must be taken into account when
designing a POC microarray such as the cost of the material, the ease of
disposability and compatibility with simple and low-cost signal readout
equipment. Three materials that have proven useful in the design of POC
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microarrays are glass, plastic and paper. Some of the properties of these
materials and examples of microarrays utilizing them will be covered here.
Glass
Glass is a commonly used microarray surface. Some of its advantages include
low levels of autofluorescence, the possibility to polish it to be homogenously
flat on the molecular scale and a wide variety of available functional groups
that it can be derivatized with21. Being such a widely studied material in the
context of microarray production, several POC microarrays have been
developed using it as a support. While it is possible for glass microarrays to
incorporate external pumps or microfluidic capillary setups to enable various
reagents to be added sequentially to a microarray, the a POC test should
ideally involve as few steps as possible so sequential delivery of sample,
detection reagents, wash buffers. etc. is not optimal. The properties of glass
do allow for the design of simple-to-run single step microarrays. In one
example, an immunoassay chip with a microarray containing all necessary
reagents stored on-chip was designed so that the only steps required to
acquire a signal are sample addition and imaging100. To achieve this, the
glass slide was first coated with the polymer POEGMA, that allows for noncovalent immobilization of proteins while maintaining their activity over
long periods of storage. Two kinds of antibodies were then inkjet printed in
adjacent spots on this polymer coating. The capture antibody was printed
with no additives, and as such became firmly immobilized and insoluble on
the surface. A second fluorescently tagged detection antibody was printed
adjacently with PEG included in the print buffer as an excipient in order to
make the spot soluble. The assay principle is then that when a blood sample
is added to the array, the insoluble antibodies will remain in their spots and
bind to their target. At the same time the soluble antibodies will detach from
the surface and, in the presence of target, will diffuse over to the stable
antibody spot to form a sandwich pair, resulting in a fluorescent signal being
generated in that spot, with the strength of the signal correlated to the target
concentration.
However, despite the fact that it is possible to design glass microarrays that
are convenient and easy to run in this fashion, glass has a few drawbacks that
make it not ideal for use in POC contexts. Chemically functionalized glass is
relatively expensive compared to paper and plastic, and as such is mainly
suitable in contexts where the budget available for testing is relatively
high101. Glass is also harder to dispose of properly; it cannot be easily
incinerated the way paper can and glass must be handled carefully as it can
potentially shatter into biohazardous shards. In situations where budgets are
constrained and no facilities are available for safe disposal of glass, other
materials are probably more suitable.
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Plastic
Plastic has emerged as a possible lower-cost alternative to glass as a
microarray substrate material, suitable for use in low-budget settings101.
Similar to glass, many plastics can be produced with functional groups that
allow for covalent immobilization of probe molecules. In one example, cyclic
olefin polymer (COP) was manufactured with an epoxy-silane coating upon
which a DNA microarray could be inkjet-printed for fluorescent detection of
specific DNA sequences101. Despite being less expensive to produce than
epoxy-functionalized glass, COP maintains many of the useful aspects of
glass such as high optical clarity, biocompatibility, heat resistance and
mechanical rigidity. Additionally, plastic can be moulded into any desired
shape in order to produce complex device geometries, including microfluidic
valving designs that allow for controlled delivery of sample and reagents to
the microarray surface without the need for external pumps, allowing for onchip amplification of target DNA102.
Paper
Simple paper-based devices were the earliest POC tests to be designed and
paper-based setups such as dipsticks and lateral flow tests have continued to
be the most widely used for rapid diagnostic tests in modern times38. The
benefits of paper as a material for POC devices are numerous, among them
being that it is inexpensive, renewable, lightweight, easy to store and
transport and easy to dispose of safely via incineration103. Additionally, paper
can be cut into intricate devices geometries and pump-free capillary wicking
of liquids through the paper can be precisely controlled by incorporating
hydrophobic and hydrophilic regions into the paper e.g. via
photolithography103. However, early paper-based tests very often had low
multiplexing capacities so microarrays were first printed onto a paper-based
device in 2007 in an effort to combine the advantages of paper-based tests
with the high multiplexing capacity of microarrays104. This first paper-based
microarray achieved detection of isothermally amplified DNA based on a
lateral-flow setup, i.e. the microarray consisting of DNA probes was inkjetprinted on a 3x30 mm strip nitrocellulose upon which 10 µl of sample was
placed. Capillary forces then carried the sample through the nitrocellulose
strip and to the array, where any present target DNA would hybridize to the
complementary probe sequence. To allow for colorimetric detection, glass
fibre conjugate pads impregnated with dyed microspheres conjugated to a
detection sequence complementary to all amplified target sequences were
placed at the sample addition zone, leading to the release of the
microspheres upon sample addition and consequent labelling of any target
DNA present in the sample.
A different paper-based setup is the vertical flow microarray, so called
because the sample that is flowed through the paper surface flows
perpendicular to the surface plane, as opposed to parallel with the surface
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plane as seen in the lateral flow setup. One example of such an array was
used for detection of allergen-specific IgE by inkjet-printing an array of
allergens on 13 mm circles of nitrocellulose, followed by flowing blood
samples and anti-IgE conjugated gold nanoparticles through the array using
a syringe pump. An advantage of this setup is that it potentially allows for
larger microarrays than the lateral flow setup because sample is applied to
each spot completely independently of any surrounding spots. This negates
any potential depletion effects seen in lateral flow microarrays caused by the
fact that the sample has to travel through each row of spots sequentially,
meaning that the concentration of target molecule in the sample can be
decreased by the time it reaches the backmost rows of spots39.
Signal readout equipment
In principle, any of the signal generation methods covered in the previous
chapters can be used in a POC microarray, as long as the required equipment
is sufficiently simple and inexpensive to be used in low-resource contexts.
Some of the instruments that can be used for reading out signals generated
by POC microarrays will be covered here.
Naked-eye
The simplest possible signal readout method is the use of the naked-eye
alone without the aid of any additional equipment. Tests that can be read out
this way are of course highly desirable in a POC context since they by
definition require no electricity, no external equipment, very little training
etc. There have been examples of microarrays where the results have been
assessable using nothing but the naked-eye, for example an inkjet-printed
paper-based microarray capable of simultaneously measuring the pH,
glucose concentration and albumin concentration of urine samples105. To
achieve these different types of measurements, each microarray was printed
with three spots: one with pH-sensitive inks such as phenolphtalein that
change colour depending on pH, one with the pH-indicator TBPB that
changes colour upon complexation with proteins and one with the enzyme
glucose oxidase that enzymatically produces a blue chromophore in the
presence of glucose and horseradish peroxidase. The colour shift induced in
each spot by sample addition could be seen by the naked eye, allowing for a
rough estimation of the pH, albumin concentration and glucose
concentration of the sample.
Naked-eye detection has some severe drawbacks that sharply limit its utility
for microarray-based sensing. The choice of signal generation modality is
limited to colorimetric ones such as those achieved via enzymatic production
of chromophores or the use of nanoparticles as labels. Other signal
generation modalities such as fluorescence and surface plasmon resonance
simply cannot be measured without any equipment. Quantitative
measurements are challenging, since no images are recorded that can be
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quantified using software, although semi-quantitative measurements can be
achieved using a colour-comparison chart such as is often done with simple
pH test strips. The inter-user variation is likely to be quite high as the ability
to distinguish variations in colour varies between individuals, and possibly
even between different cultures106. Unless care is taken to ensure constant
lighting conditions between assays, such differences can also affect the
perceived colour of the spots. The size and thus the multiplexing capacity of
the microarrays must be small enough to allow the user to reliably
distinguish between the different spots; it is reasonable to distinguish
between spots in an array with three different spots as in the above example
but it is almost impossible to reliably identify each spot in an array with
hundreds or even thousands of spots. For these reasons, POC microarrays
are almost always designed to be used in conjunction with some sort of
signal-readout instrumentation.
Flatbed scanner
Flatbed scanners are familiar and ubiquitous in home and office settings
around the world, where they are often used to create digital copies of
physical documents and images. In addition, they have been found to have
many useful characteristics for imaging of microarrays. They are
inexpensive, with some commercial models costing less than USD 100, and
their operation is very simple, only requiring the array to be placed on the
scanner surface followed by hitting a button to initiate the scan. Relative to
most microarrays, the field of view of an A4-sized flatbed scanner (210x297
mm) is extremely large which allows for simultaneous imaging of a large
number of arrays. Modern consumer-grad flatbed scanners have resolutions,
up to 12800 pixels per inch. Put another way, this means that each pixel in
the scanned image represents about 0.5 µm, sufficient to image microspots
even down to the range of single-digit µm in diameter. The reproducibility of
the scanned images is high, as the scanner provides a fixed focal plane and
fixed lighting conditions that are not affected by the ambient light. Out of the
box flatbed scanners have been used for imaging microarrays with
colorimetric signal generation39,104 but they are not limited to only
colorimetric measurements. By modifying a commercial flatbed scanner with
the addition of an array of LED lights and an emission filter, fluorescent
signals can be recorded by exciting the fluorophores on the surface with the
LED lights and selectively recording only the emitted light that is able to pass
through the emission filter107, see Figure 3.1.
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Figure 3.1: Left: Photo of flatbed scanner with customizations to enable fluorescent scanning. Right:
Schematic illustration of the principles behind fluorescent scanning. Reprinted from reference 107
with permission from the Royal Society of Chemistry.

A drawback to using flatbed scanners in a POC context is that they require
access to electricity, as well as a computer to operate the scanner and store
the digital images. They also require a fair amount of bench space in order to
fit the scanner itself along with the necessary keyboard, mouse and computer
monitor.
Smartphone
Since the introduction of the iPhone to the market in 2007108, smartphones
have become a an ever-present part of daily life for people all over the world.
In 2016 the number of smartphone users worldwide surpassed 2 billion
(more than 25% of the world population), by 2020 that number is expected
to rise to 2.86 billion109. Smartphones have proven useful not only as
communication devices but as healthcare tools as well, seeing use in a wide
range of applications such as ultrasound imaging, antimicrobial
susceptibility testing, water and air quality testing and point-of-care
diagnostics110. As imaging instruments for POC tests, smartphones have a
large number of advantageous features: they are small, lightweight and easily
portable, they run off batteries and so can be used even in locations where
access to electricity is limited, they contain high resolution cameras and can
be wirelessly connected to the internet in order to easily send obtained
images to a remote computer e.g. for storage or analysis. Out-of-the-box
smartphones can be used to measure colorimetric signals using just their
inbuilt cameras, and with the proper software and hardware adjustments
they can be also used to measure many other kinds of signal including
fluorescent, chemiluminescent and electrochemical111. Some of the methods
by which such smartphone-based measurements have been achieved for
microarray-based sensors will be covered here.
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Colorimetric smartphone detection of a microarray has been achieved using
silver nanoparticles in a competitive assay to measure residual levels of the
antibodies tetracycline and quinolone in milk, which can lead to allergic
reactions in humans as well as increased antibiotic resistance in pathogens76.
This microarray consists of tetracycline and quinolone printed on a
polystyrene surface and immobilized via non-covalent absorption. Samples
are incubated on the array alongside known concentrations of mouse antitetracycline and anti-quinolone antibodies, followed by incubation with
silver nanoparticles conjugated with anti-mouse antibodies. The number of
silver nanoparticles is then determined by taking a greyscale photo of the
array with a smartphone, placed in a 3D-printed dark box to ensure
consistent illumination, and then measuring the pixel intensity of the spots
using the software GenePix Pro 3.0. If the target substance is not present in
the sample, all the added anti-tetracycline and anti-quinolone antibodies will
be free to bind to the printed substances, resulting in a maximum
colorimetric signal. If any target substance is present in the sample, however,
they will compete with the printed substance for the binding of the
antibodies, resulting in fewer antibodies binding to the spots and thus a
reduced signal; in this way lower signal is correlated with higher
concentration of target.
Fluorescent smartphone detection has been used to achieve microarraybased detection of breast cancer-associated DNA sequences77. An array of
DNA probe sequences were printed on a nitrocellulose strip, through which
fluorescently tagged target DNA sequence were flowed. The amount of target
DNA that was added was correlated with the strength of the fluorescent
signal from the complementary probe spots. In order to visualize the
fluorescence signals using a smartphone, an attachment was 3D-printed that
contained a LED for illumination, along with an excitation filter in front of
the LED and an emission filter in front of the phone camera. By angling the
LED and excitation filter 30° relative to the array surface and emission filter,
it was possible to minimize the bleed through of excitation light into the
camera, allowing for the specific imaging of only the fluorescently emitted
light originating from the captured target DNA, see Figure 3.2. The intensity
of the fluorescent signal can then be quantified using the software ImageJ to
measure the pixel intensities in the spots.
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Figure 3.2: a) 3D-printed smartphone attachment for fluorescent microarray imaging, with a
smartphone attached. b) The attachment alone without any smartphone. c) Disassembled
attachment showing the constituent component. d) Schematic illustration of the inner workings of
the attachment. Reprinted from reference 77 with permission from the Royal Society of Chemistry.

Particle-based microarrays for point-of-care applications
Many of the contemporary particle-based microarrays are unsuitable for
POC applications due to the high instrumentation requirements for particle
decoding and signal readout. The widely used Luminex xMAP system for
example requires a flow cytometer, an instrument that is typically bulky,
expensive and requires trained personnel for both operation and data
analysis112. In principle, there are two possible solutions to this problem:
simpler and less expensive versions of conventional particle readout devices
such as flow the cytometer can be designed or the particles themselves can
be designed such that they can be analysed using only simple equipment.
Both strategies have been pursued and will be covered in the following
section.
Instruments designed for simple particle analysis
Because of the usefulness of flow cytometry for fluorescent microparticle
analysis, several groups have demonstrated simple, inexpensive flow
cytometer designs that can be used in low-resource settings. One example of
such a design achieved focused on replacing the laser, typically used to excite
the fluorescent code on the microparticles, and the vacuum photomultiplier
tube, typically used to detect the fluorescent signals113. By instead using an
inexpensive LED with a dichroic mirror for excitation and a solid-state
silicon photomultiplier for signal readout, it was demonstrated that a
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battery-powered flow cytometer capable of analysing microparticles with
diameters between 5.8 and 10.35 µm could be constructed with an overall
size of just 15x10x10 cm3 and a weight of only 800 g. However, this design
requires a hydraulic pump to move the microparticles along the microfluidic
channel, needs to be connected to a PC in order to record and analyse the
data and contains no integrated reaction chamber so sample incubation and
washing have to be handled externally.
A different, simpler design has been demonstrated that consists of an
injection-moulded polypropylene cassette with three chambers for analysis
of 140 µm particles: a reaction chamber, a detection chamber and a waste
chamber, see Figure 3.3114. The reaction chamber can contain all the reagents
necessary for target detection in a dried form, so that the user needs only to
add the sample into the chamber to initiate the reaction. After incubation
with the particles, the sample is replaced with wash buffer by inserting a
buffer pouch into the inlet and applying negative pressure at the outlet using
a syringe. This negative pressure causes the sample to flow out of the
reaction chamber and into the waste chamber, passing through the detection
chamber; the particles however are trapped in the detection chamber
because of the presence of a 100 µm nylon filter mesh. Fluorescent signals
from the particles in the detection chamber can then be measured using a
commercially available portable fluorescence reader through a transparent
optical cap. It should be noted that because this instrument relies on signal
readout of particles that have been immobilized on a surface, rather than
analysing particles motion as in a flow cytometer, it should be possible to
adapt this design to other particle encoding and signal readout modalities,
such as graphical encoding and colorimetric detection. In this way, the
instrument design could be simplified even further by replacing the
fluorescence readout instrument with e.g. a small, inexpensive brightfield
microscope.
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Figure 3.3: A) Schematic illustration of the internal design of a POC-amenable instrument designed
for running particle-based microarrays. Sample is injected into the reaction chamber, where
microparticles bind to their target molecules, after which a pipette is inserted into the suction
channel orifice and moves the sample into the waste chamber using negative pressure, trapping the
particles in the detection chamber. B) Illustration of the outer design of the instrument. C) Example
an application that has been demonstrated with this instrument, the detection of cardiac troponin I
(cTnI) using a sandwich immunoassay with an upconverting nanoparticle as a fluorescent label.
Reprinted from reference 114 with permission from Elsevier.

Particles designed for analysis with minimal instrumentation
Instead of designing instruments that allow for simple and inexpensive
microparticle analysis, it is possible to tackle the problem from the other end
and instead design particles such that they only require simple, widely
available equipment to analyse. This strategy is relatively new and so there
are not many examples of this approach. To the best of my knowledge, aside
from Paper I appended to this thesis there is only one published paper
demonstrating this idea71. This paper was previously covered as an example
of enzymatic detection on particles in Chapter 2, see page 40. This particlebased microarray can be read out using only a simple optical microscope
because of two crucial particle design choices: the large size of the particles
and the use of silver-based colorimetric signal readout. With a particle
diameter of around 200 µm, even a very simple optical imaging device is
capable of capturing an image of them. Colorimetric signals such as those
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given off by deposition of silver are also simple to capture, requiring no
special components other than those that are standard in any simple
microscope. This particle-based microarray can thus be run in any setting
where a microscope is available, possibly even just a smartphone-based
microphone attachment. Although this paper only demonstrated singleplex
detection using non-encoded particles, it is easy to see how multiplexed
detection could be achieved by simply adding a code to the particles. Of all
the available particle encoding strategies, graphical encoding is the simplest
to incorporate into such a POC array since graphical codes can be read out in
the same optical image that is used to read out the colorimetric signal. Thus
large, graphically encoded particles have potential for use in the design of
POC microarrays.

DNA amplification
Many POC assays use detection of bacterial of viral DNA e.g. for diagnosis of
infectious diseases such as tuberculosis, and in many cases, such POC DNA
tests need to be sensitive enough to detect just 100 target DNA molecules per
ml of sample115. In order to achieve such sensitivities, amplification methods
are used to greatly increase the number of DNA molecules in the sample.
DNA amplification methods for use with microarrays can broadly be divided
into two categories: liquid-phase if the amplification occurs in solution and
the amplified DNA is subsequently captured on the microarray surface or
solid-phase if the amplification takes place directly on the surface of the
microarray itself. DNA amplification methods can further be divided into
endpoint detection strategies where detection takes place after the
amplification has finished and real-time amplification methods wherein
detection and amplification occur simultaneously; however only endpoint
detection will be considered here as the complex instrumentation required
for real time detection makes it less suitable for POC contexts115.
Liquid-phase amplification
The first example of DNA amplification ever demonstrated was a liquid
phase method called the polymerase chain reaction (PCR), first published in
1985116 and for which Kary Mullis was awarded the 1993 Nobel Prize in
chemistry117. PCR utilizes a thermocycler to expose target DNA molecules to
various different temperatures in the presence of forward and reverse primer
sequences along with a polymerase enzyme. First a temperature of around
95° C is applied to denature the target in order to separate the two DNA
strands, then an intermediate temperature of around 72° C is applied to
allow the primer sequences to anneal to the target DNA and lastly a
temperature of around 50° C is applied to allow the polymerase to elongate
the annealed primer sequences using the target DNA as a template thus
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creating new copies of the target DNA118, see Figure 3.4. By repeatedly
cycling through this sequence of temperatures, an exponential amplification
is achieved as the newly created DNA copies are used as templates in
subsequent amplification cycles.

Figure 3.4: Schematic illustration of a PCR temperature cycle used to amplify a DNA sequence.
During denaturation, the two strands of the target DNA are separated. During annealing, the
forward and reverse primers anneal to their complementary sequences. During elongation,
polymerase extends the primers and thus creates a copy of the original double-stranded DNA
molecule. Reprinted from reference 118 with permission from Elsevier.

DNA microarrays with PCR amplification have seen use in POC contexts for
applications such as screening for multiple pathogens and antibiotic
resistance patterns119. However, PCR is not ideal for POC settings because of
the relatively high cost and complexity of the required thermocycler;
isothermal methods that rely on only single temperature achievable using
e.g. a simple water bath have been identified as more suitable120.
Recombinase polymerase amplification (RPA) is an example of an
isothermal amplification method that has been applied to several POC DNA
microarrays e.g. for the detection of fungal pathogens121 and bacterial and
viral DNA 122,123.
RPA, first published in 2006124, works through a reaction catalysed by a
combination of the enzyme recombinase, single-stranded binding proteins
and a strand displacing DNA polymerase, see Figure 3.5. Because the
separation of the two DNA strands and the annealing of the primers are
accomplished enzymatically, rather than thermally as in PCR, no
temperature cycling is necessary and the entire reaction can be carried out at
a single temperature in the range 37-42° C with a total reaction time that is
usually around 20 minutes125.
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Figure 3.5: Schematic illustration of the RPA mechanism. A) Recombinase protein forms a complex
with the primer sequences. B) Recombinase protein scans along the target DNA molecule until a
sequence complementary to its primer sequence is found. C) The primer sequences are inserted
into their complementary sequences, displacing the other target DNA strand. D) Single-stranded
binding proteins stabilize the displaced strand, preventing it from re-annealing. E) Strand displacing
DNA polymerase extends the primers after the recombinase disassembles, displacing the original
strands as it goes. F) The end product of the reaction is the creation of a copy of the original target
DNA, which can go on to be used as a template for further amplification. Reprinted from reference
125 with permission from Elsevier.

Solid-phase amplification
The first solid-phase DNA amplification method was a modified form of PCR
published in 1994126. While the mechanism that leads to amplification of
DNA remains the same, this solid-phase PCR differs from liquid-phase PCR
in that one of the primer sequences is immobilized on a surface, while the
other primer and the target DNA remains free in solution. Application of the
PCR temperature cycling thus leads to extension of the immobilized primer,
which can then be detected using standard microarray detection strategies.
For POC microarray applications, solid-phase PCR is potentially more useful
because it involves fewer steps than liquid-phase PCR as the amplification
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and surface hybridisation steps are combined into a single step, decreasing
both assay time and complexity. However, solid-phase PCR is not ideal for
POC applications because just like liquid-phase PCR it requires a relatively
expensive thermocycler.
In order to apply solid-phase amplification methods to POC contexts, solidphase variants of the isothermal amplification method RPA have been
developed. Similar to PCR, RPA can be modified into a solid-phase variant
quite straightforwardly by immobilizing an array one of each primer pair
onto a surface, the RPA reaction mechanism can then extend the
immobilized primer in the presence of target DNA and the extended primers
can subsequently be detected using standard microarray detection labels
such as gold nanoparticles or horseradish peroxidase127. Aside from reducing
the number of manual steps, solid-phase RPA allows for increased
multiplexing because the spatial separation of the immobilized primers
prevents them from interfering with each other as they can if they are mixed
together in solution; on the other hand the achieved sensitivities are usually
lower than in liquid-phase RPA due to the diffusion-limited reaction
kinetics125.
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Chapter 4: Present investigation
The aim of the research presented in this thesis is to develop novel particlebased and planar microarray setups for use in POC contexts. To accomplish
this, easy-to-run assays were combined with simple colorimetric imaging
using a consumer-grade flatbed scanner.
In Paper I, a particle-based microarray was designed that utilizes gold
nanoparticles as a detection label for detection of autoantibodies in human
serum samples. By using particles with a diameter of 900 µm and a graphical
code consisting of four characters, a single scanned image was enough to
both decode individual particles and measure the concentration of captured
antibody on their surface by measuring the intensity of the colour change
induced by the gold nanoparticles. This is therefore the first demonstration
of a particle-based microarray assay that uses a consumer-grade flatbed
scanner for imaging.
In Paper II, a novel chemical signal enhancement method was developed
that is capable of enhancing the colorimetric signal intensity of nanoparticles
made of gold, silver, silica or iron oxide. As a demonstration of the utility of
this method, it was shown that the commercial ImmunoCAP ISAC sIgE 122
allergen microarray assay could be run using anti-IgE conjugated gold
nanoparticles with a flatbed scanner for imaging instead of the standard
fluorescently labelled anti-IgE with a bulkier and more expensive
fluorescence scanner while maintaining very similar assay performance.
In Paper III, the isothermal liquid-phase DNA amplification method RPA
was used at 37° C for the detection of DNA from four different species of
adenovirus using a paper-based vertical flow microarray. The target DNA
was biotinylated in the amplification process and anti-biotin gold
nanoparticles were used as a detection label to allow for scanner-based
imaging.
In Paper IV, solid-phase PCR was applied to graphically encoded particles
with a diameter of 300 µm for the detection of DNA from two different
species of bacteria that can cause meningitis. The amplified sequences were
tagged with biotin and both fluorescence and gold nanoparticle-based
colorimetric detection were demonstrated using a microscope and a flatbed
scanner, respectively.
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Paper I: Towards encoded particles for highly multiplexed
colorimetric point of care autoantibody detection
The goal of this paper was to design a particle-based microarray setup that
can use a flatbed scanner for both particle decoding and signal readout. In
order to accomplish this, particles were designed with a diameter of 900 µm
and a graphical code on their surface consisting of four characters. With
particles of this size, the particles and their code are readily visible in the
scanned image and if a colorimetric detection label is used then the colour
shift of the particles can be quantified using image analysis software. As a
proof of concept, the particles were used to detect a biomarker for multiple
sclerosis (MS) in clinical human plasma samples, namely autoantibodies
with affinity towards the protein anoctamin 2 (ANO2). A schematic overview
of the assay procedure is presented in Figure 4.1. The particles were coated
with antigens using EDC/NHS chemistry to covalently couple the antigens to
carboxyl groups on the particle surface. Each antigen was coupled to
particles with a code unique to that antigen. Particles were then incubated
with plasma samples; any antibodies present in the sample with affinity
towards a particle-coupled antigen would then bind to those antigens.
Subsequent incubation with biotinylated anti-human IgG and anti-biotin
gold nanoparticles would then generate a colorimetric signal on the particle
surface, quantifiable by scanning the particles in a flatbed scanner and
measuring the greyscale pixel intensities of the particles using the software
ImageJ.
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Figure 4.1: Schematic overview of the particle-based microarray assay setup. a) Antigen-coated
particles are incubated with a sample containing antibodies towards that antigen. The binding of
these antibodies is then detected with subsequent incubations with a biotinylated secondary
antibody and anti-biotin gold nanoparticles. b) Particle imaging is carried out in a flatbed scanner.
The particles are placed on a transparent sheet and scanned, followed by measurement of the
greyscale pixel intensity of each particle using image analysis software.

Maskless photolithography was used for particle production, see Figure 4.2.
For ease of handling, the microparticles were made magnetic through the
inclusion of magnetic nanoparticles in the monomer solution, however this
gives the particle a brown colour that is not optimal for colorimetric
measurements. A two-step sequential curing process was therefore used to
give each particle two regions: a magnetic bulk region and a central
transparent region for use in signal readout. First, monomer solution
without any magnetic nanoparticles was flowed into a channel consisting of
glass and polydimethylsiloxane (PDMS). Using an array of micromirrors,
UV-light was directed onto the monomer solution spatially controlled
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manner, causing circle-shaped particles to be cured and attached to the glass
layer of the channel. The uncured transparent monomer could then be
washed away and replaced with monomer solution containing magnetic
nanoparticles. By realigning the micromirrors, this magnetic monomer
solution could be cured in a rectangular shape around the previously cured
transparent region. After washing away the uncured magnetic monomer, the
finished dual-region particles could be collected and coated with silica via
incubation with tetraethyl orthosilicate (TEOS) followed by surface
amination via incubation with 3-triethoxysilylpropylamine (APTES) in
ethanol. In the final synthesis step, the surface amine groups were converted
to carboxyl groups via incubation with gamma-butyrolactone (GBL) and Tris
acetate-EDTA (TEA) in dimethylformamide (DMF).

Figure 4.2: Schematic overview of the particle synthesis process. a) The transparent signal readout
region is fabricated first using patterned UV-light. The uncured monomer solution is then washed
away and replaced with the brown magnetic monomer solution, which is cured around the
transparent regions resulting in dual-region particles. b) Microscope images of the fabrication
process. c) Microscope images of synthesized particles with four different graphical codes.
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In order to verify that these particles could be imaged with a flatbed scanner,
an Epson Perfection V800 scanner was used to image the particles at various
resolutions, see Figure 4.3. The particles and their code were clearly visible
at resolutions down to 600 dpi, however in order to facilitate the use of
automated decoding software all experimental results were imaged at 1200
dpi.

Figure 4.3: Scanned images of synthesized particles at various resolutions.

The dynamic range and limit of detection of the assay setup was determined
through incubation of ANO2-coupled particles with known concentration of
purified rabbit anti-HisABP IgG, which could bind to these particles because
the ANO2 peptides used in these experiments were recombinantly expressed
with the HisABP tag. Using this model system, colorimetric signal could be
acquired for antibody concentrations down to 4 ng ml-1 with a dynamic
range spanning 3 orders of magnitude, see Figure 4.4.
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Figure 4.4: ANO2 (1)-coated particles incubated with known concentrations of purified anti-HisABP
IgG for determination of the limit of detection and dynamic range of the assay setup. The particle
images demonstrate the increasing colorimetric signal intensity as the concentration of target
antibody increases.

In order to verify that the assay setup can be used in a clinically relevant
sample matrix, the particles were incubated with a pool of clinical plasma
samples collected from MS patients as well as a pool of healthy non-MS
plasma samples as a control. Four particle populations were used, each
coated with a different protein or peptide. Two ANO2 peptide sequences
called ANO2 (1) and ANO2 (2) were used, where ANO2 (2) serves as a
negative control as that sequence has not been shown to display increased
autoantibody binding in MS samples. Two further negative controls used
were the peptide sequence ZNF 688, which has previously been shown to
display high levels of unspecific antibody binding, and bovine serum
albumin (BSA). The results showd greatly increased signal from ANO2 (1) in
the MS plasma. Figure 4.5 shows a representative scanned image from
particles incubated with the MS plasma pool, displaying the four particle
codes and the colorimetric signal from the ANO2 (1) particles. Figure 4.6
shows the quantified signals acquired using ImageJ. These results
demonstrate that this particle-based colorimetric microarray can be used to
detect clinically relevant biomolecules in human plasma samples.
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Figure 4.5: Representative scanned image of particles incubated with the MS-plasma pool,
demonstrating the colorimetric signal acquired by the ANO2 (1) particles.

Figure 4.6: Quantified mean colorimetric intensity (MCI) from particles incubated with pooled MS
samples and pooled healthy samples.
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Paper II: Rapid signal enhancement method for nanoprobe-based
biosensing
Metallic nanoparticles are commonly used as colorimetric detection labels
for microarray assays, and in order to achieve the high sensitivities often
required for clinical applications these are often used together with a signal
enhancement method. This paper demonstrates a novel chemical signal
enhancement method that has several advantages over existing methods: it
is rapid, enzyme-free, carried out at room temperature and can be applied to
nanoparticles of multiple materials including gold, silver, silica and iron
oxide.
In order to enhance the colorimetric signal, a solution consisting of MES
buffer containing chloroauric acid and hydrogen peroxide is applied to the
array after the captured target molecule has been detected using the
nanoparticle label. This leads to a chemical reaction wherein the Au(III) ions
in the solution are reduced to insoluble Au(0) on the surface of the
nanoparticles, leading to an increase in the nanoparticle size and therefore
an increase in the colorimetric intensity of the microarray spots, see Figure
4.7.

Figure 4.7: A schematic overview of the signal enhancement process, using the capture of IgGcoated nanoparticles on a protein G array as an example. a) The IgG-nanoparticles are captured by
the protein G on the surface. b) Addition of the signal enhancement solution consisting of MES
buffer containing chloroauric acid and hydrogen peroxide leads to deposition of insoluble Au(0) on
the surface of the nanoparticles c) After the reaction has finished and the gold ions are depleted,
the nanoparticles are left at an increased size which increases the intensity of the colorimetric
signal. d) The chemical reactions wherein Au(III) is reduced to Au(0) by MES buffer and hydrogen
peroxide.

In order to quantify how much the sensitivity of an assay could be improved
using this method, microarrays of protein G were inkjet-printed on
nitrocellulose at various concentrations. IgG-coated nanoparticles made of
gold, silver, silica and iron oxide were then flowed through these arrays using
a syringe pump in order to visualize the protein G spots. By scanning the
arrays in a flatbed scanner, it was shown that, as expected, the colorimetric
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signal intensity was correlated with the concentration of protein G printed in
each spot. The arrays were then enhanced and scanned again, see Figure
4.8. In the case of gold, silver and iron oxide nanoparticles, the limit of
detection was decreased by a factor of 100 as spots that were not visible prior
to enhancement became visible after enhancement. In the case of silica
nanoparticles, no signal at all could be observed at any protein G
concentration before enhancement but after enhancement signal could be
measured with a sensitivity comparable to the other nanoparticle materials.

Figure 4.8: Various concentrations of protein G inkjet-printed on nitrocellulose and detected using
IgG-coated nanoparticles of gold ( a,b), silver (c,d), iron oxide (e,f) and silica (g,h). In each image,
the array on the left was scanned prior to enhancement and the array on the right is the same array
after enhancement. The numbers separating the pre- and post-enhancement arrays denote the
approximate number of protein G molecules printed in each row of spots. In the case of gold, silver
and iron oxide the limit of detection was improved 100-fold after enhancement as two additional
rows of spots became visible. In the silica, enhancement was required in order to measure any
signal at all.

In order to demonstrate the clinical applicability of this method, the method
was applied to the commercial ImmunoCAP ISAC sIgE 112 allergen
component microarray assay, used to detect allergen-specific IgE in human
serum samples. The standard procedure for running this assay is to incubate
serum samples for 120 min on the array, followed by incubation with
fluorescently-labelled anti-IgE for 30 min and then scanning with a LuxScan
10/K laser scanner. This standard operating procedure was applied to 4
clinical serum samples with elevated allergen-specific IgE signals. As a
comparison, the same 4 clinical samples were run with a modified version of
the standard operating procedure wherein the fluorescently-labelled anti-IgE
was switched out for gold nanoparticles coated with anti-IgE and the array
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was imaged using an Image Scanner Epson Expression 1600 Pro flatbed
scanner after 5 min of signal enhancement. The results showed good
agreement between the results obtained using the fluorescent and
colorimetric methods, see Figure 4.9. This demonstrates that the
enhancement method can be used to simplify the running of this assay by
reducing the instrumentation requirements from an expensive laser scanner
to a consumer-grade flatbed scanner while maintaining a very similar level of
assay performance. An additional advantage to using the colorimetric
method is that the entire assay is not photosensitive as opposed to the
fluorescent detection, which ideally needs to be carried out in a dark
environment.
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Figure 4.9: Comparison of signals acquired using the standard fluorescent detection with
fluorescently-labelled IgE and colorimetric detection with anti-IgE coated gold nanoparticles
followed by signal enhancement. Four clinical samples (a-d) were analysed.
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Paper III: Adenoviral detection by recombinase polymerase
amplification and vertical flow paper microarray
Detection of adenoviral DNA is of clinical significance because it allows for
the distinction between viral and bacterial respiratory infections, aiding in
selective of administration antibiotics only for cases of bacterial infection. In
order to make adenoviral detection more amenable to low-resource settings,
a paper DNA probe microarray was designed that utilizes isothermal RPA for
amplification and biotin-tagging of specific DNA sequences from human
adenovirus (HAdV) followed by syringe-pump driven vertical flow through
the probe array in order to capture the amplified DNA. The captured DNA is
then detected by addition of anti-biotin gold nanoparticles flowed through
the array. Quantification of signal was accomplished through scanning
greyscale images of the arrays with a CanoScan 9000F Mark II flatbed
scanner and measuring the pixel intensities using the software GenePix Pro
5.0. A schematic overview of the assay procedure is presented in Figure 4.10.

Figure 4.10: Schematic overview of the assay procedure for colorimetric detection of adenoviral
DNA. 1) Amplification and biotin-tagging of target DNA is carried out using RPA at 37° C. 2) The
amplified DNA is flowed through the microarray using a syringe pump, causing it to be captured by
the complementary probe sequence. Captured DNA is detected by flowing through gold
nanoparticles coupled with anti-biotin antibodies. 3) The microarrays are scanned and analysed
using image analysis software.

Before the assay was applied to clinical samples, several experiments were
carried out to optimize and validate the assay setup using synthetic DNA.
First, the optimal probe concentration to print on the microarray was
determined by inkjet-printing arrays with various concentrations between 540 µM of two different HAdV-specific probe sequences, one taken from the
literature and one designed in-house. Various concentrations of synthetic
target DNA between 50 nM-1 µM were then detected on the microarray and
the signals quantified. The results from these experiments are shown in
Figure 4.11. Although all tested probe concentrations could detect the
synthetic target down to 50 nM, the 40 µM printed probes gave the highest
normalized signal intensities and probe 1 gave higher normalized signal
intensities than probe 2.

CHAPTER 4: PRESENT INVESTIGATION | 71

Figure 4.11: Various concentrations of synthetic target DNA detected by various concentrations of
two different HAdV probes. Probe 1 (a) was designed in-house, probe 2 (b) was taken from the
literature.

The next step was to validate the ability of the RPA protocol to amplify HAdV
DNA; this was accomplished using synthetic template DNA as a starting
material. Using a commercial Twistamp Basic kit, various starting
concentrations of synthetic template DNA between 22-22*106 copies were
amplified using the standard RPA protocol provided by the manufacturer.
The amplified DNA was visualized using gel electrophoresis, see Figure 4.12.
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Figure 4.12: Gel electrophoresis of synthetic HAdV DNA amplified using a commercial RPA kit. C+:
Internal positive control provided by manufacturer. N: Negative control, only primer mix. 1: 22 initial
3
4
5
copies. 2: 216 intial copies. 3: 2.16*10 initial copies. 4: 2.16*10 initial copies. 5: 2.16*10 initial
6
copies. 6: 2.16*10 initial copies

The amplified synthetic DNA was also detected using a vertical flow paper
microarray inkjet-printed with various concentration of probe 1, see Figure
4.13. The spots printed with a probe concentration of 40 µM could detect the
amplified DNA down to approximately 200 initial copies.

Figure 4.13: Various starting concentrations of synthetic HAdV DNA amplified using a commercial
RPA kit and detected on a vertical flow paper microarray printed with various concentrations of
probe 1.

Next, the ability of the RPA protocol to amplify actual HAdV DNA isolated
from cultures of infected cells was verified. Isolated DNA from four different
HAdV species associated with respiratory infections (HAdV-1, HAdV-3,
HaDV-4 and HAdV-31) were purchased from American Type Culture
Collection; 1 ng of DNA from each species was amplified using the RPA kit
and visualized using gel electrophoresis, see Figure 4.14, and using the
vertical flow probe microarray, see Figure 4.15 a.
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Figure 4.14: Gel electrophoresis of DNA from 4 different HAdV species amplified RPA. The starting
amount was 1 ng of DNA in each case.

As a final demonstration of the clinical applicability of the assay 5 clinical
nasopharyngeal aspirates were acquired, 3 with confirmed presence of HaDV
DNA and 2 healthy negative controls. After amplification with RPA, these
samples were applied to vertical flow paper microarrays. After imaging, the
signal enhancement method developed in Paper II was applied to the arrays
after which the arrays were imaged again. The pre-enhancement and postenhancement signals were compared in order to demonstrate up to an
approximately five-fold increase in signal-to-noise ratio and a decrease in
%CV between replicate probe spots approximately of up to approximately
three-fold, see Figure 4.15 b-d. These results confirm that this assay setup
can be used to detect the presence of HaDV DNA in clinical samples, making
it a potentially useful diagnostic tool for POC contexts.
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Figure 4.15: a) Detection of RPA-amplified DNA from four different HAdV species on a vertical flow
probe microarray. b) Clinical nasopharyngeal aspirates containing HAdV DNA (pos) and healthy
negative control samples (neg) amplified using RPA and detected on a vertical flow probe
microarray with signal enhancement. c) Scanned image of a vertical flow probe microarray after
application of a positive sample, before and after enhancement. d) Quantification of %CV between
replicate probe spots before and after enhancement.
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Paper IV: Solid-phase PCR on graphically encoded microparticles
for multiplexed colorimetric detection of bacterial DNA
Particle-based microarrays have been applied to detection of bacterial DNA
by using liquid-phase amplification followed by hybridization to probe
sequences on the particle surface. In order to reduce the time and number of
manual steps required for such detection, this work demonstrates the use of
solid-phase PCR on the surface of graphically encoded particles for the
detection of DNA from two species of bacteria associated with meningitis.
The same maskless lithography-based particle synthesis method presented
in Paper I was used to synthesize 300 µm particles with a binary graphical
code consisting of 8 square regions that can either be transparent or brown.
These particles were functionalised with carboxyl groups and covalently
coupled to amine-terminated primers for the amplification of gene
sequences specific for N. meningitidis and S. pneumoniae. These primer
particles could then be incubated with free primers in a PCR mix and
subjected to regular PCR thermocycling in order to elongate the primer
sequences directly on the surface. By incorporating biotinylated nucleotides
as well as biotinylated forward primers in the PCR mix, these elongated
sequences were biotin-tagged and so could be visualized by a subsequent
incubation step with anti-biotin gold nanoparticles. The large size of the
particles allows decoding and signal readout to be achieved using an image
captured with a consumer-grade flatbed scanner. A schematic overview of
the on-particle DNA amplification is shown in Figure 4.16 and microscope
images of two particles with different codes are shown in Figure 4.17.

Figure 4.16: Schematic overview of on-particle DNA amplification. Presence of free forward and
reverse primers in the PCR mix leads to initial amplification in solution. As the concentration of
target DNA in solution increases, the reverse primers on the surface of the particles also undergo
amplification, resulting in biotin-tagged DNA on the particle surface.
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Figure 4.17: Microscope image of two particles with different graphical codes.

In order to verify the possibility of using thermocycling to amplify DNA on
the particles, the thermal stability of the primer particles was investigated. A
random 25 base DNA sequence was coupled to a population of particles that
was then split into five different sub-populations. Each sub-population was
exposed to a different number for PCR cycles ranging from 0-40 cycles.
Afterwards, the particles were incubated with a fluorescently tagged DNA
sequence reverse complementary to the sequence on the particles.
Quantification of the fluorescence signal from each particle using a
fluorescence microscope gave a measurement of how much the surface
coverage of DNA was reduced as a result of the high temperatures involved
in PCR. After 40 cycles, approximately 60% of the initial DNA still remained
on the particle surface, see Figure 4.18.
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Figure 4.18: Thermal stability test of primer-coupled particles. Surface coverage of DNA on particles
was measured by incubation with reverse complementary fluorescently tagged DNA after exposure
to various numbers of PCR cycles.

Initial solid-phase PCR experiments were then carried out using a single set
of primers for fluorescent detection of N. meningitidis DNA. Primer-coupled
particles were mixed with various numbers of purified bacterial DNA
molecules ranging from 0-10000 copies. After PCR, the particles were
incubated with R-phycoerythrin-conjugated streptavidin (SAPE) as a
fluorescent detection label followed by imaging using a fluorescence
microscope. The results showed a correlation between initial copy number
and signal intensity with detectable signal down to 1000 initial copies, see
Figure 4.19.
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Figure 4.19: On-particle solid-phase PCR of various initial copy numbers of N. meningitidis DNA on
the surface of primer-coupled particles detected using fluorescence microscopy.

With the solid-phase PCR confirmed to be working correctly, the next step
was to demonstrate colorimetric detection and the capacity to carry out
multiplexed solid-phase PCR using particles coupled to multiple primers
along with multiple free primer sets in the same PCR mix. The same solidphase PCR protocol as above was used, modified to use anti-biotin gold
nanoparticles instead of SAPE and a consumer-grade flatbed scanner for
imaging instead of a fluorescence microscope. Three particle populations
were used coupled to three different sequences: N. meningitis primer, S.
pneumoniae primer and a random 25 base sequence as a negative control.
Two dilution series of DNA were amplified on these particles, one with
various initial copy numbers of N. meningitidis DNA and one with various
initial copy numbers of S. pneumoniae. Initially, no measurable signal was
acquired from any of the samples; however by applying the signal
enhancement method developed in Paper II it was shown that samples
containing N. meningitidis DNA could be distinguished from samples
containing S. pneumoniae DNA down to 1000 initial copies, see Figure 4.20.
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Figure 4.20: On-particle solid-phase PCR used to detect various initial copy numbers of N.
meningitidis DNA (top) and S. pneumoniae DNA (bottom) after colorimetric signal enhancement
and flatbed scanning.
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It was noted that the colorimetric signal acquired on the particles decreased
the contrast between the transparent code region and the magnetic region,
thus making the code harder to read. If a sufficiently high signal is acquired,
it is possible that the particle code can become impossible to read at all. In
order to demonstrate a solution to this problem, a real-time imaging process
of the signal enhancement procedure was developed. Two populations of
particles were coupled to different primer sequences and incubated with a
biotin-tagged sequence reverse complementary to one of the sequences. The
particles were then incubated with anti-biotin gold nanoparticles and placed
in a petri dish containing signal enhancement solution. This petri dish was
scanned immediately and then once every minute for a total of 20 minutes.
Images of these particles being enhanced are shown in Figure 4.21. At the
start of the enhancement reaction, the codes on the particles are clearly
visible. After approximately 10 minutes, the codes are completely obscured
by the gold deposition on the particle surface. However, by capturing a realtime sequence of images it is possible to decode the particles using the first
image and read out the signal intensity using a later image. In this way the
ability to decode the particles is ensured, even if the end-point signal is
intense enough to obscure the code.

Figure 4.21: Real-time scanner-based imaging of positive and negative control particles undergoing
colorimetric signal enhancement. After 10 minutes, the codes on the surfaces of the positive control
particles are no longer visible.

The results presented here demonstrate that this assay setup can be used to
distinguish between different bacterial species in a sample using on-particle
solid-phase PCR with signal enhancement and flatbed scanner-based
imaging, with the possibility of applying real-time imaging of the
enhancement in cases where very high post-enhancement signals might risk
obscuring the particle codes. Future work will focus on incorporating a larger
number of different primers in order to increase the multiplexing capacity,
as well as on applying this assay to clinical patient samples.
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Concluding remarks
The aim of the work presented in this thesis is to provide new microarray
assay setups for use in POC contexts. Looking to the future, I believe a
promising approach to further develop the assay setups demonstrated here is
to explore the synergies between them. A couple of such synergies have
already been demonstrated. We have shown that the particle-based
microarray with scanner-based imaging developed for detection of
autoantibodies in Paper I could also be applied with solid-phase PCR for
detection of bacterial DNA as shown in paper IV. We have also shown that
the signal enhancement method developed in Paper II for use on glass
allergen microarrays can also be used to improve the results acquired from
the paper DNA microarrays used in Paper III and the particle-based DNA
microarrays used in Paper IV.
By combining together more of these technologies, I envision that it could be
possible to develop even more useful new microarray setups. One example
that I believe should be pursued is the development of isothermal solidphase amplification of DNA on the surface of graphically encoded particles.
We have separately developed a paper-based microarray that utilizes liquidphase RPA and a particle-based microarray that utilizes solid-phase PCR. By
changing out the PCR primers used on the particle surface for RPA primers,
it could be possible to combine the two methods and achieve isothermal
amplification of bacterial or viral DNA directly on the particle surface, thus
eliminating the need for a thermocycler and making the particle assay setup
more POC-amenable. Additionally, such an assay could potentially be made
one-pot by tagging the primers directly with a signal detection label such as a
fluorophore or gold nanoparticles instead of biotin, thus eliminating the
need for separate amplification and detection steps.
I am sure that many other improvements to the work presented here are
possible. It is my hope that in the future such improvements will be realized
and that these methods can eventually prove to be useful in real-world POC
contexts outside of academia.
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