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Abstract

ABSTRACT

Minna Ylihérsila

Upconverting diagnostics: Multiplex assays utilizing upconversion luminescence
technology

Department of Virology, University of Turku, Turku, Finland

Annales Universitatis Turkuensis

Turku 2014

Conventional diagnostics tests and technologies typically allow only a single analysis
and result per test. The aim of this study was to propose robust and multiplex array-in-
well test platforms based on oligonucleotide and protein arrays combining the
advantages of simple instrumentation and upconverting phosphor (UCP) reporter
technology. The UCPs are luminescent lanthanide-doped crystals that have a unique
capability to convert infrared radiation into visible light. No autofluorescence is
produced from the sample under infrared excitation enabling the development of
highly sensitive assays.

In this study, an oligonucleotide array-in-well hybridization assay was developed for
the detection and genotyping of human adenoviruses. The study provided a
verification of the advantages and potential of the UCP-based reporter technology in
multiplex assays as well as anti-Stokes photoluminescence detection with a new anti-
Stokes photoluminescence imager. The developed assay was technically improved and
used to detect and genotype adenovirus types from clinical specimens. Based on the
results of the epidemiological study, an outbreak of adenovirus type B03 was observed
in the autumn of 2010.

A quantitative array-in-well immunoassay was developed for three target analytes
(prostate specific antigen, thyroid stimulating hormone, and luteinizing hormone). In
this study, quantitative results were obtained for each analyte and the analytical
sensitivities in buffer were in clinically relevant range. Another protein-based array-in-
well assay was developed for multiplex serodiagnostics. The developed assay was able
to detect parvovirus B19 IgG and adenovirus IgG antibodies simultaneously from
serum samples according to reference assays. The study demonstrated that the UCP-
technology is a robust detection method for diverse multiplex imaging-based array-in-
well assays.

Keywords: array-in-well, upconverting phosphor (UCP), imaging, adenovirus
genotyping, epidemiology, parvovirus B19, immunoassay, serology
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Kainteentekevii diagnostiikkaa: Luminesenssin kédinteisviritysteknologian
hyodyntiminen monianalyyttimiirityksissa
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Turku 2014

Perinteiset diagnostiset testit mahdollistavat vain yhden analyysin ja tuloksen
madritystd kohden. Vaitoskirjatyoni tavoitteena oli kehittdd uudenlaisia jarjestelma
kuopassa tyyppisid mallintavia monianalyyttimédrityksié, joissa yhdestd ndytteestd
yhdessd reaktiokaivossa voidaan mitata samanaikaisesti useita analyyttejd ja niiden
pitoisuuksia. Kehitetyt monianalyyttimédritykset perustuvat sekd nukleiinihappojen
ettd proteiinien mittaukseen hyddyntden leimoina valoa tuottavia epédorgaanisia
lantanidi-ioneja sisdltdvid loisteainepartikkeleita (UCP). Nailld partikkeleilla on
ainutlaatuinen kyky virittyd matalaenergisen infrapunavalon vaikutuksesta ja emittoida
korkeaenergisen = ndkyvdn  valon  aallonpituuksilla, = mikd  mahdollistaa
autofluoresenssista vapaan mittauksen ja ndin ollen herkkien méérityksien kehityksen.

Viitoskirjatyossani kehitin adenoviruksille DNA-tyypitysmadrityksen, joka perustui
yksinauhaisen PCR-tuotteen ja adenovirus-tyyppispesifisten koettimien véliseen
hybridisaatioreaktioon mikrotiitterilevyn kaivon pohjalla. Tulokset osoittivat, ettd
UCP-leimateknologia ja uusi anti-Stokes luminesenssin kuvantamiseen kehitetty laite
soveltuvat  monianalyttiméaritysten — kvantitatiiviseen  mittaukseen.  Teknisesti
parannettua adenovirusten DNA-tyypitysmenetelmdd hyddynnettiin =~ kliinisesti
merkittivien adenovirustyyppien havaitsemisessa ja genotyypityksessd. Adeno-
virusinfektioiden epidemiologinen seuranta osoitti, ettd adenovirus tyyppi B03 aiheutti
epidemian syksylld 2010. Vaiitoskirjatydssdni  kehitin - myds kvantitatiivisen
mallintavan monianalyytti-immunomaéarityksen kolmelle antigeenille. Maérityksessa
kaikille analyyteille saatiin kvantitatiivinen tulos, ja analyyttiset herkkyydet olivat
kliinisesti merkittdvalld alueella. Lisdksi vaitdskirjatyossdani kehitin serologisen
monianalyyttimédrityksen, jonka avulla mitattiin seerumista IgG-luokan adenovirus-
ja parvovirus B19-vasta-aineita samanaikaisesti. Serologinen monianalyyttimiaritys
validoitiin ndytepaneelilla ja tulokset korreloivat hyvin adenovirus IgG ja parvovirus
B19 IgG referenssi-entsyymi-immunoméérityksien kanssa. Vaiitoskirjatydsséini
osoitin, ettd UCP-teknologia soveltuu sekd oligonukleotidi- ettd proteiini-pohjaisten
monianalyyttimaaritysten kvantitatiiviseen kuvantamiseen.

Avainsanat: monianalyyttimaéritys, loisteainepartikkelit, kuvantaminen, adenovirus,
genotyypitys, epidemiologia, parvovirus B19, immunomaééritys, serologia
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Abbreviations

ABBREVIATIONS

AG delta G

Ab antibody

Ag antigen

Anti-hlgG anti-human immunoglobulin G

AP alkaline phosphatase

bpp bits per pixel

BSA bovine serum albumin

CCD charge-coupled device

CMV cytomegalovirus

DCC dicyclohexylcarbodiimide

DCS disuccimidyl carbonate

DMS dimethyl suberimidate

DNA deoxyribonucleic acid

DSO disuccinimidyl oxalate

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

EIA enzyme immunoassay

ELF enzyme-labeled fluorescence

ELISA enzyme-linked immunosorbent assay

ETU energy transfer upconversion

GST glutathione S-transferese

hAdV human adenovirus

HBV hepatitis B virus

HCV hepatitis C virus

HDV hepatitis D virus

HEV hepatitis E virus

HGV hepatitis G virus

hlgG human immunoglobulin G

His-tag histidine tag

HIV human immunodeficiency virus

HRP horseradish peroxidase

HSA human serum albumin

Ig immunoglobulin

LH luteinizing hormone

Ln lanthanide

LOD limit of detection

NHS N-hydoxysuccinimide

NP nasopharyngeal aspirate or swab and other respiratory
specimens

NS nasopharyngeal specimens

nt nucleotide

PCR polymerase chain reaction

PDITC phenylendiisothiocyanate



Abbreviations

PEG
PIII
PMT
PSA
QD
qPCR
RaM
RNA
RPA
RSV
RV
RVP
SAM
SARS
SA-UCP
SD
SERS
SNR
SPR
SPRi
sulfo-NHS
tiff
TMB
TSH
UCNP
ucCp
uv
VLP

polyethylene-glycol

plasma immersion ion implantation
photomultiplier tube
prostate-specific antigen

quantum dot

quantitative real-time PCR

rabbit anti-mouse

ribonucleic acid

reverse phase array

respiratory syncytial virus

rubella virus

respiratory viral panel

sentrix array matrix

severe acute respiratory syndrome
streptavidin conjugated UCP
standard deviation
surface-enhanced raman scattering
signal-to-noise ratio

surface plasmon resonance

surface plasmon resonance imaging
N-hydroxysulfosuccinimide sodium salt
tagged image file format
3,3°,5,5’-Tetramethylbenzidine
thyroid-stimulating hormone
upconverting nanoparticle
upconverting phosphor

ultraviolet

virus-like particle
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Introduction

1 INTRODUCTION

Multiplex assay technology (e.g., high-density microarrays, low-density arrays and
multiplex PCR) has allowed a shift from traditional one-parameter-at-a-time analyses
of biomolecules (e.g., DNA and proteins) to more high-throughput multiplex
platforms where large number of analytes or analyte concentrations can be identified
from one sample simultaneously (Yu et al.,, 2010). Ekins and coworkers have
demonstrated that an analysis of a small amount of target in a small area is more
sensitive than an analysis of the same amount of target in a larger area (Ekins and Chu,
1992; Ekins et al., 1990; Ekins, 1989). In principle, the array technology offers higher
sensitivity due to improved signal-to-noise ratios as well as decreased reaction times
due to shorter diffusion distances compared to conventional immunoassays. The main
benefits of multiplexing are a smaller sample consumption and an increased
information gain from one sample. Multiplex assays can be used broadly, for example,
in clinical diagnostics, food safety testing, and environmental monitoring. In addition,
the approval of DNA-microarray technology by US Food and Drug Administration
has opened the door to new applications in the field of clinical diagnostics. The
multiplex assay needs to fulfill many criteria before the assay is validated into a
clinical diagnostic test (Lababidi, 2008; Tezak et al., 2006). The test should be
specific, user-friendly and rapid to perform, robust, accurate, reproducible and
preferably low-cost. The development of new detection technologies and instruments
is also needed to facilitate the use of multiplex assays for clinical diagnostics.
Multiplex assay technologies could be useful tools also in low-resource settings where
rapid turnaround time, low-cost multiplex testing and point-of-care testing are needed.

DNA-array applications are commonly used, e.g., in the analyses of gene expression
patterns and single nucleotide polymorphism, drug discovery, toxicology, disease
characterization, and various diagnostic applications (Coppée, 2008; Hacia et al.,
1999; Heller, 2002; Schena et al., 1995). DNA-array consists of a collection of
microscopic spots with DNA fragments or oligonucleotides orderly arranged onto the
surface of a solid support. The array is based on a hybridization reaction between the
target nucleic acid strands and specific probe molecules attached to solid support
(McLoughlin, 2011). In multiplex assays, the binding between the probe and its target
can be detected using different label or label-free detection techniques. Imaging
instrumentation has three components: a radiation source (e.g., laser diode) to
illuminate the sample, a spectrally selective element (e.g., optics), and a detector (e.g.,
camera) to collect the images. Fluorescence-based technology is still a commonly used
detection method in array applications (Dufva, 2009). However, new sensitive and
specific detection technologies are needed for imaging-based arrays.

The success of highly multiplex assays on genomics has also increased the interest in
the simultaneous measurement of many proteins in patient samples in one assay. The
gold standard for single-protein measurement in a solution is an immunoassay and the
most widely used format is the enzyme-linked immunosorbent assay (ELISA). The

12



Introduction

immunoassays are based on either one or two antigen-specific immunoglobulins, used
to capture the target antigen in the sample. A wide range of labeling and signal-
enhancement strategies have been developed to allow the detection of antigen-
antibody binding. Protein arrays are high-throughput and miniaturized versions of
these traditional immunoassays enabling the parallel detection of biomarkers in
clinical samples in a single assay.

The serological protein-based multiplex assays can be widely used in clinical research
and diagnostics. They can be utilized for disease classification, monitoring disease
progression, understanding disease mechanism, immunoglobulin class switching, and
monitoring disease activity by analyzing the antibody titer. These assays can also be
suitable for early diagnosis, differential diagnosis, disease staging or determining
disease prognosis (Kingsmore, 2006). The arrays have become well-established
research tools in basic and applied research.

13
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2 REVIEW OF THE LITERATURE

2.1  Arrays as a tool for multiplex diagnostics

2.1.1  Array principle

The array-based assays are miniaturized versions of traditional solid-phase DNA/RNA
dot blot assays and ELISA immunoassays, enabling a parallel analysis of target
biomolecules. Arrays can be distinguished on the basis of the probe molecule (e.g.,
DNA or protein array), solid support (planar or suspension array), fabrication strategy
(printed or in situ synthesized), and detection method (label or label-free). Many
different probes can be attached as discrete spots to a solid support, and these probes
interact with the intended target molecules in sample and produce either qualitative or
quantitative data (Yu et al., 2010). In both DNA and protein assays the probe or
capture molecule should have a high specificity (non-specific cross-reactions should
be avoided) and an affinity for the target molecule (Dufva, 2009). Depending on the
assay type different probes, including PCR products, genomic DNA, cDNAs,
chemically synthetized oligonucleotides, proteins, antibodies, DNA/RNA aptamers,
small molecules or carbohydrates, can be immobilized to solid support (Relogio ef al.,
2002). The hybridization reactions take place simultaneously in parallel across the
entire array. After hybridization reaction the captured biomolecules are detected by
using various labeled reporter ligands or directly labeled target molecules. If
fluorescence-based detection techniques are used for array detection, the fluorescent
intensity at any particular probe location indicates the relative concentration of the
target in the sample.

2.1.2  Array design

A multiplex assay platform can be defined as a planar or suspension, based on the
choice of support (Ellington ef al., 2010). In two-dimensional planar array
biomolecules are printed in rows and columns by an arraying device at known
locations onto the same support, whereas in suspension-based arrays the biomolecules
are coupled to the beads, which are randomly arranged to their final locations (Figure
1). Planar arrays are more commonly used than suspension arrays. Planar array allows
a wide range of probe densities to be used, and the array is read using an array
scanner. DNA-arrays can be divided into low- and high-density arrays (Lévéque ef al.,
2013). The low-density arrays contain only a few probes for diagnostic applications,
whereas the high-density arrays contain one million probes for high-throughput
genome and transcriptomes studies (Dufva, 2009). The high-density planar arrays can
have up to 10° spots in an area of 1-2 cm® (Heller, 2002). In a suspension the beads
array have different codes for different targets, which are analyzed using a flow
cytometry instrument. The multiplex capacity of a bead-based array is < 100 probes /
assay (Luminex system, TX, USA).

14
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Figure 1. Planar and suspension array formats. In planar array, capture ligand
biomolecules are immobilized on solid surface. In suspension array, capture
biomolecules are attached on color-coded or size-coded microspheres. (Ellington et
al., 2010)

Solid-phase arrays

The solid-phase array is fabricated by spotting multiple copies of the probe molecule
onto a solid support, usually a glass slide, nylon membrane, or plastic surface, e.g., a
microtiter well plate (Kusnezow and Hoheisel, 2003). Digital versatile disks, made of
polycarbonate, have also been used as a solid support (Morais et al., 2009). The
spotting is carried out by array printers. In high-density arrays, different
oligonucleotides can be synthetized in sifu on the surface of the array by using
photolithography (Affymetrix, CA, USA).

Also bead-based solid-phase array formats are available for high-density DNA and
RNA analysis. Two BeadArray platforms, Sentrix Array Matrix (SAM) and Sentrix
BeadChip (Illumina, San Diego, CA), are based on self-assembled color-coded silica
beads (3-um in diameter). In SAM platform the beads are immobilized on solid fiber-
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optic bundles and in Sentrix BeadChip the beads are assembled on the planar silica
slide having a uniform spacing of ~5.7 microns in both cases. In SAM, each bundle is
an individual array consisting of 50,000 5-um fiber-optic strands, each of which is
chemically etched to create a microwell for a single bead. Each bead is covered with
hundreds of thousands of copies of a specific oligonucleotide acting as the capture
sequence. The bead location is mapped by a decoding process, where fluorescently
labeled complementary oligonucleotides are used. (Fan et al., 2006)

Suspension arrays

Suspension arrays or microsphere-based assays are based on polymer beads serving as
the solid support for a multiplex flow cytometric assay. The beads are hybridized with
fluorescently labeled target biomolecule and flow cytometry is used for detection.
Multiplexing is based on different bead sizes and their related forward light-scattering
characteristics determined by flow cytometry. Also the beads can contain unique
fluorescence properties. In this case, the beads are uniform in size and filled with
different levels of one or two fluorescent dyes. In the case of two dyes, red (658 nm
emission) and infrared (712 nm emission) fluorochromes are used at various
concentrations to produce beads with unique spectral characteristics. The
commercially available Luminex xMAP technology of 100 fluorescently dyed (with
two dyes) polystyrene microspheres, 5.6 pm in diameter, can detect up to 100 targets
per assay (Luminex system). (Dunbar, 2006)

Microsphere-based immunoassays are suitable for multiplex detection of infectious
diseases. These assays have been used for influenza virus antigen detection and
characterization (Yan et al., 2005), for identification of viruses causing gastroenteritis
(Liu et al., 2012), and for the identification of 12 common respiratory viruses
(respiratory syncytial virus (RSV) A and B; influenza virus A and B; parainfluenza
virus 1, 2, 3, and 4; human metapneumovirus; rhinoviruses; enteroviruses; and severe
acute respiratory syndrome (SARS) coronavirus) (Sefers et al.,, 2011). Suspension
array based commercial kits, including the XTAG RVP test (Luminex), ResPlex II
(Qiagen, Venlo, the Netherlands), and MultiCode-PLx (EraGen Biosciences, WI,
USA), are also available for the detection and typing of respiratory viruses. These
multiplex panels are able to detect influenza A and B viruses, RSV, human
metapneumovirus, rhinovirus, and adenovirus. The xTAG RVP test additionally
subtypes seasonal influenza H1 and H3 viruses. The ResPlex II also detects
coronaviruses (229E, OC43, NL63 and HKU1), coxsackievirus, echovirus, bocavirus
and differentiates adenoviruses (B, E). The MultiCode-PLx assay additionally detects
coronaviruses (229E, OC43, and NL63); differentiates parainfluenza 4a and, 4b; and is
also able to differentiate adenoviruses (B, C, and E). These commercial tests offer
clinical laboratories new tools for the detection of respiratory viruses (Balada-Llasat et
al.,2011).
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2.2  Multiplexing in clinical virology

Usually, the clinical signs or symptoms are not specific enough to diagnose the
causative agent of the disease, and thus diagnostic tests are needed to help with that in
order to guide the appropriate treatment of patient and proper use of antiviral agents,
when available (Ginocchio, 2011). Clinical laboratories have conventionally used
different diagnostic methods for either to show the presence of virus in patient
samples, or to detect host responses (e.g., production of specific antibodies) caused by
the viral infection. These methods include virus culture with neutralization assays,
serological methods (e.g., hemagglutination inhibition tests, complement fixation
tests, immunofluorescence assays and enzyme immunoassays), antigen detection
assays, and nucleic acid detection methods, and are widely used for the typing, and
characterization of viruses and viral infections (Mahony, 2008; Storch, 2000).
However, the traditional methods are often time-consuming, labor-intensive
(especially virus culture) and allow often only a single analysis and result per test
(singleplex assays) (Krishna and Cunnion, 2012). Shortened detection times and
increased assay sensitivity with less sample volumes needed are beneficial advances in
the field of clinical virology, and multiplexing offers a mean to achieve this.

Especially sensitive nucleic acid detection methods such as PCR, sequencing and
DNA-arrays offer rapid, sensitive and high-throughput methods for detection and
genotyping of important pathogens. Novel PCR methods have helped to characterize
quickly also new and emerging viruses such as human metapneumovirus (van den
Hoogen et al, 2001), human bocavirus (Allander et al., 2005), two new
polyomaviruses WU (Gaynor et al., 2007) and KI (Allander et al., 2007) as well as
new respiratory viruses e.g., SARS coronavirus and swine-origin HIN1-influenza A
virus causing serious infections in humans (Fraser et al., 2009; Peiris et al., 2003).

To be of use for diagnostic purposes multiplex assays should have at least the same
performance (specificity and sensitivity) as corresponding singleplex assays. When
this criterion is fulfilled the multiplex assays offer rapid and accurate qualitative or
quantitative detection methods for many different pathogens simultaneously from one
specimen (Mehlmann et al., 2007; Raymond et al., 2009). The multiplex assays can be
used in diagnostics to recognize the causative agent of an illness, for molecular typing
of the agents, as well as for epidemiological and vaccine studies in providing
information on seasonality and geographical distribution, and identifying potential risk
groups. The specific and rapid diagnosis also gives beneficial information to public
health authorities who aim to follow which viruses are circulating in the community to
adjust public health policy accordingly. For basic research purposes, multiplex assays
can be utilized also to study e.g., the interactions between the virus and the host cell
(Clewley, 2004; Mahony, 2008). Overall, multiplex assays can improve laboratories
ability to diagnose wide range viral infections and simultaneously identify e.g., viruses
that cause infections with similar symptoms (Poehling et al., 2006).
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2.21 Solid-phase DNA-arrays

DNA-array technology was first introduced in the middle of the 1990s (Schena et al.,
1995). These arrays allow replicate analyses in a single assay, where replicate spots of
the same probe are printed. Setting up a DNA-array is a multistep process based on
identified target gene sequences, for which the probes for the detection are designed.
The first step is to design PCR primers for amplification of the intended viral genome
targets. The challenge for optimal primer design is that the PCR should amplify a wide
range of viral genomes within the target virus groups (Clewley, 2004). To facilitate the
detection of the amplified PCR-products the label can be included in the end of target
strand by using fluorescently or otherwise labeled primers, or by using fluorescently
labeled nucleotides for amplification (Relogio et al., 2002). After the amplification
reaction, the PCR-product is applied to an array and hybridized to complementary
sequence probes, usually 25-70 nucleotide (nt) long, representing targeted viruses. The
array is washed to remove unbound DNA, and fluorescence intensities for each spot
are detected and analyzed by using scanning or imaging techniques (McLoughlin,
2011).

There are many potential uses for DNA-arrays in clinical virology. The low-density
oligonucleotide-based arrays are suitable platforms for the detection and typing of
clinically significant levels of viruses in patient samples in both research laboratory
and in clinical laboratory. The array-based assays are suitable for the detection of
respiratory diseases because they can allow the simultaneous detection of viral and
bacterial co-infections (Cannon et al, 2010). There are many different
oligonucleotide-based array applications for the detection and typing of RNA and
DNA viruses, including arrays for influenza A and B viruses (Townsend et al., 2006),
influenza A virus (Dawson et al., 2006; Ryabinin et al., 2011), influenza B virus
(Dankbar et al., 2007), human papilloma virus (Oh et al., 2004; Ritari et al., 2012;
Sandri et al., 2009), adenovirus (Lopez-Campos et al., 2007), enterovirus (Susi et al.,
2009), and norovirus (Mattison et al., 2011). The high-density oligonucleotide-based
microarray (Lodes ef al., 2007) and resequencing microarray (Berthet et al., 2013; Lin
et al., 2006a) have also been used for pathogen detection.

2.2,2  Multiplex PCR

In multiplex PCR more than one target sequence can be amplified by including more
than one pair of primers in the reaction. Multiplex PCR can save time and work and be
cost-effective. Multiplex PCR is a combination of several generic or more specific
primers targeting different sequence regions in one amplification reaction capable of
amplifying a wide range of viral genomes. (Elnifro et al., 2000) The primer design is a
crucial factor affecting PCR amplification efficacy. It is begun by aligning multiple
genome sequences from as many strains of the virus as possible. A challenge of
multiplex PCR is that all the primer pairs should enable similar amplification
efficiencies for their specific target (Elnifro et al., 2000; Kim et al., 2009; Lam et al.,
2007; Sotlar et al., 2004).
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Real-time quantitative PCR is nowadays the most often used method for nucleic acid
detection. This method is based on the on-line quantitation of a fluorescent reporter
during the PCR reaction. The signal increases in direct proportion to the amount of
PCR product amplified in the reaction. Often used reporter in these assays is the
fluorescent dye SYBR Green, which binds unspecifically to all double-stranded DNA
(including primer-dimers and other possible non-specific reaction products). A more
specific multiplex real-time PCR quantitation can be obtained by using fluorescent
probes (e.g., TagMan and molecular beacons) in the assay. These probes contain a
fluorescent dye and a quenching dye on the opposite ends of the probe sequence.
Compared to SYBR Green, these probes are sequence-specific and the detection of the
signal is based on fluorescence resonance energy transfer quantitation. (Parida, 2008)
Multiplex PCR utilizing fluorescently labeled probes for each target together with
melting temperature analysis has been used e.g., for the detection of gastroenteritis
panel, including norovirus group [ and II, rotavirus, hepatitis A virus, and
coxsackievirus (Kang et al., 2013).

A nested PCR, which is also still an often used method, increases the sensitivity and
specificity of the multiplex PCR through two independent PCR-reactions (the second
using as a template the product from the first reaction) with two different primer sets
(Avellon et al., 2001; Coiras et al., 2004; Renois et al., 2010). Although, the nested
PCR is usually very effective in generating products, but the drawback is that it is
complicated to perform, it is time-consuming, and it increases the possibility of false-
positive results due to carry-over contamination.

An asymmetric multiplex PCR is another new method, which is used to amplify the
single-stranded target strand along with the double-stranded DNA. This approach can
be used when single-stranded target DNA is needed (e.g., in array-based assay or
sequencing). The PCR reaction is carried out using an excess of the primer labeled for
the targeted strand. After the PCR reaction, the single-stranded labeled target is
hybridized with the virus-specific oligonucleotide probes immobilized on array
surfaces (Park et al., 2010; Wang et al., 2013b).

The multiplex PCR techniques have been used to screen and identify viral pathogens
in many clinical settings (Mahony, 2008). This technique is used to e.g., study virus
infection associations with disease. The multiplex assay can be designed to detect a
group of different viruses causing similar signs of disease, or viruses that are
transmitted by similar pathways. Several test panels have been developed for
respiratory pathogens, including influenza A virus (HIN1, H3N2, and HS5N1);
influenza B virus; parainfluenza virus types 1, 2, 3, 4a, and 4b; respiratory syncytial
virus A and B; human rhinoviruses; human enteroviruses; human coronaviruses
0C43, 229E and SARS; human metapneumoviruses; adenoviruses (A to F); and
Mycoplasma pneumonia, Chlamydophila pneumonia, and Legionella pneumophila,
(Lam et al., 2007). Also for human herpes viruses a panel, including herpes simplex
virus type 1 and 2; varicella-zoster virus; Epstein-Barr virus; CMV; human herpes
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virus 6A/B, and human herpes virus 7, has been developed (Tanaka et al., 2009). For
central nervous system infections, a multiplex PCR was combined with an array
technique for the detection and typing of viruses, including herpes simplex virus type
1 and 2; wvaricella-zoster virus; cytomegalovirus; Epstein-Barr virus; human
herpesvirus type 6, 7, and 8; and the human enteroviruses (Leveque et al., 2011). For
human retroviruses, a multiplex PCR utilizing differently colored molecular beacons
have been used for the detection of human immunodeficiency virus (HIV) types 1 and
2; and human T-lymphotrophic virus types 1 and 2 (Vet ef al., 1999). In addition, a
method based on multiplex PCR has been developed for the simultaneous detection of
viruses causing exanthema (measles, parvovirus B19, and rubella virus (RV) (del Mar
Mosquera et al., 2002).

2.2.3  Solid-phase protein-arrays

The earliest protein-array application for protein expression studies was described in
the late 1990s (Lueking et al., 1999). Protein-arrays are fast, high-throughput methods
that can be divided into three groups: functional, reverse phase, and analytical arrays.
Functional arrays are used to study protein-protein interactions (e.g., protein-protein,
enzyme-substrate, ligand-receptor, protein-DNA), protein function, and enzymatic
activities (MacBeath and Schreiber, 2000; Sun et al., 2013; Yu et al., 2010). These
arrays are prepared by immobilizing on a solid surface, a selection of capture proteins
(e.g., antibodies, antigens, lysates, peptides, or aptamers), which then bind the target
analyte in the sample (Hall et al., 2007). In reverse phase arrays (RPA), the sample
(e.g., cultured cells, tissue lysates, blood samples, or other) is printed onto an array
surface, which is then probed with antibodies against the protein of interest. RPAs are
used to detect altered proteins from patient samples (e.g., phosphorylated proteins),
which may be indicative of diseases. In diagnostic applications RPA can also be used
to help to profile a particular signaling pathway that may be dysfunctional in the cell
aiding to recognize and treat the disease of interest (Liotta et al., 2003; Mueller et al.,
2010). Analytical arrays can be used to recognize and quantify target proteins in a
specimen, and to profile disease-related proteins.

Protein arrays can also be classified as antigen- or antibody-based arrays, the latter of
which represent a powerful approach for the large-scale characterization of candidate
antigens in specimens. This approach is based on miniaturized parallelized sandwich
immunoassays.

Antigen- and antibody-based arrays

The antigen-based arrays are used for the multiplex detection of specific antibody
responses to various infectious agents. The first viral protein-arrays were developed to
screen and monitor the presence of [gG-antibodies against multiple SARS-coronavirus
proteins in sera from SARS-patients (Qiu et al., 2005; Zhu et al., 2006). Also a
multiplex proof-of principle serodiagnostic assay has been developed to type and
screen blood donors for the presence of antibodies against important blood-borne
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pathogens such as hepatitis C and HIV (Burgess et al., 2008). This assay was based on
two different scannings: after obtaining the erythrocyte-specific signal (i.e., blood
typing), the labeled secondary antibody was added to the array and scanned for the
viral antibody-specific signal.

Multiplex influenza antigen-based arrays have been used for profiling serum IgG
antibody responses (Koopmans et al, 2012) and characterizing vaccine
immunogenicity in individuals of varying ages (Price et al, 2013). Multiplex
serological immunoassays have also been used for the monitoring of the specific
antibody responses against HIV-1, syphilis and hepatitis C virus (HCV) (Lochhead et
al., 2011) and for the detection of antibodies against Epstein—Barr virus,
cytomegalovirus (CMV), Toxoplasma gondii, and HCV (Feron et al., 2013).
Sivakumar et al., 2013 have developed an array for the simultaneous detection of
virus-specific antibodies of measles, rubella (RV), mumps, Varicella-Zoster, and
Epstein-Barr viruses (Sivakumar et al., 2013). A multiplex assay for five hepatitis
virus (HBV, HCV, HDV, HEV and HGV) has been developed for the detection of
both viral antigens and antibodies. The assay can simultaneously detect two viral
antigens (HBsAg, HBeAg) and seven viral antibodies (HBsAb, HBcAb, HBeAb,
HCVAb, HDVAb, HEVAb, HGVAD) from serum samples (Xu et al., 2007).
Serological arrays can also be developed for simultaneous detection of different
antibody classes. Liu et al., 2013 have demonstrated the simultaneous detection of IgG
and IgM antibodies against herpes simplex virus type 1 and 2, CMV and RV in serum
and cerebrospinal fluids (Liu et al., 2013). The studies described above demonstrate
that the protein-arrays can be used for the large-scale identification of virus-specific
antibodies in sera.

Protein-based array challenges

Proteins have wide molecular variability and concentration range in different samples.
In multiplex assays, the challenge is to detect low and high abundance proteins
simultaneously in a complex biological sample material (Haab et al., 2001). Another
challenge is to avoid cross-reactivity. Especially, when antibody-based arrays are
developed, the immobilized antibodies used to capture the target proteins should be
highly specific to the targeted analytes, otherwise cross-reactivity between the used
antibody and other non-target proteins in the specimen may occur. Furthermore,
quantifying antibody concentrations in multiplex serological assays could broaden the
applicability and acceptance of protein-arrays as routine biomedical research tools.
Because antibody concentrations and affinities vary in serum, it would be useful to
know whether the calculated amount of the bound antibody is proportional to the
antibody concentration in solution. With singleplex traditional ELISA, a standard
curve can be used to quantify the concentration of target antibodies. However, in the
multiplex assays no common standard is used for the detection of antibodies binding
to different targets on an array. Along with appropriate calibration curves,
improvements in the sensitivity and linearity of the dynamic range are also needed to
aid to detect low-abundance antibodies in clinical serum samples. Yet an array
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nonlinear calibration method has been developed for quantifying antibody binding to
the surface of protein-array. The method is based on a known amount of IgG standards
printed to an array to form a nonlinear standard curve. Based on the standard curve,
the amount of IgG antibodies bound to the surface of the protein spot can be
calculated. This method has been shown to improve the linear dynamic range and
reduce assay variation compared to a linear standard curve method. (Mezzasoma et al.,
2002; Yuet al., 2013)

2.3 Immobilization of biomolecules onto solid surfaces

In this section, two-dimensional oligonucleotide and protein immobilization methods
are discussed. The immobilization strategy is very important because it may influence
the background signal, stability of the bond between the probes and the solid support,
probe density, hybridization efficiency, spot morphology (shape and homogeneity of
the spot), spot density and spot reproducibility. (Dufva, 2005, 2009) A uniform
surface is also of importance in array fabrication. A heterogeneous surface will cause
variations in the amount of the attached biomolecule. Biomolecules can be attached to
non-porous and porous two-dimensional surfaces such as glass slide or plate
(Afanassiev et al., 2000; Wiese et al., 2001), silicon chips (Cretich et al., 2011),
polystyrene microtiter plates (Gehring et al., 2008; Petryayeva et al., 2013; Viitala et
al., 2013), polycarbonate slides (Kosobrodova et al., 2014), or nitrocellulose coated
slides (Mujawar et al., 2013). When choosing the array substrate a few criteria should
be considered. The substrate should be easily modified for biomolecule attachment,
and it should have a homogenous biomolecule attachment surface, high binding
capacity towards the biomolecule as well as low intrinsic fluorescence (low
background noise) when using fluorescence-based detection.

The spotted arrays in miniaturized size are produced either by contact printing (contact
pin printing and microstamping) or by non-contact printing (photochemistry-based
methods, laser writing, electrospray deposition, and inkjet technologies). The main
difference between these two technologies is that contact printing involves direct
contact between the substrate surface and a pin. The main advantages of non-contact
printing methods are avoided direct surface contact, reduced contamination, and
higher throughput because several arrays can be simultaneously produced
(Barbulovic-Nad er al., 2006; Gutmann et al., 2004). The non-contact piezoelectric
inkjet printer aspirates the sample into a borosilicate glass capillary surrounded by a
piezoelectric element that fits around the glass capillary like a collar. The sample is
dispensed by the application of a voltage to the piezoelectric collar, producing a
droplet typically less than 1 nL in volume (Delehanty and Ligler, 2003). The
disadvantages of non-contact printing are pin clogging by air bubbles or particulates,
splashing and satellite droplets causing contamination and irregular spot sizes (Espina
et al., 2003).

The printing buffer should also be optimal for all the spotted biomolecules in the
array. Usually protective substances such as glycerol (MacBeath and Schreiber, 2000),
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trehalose (Kusnezow et al., 2003), or polyethylene-glycol (PEG) (Lee and Kim, 2002)
are added in the printing buffer to prevent the dehydration of the spotting solution and
to improve the stability of the protein. The printing buffer composition also affects the
spot morphology and the spot signal intensities (Delehanty and Ligler, 2003).
Achieving good spot quality is very important, as uniform spot morphology and size
will produce reliable results and also aid in array data analysis. After the biomolecule
immobilization, the surrounding areas need to be blocked before the array surface can
be used. Depending on the immobilization strategy (non-covalent or covalent), other
proteins or chemical methods can be used for blocking the remaining binding sites and
also quenching the unreacted functional groups on the on the surface.

2.3.1  Attachment of oligonucleotides to solid support

Spotted probe arrays utilize synthetic oligonucleotides attached to the solid surface in
precise locations. When designing the probes, their length should be considered: while
the typical probe length is 25-80 bp, different probe lengths (25-30 nt and 60 nt long)
have been tested to demonstrate the effect of oligonucleotide length on hybridization
signal (Relogio ef al., 2002). The 30 nt long probes had a sensitivity 3-fold lower
compared to 60 nt long oligonucleotide probes, but the shorter probes were more
specific, and therefore more applicable to the array assay than longer probes. The
decreased specificity of long probes is due to their higher melting temperatures, while
they have greater mismatch tolerance (especially in the center region of the sequence)
during the hybridization reaction than shorter ones. The probe-target melting
temperature, which is dependent on the probe length and base composition, is used to
measure the stability of a nucleic acid duplex. However, melting temperature makes
no statement about the binding affinity at the actual hybridization temperature, and
therefore thermodynamic models of probe-target hybridization are increasingly used to
predict of an array probe behavior. A probe length, oligonucleotide sequence
information (e.g., GC content), hybridization temperature, surface density of the
probe, and chemical environment (e.g., the presence of Na' ions) all effect on probe-
target hybridization strength (Peterson et al., 2001; Relogio et al., 2002).

The addition of spacers (linkers) coupled to short oligonucleotides or the application
of a higher probe concentration during printing can improve hybridization signal
strength. The linker can be a poly-dT spacer (Guo et al, 1994), an
oligodeoxyribonucleotide with a hairpin stem-loop anchor structure containing five
phosphorothioates in the loop comprising six adenosines (Zhao et al., 2001), or a poly
carbon atom (e.g., Css, Cis, Ci2, Cs), coupled to the probe during the oligonucleotide
synthesis (Afanassiev et al., 2000). The linker must be hydrophilic, chemically stable
under the hybridization conditions used, and sufficiently long to minimize steric
interference. The linker should also have no non-specific binding to the solid surface.
The surface density of the oligonucleotides is also an important factor affecting the
hybridization signal of the probe-target hybrid (Lee et al., 2013). A low surface
coverage will yield a low hybridization efficiency, whereas too closely packed probes
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cannot participate in the hybridization reaction because of the steric hindrance or
electrostatic interactions (Shchepinov et al., 1997; Vainrub and Pettitt, 2003). The
oligonucleotides need to be tightly bound to the solid surface, and accessible for
hybridization, and the attachment chemistry needs to be reproducible (Zhou and
Thompson, 2004).

A probe can be immobilized on the solid surface with different techniques, e.g., non-
covalent adsorption, covalent immobilization, and streptavidin-biotin interaction.
When using adsorption, the oligonucleotides are attached to the solid surface through
ionic interaction. The surface is modified to contain primary amine groups (NH;")
covalently attached to the surface. The amines carry a positive charge at neutral pH,
permitting the attachment of oligonucleotides through the formation of ionic bonds
with the negatively charged phosphate backbone (Lemeshko et al., 2001). However,
the electrostatic interaction will easily break under high salt and/or high temperature
conditions.

Covalent immobilization

The covalent immobilization technique is the most common method used for attaching
oligonucleotides to a solid surface. Here, the oligonucleotide contains functional
groups used for covalent attachment to the solid surface (Table 1). The
oligonucleotides are preferably 5 or 3’ end modified to contain a functional group,
which can be used for probe attachment to a reactive group on the solid surface. The
modified surface linkages need to be chemically stabile, sufficiently hydrophilic, and
resistant to nonspecific binding to the surface. To fulfill these criteria, the two-
dimensional surface is typically activated with silanes carrying terminal functional
groups (e.g., amine, epoxide, thiol, or aldehyde) to produce a uniform layer for
biomolecule attachment (Guo et al., 1994; Zammatteo et al., 2000). In printed amine-
modified DNA-array, succinic anhydride reaction, bovine serum albumin adsorption
(BSA), or BSA-N-hydroxysuccinimide have been used to block unreacted functional
groups having low affinity for the DNA (MacBeath and Schreiber, 2000; Schena et
al., 1995; Taylor et al., 2003).
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Table 1. Strategies for attaching oligonucleotides to solid surfaces.

Oligonucleotide Surface group References

modification

unmodified amino or epoxy silane, poly-L- (Belosludtsev et al., 2001;

(negatively charged lysine, poly carbodiimide Kimura et al., 2004;

phosphate groups) Lemeshko et al., 2001;
Majtan et al., 2004)

amines (-NH,) aldehyde, epoxy, (Guo et al., 1994; Majtan

isothiocyanate, succinimidyl et al., 2004; Sethi et al.,
esters (NHS-ester), imidoester ~ 2009)

succinylated aminophenyl or aminopropyl (Joos et al., 1997)
silane

thiols (-SH) mercaptosilanized, amino (Chrisey et al., 1996; Csaki
silane, epoxy, gold activated et al.,2001; Rogers et al.,
surface 1999; Sethi et al., 2009)

hydrazide aldehyde, succinimidyl esters ~ (Raddatz et al., 2002)
(NHS-ester)

biotin streptavidin (Sabanayagam et al., 2000)

phosphates (PO;) epoxy silane (Mahajan et al., 2006)

Attaching amino-modified oligonucleotides

There are several strategies for attaching 5’amino-modified oligonucleotides to the
solid surface (Figure 2). Aldehyde and epoxy functional groups on a solid support are
commonly used for the covalent coupling of amino-modified oligonucleotides.
Carbodiimide, such as 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) or dicyclohexylcarbodiimide (DCC), can be used to activate carboxylic acid
groups on the solid surface for conjugation to primary amine modified
oligonucleotides. The carboxylic acid groups on the solid surface react with
carbodiimide to form an O-acylisourea intermediate. The primary amine group on the
5’end of the oligonucleotide reacts with the original carboxyl group forming an amide
bond and releasing an isourea by-product. To improve the coupling reaction, N-
hydoxysuccinimide (NHS) is commonly included in the reaction. Adding NHS to the
coupling reaction forms an NHS ester intermediate, which is more stable than O-
acylisourea. Another option to form a stable covalent attachment between amino-
modified oligonucleotide and solid support is to use phenylendiisothiocyanate
(PDITC), disuccimidylcarbonate (DCS), disuccinimidyloxalte (DSO) and
dimethylsuberimidate (DMS) crosslinking. These crosslinking agents convert solid

25



Review of the Literature

surface amino groups to isothiocyanates, N-hydroxysuccimimidy-esters (NHS-esters)
or imidoesters, respectively (Beier and Hoheisel, 1999).

A
9 e I
H—C H—C—OH -H,0 H—C
Covalent \/‘ Schiff base
Aldehyde surface couping
B C
NH, NH S S
2 | . I
O/Cl;HZ C|:H2 ﬁ o cl;_H.J.LLLU.LI.I
“CH HO—CH N 2 HN
Crvalznl | Covalent |
i [ [ 1 i ! 1
Epoxide surface coupling Isothiocyanate surfazgup "
D
(|:)N * E l\llH * HON
Oo=C 7 NH, O=C 7
Covallent ©
NHS-ester surface couping
E
NH, E NH, + ROH
1] 1] R = alkyl group
c—orR  NH C—-

e
Covalent
coupling

Imidoester surface

Figure 2. Attachment strategies for amino-modified oligonucleotides. (A) An
aldehyde-surface forms a covalent linkage with the amino-modified oligonucleotide
through dehydration (Schiff base formation) yielding a stable secondary amine. (B)
Immobilization to an epoxy-surface, where the primary amine-group on the
oligonucleotide mediates a nucleophilic attack and a covalent coupling to the surface.
(C) Isothiocyanate on the surface forms thiourea upon reaction with the amino-
modified oligonucleotide (D) An NHS-ester reacts with a nucleophilic group (NH,) of
the oligonucleotide creating a strong amide bond (E) An imidoester surface can be
used to form a stable amide bond between the amino-modified oligonucleotide and a
solid surface.
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2.3.2 Immobilization methods for protein attachment

The protein immobilization strategy is a key step in creating a successful protein-array
(Rusmini ef al., 2007). The immobilization of proteins to solid surface is more
challenging than fabricating DNA-arrays, because protein structures are complex and
they can easily lose their biochemical function due to denaturation (MacBeath and
Schreiber, 2000; Ramachandran et al., 2008; Templin et al., 2003). It is important to
achieve low non-specific binding of analytes and other components within the
biological sample. Another challenge is finding an immobilization method suitable for
all the attached proteins while maintaining their biological function (Kusnezow and
Hoheisel, 2003; Kusnezow et al., 2003). Antibodies with high affinity and specificity
should be used for antibody-based array fabrication (Templin ez al., 2002). In antigen-
based assays, the antigen size variation makes array fabrication challenging; the
antigen size may influence the surface interaction between antigen and solid support.
The antigen may also cause steric obstacles or it may be susceptible to conformational
changes upon immobilization.

Randomly orientated non-covalent immobilization

Proteins can be adsorbed to surfaces through electrostatic or hydrophobic (van der
Waals) interactions, conformational changes, polar interactions and Lewis acid-base
forces (Gray, 2004; Hlady and Buijs, 1996). Compared to DNA arrays, this makes
protein arrays more susceptible to non-specific adsorption to hydrophobic surfaces,
whereas, compared to proteins, it is much easier to suppress DNA's spontaneous
adsorption to a surface because of its negative charge (Jonkheijm et al., 2008). The
non-covalent interaction through adsorption depends on the protein and surface used
for the immobilization (Figure 3A). A problem in adsorption is insufficient
accessibility of active sites. If the protein is absorbed on the solid surface in a
disoriented way its conformation may change. The protein should preserve its
biological function and the functional sites accessible to target molecules (Zhu and
Snyder, 2003). This problem can be solved by using hydrogel arrays (Figure 3B).
These arrays are composed of three-dimensional hydrophilic polymeric networks
containing water, which helps the protein to preserve its native structure. However, the
disadvantage of hydrogel arrays is that unbound protein is difficult to remove from the
gel (Nakanishi ez al., 2008).

Randomly orientated covalent immobilization

Proteins can also be covalently attached to a modified two-dimensional solid surface
(Figure 3D). Usually, the surface used for immobilization lacks suitable functional
groups necessary for protein immobilization. The surface needs to be modified or
coated before proteins can be attached. For example, in ELISA applications a widely
used microtiter plate material is polystyrene, which can be chemically modified (1) by
a plasma oxidation treatment with organosilanes to generate thiol-groups on a
poly(dimethylsiloxane) surface, (2) by a 1,6-hexanediamine treatment to generate an
amine surface on a poly(methyl methacrylate) surface, or (3) by the sulfonation of a
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polycarbonate surface to generate sulfate groups for protein immobilization.
(Jonkheijm et al., 2008) Plasma immersion ion implantation (PIII) is another surface
modification technique used for polymers, that has been utilized in antibody array
applications. The PIII treated nitrocellulose slides enable antibody immobilization
without using linker chemistry (Kosobrodova et al., 2014).

The lysine side-chain amine groups in proteins together with free amino terminus are
mostly used for covalent immobilization (Rusmini et al., 2007). The NHS-ester is the
reagent most commonly used to form a stabile amide bond between protein amine
groups and a solid surface. Another common method is to use an aldehyde surface,
which reacts with primary amines on the proteins to form a labile Schiff’s base linkage
(MacBeath and Schreiber, 2000). The labile linkage can be stabilized by reduction
creating a stable secondary amine linkage (Rusmini ez al., 2007). Isothiocyanate- and
epoxide- surfaces can also be utilized for the covalent immobilization of proteins
through the amine groups in lysine residues. A protein molecule usually displays
many lysines on its surface, and in addition to the terminal amino group, it can be
covalently bound in variable orientations. Protein carboxylic acid groups (aspartic and
glutamic acids form a major fraction of protein surface groups) can also be used for
covalent immobilization onto an aminated surface utilizing a chemical coupling
reagent (e.g., carbodiimide activation) (Fernandez-Lafuente et al., 1993). In covalent
immobilization, the immobilization efficiency depends on pH value, concentration,
ionic strength, and reaction time (Jonkheijm et al., 2008).

Orientated immobilization of proteins

Oriented immobilization of the proteins will improve the surface homogeneity and the
accessibility of the protein active sites for enhanced array detection. Different
biologically active fusion proteins and fusion tags, e.g., cutinase (a serine-esterase),
glutathione S-transferese (GST), Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys (FLAG)
peptide, and hexahistidine tag (Hiss-tag) can be used for the oriented attachment of
proteins to solid surfaces (Cha et al., 2004; Hodneland et al., 2002; Nakanishi et al.,
2008) (Figure 3C, 3E-G). The enzyme cutinase binds to a glycol-terminated
monolayer surface presenting phosphonate ligase. Hodneland et al., 2002,
demonstrated that the protein calmodulin fused to cutinase can be used for site-
specific protein immobilization. GST-tagged proteins can be immobilized onto a
glutathione functionalized surface (Nakanishi et al., 2008). The octapeptide affinity
tag FLAG has been used for subtilisin immobilization on a surface coated with protein
A-conjugated anti-FLAG antibody (Wang et al, 2001). Kwon et al., 2006, have
developed a traceless fusion tag system based on split-intein-mediated protein
immobilization (Kwon et al., 2006). This traceless protein immobilization method is
based on the interaction of N-intein attached to the protein and C-intein fragments
attached to the surface. After the two fragments interact, they form an active intein
domain, which binds the protein onto a solid surface. A polyhistidine-tag, or His-tag,
typically consists of a string of 5-6 histidine amino acid residues. The His-tag
approach combines protein purification and immobilization steps needed for inert
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coating. Another benefit of His-tag approach is that the protein structure or function is
not usually interfered with. However, the binding of His-tag to a nickel-coated surface
is not strong (binding affinity ~ 1 uM) and this may cause the immobilized proteins to
dissociate from the surface (Nakanishi et al., 2008; Rusmini et al., 2007). In addition,
Kwon et al., 2006 have developed a traceless fusion tag system based on the split-
intein-mediated protein immobilization (Kwon et al., 2006). This traceless protein
immobilization method is based on the interaction of N-intein attached to the protein
and C-intein fragment attached to the surface. After the two fragments interact, they
form an active intein domain, which binds the protein onto a solid surface.

A bioaffinity approach using the high binding affinity (K = 10"> M™") between biotin
and streptavidin is also commonly utilized in protein immobilization (Figure 3E).
Streptavidin has four identical subunits, each binding one biotin molecule. The
primary amine groups of the target protein are coupled with a biotin reagent. The basic
biotinylation reagent is composed of the bicyclic biotin ring at one end of the structure
and a reactive functional group at the other end for the biomolecule attachment. These
biotinylation reagents are commercially available with linkers of different lengths. The
site-specific antibody biotinylation increases the analyte-binding capacity of the
streptavidin-coated surface compared to the randomly biotinylated antibodies (Peluso
et al., 2003). Unpaired heavy-chain cysteine of a recombinant antibody has been used
for site-specific antibody biotinylation (Ylikotila ez al., 2005).

Antibodies can be randomly oriented on the surface, as mentioned above, but it is
possible to achieve a more controlled orientation by using protein A or protein G
(Figure 3F). They bind specifically to the heavy-chain constant (Fc) region of the
antibody, and the antibody binding sites located on the Fab variable region remains
accessible for the target antigen (Aybay, 2003). Protein A was found in the cell wall of
Staphylococcus aureus and protein G on the surface of streptococcal cell. Both
proteins interacted mainly with the Fc part of IgGs. However, the protein G is able to
bind both the Fab and Fc portions of IgG, and protein A is able to bind the Fab
fragment of human IgM (Aybay, 2003). Protein G offers a broader binding capacity
towards different immunoglobulin species (including goat, sheep, and all murine
isotypes) and IgG subclasses than protein A (Nomellini et al., 2007). DNA-directed
protein immobilization is another site-specific protein attachment bioaffinity strategy.
In this approach, proteins are coupled with single-stranded DNA moieties through
direct covalent attachment, bifunctional linkers, streptavidin-biotin interaction, or
expressed protein ligation (Washburn et al., 2011).

Oriented covalent protein immobilization can be achieved if only one thiol (-SH)
group in the cysteine amino acid side chain is used for the attachment. The cysteine
residues should be exposed in a solvent-accessible region of the protein so that the
structural elements are not involved in the immobilization process. The thiol group
selectively reacts with a-haloacetyl- and maleimide-modified surfaces forming a
stable thioether bond (Rusmini et al., 2007). Free thiol groups are present at selected
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locations on antibodies, but they can also be generated by chemically reducing the
disulfide bridges. Cysteine can also be utilized as a functional surface. C-termini
thioester conjugated proteins can be attached to a N-terminal cysteine residue surface.
Copper-catalyzed 1,2,3-triazole also called “click” chemistry can be used for site-
specific protein immobilization (Lin ef al., 2006b). This chemical method is based on
alkyne- or azide-functionalized proteins which are spotted onto an azide- or alkyne-
functionalized surface, respectively. Another cycloaddition reaction used for covalent
protein immobilization is heat initiated Diels-Alder reaction (Sun et al., 2006). The
reaction usually takes place between an electronically matched dienophile and a
conjugate diene to form an unsaturated six-membered cyclohexene ring structure.

Protein Affinity tag
or
Functional group
\ B
Hydrogel \

\ Biotin
Antibody
Streptavidin ETSIARUS lutathione

E F G

Figure 3. Protein immobilization methods. (A) Physical adsorption, (B) Hydrogel
immobilization method, (C) His-tag immobilization to the Ni-coated surface, (D)
Immobilization to chemically modified surface, (E) Streptavidin-mediated, (F) FLAG-
tag-mediated and (G) Glutathione/GST-mediated immobilization (modified from
Nakanishi et al., 2008).

2.4  Optical detection methods for solid-phase array

2.4.1 Fluorescent labels

Conventional optical detection methods (e.g., fluorescence, chemiluminescence,
colorimetry, and surface plasmon resonance) offer sensitive and specific detection of
biomolecules in sample material (Heller, 2002; Sassolas ef al., 2008). The traditional
way of read-out the hybridization of a surface-bound target on a two-dimensional
array, especially DNA arrays, is fluorescence-based detection (Nagl et al., 2005).
Fluorescence is a three-step process where a fluorophore or fluorescent dye absorbs a
photon of light, moves to an excited state and eventually returns to ground state. In the
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third stage of the process where the photon returns to the ground state it loses the
energy by emission at a different wavelength than the incident light (Espina et al.,
2004). Fluorescence is the most attractive array detection technique due to its excellent
sensitivity and specificity as well as the low cost and flexibility of the method.

Organic dyes

The most commonly used labels in bioaffinity assays are organic fluorophores. These
labels are simple to use, and they are easily conjugated to different biomolecules. In
addition, they have high stability, solubility and biocompatibility in aqueous buffer
solutions (Nagl et al., 2005). The most commonly used fluorescent labels for array
read-out are cyanine 3 (Cy3) and cyanine 5 (Cy5) dyes, which are usually used in one-
color or two-color detection (Patterson et al., 2006; Shalon ef al., 1996). In a one-color
approach the hybridized sample is labeled with a single fluorophore (e.g., Cy3 or
Cy5), whereas in a two-color approach, two samples (e.g., experimental and control)
are labeled with different fluorophores (Cy3 and Cy5) and hybridized together in a
single array (Patterson et al., 2006). Cy3 has green fluorescence (~550 nm excitation,
and ~570 nm emission) and Cy5 has red fluorescence (~649 nm nm excitation and
~650/670 nm emission). Other typical organic fluorescent dyes used for array
detection are derivatives of Alexa Fluor, fluorescein, rhodamine, and BODIPY
(Espina et al., 2004; MacBeath and Schreiber, 2000).

Organic labels have many drawbacks limiting their use in bioaffinity assays. These
dyes are sensitive to photobleaching, which means that the Iuminescence is
irreversibly turned off (Schiferling and Nagl, 2006). Organic dyes are rarely bright
enough to permit quantitative specific signal detection over the background
fluorescence and these conventional labels have a short life-time. This is a clear
disadvantage in bioaffinity assays. Moreover, their fluorescence spectra are not
symmetrical and each fluorophore is characterized by its specific optimal wavelength
of excitation, which limits their multiplexing capabilities (Nagl et al., 2005; Resch-
Genger et al., 2008).

Nanoparticles

Highly luminescent nanoparticles can be utilized in multiplex imaging. The
nanoparticles are composed of a core-shell structure with a silica, polymers,
semiconductors, metals or inorganic crystals shell and doped with luminescent
materials. The silica nanoparticles embedded with Alexa Fluor 647 have been shown
to increase the DNA-array detection sensitivity (Liu ef al., 2011). The main advantage
of using nanoparticles instead of single dye molecules is that the shell structure can
encapsulate many dye molecules by protecting the dopants from environmental
influences in the surrounding aqueous matrix (Nagl et al., 2005). The shell structure
also protects the fluorescent dye molecules from photobleaching, which in turn
enhances the fluorescence. The functional groups on the shell also enable chemical
coupling to biomolecules and can be of further use as labels in bioanalytical assays.
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Quantum dots (QDs) are highly fluorescent colloidal semiconductor nanocrystals
(Dabbousi et al., 1997), that are 20—100 times brighter than organic fluorescent dyes
(Rousserie et al., 2010). Their fluorescence emission wavelengths can be adjusted by
varying their size (Dabbousi et al., 1997). QDs of different diameters (colours) can be
excited with the same excitation wavelength using a single blue or UV light source.
QDs provide unique possibilities for multiplexing without an overlap of signals from
different labels, enabling the quantitative detection of low fluorophore-specific signal
over background fluorescence (Eastman et al., 2006). Their advantages also include
excitation in a broad range, narrow (20-30 nm) non-overlapping emission peaks,
photostability, high quantum yield of luminescence, and good chemical stability
(Resch-Genger et al., 2008). However, QD size (2.5-100 nm depending on the coating
thickness) and stability are dependent on the core/shell components (Hardman, 2006).
The drawbacks of these labels are single crystal emission blinking and a lower
quantum yield compared to the organic dyes (Bagwe et al., 2004). A further drawback
is also that the QD core is composed of toxic heavy metals (e.g., cadmium) making
these labels unsuitable for in vivo applications (Hardman, 2006). Fluorescent organic
dyes and QDs are normally excited by ultraviolet or visible light, which may induce
autofluorescence, resulting in low signal-to-noise ratio and limited sensitivity.
Because of these drawbacks, another novel label technology with crystals known as
upconverting phosphors have been developed.

2.4.2  Upconverting phosphors

Upconverting phophors (UCPs) are inorganic crystals composed of a host lattice
doped with trivalent rare earth lanthanide ions (Ln’"). These Ln*" ions can exhibit
sharp luminescence emissions via electronic transitions (Auzel, 2004). They have also
remarkable luminescence properties, such as narrow bandwidth, long-time emission,
and anti-Stokes emission. Conventional fluorescent labels are downconverting, which
means that they convert higher-energy (shorter wavelength) light to lower-energy
(longer wavelength) emitted light. However, UCPs have a capability to sequentially
absorb two or more photons when they are excited with low-energy near-infrared
radiation and they emit photons of higher energy at the visible wavelengths (Figure 4).
Thus, the UCP emission is anti-Stokes shifted. Most of the Ln’" ions can undergo an
upconversion process, but only a few Ln’" ions (e.g., Er'" and Tm’") produce efficient
upconversion. The activator dopant ions, commonly Er’", Tm’" and Ho®', are
absorbing and emitting the photons. Usually, UCP crystals are doped with two ions, an
activator ion and a sensitizer ion (usually Yb’"), to enhance the upconversion
efficiency (Haase and Schéfer, 2011). The sensitizer ions absorb the excitation energy
and transfer it to the activator ions, which produce the emission (Figure 5A). The
principle of upconversion is illustrated in Figure 5B.
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Figure 4. Basic principle of downconversion and upconversion photoluminescence
processes. Fluorescent label (FL) absorbs a single high-energy photon and emits a
lower energy photon. In contrast, upconverting phosphor (UCP) sequentially absorbs
two (or more) low energy photons and emits one higher energy photon at visible
wavelengths.
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Figure 5. (A) Illustration of nanoparticle architecture showing the absorption of NIR
light by the shell (red) and subsequent energy transfer to the Er’* / Yb*" co-doped core
(green), which leads to emission in the blue, green, and red wavelength regions.
(Vetrone et al., 2009) (B) The anti-Stokes photoluminescence, i.e., upconversion
process of the UCPs. UCPs are excited with low-energy near-infrared radiation and
emit photons of higher energy at visible wavelengths in the absence of
autofluorescence (modified from Soukka et al., 2005).
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Halides (e.g., NaYF,), oxides (e.g., Y,03) and oxysulfides (e.g., Y>0,S) have been
used as host materials. The most common and efficient near-infrared to visible
upconverter host is NaYF, halide. Compared to other halides (e.g., chlorides and
bromides) NaYF, fluoride is a more suitable host material due to its high refractive
index, high chemical stability, high transparency arising from low-energy phonons,
and minimized energy loss by non-radiative relaxation. Chlorides and bromides are
also sensitive to moisture and are, therefore, unsuitable for labeling biomolecules.
These advantages further lead to a low probability of nonradiative decay and increased
luminescence quantum yield. In addition to the host material also the crystal structure
influences the efficiency of the upconversion emission (Heer et al., 2004; Wang et al.,
2011). The challenge is to synthetize UCPs with controlled particle shape while
maintaining uniformity in size and surface functionality. These challenges have
limited the use of UCPs in bioanalytical studies.

Upconversion mechanism

Converting long-wavelength infrared radiation into short-wavelength light is called an
anti-Stokes emission process. Simultaneous two-photon absorption is a well-
established method for generating anti-Stokes emissions from a host of luminescent
materials, such as semiconducting nanoparticles (Larson et al., 2003). Alternatively,
second-harmonic generation can be used to produce an anti-Stokes emission (Franken
et al., 1961). However, these two methods require expensive pulsed lasers with high-
density excitation (10°~10° W cm™). Another anti-Stokes emission process called
upconversion process involves real long-lived metastable states with lifetimes on the
microsecond scale, and in this case inexpensive continuous-wave lasers can be used to
excite the upconverting materials. Upconversion, typically energy transfer
upconversion (ETU), is an efficient way to produce an anti-Stokes emission. ETU is
realized through energy transfer between two neighboring ions in close proximity. In
this process, a sensitizer ion absorbs a photon and is excited to the intermediate level
(located in the NIR). The sensitizer ion non-radiatively transfers the energy to the
activator ion, which excites to the intermediate level while the sensitizer ion relaxes
back to the ground stage. A second energy transfer promotes the activator ion to the
emitting level (located in the visible wavelengths). Two other basic upconversion
mechanisms are excited state absorption, and photon avalanche (Wang and Liu, 2009).
NaYF, doped with Yb*" and Er'" produces green, red and blue upconversion
luminescence. A change in the temperature, the particle morphology and size, the
average distance between the neighboring dopant ions, and dopant ion concentration
all have dramatic effects on the UCP efficiency and the luminescent properties. The
most obvious effect is a change in the color of the emitted light. (Suyver et al., 2005;
Vetrone et al., 2004)

Surface modification

Synthetized UCPs have no functional surface groups that could be used for the
attachment of a biomolecule (e.g., proteins, DNA, or biological macromolecules). A
surface modification step is needed to turn the UCPs from hydrophobic into water-
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dispersed and introduce functional groups on the particle surface for subsequent
biomolecule conjugation. Surface modification by a silica shell is the most common,
and practical approach, which creates functional groups (e.g., amino or carboxylic acid
groups) on the UCP surface. The silica shell has some attractive properties as it is
chemically inert, optically transparent, and resistant to swelling or porocity changes in
the event of a pH variations. The functional groups introduced on the silica shell can
be used for linking biomolecules covalently to UCPs; the biomolecule must also bear
a functional group to form the covalent bond. After the UCP biomolecule conjugation
reaction the unbound biomolecules and unreacted chemicals can be separated from the
bioconjugated UCPs by using a high gradient magnetic separation system based on the
intrinsic paramagnetic properties of the lanthanide ions. This process is especially
suitable for the purification of nanosized upconverting particles (UCNPs). (Arppe et
al.,2013)

UCP reporters in bioanalytical assays

Previous work with UCPs has demonstrated the high sensitivity potential of this
reporter technology in multiple applications (Corstjens et al., 2005; Kuningas et al.,
2005b; Rantanen et al., 2009; Soukka er al., 2008; Zijlmans et al., 1999). UCP
technology has been used in in vitro nucleic acid assays and immunoassays for the
assay detection. It is also a suitable photoluminescence imaging technique for in vitro
and in vivo applications because the NIR excitation is safe for biological tissue and
enables deep tissue penetration. UCPs have already been used in in vivo luminescence
imaging (Mi et al., 2011; Wang et al., 2013a). They have many advantages that make
them attractive labels for imaging based assays. A main advantage is that the
background is eliminated at visible wavelengths under infrared radiation. The
autofluorescence originating from the assay material (e.g., plastic microtiter plate) or
biological sample and scattered infrared excitation light can be avoided by using an
infrared flux to excite the UCPs and collecting the emission at the visible wavelengths.
This enables a simple fluorescence read-out and fluorescence scanning or imaging
from solid-phase, similar to conventional fluorescence, but it also adds the advantage
of total background reduction enabling sensitive assays (Soukka et al., 2005; van de
Rijke et al., 2001).

2.4.3 Instrumentation

For the detection of surface-bound targets many different array readers can be used.
The fluorescence array readers are based on the fluorescence intensity measurement.
These instruments are composed of an excitation light source, optical filters and a
detector. There are basically two different approaches for array detection: scanning the
array surface point by point or the illumination of the entire array surface
simultaneously (imaging). Both of these techniques are discussed in more detailed
below.
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Scanning

Scanners are opto-electro-mechanical devices for array read-out. The instruments are
equipped with one to three laser light sources, a detector, and electricity along with
moving mechanical parts (Bally et al., 2006; Schiferling and Nagl, 2006). With a
focused laser beam of a few microns in diameter, line-by-line scanning of the array
surface is performed deflected in the x and y directions, and moving the array or
lenses relative to the laser beam (Lyng et al., 2004). Based on the moving mechanical
parts, the scanners can be classified as lens moving array scanners, where the lenses in
the scanner move while the array is scanned, or as moving array scanners (Figure 6),
in which the array platform moves while scanning is in process. The latter approach
causes less scanning errors than the former one. For the sample illumination, different
light sources (e.g., laser or white light) can be used along with the optical filters
enabling the selection of the proper excitation wavelength for the fluorescent dyes.
The mirrors, filters, and lenses enable the separation of dye emitted light from
unwanted light. The array is scanned pixel by pixel and the emission is collected by a
photo multiplier tube (PMT) or charge-coupled device (CCD) camera. The detector
amplifies the signal from each photon, and the amplified photons are converted into a
digital value that represents the signal intensity at each pixel position creating an
image (Pickett, 2003). In the confocal array scanner, a focused laser beam is used for
the projection of excitation light and only a focused light is collected through a
pinhole (Perraut ef al., 2002). When using confocal detection optics, the fluorescent
background signal originating from the bulk solution can be reduced because these
photons have a low probability of reaching the detector through the pinhole (Bally et
al., 2006).

The most common scanner is the two-color array scanner utilizing PMT detection. The
scanner uses two independent lasers, and depending on the laser, one or two
independent PMTs for signal detection. The lasers are used to excite the red and green
fluorescent molecules either simultaneously or in subsequent scans. The separate
bands of the emitted red and green photons are passed through optical filters to PMT
for detection. The two images of the entire array, one for each dye, are constructed
after transforming the photons into a digital value. Typically a 16-bit tagged image file
format (tiff) image corresponding to the intensity and location of each color of
fluorescent molecule is created. Bits per pixel (bpp) determine how many colors or
shades of gray each pixel can represent (e.g., a 1 bpp image uses 1-bit for each pixel,
so the pixel can be either on or off: 2' = 2 colors; 16 bpp: 2'® = 65,536 colors).
(Schéferling and Nagl, 20006)
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Figure 6. The main components of a moving array scanner (Schiferling and Nagl,
20006).

Hyperspectral scanning

In standard array scanners, the wavelength selectivity is obtained by positioning band-
pass filters in front of a detector. However, hyperspectral scanners can be used for
multicolor array detection. They record the entire visible emission spectrum within the
imaged array area. This allows the discrimination of multiple, spectrally overlapping
fluorescent labels with minimal use of optical filters. Hyperspectral scanning uses two
lasers for the excitation of dyes in the visible and near-infrared spectral regions. In
addition, two-sided oblique line illumination is used. This is generated with a Powell
lens combined with proper optics and CCD detector. The scanned data is assembled
into a three dimensional hyperspectral data cube containing the full emission spectrum
for each x-y location on the sample. Hyperspcetral scanning coupled with multivariate
analysis enables the elimination of unwanted artifacts and produce contaminant-free
images. (Erfurth et al., 2008; Sinclair ef al., 2004; Timlin et al., 2005)

Imaging

Imaging is another technique used for array detection. Compared to scanning, imaging
an array saves time and eliminates alignment problems. The CCD arrays can be used
for 2-D imaging to improve time-resolution and perform real-time imaging (Mogi et
al.,2011). The CCD photodetector is constructed from silicon, which is organized as a
regular array of thousands or millions of light-sensitive regions called pixels. The
photodiodes are used for photon detection by capturing and storing image information
in the form of a localized electrical charge that varies with incident light intensity.
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CCD’s are not as accurate as PMT’s but they have multiple pixels that allow the
imaging of the entire array at once (Schéferling and Nagl, 2006). The imaging
significantly reduces the time needed for array detection compared to array scanning.

Array detector performance

The reader instruments should have high sensitivity, resolution, signal-to-noise ratio,
and wide dynamic range in order to produce reliable digital images. The pixel
saturation rate and signal-to-noise ratio (SNR) are two important characteristics used
to evaluate the array detector performance, i.e., signal quality and reliability. The pixel
saturation is caused by the physical limitation of the array detector. This happens
when the detected number of photons exceeds the maximum number that the detector
can process (Yang et al., 2011). If the saturation is reached, the measured spot
intensity is underestimated. The pixel saturation can be avoided by adjusting the
detector voltage appropriately. In case of low-intensity spots higher detector settings
can be used to improve the SNR. The SNR quantifies how well a system can separate
the specific spot signal from the background noise. The detectors, such as PMT and
CCD, have many sources of noise. The major sources of noise associated with the
CCD camera are dark noise, read-out noise, and shot noise (Salama et al., 2004). The
read-out noise originates from the conversion of the electrons in each pixel to a
voltage on the detector output node. Shot noise present on the image itself is due to the
random arrival or fluctuation of photons on the detector, which produces noise
electrons. Dark signal is inherent from electrons generated by thermal excitation
instead of by photoexcitation and it increases with long exposure times. To reduce
dark signal and to achieve better SNRs CCD’s are cooled before the detection (Golden
and Ligler, 2002).

2.4.4  Other selected detection methods and their applications

Surface-enhanced Raman scattering

Surface-enhanced Raman scattering (SERS) is enhanced Raman scattering of
molecules adsorbed on a surface. The Raman signal provides information about the
unique vibrational modes of molecules. A Raman dye can be either fluorescent or
nonfluorescent, and a dye molecule can be chemically modified to have a different
Raman spectrum (Cao ef al., 2002; Kneipp et al., 1999). The Raman labels have many
advantages. Firstly, photobleaching is absent in Raman scattering. Secondly, SERS
peaks are narrow (below 0.5 nm), so spectral overlap is minimized, and thus a large
number of coding can be created by a combination of chemicals (Chen et al., 2008).
The Raman signal from the sample can be significantly enhanced via adsorption on a
metallic nanostructured surface. The signal amplification results from an increased
electromagnetic field experienced by the molecules in close proximity to the metal
surface (Driskell er al., 2010). The characteristic Raman spectrum can act as a
vibrational fingerprint to directly identify molecules in proximity to the metal
substrate. The Raman reporters coupled to gold nanoparticles (Hong and Li, 2013;
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Kim et al., 2012; Li et al., 2008) or silver nanoparticles (Jun et al., 2007) are used to
enhance the Raman scattering of molecules adsorbed on metallic surface. The SERS
nanoparticle labels are suitable for low-density multiplex testing (Cao et al., 2003).
The functionalized multicolor single-walled carbon nanotube Raman tags can also be
used for multiplex assays (Chen et al., 2008). The SERS method has been used in
multiplex rotavirus diagnostics. Driskell et al., 2010, developed a rapid and sensitive
assay for the detection and typing of rotaviruses. The assay was able to discriminate
the rotavirus-positive samples from the rotavirus-negative samples by the spectral
shape. In addition, the SERS spectra are similar for each positive strain but based on
the relative intensities of each band the strain and genotype could be determined
(Driskell et al., 2010). Another example of multiplex SERS detection is a silver
nanorod array for the rapid detection of influenza viruses, adenoviruses, and
respiratory syncytial viruses (Shanmukh ez al., 2006).

Chemiluminescence

The ELISA microwell immunoassays are applicable for the development of
chemiluminescence-based insoluble array assays (Avseenko et al., 2002). In the
chemiluminescence process the emitted light is produced by a chemical reaction.
Alkaline phosphatase (AP) and horseradish peroxidase (HRP) are commonly used
enzymes in chemiluminescence detection systems. Mendoza ef al., 1999, used the AP
enzyme to catalyze the enzyme-labeled fluorescence (ELF) substrate, which produced
a fluorescent precipitate. The emission from a precipitated spot was detected by
scanning the array with a CCD imager equipped with a UV light source (Mendoza et
al., 1999). Wiese et al., 2001, have developed a quantitative multiplex ELISA for the
simultaneous measurement of PSA, a;-antichymotrypsin-bound PSA, and interleukin-
6 (Wiese et al., 2001). An antigen-based allergen array utilizing tyramide signal
amplification was developed. This method used Alexa546-labeled tyramide coupled to
a biotinylated anti-hIgE and a streptavidin-coated HRP system as the reporter for
allergen-specific IgE’s on array. The tyramide amplification system was sensitive
enough to detect amounts below 1 fg of allergen-bound IgE in human serum
(compared to 24 fg without tyramide amplification) (Bacarese-Hamilton ef al., 2002).

Colorimetry

Enzymes used for chemiluminescence detection can also be used in colorimetric
detection to form a colored precipitate. The colorimetric detection method is not as
sensitive as the fluorescence or chemiluminescence systems, but it can be utilized in a
low-density array detection method. A DNA-array based on enhanced colorimetric
detection has been developed e.g., for the detection of Staphylococci species, the
enhancement was obtained by using the silver precipitation onto nanogold particles. In
this colorimetric multiplex approach, the detection limit was comparable with that of
the conventional fluorescent label based array detection (Alexandre et al., 2001). In
addition, Le Goff et al., 2011, have used immobilized glucose oxidase on a porous
membrane for the local in situ production of the hydrogen peroxide necessary for
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3,3’,5,5 -Tetramethylbenzidine (TMB) oxidation by HRP. This enhanced colorimetric
detection yielded blue precipitated positive spots (Le Goff et al., 2011). Moulton et
al., 2011 have utilized a signal amplified ampliPHOX colorimetric detection method
for influenza DNA-array. Here, the biotinylated targets are captured on the array and
labeled with a streptavidin coupled photoinitiator (ampliTAG). In the next step, light
activates the ampliTAG, which generates signal amplification through the
polymerization of an organic monomer (ampliPHY) only in regions with ampliTAG
targets. After polymerization transparent solid polymer spots are formed, and the spots
are finally stained red (Moulton et al., 2011).

Label-free detection

Label-free detection requires sophisticated instrumentation and it is usually not as
sensitive as label-based detection (Ray et al., 2010). Two selected label-free methods,
i.e., surface plasmon resonance imaging and imaging ellipsiometry are discussed.
Surface plasmon resonance imaging (SPRi) technology is a label-free real-time
method for visualizing the array with a laser diode and capturing the whole array
image by a CCD camera. The SPRi measures the reflectivity of the incident light at a
fixed angle and the reflectivity is correlated with the changes on the array surface (Yu
et al., 2006). The SPRi have been used for the rapid and specific multiplex detection
of bacterial pathogens (Bouguelia et al., 2013). Immobilized proteins on a gold-
covered glass prism surface provide SPRi information from each active spot
simultaneously. With the real-time visualization of the entire biochip surface, SPRi
can monitor the reflection intensity of hundreds of molecular interactions continuously
and simultaneously. This creates a multi-array format of molecular probes formed as
circular or square spots. The array quality can be monitored by viewing the surface
image of the measurement area. The regions of interest are selected, for example,
according to spot shape, size and quality. Direct image control of the surface also
helps to identify and reduce the ubiquitous problem of non-specific binding by
defining spots without receptors and spots on gold, to be used as negative control
surfaces. However, the drawbacks of SPRi are low sensitivity and non-specific
adsorption, which cause high background reflection intensity. Higher sensitivity is
achieved when SPRi is used with a combination of fluorescent label. Gold
nanoparticles can also be used for signal enhancement in SPRi (Scarano ef al., 2010).

Imaging ellipsiometry is another label-free detection method that can be utilized for
array detection. Imaging ellipsiometry measures change in the polarization state of the
incident light, which depends on the thickness of thin films and the optical properties
of surface layers. In this detection method, the surface of an array can be scanned by a
laser beam with an x/y-resolution of approximately 1 um. The polarization analyzer is
combined with a CCD camera and ellipsometric contrast images can be generated,
visualizing the thickness of a surface coating in relation to the blank area around the
spots. (Ray et al., 2010; Schéferling and Nagl, 2006) Imaging ellipsiometry is
preferentially used for array development, quality control purposes, and the
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characterization of monolayer properties. In one application, this method has been
used for the detection of hepatitis B virus markers in an array format (Qi et al., 2009).

2.5 Viruses and proteins used in the studies

2.5.1 Human adenoviruses

Human adenoviruses (hAdVs) belong to the genus Mastadenovirus of the family
Adenoviridae. In humans, there are over 60 different adenovirus (hAdV) genotypes,
which are classified into seven sub-groups or species designated A to G (Robinson et
al., 2013). An adenovirus particle is composed of an icosahedral, non-enveloped,
medium sized (70-90 nm diameter) nucleocapsid. Inside the capsid, there is a linear
double-stranded DNA genome (~ 35 kb). The outer side of the capsid is composed of
two major proteins: hexons (n = 240) as trimeric subunits and pentons (n = 12).
Pentons are composed of two distinct structural units: a pentameric penton base
associated with a trimeric fiber (Figure 7). The fiber facilitates the virus attachment to
host cell receptors. Along with the different DNA homology and genome stability
(e.g., GC content), the fiber length varies between the hAdV genotypes (Adam e al.,
1986). The type-specific determinants are present in the hexon and penton proteins
(Wigand et al., 1982). Based on sequence analysis, hexon protein sequence can be
divided into four conserved (C1 to C4) and three variable regions (V1 to V3) (Figure
8). The conserved regions (765 amino acids) are constant in length, and the protein
sequences differ by less than 15%. Many approaches for the detection and typing of
hAdVs are specifically based on the hexon variable or conserved sequences (Biere and
Schweiger, 2010; Cao et al., 2011; Ebner et al., 2005; Ebner et al., 2006; Lu and
Erdman, 2006). Due to the very efficient nuclear entry mechanism of the adenovirus
and its low pathogenicity for humans, adenovirus vectors have become widely used as
gene transfer and vaccine vectors for the treatment or prevention of malignant diseases
(Shiver et al., 2002; Sullivan et al., 2000; Vogels et al., 2003).

Epidemiology

Adenoviruses cause epidemic (many cases in a given area in a short period of time),
endemic (constantly present in a population), and sporadic (occasional cases)
infections worldwide. Adenovirus infections usually occur during late winter, spring,
and early summer, but infections may occur throughout the year (Chen et al., 2013;
Jin et al., 2013). Most adenovirus infections occur early in life, and by the age of 10
years, most children have been infected with at least one type (Jin ef al., 2013; Pacini
et al., 1987). Adenovirus infections are also frequent among adults. The
epidemiological characteristics of hAdV infection vary by viral genotype. Different
hAdV types cause a wide range of acute and chronic diseases and, depending on the
geneotype of the virus, adenovirus can cause acute respiratory syndrome,
conjunctivitis, keratoconjunctivitis, gastroenteritis, and haemorrhagic cystitis. Not all
of the known hAdV types cause illness, and approximately half of the types are only
rarely encountered and may or may not act as pathogens in a recognizable disease.
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Acute respiratory diseases are mainly caused by species B, C, and E (C01, C02, E04,
C05, C06 B03, B07, B11, and B14) (Guo et al., 2012; Lai et al., 2013; Zou et al.,
2012). Types D08, D19, and D37 in sub-group D are known to cause epidemic
keratoconjunctivitis characterized by inflammation of the conjunctiva and cornea
(Kaneko et al., 2009). Gastroenteritis has been mainly associated with sub-group F
types F40 and F41 (Li et al., 2004; Uhnoo et al., 1984). The presence of hAdV type
D36 antibodies in the serum has been associated with pediatric obesity and severe
obesity in adults but direct evidence of obesity induced by the virus comes only from
animal experiments (Almgren et al., 2012). Diseases caused by hAdV types are
usually mild, but severe infections are not uncommon. Children, and in some
circumstances also healthy adults, may develop pneumonia or even acute respiratory
distress syndrome, and in immunocompromised patients (e.g., patients with one of the
immunodeficiency diseases, patients being treated with cytotoxic and
immunosuppressive drugs, or blood and bone marrow transplant recipients) hAdV
infection can cause life-threatening disease (Chen et al., 2013; Chuang et al., 2003;
Hierholzer, 1992; Kuo et al., 1990; La Rosa et al., 2001).

DNA genome

Figure 7. Adenovirus particle. Adenoviruses are non-enveloped, double-stranded
DNA viruses with icosahedral capsid. Viral capsid is mainly composed of hexon
proteins and pentons. Fiber facilitates the virus attachment to host cell receptors.
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C2 (222-248)
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C1(1-137) C3 (316-419) C4 (460-961)

Figure 8. Schematic illustration of the hexon protein sequence structure. Conserved
region can be divided into four regions C1 to C4 (amino acid positions). The amino
acid positions are based on the reference serotype C02. Variable regions (V1 to V3)
are located in the loops 1 and 2. The V1 to V3 regions are on the outer surface of the
virus particle and represent potential epitopes for recognition by neutralizing
antibodies (modified from Ebner et al., 2005).

Adenovirus types B03, EO4, and BO7 are more virulent and are more likely to spread
than other hAdVs and they commonly cause outbreaks (Barraza et al., 1999; Kim et
al., 2003; Lebeck et al., 2009; Mizuta et al., 2006). These types are most commonly
associated with acute respiratory infections. In addition, the hAdV types B04 and B03
have been reported to cause outbreaks of febrile disease with conjunctivitis by
spreading in small lakes or swimming pools without adequate chlorination (Artieda et
al., 2009; D'Angelo et al., 1979; Xie et al., 2012).

Since 2007, previously rarely reported hAdV type B14 has been associated with
several outbreaks of acute respiratory illness among U.S. military recruits and the
general public (Louie et al., 2008; Tate et al., 2009). The hAdV type B14 was first
reported in Oregon in 2005 as the dominant hAdV type (Lewis et al., 2009). This type
has also emerged in Europe and China causing severe and also fatal infections (Carr ef
al., 2011; Huang et al., 2013; O'Flanagan et al., 2011; Parcell et al., 2014) The
development of new rapid diagnostic tools for the identification and improved
surveillance of these emerging genotypes and new variants causing severe diseases is
important and may assist in the development of targeted antiviral agents or type-
specific vaccines. The benefits of vaccination against hAdV infections have been
demonstrated by the experience in the US military where, from 1970, basic trainees
were vaccinated against hAdV genotypes E04 and BO7. In the mid-1990s, the
adenovirus vaccine manufacturer stopped the vaccine production, and in 1999, the
supplies were exhausted, after which especially the genotype E04-associated febrile
respiratory illness returned to basic training installations. Recently, the adenovirus
tablet vaccine was restored to use at all U.S. military recruits. Disease and adenovirus
genotype E04 isolation rates have fallen dramatically since vaccinations resumed in
October 2011 and they continue to remain very low (Hoke and Snyder, 2013).
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2.5.2 Human parvovirus B19

Human parvovirus B19 (B19V), belonging to the family Parvoviridae and genus
Erythrovirus, was first identified in 1974 (Cossart et al., 1975; Siegl et al., 1985).
B19V is a small, icosahedral, non-enveloped (18-25 nm diameter) virus. Inside the
protein shell, i.e., the capsid, is a single stranded linear DNA genome. The virus
capsid is formed of 60 subunits of two capsid proteins, VP1 (4% of the capsid,
molecular mass 84 kDa) and VP2 (96%, 58 kDa). These two structural proteins have
identical amino acid sequences, but VP1 has an extra, unique sequence region at the
N-terminus. (Kaufmann et al., 2004; Ozawa and Young, 1987) The BI9V is
replicating in erythrocyte precursors (Heegaard and Brown, 2002). In patients with
hemolytic disorders, the B19V may cause an aplastic crisis, which transiently halts the
production of red blood cells in the bone marrow. In immunocompromised patients, a
persistent B19V infection will cause pure red cell aplasia and chronic anemia. The
B19V is causing infections worldwide. In children, B19V causes erythema
infectiosum (i.e., rash), whereas in adults, the infection is often asymptomatic, but
may also be associated with arthralgia, which produces polyarthritis resembling
rheumatoid arthritis. Polyarthritis is defined as inflammation (i.e., swelling,
tenderness, and warmth) of five or more small joints. In pregnant women, the primary
B19V infection may cause foetal damage, such as fetal death in utero, fetal hydrops,
or development of congenital anemia especially before 20 weeks gestation (Giorgio et
al., 2010; Heegaard and Brown, 2002).

Virus-like particles

B19 virus-like particles (B19-VLPs) made of VP2 proteins are self-assembling non-
infective bionanoparticles that are identical to natural virions, but contain no DNA
(Pattenden et al., 2005; Sanchez-Rodriguez et al., 2012). On their surface, these
particles expose multiple conformational epitopes that are recognized by IgG
antibodies produced in acute phase of infection as well as during convalescent phase.
By contrast, chemically denatured VP2 particles exhibiting linear epitopes are
recognized exclusively by acute-phase IgG antibodies (Soderlund et al., 1995b). Self-
assembled VLPs (VP2) can be produced in vitro. Typically, recombinant VP2 protein
is expressed in a baculovirus expression system and production is carried out in
eukaryotic expression systems (e.g., Spodoptera frugiperda cells). (Kaikkonen et al.,
1999) pH, temperature and ionic strength are critical parameters that determine the
VLPs' stability. Homogeneous VLPs assemble at neutral pH, while the small
intermediates are formed at acidic and basic pHs, with low ionic strength. The in vitro
self-assembled VLPs are highly stable at 37°C, and a significant fraction of these
particles remain assembled after 30 min at 80°C (Sanchez-Rodriguez et al., 2012).

Prevalence and diagnosis of B19V infection

The diagnosis of B19V infection is primarily based on the detection of BI9V specific
IgM and IgG antibodies in serum by an immunoassay. The IgM antibodies appear
within 2 to 3 days after onset of symptoms (rash) and may persist up to 4 months
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(Heegaard and Brown, 2002). B19V IgG appears a few days after [gM and usually the
immunity lasts for a lifetime (Heegaard and Brown, 2002). Acute or recent infection is
usually diagnosed by measuring serum IgM antibody levels, IgG seroconversion, or
rising titres of IgG (Enders et al., 2006; Sabella and Goldfarb, 1999). Two ELISA
assays based on IgG epitope-type specificity (Soderlund et al., 1995b) and IgG avidity
measurement (Soderlund et al., 1995a) have also been developed to discriminate
primary B19V infection from secondary infections. It has been demonstrated that IgG
antibodies are synthesized against an immunodominant heptapeptide (Lys-Tyr-Val-
Thr-Gly-Ile-Asn) epitope in the VP2 molecule, exclusively, in the acute phase of
B19V infection (Kaikkonen et al., 1999). Besides the peptide, chemically denatured
VLPs also exhibiting linear epitopes are recognized exclusively by acute-phase IgG
antibodies (Kaikkonen ef al., 2001; Séderlund et al., 1995b).

The prevalence of IgG antibodies directed against B19V increases with age. In infants
under one year of age, the maternally derived anti-B19V IgG antibody levels fade with
time. The anti-B19V IgG prevalence varies from 2—15% in small children between the
ages of 1-5 years, 15-60% in older children and in young adults between the ages of
6-19 years, 30—60% in adults, and > 85% in the geriatric population. (Anderson et al.,
1986; Cohen and Buckley, 1988; Tsujimura et al., 1995). As B19V infection may
cause complications during pregnancy, especially at the beginning when the fetus has
not developed an immune system, the screening of B19V specific IgG and IgM
antibodies in pregnant women is important.

2.5.3  Selected analytes for multiplex immunoassay

Prostate-specific antigen (PSA), thyroid-stimulating hormone (TSH), and luteinizing
hormone (LH) were selected as model analytes in the quantitative multianalyte
immunoassay study performed for the purposes of this thesis. Even though the
measurement of this panel of analytes in an array format is not clinically very relevant,
these markers were chosen for a practical reason because of their availability.
Furthermore, diagnostic tests have been developed for these analytes to measure
specific antigen levels in serum or plasma.

Prostate specific antigen

Prostate specific antigen (PSA) is widely used as a serum biomarker to assist in the
diagnosis of prostate cancer and to assess patient response to treatment and recurrence
of cancer. PSA belongs to the protease family of kallikreins and is also known as
human kallikrein 3. The PSA protein can exist in the blood by itself as free PSA, or
bound to other substances (e.g., protease inhibitors) as complexed PSA (Lilja et al.,
1991). Total PSA is the sum of the free and the bound forms and it is measured with
the standard PSA test or an antibody-based array test (Jéras et al., 2012; Mitrunen et
al., 1995). A test for the measurement of four different kallikrein forms in blood (total
PSA, free PSA, and intact PSA and kallikrein-related peptidase 2) can reduce
unnecessary biopsy during prostate cancer screening (Vickers et al., 2010).
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Thyroid-stimulating hormone

TSH is essential for the maintenance of normal thyroid function, and it is used in the
diagnosis of thyroid gland disorders (e.g., primary and secondary hypo- and
hyperthyroidism) (Kaplan, 1999). Congenital hypothyroidism may cause low birth
weight and lead to mental retardation. Sensitive TSH assays are needed for screening
of neonatal hypothyroidism. (Bernal et al., 2003; Korada et al., 2009; LePage et al.,
2004). Sensitive TSH assays are also suitable for monitoring thyroid hormone therapy
and patient responses to treatment, evaluating thyroid dysfunction in nonthyroidal
illnesses, and screening for thyroid dysfunction. A highly sensitive spot-based solid-
phase immunoassay has been developed for the detection of very low levels of TSH
(Ylikotila et al., 2005).

Luteinizing hormone

Luteinizing hormone (LH) is a glycoprotein that stimulates the gonads in both males
and females. This hormone plays a central role in reproduction. LH levels are used to
diagnose central precocious puberty and menopause, to pinpoint ovulation, and to
diagnose pituitary disorders (Ahmed Ebbiary et al., 1994; Hall et al., 1998; Houk et
al., 2009; Young et al., 2003). Increased LH concentrations are measured during renal
failure, cirrhosis, hyperthyroidism, and severe starvation, while low levels may
indicate infertility in both males and females. (Balen et al., 1995; Karagiannis and
Harsoulis, 2005; Smith et al., 1975; Tsutsumi and Webster, 2009). A commercial
quantitative multiplex fertility biomarker immunoassay on 96-well plates for the
simultaneous measurement of LH, follicle stimulating hormone and progesterone
using electrochemiluminescence detection has been developed (Meso Scale
Discovery, MD, USA).
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3 AIMS OF THE STUDY

The overall aim was to study the feasibility of upconverting phosphor label technology
in multiplex assay platforms. For this purpose, DNA- and protein-based array-in-well
model assays in 96-well microtiter plate format were developed for human adenovirus
genotyping, multiplex antigen detection, and multiplex viral serodiagnostics. In all of
the studies, luminescent upconverting phosphor label technology was used as the
detection method. The upconverting phosphor fluorescence emission intensity was
detected by a new imaging device suitable for anti-Stokes photoluminescence imaging
and it was used in all of the studies for capturing the images from the wells.

The specific aims of the study were:

1. To develop an oligonucleotide-based array-in-well hybridization assay utilizing
upconverting phosphor labels and a new anti-Stokes photoluminescence imager.

2. To evaluate the capability of using upconverting nanoparticle labels in a
quantitative antibody-based multianalyte immunoassay.

3. To study human adenovirus epidemiology in Finland by an array-in-well assay
method.

4. To create a multiplex serodiagnostic array-in-well assay utilizing upconverting
phosphor label technology.
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4 MATERIALS AND METHODS

The detailed descriptions of the materials and methods employed in this study can be
found in the papers (I-IV). A brief summary with some additional information is
presented here.

4.1 Reagents and samples

4.1.1 Upconverting phosphors (I-IV)

Synthesis

The crystalline NaYF,:Yb®" Er’" materials used in Study I were prepared with the co-
precipitation method as described previously (Hyppianen et al, 2009) and the
nanosized NaYF,: Yb*"Er*" materials used in Studies II-IV with the oleic acid solvent
method as described in Study II (Supplementary material). The particles were
synthetized in the Laboratory of Materials Chemistry and Chemical Analysis,
University of Turku.

Surface modification and biomolecule conjucation to UCPs

The inorganic NaYF,Yb’“Er’" materials have no functional groups on the particle
surface. The surface is chemically modified which creates reactive functional groups
useful for the covalent conjucation of biomolecules. The surface modifications and
biomolecule conjugation are described in more detailed in Studies I-IV. Using
monomeric tetracthyl orthosilicate (Acros organics, Geel, Belgium), N-(3-
trimethoxysilyl)propyl)ethylene diamine (Sigma-Aldrich, St. Louis, USA), and 3-
(trihydroxysilyl)-propyl methylphosphonate (Sigma-Aldrich), the particles were
coated with a thin layer of silica containing functional amino-groups. After the silica-
encapsulation the UCPs were conjugated to biomolecules. The amino-groups on the
surface of the particles were converted into carboxylic acid groups with glutaric
anhydride (Sigma-Aldrich), which in turn were activated with 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride and N-hydroxysulfosuccinimide
sodium salt (Fluka, Buchs, Switzerland). The streptavidin (I-II) or antibodies (IT1I-IV)
were covalently coupled to the particles through the amino-groups of the biomolecule
and the carboxylic acid groups of the UCPs. Finally, the coupling reaction was
stopped with an excess of amino-groups (50 mM glycine pH 11). The coated UCPs
were stored at 4°C.

4.1.2  Oligonucleotide sequences (I-II)

The primer and probe sequences used in these studies can be found in Study I and in
Study II supplements.
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The primers for the detection of hAdVs by an asymmetric quantitative real-time PCR
(qPCR) were designed to amplify 167 bp (I) and 270 bp (II) long products derived
from the conserved hAdV hexon gene region. They were selected on the basis of their
reported ability to detect all the hAdVs belonging to groups A-G (Avellon et al.,
2001). The adenovirus type-specific and generic oligonucleotide probes were designed
on the basis of the published hexon sequences (Ebner et al., 2005; Lopez-Campos et
al., 2007). The HPLC-purified primers and probes were obtained from
http://www.Biomers.net (Ulm, Germany). The synthetized probes were 23-31 nt long.
Each probe had three extra T or C nucleotides as spacers at their 5’-end and an amino-
C6 modification at the 5’ terminus. Oligonucleotide probes 1-11 were designed to
detect and genotype the hAdV genotypes C01, C02, B03, E04, C05, C06, BO7, B14,
B21, and A31 (I). Additional oligonucleotide probes 12—16 were designed to detect
and genotype hAdV genotypes D08, D19, D36, D37, and F40/F41 (II). Probes
gADV1 and gADV?2 or probe mixture g1-8 (I and II, respectively) were used for the
generic detection of hAdVs.

The thermodynamic behavior of the designed probes (I) was evaluated by calculating
the Gibbs free energy (AG) change of the probe-target hybrid. The predicted AG
values of the probes were calculated with the DINAMelt web server at
http://dinamelt.bioinfo.rpi.edu/ (Markham and Zuker, 2005). The calculations were
performed using a two-state hybridization model and perfectly matching duplexes
were assumed. The values used were: 60 °C temperature, 2 nM total strand
concentration, and 0.61 M sodium concentration.

4.1.3  Adenovirus prototypes (I-1I)

The prototypes of hAdV genotypes C01, C02, B03, E04, C05, C06, BO7, B11, B14,
A18, A31, D36, and D37 were originally obtained from the Centers for Disease
Control and Prevention (CDC, Atlanta, GA). The prototypes D19 and B21 were
kindly provided by HUSLAB, Helsinki. The prototypes C01, C02, B03, C05, and C06
were cultivated in the Hela cell culture (human cervix carcinoma cell-line Hela
Ohio/Salisbury, Wiltshire, UK) and prototypes E04, B07, B11, B14, A31, D36, and
D37 in the A549 cell culture (human lung carcinoma cell-line A549, American Type
Culture Collection, ATCC, Rockville, Maryland, USA) for the isolation of viral DNA.
The Hela and A549 cells were maintained in Eagle’s minimal essential and Ham’s F12
medium (both from Gibco, Invitrogen, Carlsbad, CA), respectively, at 37°C in 5%
CO2.

4.1.4 Clinical specimens (I-1V)

In Study I, anonymously coded clinical nasopharyngeal specimens (rn = 55) were used
for the oligonucleotide array-in-well assay validation. The specimens were selected
from the processed clinical specimens sent to the Department of Virology, University
of Turku, for respiratory virus antigen detection between December 2008 and March
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2010. They had been tested positive for hAdV hexon antigen using time-resolved
fluoroimmunoassay (Waris et al., 1988) and stored frozen at -20 °C.

In Study II, anonymously coded nasopharyngeal (n = 86), ocular swab (n = 119), stool
(n = 16), other types of respiratory specimens (n = 3), others (n = 5) and unknown (n =
2) specimens were selected from the processed clinical specimens sent to the
Department of Virology, University of Turku, for hAdV detection between April 2010
and April 2011. All specimens had been tested positive for the hAdV using time-
resolved fluoroimmunoassay (16% of specimens) (Hierholzer et al., 1987), singleplex
PCR (Honkinen et al., 2012), multiplex PCR detection (Seeplex; Seegene, Seoul,
Korea) (20%), or virus culture (64%). The hAdV negative specimens (n = 30)
specimens with influenza A or B virus (n = 5), parainfluenzavirus 1 or 3 (n = 2),
coronavirus (n = 1), varicella zoster virus (n = 1), herpes simplex virus type 1 or 2 (n =
6), rhinovirus (n = 3), enterovirus (n = 1), or respiratory syncytial virus (n = 3) were
also tested to evaluate the assay specificity.

In Study III, a blood sample was collected from a female volunteer and used in the
assay with her informed consent. Plasma separated from the blood was stored at -20
°C before its use in a multianalyte assay. The plasma was spiked with the standard
concentrations of PSA and the multianalyte array-in-well immunoassay was
performed as described earlier. As a reference, the PSA level in the sample was
measured by a published PSA assay (Véisédnen et al., 2006)

In Study IV, anonymously coded serum samples (n = 89) were originally collected for
routine diagnostic purposes and obtained for this study from the Diagnostic Service
Unit of the Department of Virology, University of Turku, Finland. All the serum
samples had been tested positive or negative both for parvovirus IgG by commercial
kit (Biotrin International Ltd., Dublin, Ireland) and for hAdV IgG using in-house
enzyme immunoassay (EIA). The samples were stored frozen at -20 °C.

4.1.5 Proteins (III-1V)

In Study III, the printed antibodies were monoclonal anti-PSA antibody MabH117
(Piironen et al., 2001; Piironen et al., 1998; Rajakoski et al., 1997), monoclonal
recombinant anti-TSH antibody fragment Fab5404 (Ylikotila et al., 2005), monoclonal
anti-LH MabM21241 (Fitzgerald Industries International, Acton, MA), and polyclonal
rabbit anti-mouse immunoglobulins (RaM) (DakoCytomation, Glostrup, Denmark).
The monoclonal antibodies anti-PSA MabHS50 (Piironen et al., 2001; Piironen et al.,
1998; Rajakoski et al., 1997), anti-TSH Mab5409 (Medix Biochemica, Kauniainen,
Finland), and anti-LH Mab8D10 (Nilsson et al, 2001) (Delfia LH kit, Wallac,
Finland) were used for UCNP coating (IIT). Antigens used in Study III were PSA
(Rajakoski et al., 1997), human TSH (Immuno Diagnostic, Himeenlinna, Finland),
and human LH (Sigma-Aldrich). In Study IV, the printed antigens and antibodies were
hAdV type C02 hexon, hAdV type CO5 hexon (both from the Department of Virology,
University of Turku), B19-VLPs (Kaikkonen et al., 1999), polyclonal human IgG
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(Sigma), and polyclonal anti-human IgG Fc¢ fragment specific (Thermo Fisher
Scientific, MA, USA). Human serum albumin (Sigma) was used as negative control.

4.1.6 Array-in-well plates (I-1V)

Studies I-II, were oligonucleotide-based array-in-well assays for the detection and
typing of adenoviruses. The amino-modified probes were covalently attached to the
bottom of transparent 96-well microtiter plates (Corning, Amsterdam, The
Netherlands) (I) or white 96-well microtiter plates (Nunc, Thermo Fisher Scientific)
(IT). Study III was an antibody-based array-in-well assay for the detection of LH,
TSH, and PSA antigens, as well as control RaM antibody. The biotinylated antibodies
were attached to the bottom of streptavidin coated white 96-well microtiter plate
(Kaivogen, Turku, Finland). The array-in-well plates used in Studies I-III were
prepared at the VTT Medical Biotechnology Centre, Turku. In Study IV, the
biotinylated B19-VLPs, adenovirus type C02 and C05 hexon antigens along with the
control proteins were immobilized on the white streptavidin coated 96-well microtiter
plates (Pierce, Thermo) using non-contact Nano-Plotter 2.1 array printing instrument
(Gesim, Germany).

4.2 Instrumentation

4.2.1  Anti-Stokes photoluminescence imager (I-1V)

The array-in-well assays (I-IV) were measured with the microtiter plate reader (Hidex
Oy, Turku, Finland) modified for the anti-Stokes photoluminescence imaging (Figure
9). The used radiation source was an infrared laser diode delivering an optical power
of 0.5-8.0W at the wavelength of 9762 nm. A round diffuser was added (II-IV)
between the collimator and long-pass filter to spread the laser beam homogeneously
over the whole area of the well. The laser beam passed through a 850 nm long-pass
filter and was reflected to the array well using a hot (dielectric) mirror. The
fluorescence signal coming from the sample well was collected with a 50 mm camera
lens, and the scattered laser radiation was blocked by two short-pass filters. The green
emission of UCPs was detected via a 650 nm short-pass filter, and the images were
captured with a CCD camera with a 50 mm objective lens using the following
parameters: 2x binning; 30 s (I), 1 s (IL, III), or 2 s (IV) exposure per well; and 7 W
laser power. For multianalyte immunoassay (III), also 0.2 and 5 s exposure times were
used. For serological array-in-well assay 1 s exposure time per well was used. The
images were saved as 16-bit sif-file format.
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Figure 9. Anti-stokes photoluminescence imager (I).

4.2.2  Microtiter plate reader (III)

In quantitative multianalyte immunoassay (III), the modified microtiter plate reader
(Hidex Oy, Turku, Finland) was utilized in the detection of the UCNP
photoluminescence emission in the whole-well and array-in-well assays. The
photoluminescence intensities were measured by scanning the well witha 7 x 7 or 3 x
3 raster using 0.8 or 1 mm distance between the measurement points for array-in-well
and whole-well assays respectively, and a 2 s reading. The microtiter plate fluorometer
used a 980 nm laser diode radiation source, and the UCPs green emission was
measured with a 535/50 nm band-pass filter. The instrument is described in more
detail in a paper by Soukka et al., 2005.
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4.3  Array-in-well assay methods

In this section, brief descriptions of the multiplex assays carried out in the studies are
described. The array-in-well assay specifications of the array-in-well assays (I-IV) are
summarized in Table 2.

Table 2. Summary of the specifications used in the array-in-well assays.

Study 1 11 111 1A%

Array type DNA DNA Antibody Antigen

Immobilization Covalent Covalent Affinity Affinity

Chemistry Amino-link  Amino-link SA-biotin SA-biotin

Printing type Contact Contact Contact Non-contact

Label conjugate SA- SA- Antibody- Antibody-
UCP UCNP UCNP UCNP

Spot size (um) 200 200 1000 ~400

Spots / well 39 58 4 16

Sample NS Eye swab Buffer Serum

NP, others* lasma
Y

Assay result Qualitative  Qualitative  Quantitative  Qualitative

*NS = nasopharyngeal specimens. NP = nasopharyngeal aspirate or swab and other
respiratory specimens. Others include: urine, stool, tissue and colonoscopy specimens.

4.3.1 Asymmetric real-time quantitative PCR and sequencing (I-1I)

PCR amplifications targeted to hAdV hexon gene region and melting curve analysis
were performed by using Maxima SYBR Green qPCR Master Mix (Fermentas, St.
Leon-Rot, Germany) and Rotor-Gene instrument (Corbett Research, Mortlake,
Victoria,Australia). A real-time PCR reaction was performed in a mixture containing
0.1 uM of ADHEX2F forward primer (I) or 0.1 uM of each ADHEX2F1, ADHEX2F2
and ADHEX2F3 forward primers (II); and 0.45 pM (I) or 0.9 uM (II) of 5-end
biotinylated ADHEXIR reverse primer. A 5 puL aliquot of DNA was added to a final
volume of 25 pL.
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The PCR reactions were performed under the following conditions: denaturation and
enzyme activation at 95 °C for 15 min, 40 cycles of denaturation at 94 °C for 15 s,
annealing at 53 °C (I) or 50 °C (II) for 60 s, extension at 72 °C for 45 s and final
melting curve generation steps from 72 to 95 °C with 1°C increments for every 5
seconds.

The 167 bp (I) and 270 bp (II) long PCR products were purified with QuickClean,
PRC purification kit (GenScript, USA) before sequencing. The PCR products were
sequenced in both directions using ADHEX2F and ADHEXIR in Study (I). In Study
(I1) ADHEX2F1, ADHEX2F2, or ADHEX2F3 was used as a sequencing primer. The
amplicons were sequenced in the DNA Sequencing Service Laboratory of the Turku
Centre for Biotechnology, Turku, Finland.

4.3.2  Array-in-well assays

Array-in-well assay principles (I-IV) are shown in Figure 10.

Adenovirus typing assay (I-11)

In both studies I and II, an oligonucleotide array-in-well assay was used for hAdV
genotyping. The biotinylated PCR-products were diluted 10-fold in denaturation
solution (25 mM NaOH, 5 mM EDTA) and incubated for 10 min at room temperature.
A 25 pL sample of the denatured product was transferred to the array wells containing
25 uL of a neutralization solution (100 mM Tris pH 7.75, 850 mM NacCl, 0.1% (v/v)
Tween 20). The plate was incubated at 60 °C for 1 h with shaking and washed.
Streptavidin-coated UCPs (5 pg/mL in reaction) were added in assay buffer (50 mM
Tris-HCI pH 7.8, 450 mM NacCl, 0.05% (w/v) NaN3, 0.5% (w/v) BSA, 0.01% (v/v)
Tween-40, 0.05% (w/v)  bovine  gamma-globulin and 20 uM
diethylenetriaminepentaacetate) and the assay was incubated for 30 min at room
temperature with shaking. The wells were washed and the plate was dried. The assay
was imaged with the anti-Stokes photoluminescence imager. See section 4.2.1 for
instrument settings.

Quantitative array-in-well immunoassay (I11)

In Study III, a quantitative multianalyte array-in-well immunoassay for three target
analytes (LH, PSA, and TSH) was developed. The biotinylated capture antibodies and
a positive control polyclonal RaM antibody were printed on the bottom of
streptavidin-coated 96-well microtiter plates as 2 x 2 array format. The standard
dilutions of the LH (0-60 U/L), PSA (0-60 ng/mL), and TSH (0-200 mU/L) were done
in the assay buffer (50 mM Tris base pH 7.75, 150 mM NaCl, 0.05% (w/v) NaN3,
0.01% (v/v) Tween-40, 0.05% (w/v) bovine gammaglobulin, 20 puM
diethylenetriaminepentaacetic acid, 0.5% (w/v) BSA, 20 pg/mL cherry red, and 0.2%
(v/v) polyvinyl alcohol). A 10 uL of the standard dilution and 30 pL of the assay
buffer containing antibody-coated UCNPs for TSH and PSA were added to the array
well. The assay was incubated for 10 min at room temperature with shaking. After a
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10-minute incubation, 10 pL of the antibody-coated UCNPs for LH were added and
the array-in-well assay was incubated for 30 min at room temperature with shaking.
The concentration of each UCNP was 20 pg/mL in the reaction. Anti-LH-UCNPs
were added 10 min later than other UCNPs as, if added earlier, the anti-LH-UCNPs
would have bound to the TSH-spots as well. The tracer antibody for LH had an
affinity towards the alpha chain of the TSH molecule, which is identical in both LH
and TSH molecules. After the incubation, the wells were washed and the plate was
dried before imaging. See section 4.2.1 for anti-Stokes photoluminescence imager
settings. The array-based multianalyte assay was also measured with a plate reader.
See section 4.2.2 for instrument settings. To verify potential cross-reactions and
interference caused by the presence of reporters for other analytes in the multianalyte
assay, single-analyte assays for PSA, TSH, and LH were carried out in the array-in-
wells in parallel with the multianalyte assay. Single-analyte assays were also measured
with the microwell imager. See section 4.2.1 for instrument settings.

Serodiagnostic array-in-well assay (IV)

The biotinylated virus antigens (B19-VLP, hAdV type C02, and CO5 hexons) and
control proteins (hlgG, anti-hlgG, and HSA) were printed on the bottom of the
streptavidin-coated 96-well microtiter plates. With the array-in-well assay, 89 serum
samples were screened. Briefly, 50 puL of the 1/200 diluted serum sample in assay
buffer containing 25 mM Tris-HCI, pH 7.75, 75 mM NacCl, 0.25% (w/v) gelatin,
0.005% (w/v) Tween-40, 10 uM diethylenetriaminepentaacetic acid, 0.0025% (w/v)
NaNj;, 10% (v/v) inactivated fetal calf serum, 1% (w/v) Tween-20, and 0.0025% (v/v)
cherry red in PBS; pH 7.2 was added in duplicate to the array well and incubated for 1
h at room temperature with shaking. After the incubation, the wells were washed. A 50
pL of anti-human IgG coated UCNPs (7.5 pg/mL concentration in the reaction) were
added to the array wells and incubated for 1 h at room temperature with shaking. The
wells were washed and the plate was dried before the assay was imaged with an anti-
Stokes photoluminescence imager. See section 4.2.1 for instrument settings. To
evaluate the inter-assay imprecisions, six control serum samples were included in each
assay run, i.e., each plate. To control intra-assay imprecisions, six replicates of one
random serum sample were also included on each plate. The multiplex array-in-well
results were compared to the reference B19V IgG and C02 IgG EIAs.
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I-11 1] v

Figure 10. Array-in-well assay principles (I-IV). In Studies I-II, the covalently
immobilized hAdV-specific amino-modified probes were hybridized with the
biotinylated PCR-products. The SA-UCPs were used for the detection of probe-target
hybridization. In Study III, biotinylated antibodies for three analytes (PSA, TSH, and
LH) and control RaM antibody were printed on the bottom of streptavidin-coated
microtiter wells. The analytes and RaM antibody control were detected with a mixture
of antibody-coated UCNPs. In Study IV, the biotinylated antigens (B19-VLP, C02,
and CO5 hexons) and control proteins were printed on the bottom of the streptavidin-
coated microtiter wells. Serum IgG antibodies' binding to antigens and positive
controls were detected using secondary anti-hlgG coated UCNPs.

Data analysis (I-1V)

The image analysis (I-1V), spot detection (I-1V), and quantification (I, III, IV), were
performed with Imagel software version 1.43n (http://rsbweb.nih.gov/ij/index.html).
In Study III, the standard curves using linear fitting were performed with Origin
v8.0773. The lower limits of detection (LOD) were calculated from the standard
curves as the analyte concentrations corresponding to a signal of three standard
deviations (SD) of the blanks. In the reference whole-plate assay (III), the
photoluminescence intensities were measured at four measurement points in the 7 x 7
raster (array-in-well assay) and at nine measurement points in the 3 x 3 raster
(reference whole-well assay). In Study IV, the cut-off values for B19V, C02, and C05
positivity were set at the average signal + 10x standard deviations (SD) of the
corresponding spot in the reagent (no sample) background well.
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5 RESULTS

5.1 UCPs and the imaging device (I-1V)

The NaYF,:Yb*" Er*" material produced strong anti-Stokes photoluminescence in the
520-560 nm (green) and in the 650-700 nm (red) regions under NIR radiation (data not
shown). The UCP-particles were functionalized with a silanization process and coated
with streptavidin (I-II) or antibodies (III-IV). The coated particles were utilized as
reporter molecules in the array-in-well assays. The transmission electron microscope
(TEM) images showed that especially the nanosized particles were uniform in size
making them applicable labels for imaging-based bioaffinity assays (Figure 11).

Figure 11. TEM images of the single-crystal upconverting materials before
biomolecule conjugation (I-IV). (A) The NaYF4Yb*"Er’" particles (size 110 nm)
synthesized with the co-precipitation method (I); (B, C, and D) The NaYF,:Yb*"Er’”
particles (~25-40 nm) synthesized in organic oils (IIL, IV, I, respectively).

The anti-Stokes photoluminescence imager for upconversion imaging was constructed
for multiplex testing using inexpensive infrared laser diode (8 W) excitation light
source with a combination of camera lenses, as well as long-pass and short-pass
filters. The device used a 96-well microtiter PlateChameleon for moving the plate in
X-and Y —dimensions and a cooled charge-coupled device (CCD) as a detector for
capturing the two-dimensional images. The instrument was used for imaging the solid-
phase array-in-well assays (I-IV). Transparent (I) and white (II-IV) 96-well microtiter
plates were used as a solid support for the immobilized biomolecules in the array-in-
well assays. The signal-to-background ratios were not improved with the white plate
as the signal outside the spots originating from the non-specific binding of the label
was also increased in the white wells (unpublished). The exposure times used in the
multiplex assays with the white plates ranged from 1-2 s, while with the transparent
plates it was 30 s; the exposure time was approximately 30 times shorter with white
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plate compared to the transparent plate making the assay implementation more user-
friendly.

In Study III, the limited dynamic range was, to some extent, compensated by
measuring the array wells with different exposure times (Figure 12A). With the longer
5 s exposure time in the multianalyte assay format, lower LOD for TSH (0.38 mU/L)
was obtained compared to the LOD obtained with 1 s exposure time (0.64 mU/L), but
the drawback was that the CCD rapidly reached the saturation charge level. With a
shorter 0.2 s exposure time, the smallest analyte concentrations did not deviate from
the background level, but higher analyte concentrations could be measured without
CCD saturation. By combining different measurement times, a standard curve
covering a wider analyte concentration range can be obtained. In Study IV, the serum
sample dilution series in a multiplex serodiagnostic assay was imaged with two
different exposure times: 1 s and 2 s per well (Figure 12B). When using the 2 s
exposure time, the hAdV signals reached the detector saturation level in the 1/1000
serum sample dilution. However, a wider dynamic range was achieved when 1 s
exposure time per well was used; here, the hAdV signal saturation was reached at
1/200 serum sample dilution.
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Figure 12. (A) Different exposure times (0.2 s, 1 s, and 5 s) in the multianalyte
immunoassay using TSH as a model analyte (III). (B) Standard curves for hAdV type
CO02 hexon specific spot signals using the imager with 1 s and 2 s exposure times (IV).
a.u., arbitrary unit.
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5.2  Adenovirus genotyping assay (I-1I)

5.2.1 Oligonucleotide probes

In Studies I and II, 23-31 nt long 5’-terminus amino-modified oligonucleotide probes
were designed to be specific to the targeted hAdV types. Generic control probes that
recognize all the different hAdV types belonging to different groups (A to F) were
also designed. The thermodynamic behavior of the designed probes (I) was evaluated
by calculating the AG change of the probe-target hybrid. The AG provides a
thermodynamic measure of the affinity between a probe and a target, with lower
negative AG values being indicative of higher binding affinities. The designed
oligonucleotides (I) showed a clear correlation (R = 0.74) between the hybridization
intensity and AG values of the oligonucleotides (a AG value of -14 kcal/mol or lower
was required for the detection of hybridization, and a value lower than -16 kcal/mol
was required for strongly positive signals).

5.2.2  Asymmetric real-time quantitative PCR

An asymmetric real-time quantitative PCR (qPCR) was used to produce more
biotinylated single-stranded target DNA strand. The hAdV PCR was targeted to the
hexon coding regions (position 238 to 404) (I) and (position 130 to 404) (II). In the
study I, one primer pair was used for amplifying the hAdV DNA in the
nasopharyngeal clinical samples and hAdV prototype stains. In Study II, it was
necessary to expand the targeted PCR region in order to include more hAdV specific
probes to the array. The assay (II) was widened to include the most common and
clinically relevant hAdV types belonging to groups A to F. A mixture of three forward
primers and one biotinylated reverse primer was used to amplify hAdV genome (II).
The real-time qPCR (II) was able to amplify hAdV types belonging to different
groups. The qPCR sensitivity was tested with hAdV CO02 genotype. The C02 genotype
was detected at concentrations of fewer than 10 copies per qPCR reaction (I, IT). The
PCR detected all the hAdV prototypes and clinical nasopharyngeal specimens (n = 55)
included in Study (I). In Study II, the PCR detected 223 (97 %) of the 231 clinical
specimens that had originally been tested hAdV positive. However, the PCR
specificity was not limited to hAdVs, as the PCR also showed non-specific late
amplifications (Ct > 30). Threshold values for hAdV prototypes and hAdV positive
clinical samples and the melting temperatures are shown in Figure 13.
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Figure 13. Asymmetric real-time qPCR data (II). (A) Threshold cycles for hAdV
prototype strains, hAdV positive and negative clinical specimens (B) melting
temperatures for hAdV positive clinical specimens and hAdV prototype strains
(unpublished).

5.2.3 Oligonucleotide-based array-in-well assay (I-1I)

In Study I, the multiplex oligonucleotide hybridization assay was developed for the
detection and genotyping of the most common hAdV genotypes causing human
infections. Eleven adenovirus genotype-specific 5'-terminus amino-modified probe
spots were covalently printed in an array format on transparent microtiter wells. In
each well, generic controls were also spotted. The oligonucleotide probes were
hybridized with the single-stranded biotinylated PCR-products and the bound products
were detected with streptavidin-coated UCPs.

An anti-Stokes photoluminescence imager with laser diode excitation and a CCD
image sensor was built and utilized for the detection. Synthetized single-stranded 5°-
biotinylated target oligonucleotides and qPCR amplified hAdV (C01, C02, B03, E04,
C05, C06, B07, and B21) prototype strains were used for the optimization of the
assay. The qPCR amplified hAdV positive clinical nasopharyngeal specimens (n = 55)
were used for the array-in-well assay validation. The combination of probe signals
gave a specific hybridization pattern for each targeted hAdV prototype and clinical
nasopharyngeal specimens. The sequencing was used as a reference method, to
confirm the array results. The sequencing results were comparable with the array-in-
well results. Among the 55 clinical specimens, types CO1 (18.2% of the samples), C02
(25.5%), B03 (21.8%), E04 (14.5%), C05 (7.3%), and C06 (12.7%) were found.
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Improved oligonucleotide array-in-well assay

In Study II, the previously published assay (I) was expanded. Three new forward
primers were designed for qPCR because more variation in the hexon sequence was
needed for the probe design. Additional hAdV type specific probes (probes 12-16) and
a mixture of generic probes were designed to genotype clinically relevant hAdV types
belonging to groups A to F (CO1, C02, B03, E04, C05, C06, B07, DO08,
B11/14/16/34/35, D19, B21, A31, D36, D37, and F40/41). The assay (II) was
technically improved compared to the one used in Study I. Smaller (30 nm) nanosized
upconverting nanoparticles (UCNPs) and white microtiter well plates (II) were used
instead of larger > 100 nm UCPs and transparent plates (I).

5.2.4 Epidemiological study of hAdV genotypes (II)

The improved assay was used to detect clinically relevant hAdV types circulating in
Finland between April 2010 and April 2011. A total of 231 hAdV positive respiratory,
ocular swab, stool, and other types of specimens were included in the study. The
specimens had originally been tested positive for hAdV with reference methods. After
a real-time PCR amplification targeting the hAdV hexon gene, the array-in-well assay
identified the presence of hAdV genotype B03 (n = 122; 58% of all specimens); E04
(29; 14%); C02 (21; 10%) and D37 (14; 7%); CO1 (n = 12); CO5 (n = 5); D19 (n = 4);
C06 (n=2); DO8 (n=1); A31 (n=1); and F41 (n = 1). The targeted hAdV genotypes
showed strong or partial hybridization to specific probe spots. No hybridization signal
was obtained in hAdV negative specimens or specimens with other viruses, including
rhinovirus, influenza A or B virus, parainfluenza virus 1 or 3, herpex simplex virus
type 1 or 2, enterovirus, or respiratory syncytial virus. (# = 30). The non-targeted
hAdV type Al8 hybridized only to the control probe spots. The array-in-well
hybridization assay gave a specific hybridization pattern for each of the targeted hAdV
prototypes and clinical specimens (Figure 14). The sequencing was used as a reference
method, to confirm the array results. One female patient had subsequent infections by
the genotypes C02 and B03, six months apart. The hAdV genotypes CO1, C02, CO05,
and C06 were mainly detected in children under four years of age. The genotype A31
was detected in one immunocompromised female patient only.
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Array layout

spot C1: probe mix of g1-g7
spot C2: probe g8
spot C3: probe mix of g1-g8

Negative

Figure 14. Array-in-well images for eleven different hAdV genotypes (CO1, C02,
B03, E04, C05, C06, D08, D19, A31, D37, and F41) among the sample panel, the
prototype strains (B07, B11, B14, B21, and D36), non-targeted hAdV A18 genotype
and hAdV negative specimen (II).

Ten co-infected specimens were detected among the sample panel. One boy had a co-
infection of hAdV genotype C05 and coxackievirus 24 detected in stool. The other
nine co-infections were detected in girls and boys (under the age of 14 years) in
respiratory specimens: hAdV genotype C02 and rhinovirus; B0O3 and parainfluenza
virus type 3; CO1 and respiratory syncytial virus; CO1 and influenza virus B; CO1 and
rhinovirus; C02 and influenza virus B; CO1 and respiratory syncytial virus; CO1 and
metapneumovirus; and C02 and metapneumovirus. The age range of the patients was
from <1 to 67 years (Figure 15) with a median age of 25 years. There were 100 (47%)
males and 111 (53%) females in this study. Most hAdV infections were prevalent in
adults: 125 (59%) patients were aged 18 or more and 73 (60%) were females. Fever,
cold, cough, pharyngitis and conjunctivitis were the most commonly reported clinical
manifestations among the patients. The hAdV genotype B03 was distributed
throughout all age groups. The highly prevalent type B03 was mostly detected in
ocular swabs (Figure 16).
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Figure 15. Age distribution of the patients (n= 51, 36, 125, in age group 0—4 years, 5—

17 years and 18—67 years, respectively). Sporadic types in age group 0—4 years: E04
and F41; 5-17 years: CO1, C05, D19 and D37; 18-67 years: D08 and A31 (II).
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Figure 16. Different specimen types (n = 216): ocular (n = 114); NP = nasopharyngeal
aspirate or swab, and other respiratory (n = 85); stool (n = 12); others (n = 3) including
tissue, urine, and colonoscopy specimens; and unknown (n = 2) specimens. Sporadic
types in ocular swab specimens: DOS; in stool specimens: CO1, EO4, A31, and F41; in
unknown specimens: C02 and B03 (II).

Four year epidemiological study

An epidemiological follow-up study of hAdV genotypes in Finland between January
2009 and December 2012 was established (partly unpublished, Figure 17). A total of
499 adenovirus positive respiratory, ocular swab, stool, and other types of specimens
were included in the study. The specimens were first amplified with the asymmetric
real-time qPCR based on the adenovirus hexon gene, and the PCR products were
typed by the oligonucleotide array-in-well assay (II). The E04 (n=110, 22%), C02 (87,
17%), and CO1 (46, 9%) genotypes were detected in all seasons (Figure 15). Overall,
epidemic activity of type B03 (160, 32%) was observed in the autumn of 2010 (II),
after that only sporadic cases were found. Genotypes D08, D19, and D37 (42, 8%),
which are known to cause epidemic keratoconjunctivitis, were detected in ocular swab
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specimens. Two new types were found among the sample panel: genotypes B35 and
D56. Among randomly selected samples, these two types were sequenced to assure the
typing result.
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Figure 17. Seasonal distribution of hAdV genotypes during the four year study period.
The specimens from April 2010 to April 2011 were detected and typed in Study II
(partly unpublished).

5.3  Quantitative multianalyte immunoassay (III)

In Study III, a quantitative array-in-well immunoassay for three target analytes (LH,
PSA and TSH) was developed. Biotinylated antibodies were printed in the 2 x 2 array
format on streptavidin-coated microtiter wells. The captured analyte spots were
detected with a mix of secondary antibody-coated UCNPs. The multianalyte assay
performance was compared with a single analyte assay carried out in the array-in-
wells and a reference whole-well assay for each target analyte.

In the multianalyte assay, there was no binding of non-target analyte on the specific

spots indicating that no cross-reactivity was present. Cross-reactivity was tested in the
single analyte array-in-wells in the presence of three different antibody-coated UCNPs

64



Results

(anti-TSH, anti-PSA and anti-LH) in the same reaction well. The analytes bound only
to the corresponding spots and no cross-reactions were detected. Using a mix of
secondary antibody-coated UCNPs did not cause any significant cross-reactions or
interferences in the multianalyte immunoassay (Figure 18).

Array layout

CIC
OIS

Figure 18. Fluorescent array-in-well images. (a) An array well containing all analytes
TSH (200 mU/L), PSA (60 ng/mL), and LH (60 U/L). The array-in-well images of the
single-analyte array-in-well immunoassay results for (b) TSH (200 mU/L), (c) PSA
(60 ng/mL), and (d) LH (60 U/L) analytes (III).

A quantitative response was obtained with all three analytes in all assay formats
(Figure 19). The LODs of the multianalyte assays were comparable both with the
LODs in the single analyte assays performed in the array wells and with the reference
assays measured with the plate reader (Table 3). In the reference assays, the LODs
were lower when measured with the plate reader than when measured with the imager.
However, the UCNP concentration was not optimized for the reference assay. The
multianalyte array-in-well assay was also scanned with the plate reader. The scanning
did not increase the linear range of the multianalyte assays, and it yielded lower LODs
for PSA and LH (0.05 ng/mL and 0.20 U/L, respectively) compared with the imager
scans. However, the LOD for TSH was higher when the multianalyte array-in-well
assay was scanned with a plate reader than when it was imaged. This was due to the
high nonspecific binding of the label to the area around the TSH spot. The dynamic
ranges of the assays in the multianalyte format were approximately 2 orders of
magnitude. A clinical sample material was tested in the single analyte assay. The
standard curve obtained in lithium heparin plasma was similar to that in buffer
although the signal levels were lower (Figure 20). The measured total PSA level in the
female plasma sample was 0.06 ng/mL, which was below the detection limit of the
array-in-well assay (Table 3).
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Figure 19. Calibration curves for (A) TSH, (B) PSA, and (C) LH in multiplex array-
in-well assay (red squares), single analyte assay in array wells (blue diamonds),
whole-well reference assay using plate reader (black triangles), and whole-well
reference assay using imager (green circles) (II). a.u., arbitrary unit.
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Table 3. LODs" for different assay formats (III).

Analyte TSH PSA LH
Assay type Detection LOD LOD LOD
instrument mU/L ng/mL U/L
multianalyte in array imager 0.64 0.17 0.45
single-analyte in array imager 0.53 0.15 0.36
reference whole well imager 4.5 1.0 0.55
reference whole well plate reader 0.31 0.23 0.031
multianalyte in array plate reader 1.7 0.05 0.20

*Limit of detection.
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Figure 20. Standard curves in buffer and plasma for PSA in array-in-well assay (III).
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5.4  Multiplex serodiagnostics (IV)

5.4.1 Optimizing protein immobilization with non-contact printer

To optimize the printing conditions for all immobilized proteins (B19-VLPs; C02 and
CO05 hexons; hlgG; anti-hlgG; and HSA) different printing buffer compositions,
various protein concentrations along with different manufacturer’s streptavidin-coated
normal and high-capacity microtiter 96-well plates were tested with the non-contact
Nano-Plotter printing instrument (data not shown). When using white normal capacity
streptavidin-coated microtiter well plates, the biotinylated B19-VLP spot morphology
was not optimal. The B19-VLPs accumulated at the outer boundary of a spot, causing
a donut-shaped spot (Figure 21a). The reason for this might be that the biotinylated
B19-VLP stock solution contained free biotin molecules (~ 250 Da), blocking the
central area of the spot and causing the larger biotinylated B19-VLPs (VP2 ~ 60 kDa)
to bind to the outer area. The hypothesis was tested by adding free biotin to the
biotinylated CO5 hexon stock. The added free biotin in the printing buffer blocked the
binding sites and biotinylated C0O5 hexon formed donut spots (Figure 21b). The B19-
VLP stock was purified with Amicon Ultra-0.5 mL 100 K devices (Millipore, MA,
USA), after which, the intensity was more evenly distributed within the spot (Figure
21c) suggesting that the original biotinylated VLP stock contained free biotin.
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Figure 21. Array-in-well images (left) and array layouts (right) for the protein
immobilization optimization step. (a) Biotinylated B19-VLP stock containing free
biotin caused donut-shaped spots (b) Added free biotin on hAdV CO05 hexon printing
solution caused donut-shaped spots (c) Additional purification of biotinylated B19-
VLP stock improved spot morphology (unpublished).
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5.4.2  Serodiagnostic array-in-well assay

The array-in-well assay results were compared with the reference B19V IgG and
hAdV IgG EIA assays. In the developed serological array-in-well assay, the hAdV
hexon spots gave a positive result with four samples that were tested negative with the
reference in-house hAdV IgG EIA assay. This might be due to the different serum
sample dilutions used in the array-in-well assay (1/200) and reference assay (1/1000).
Three of these serum samples were from children, of which two were borderline cases
in the reference hAdV IgG assay. The fourth serum was the second sample from an
adult with two subsequent serum samples included in this study. The first sample gave
a negative result both in the array-in-well assay and in the reference hAdV IgG assay.
The second sample, however, gave a low positive result (C05 and C02-specific spot
signal levels were 2000 and 1550, respectively) in the multiplex assay and a negative
result in the reference assay. The B19V serum IgG responses had a 100% concordance
between the reference EIA and the array-in-well assay.

Plate variations, i.e., inter-assay imprecisions were determined using six serum
samples and the same batch of reagents on different days (Table 4). The intra-assay
imprecision was determined using six replicates of the serum sample in each of the
three plates (Table 5). The paired serum samples (n = 17) gave consistent results in the
B19V IgG and hAdV IgG reference assays. Also the specific anti-hIgG spot signal
levels were consistent between the paired serum samples. However, the second serum
sample from the paired sample pair had a positive hAdV result in the multiplex assay
and a negative result in the reference assay, as discussed earlier. Three serum samples
showed B19V-specific IgG seroconversion in the array-in-well assay and in the
reference assay. The multiplex array-in-well was also able to detect the IgG
seroconversion in these three serum samples. The printed spots were uniform in shape
and able to discriminate B19V and hAdV negative and positive specimens. As shown
in Figure 22, the B19V and hAdV negative samples were not, to any significant
degree, bound to the B19-VLP spots and hAdV hexon spots, respectively. In addition,
the hAdV C02 and CO5 hexon specific spot signals correlated in both negative and
positive serum samples (Figure 23). The specific mean spot signal intensities for the
hlgG and anti-hIgG controls were 11400-23600 and 20600-50900, respectively. The
antigen specific mean spot signal intensities were 2400-22000, 7500-60400, 4500—
57500 for the B19-VLP, C02, and CO05, respectively.
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Table 4. Inter-assay imprecisions for three plates with six serum samples (sample ID
1-6). For HSA, the average spot signals (+SD) are presented. For hlgG, anti-hlgG,
B19-VLP, hAdV CO05, and C02 mean specific signals (=SD) are presented (IV).

# HSA higG anti-hIgG | B19-VLP Co5 Co02
1 1154 18269 34805 767 195 122
(£100) (£2601) (£7615) (£73) (£126) (£95)
2 2003 18618 33411 281 37280 36617
(£215) (£3149) (£7051) (x99) (£5029) | (£6605)
3 2171 19799 32065 471 44009 42739
(x145) (£2923) (£5190) (£72) (£2994) | (£3606)
4 1975 18021 32704 373 35491 33663
(x191) (£3543) (£8299) (x190) (£4846) | (£4796)
5 2547 19933 37043 6653 49540 50469
(£266) (£3582) (£8282) (£967) (£3736) | (£5572)
6 1898 20486 34944 5879 27505 24337
(x199) (£3905) (£9449) (£1836) (£3068) | (£3910)
# sample ID

Table 5. Intra-assay variations. In each plate (1-3) one serum sample was included in
six replicates as an internal control. The mean specific signals (£SD) are presented

(Iv).
higG anti-hlgG | B19-VLP C02 Co05
1| 14749 23308 228 28605 29952
(£3720) (£3034) (£269) (£3371) | (#4156)
2 | 20407 36295 499 46249 46588
(£5598) (£3918) (£348) (£5174) | (£6110)
3| 21825 43707 6784 53715 51991
(£3606) | (£11630) (£3221) (£5905) | (£6649)
# plate ID
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Array layout
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Figure 22. Fluorescence images (right) and array layout (left) of the multiplex assay
probed with human sera. (a) An array well without serum sample (reagent
background), (b) B19V IgG and adenovirus IgG negative sample, (c) B19V IgG
negative and adenovirus IgG positive sample, (d) B19V IgG and adenovirus IgG
positive sample (IV).
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Figure 23. Correlation of hAdV C02 and CO05 hexon spot signal intensities.

Adenovirus positive n = 81 (black square) and negative serum samples n= 8 (white
circle) (unpublished).
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The serodiagnostic array-in-well assay was simultaneously able to detect antigen-
specific 1gG responses against B19V, C02, and CO05 as well as separate the positive
and negative sample populations according to the cut-off values (Figure 24). The cut-
off values were calculated from the reagent background wells. The plate specific cut-
off values for the B19V were 1154, 1299, and 1489 in plates 1 to 3, respectively. The
plate and analyte-specific cut-off values were calculated also for the C05 (957, 1236,
and 1480 in plates 1 to 3, respectively) and C02 (877, 1236, and 1140).
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Figure 24. Serological array-in-well assay results for the hAdV (C05 and C02) IgG
and B19V IgG negative and positive serum samples. The boxes represent interquartile
range (25-75%); the whiskers denote 5th and 95th percentiles; the square and
horizontal lines inside the boxes show mean and median, respectively; and the
triangles show minimum and maximum specific spot signals for hAdV negative
(Neg.), 8 patients in the groups; hAdV positive (Pos.), 81 patients in the groups; B19V
negative group (Neg.), 44 patients; and B19V positive group (Pos.), 45 patients (IV).

72



Discussion

6 DISCUSSION

6.1 UCPs and array-in-well assay detection (I-1V)

The aim of this study was to develop different multiplex bioaffinity assays in a 96-
well-plate format based on the novel upconverting phosphor reporter technology. In
this study, all the developed multiplex array-in-well assays (I-IV) were carried out on
96-well microtiter plates. This allowed the use of common laboratory equipment, and
an easy assay performance. In addition, the array approach allowed the simultaneous
testing of small sample volumes for multiple different analytes during the same day.
The microtiter plates also enable the analysis of 96 samples at one time. When
necessary, it is also possible to add more spots per well. This would further enhance
the multiplexing capability, and enable even more target analytes to be included in one
assay.

In this study, UCP label technology was used for the array-in-well assay detection. A
significant advantage with the UCP reporter technique in analyte detection is that in
heterogeneous assays the background fluorescence of the solid-phase material or
sample matrix does not cause a similar problem as in time-resolved and conventional
fluorescence. Another advantage is that autofluorescence, which commonly limits the
assay sensitivity, can be avoided. The UCPs (I-IV) were hexagonal shaped single-
crystal particles. The efficiency of upconversion luminescence is mainly affected by
the choice of the host material as well as the structure and size of the crystal. The size
and shape can be controlled by the optimization of the reaction conditions. The
hexagonal structure of the NaYF,:Yb* 'Er’" material is known to be a 10 times more
efficient upconverting material than the cubic one (Krédmer et al., 2004).

In Study I, a desktop prototype for anti-Stokes photoluminescence imaging on a solid
surface was constructed. The UCP-imager was constructed of a laser diode light
source, conventional optics, CCD-camera for capturing the images and a plate
Chameleon moving stage. The instrumentation for the UCPs is simpler and lower-cost
than instrumentation employed in time-resolved fluoroimmunometric assays or the
device used for array scanning. When using UCPs, continuous excitation and
measurement can be used and no time-resolved measurement is needed. In Studies I1-
IV, white 96-well plates were used. The advantage of using the white plates instead of
the transparent plates is that a shorter exposure time can be used because of a surface
enhanced anti-Stokes photoluminescence from white well plate compared to
transparent well plates making the assay process more user-friendly (Kuningas et al.,
2005a).

Usually, CCD-based assays have a narrower dynamic range compared to the assays
carried out via PMT-equipped detection instruments because in the CCD detector the
maximum value for a particular pixel is 65535. The LOD is a very important factor
affecting the test performance when diagnostic assays are developed. Both the
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detection technology and the imaging-based instrument affect the assay performance.
A low background signal is crucial for the detection and analysis, as it affects the
SNR. The high nonspecific binding of the UCNP label limited the assay sensitivity in
Study III. The high background signal originating from the UCNP bound outside the
specific spots could be minimized by optimizing, e.g., the UCNP antibody coating
protocol and the assay buffer composition. In Study III, the dynamic range of the
quantitative multianalyte immunoassay could be widened by using different exposure
times with the imager. The dynamic range of the TSH in multinalyte array-in-well
assay could be widened by combining different exposure times (0.2 s, 1 s, and 5 s).
This was possible because of the low background signal and high photostability
inherent to UCP technology. In Study IV, two different exposure times (1 s and 2 s)
were also tested with the serum sample dilution series. A wider dynamic range was
obtained with the shorter exposure time. In the future, the multiplex assays utilizing
UCP technology could be measured with different exposure times. This would be
useful in cases where both high and low intensity spots are measured in the same
array.

The homogenous excitation of the whole array area - i.e., all spot positions - is also
very important when attempting to minimize detection imprecision. An uneven
excitation could have a dramatic effect on the reproducibility of the array results. To
control this, it is advantageous to print replicate spots in the array well. Except in
Study I1I, two to three replicate spots were printed in each array well (I, 1L, IV).

Homogenous spots and the reproducibility should be achieved in array-based assays.
The spotting artifacts, such as irregular spot shapes (e.g., donut spots) need to be
avoided because they cause very high intraspot standard deviation values (Pappaert et
al., 2006). This makes it difficult to analyze the signal, because the intensity is
unevenly distributed throughout the spot. The outer border has higher intensity/pixel
ratio than the spot center. In this study, the spots were manually analyzed and the
measured spot area was specially selected. It is even more important to have regular
round shape spots when the array data is automatically analyzed. In Study IV, the
spotted biotinylated B19-VLP had a donut shape. Usually, the donut spots can be
avoided by optimizing the spotting conditions. Guo and Zhu (2007) demonstrated that
protein molecules preferentially accumulate at air/water interfaces. Detergents like
Triton X-100 lower the surface tension of the spotting buffer and can be used to
reduce this effect (Guo and Zhu, 2007). In Study IV, the free biotin molecules blocked
the central area of the spot and the large biotinylated B19-VLPs were bound at the
outer area of the spot. After an additional purification step, the printed B19-VLP spots
showed more evenly distributed intensities within the spot.

The binding capacity of the solid-phase also affects the assay dynamic range. The spot
(~200—-1000 pum in diameter, I-IV) has lower binding capacity compared to the whole-
well area (~6 mm in diameter). This might limit the dynamic range of the multianalyte
assay. In Study III, the scanning (7 x 7 raster) measurement with the plate reader
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equipped with PMT did not increase the linear range of the multianalyte assays. This
means that the wide dynamic range of the reference assays measured with the plate
reader does not originate solely from different measurement technology but the
binding capacity of the solid-phase also affects the dynamic range. The plate reader
was not optimal for the scanning of the arrays as the resolution was not adequate.
There are several challenges to overcome when using the planar array detection. This
detection technique is sensitive to inhomogeneities and/or variations in probe
concentration, photobleaching of the probe, background fluorescence, and changes in
the light source intensity.

6.2 Adenovirus genotyping assay (I-1I)

The hAdV genotype-specific analysis is important for epidemiological studies to
provide information on the incidence and distribution of infections by individual
hAdV types. Genotype identification is also necessary for the detection of new strains
and for understanding hAdV pathogenesis. In Study II, the hAdV genotyping assay
was developed to better understand the epidemiology of clinical adenovirus infections
in Finland.

6.2.1 Probe design and real-time quantitative PCR

The conserved region in the hAdV hexon sequence was chosen as the target for the
hAdV genotyping assay. Through this sequence region, all the hAdV members
belonging to groups A to F were targeted. An asymmetric real-time qPCR with Syber
Green | dye was established for the amplification of the conserved hAdV hexon
sequence region. The sensitive PCR method was able to detect the C02 genotype at
concentrations of fewer than 10 copies per qPCR reaction (I, II).

A melting curve analysis was also included after the PCR amplification. Within the
same hAdV genotype the melting temperature showed variations, and the melting
temperatures of different hAdV types overlapped. The melting temperature analysis
gave only a proximal estimation of the hAdV type. Also, the qPCR showed random
non-specific late amplification of hAdV negative specimens or specimens infected
with other viruses (II). The developed PCR method alone was not specific enough for
hAdV genotyping. However, we combined the sensitive PCR method to a specific
post-PCR oligonucleotide array-in-well hybridization assay to detect and genotype the
hAdVs. The assay was specific for hAdV types, no hybridization signal was detected
among the hAdV negative specimens or specimens infected with other viruses.

The 5’-terminus amino-modified capture probes used in Studies I and II contained
three additional T/C nucleotides at the 5’end that could be utilized to increase the
probes’ hybridization efficiency by functioning as a spacer. Probe affinity is an
important factor affecting the probe-target hybridization and the affinity should be as
high as possible. The probe-target affinity was predicted using the calculated Gibbs
free energy (AG) values of the probes. The thermodynamic behavior of the designed
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probes (I) was evaluated by calculating the AG change of the probe-target hybrid. The
designed oligonucleotides (I) showed a correlation between the hybridization intensity
and AG values of the oligonucleotides. It is not always possible to design a single
probe that would perfectly match within the genotype, but utilizing array technology,
it is feasible to increase the number of probes to identify one genotype. Instead of
using only one perfectly matched probe for one targeted hAdV type a combination of
the specific oligonucleotide probes were used to give a specific hybridization pattern
for each targeted hAdV type. Study (I) demonstrated that the array-in-well assay
platform was suitable for the detection and genotyping of hAdV types in clinical
nasopharyngeal samples. The hAdV type C02 was the most prevalent type among the
55 clinical nasopharyngeal samples (26% of the samples). The other types, in
decreasing order, were B03, C01, E04, C06 and CO05. The detected types are the most
common hAdV types previously shown to cause respiratory tract infections in children
(Qurei et al., 2012).

6.2.2 Epidemiological study (II)

During the study period in the autumn of 2010, an outbreak of hAdV type B03
infections occurred. After this, only sporadic cases were detected. The type B03 was
found in specimens from both children and adults. It was commonly associated with
conjunctivitis (n = 79; 68%), and respiratory diseases (40; 47%). Genome type
diversity, especially within hAdV type B03, is a well-known phenomenon observed in
different parts of the world. A study conducted in Korea from 1990 to 2000 identified
seven type B03 genome variants among the children during outbreaks of lower
respiratory tract infections (Kim et al., 2003). Landry et al., 2009, reported two new
genome B03 variant types (e.g., hAdV3a50 and hAdV3a51) and Selvaraju et al., 2011
reported four BO3 genome variants, including previously reported hAdV-3a2 and
hAdV3a50, and two novel variants based on the unique Bg/Il and BstEIl profiles
(Landry et al., 2009; Selvaraju et al., 2011). The new hAdV variant types are
commonly classified on the basis of the restriction endonucleases found from various
bacterial strains. These new genetic variant types could be a reason for the high
incidence of BO03 infections during the autumn of 2010 observed in this study.
However, only a minor part of the detected BO3 types were sequenced and no
comprehensive sequence information on B0O3 types was obtained. Although group C
hAdV types are common, especially among the children, other epidemiological studies
have also reported high hAdV type B03 prevalence among the hospitalized children in
Southern Palestine (Qurei et al., 2012), and also among both children and adults in the
USA (Gray et al., 2007; Selvaraju et al., 2011).

The predominant hAdV genotypes differ between countries or regions and change
over time. In 2006 and 2007, the hAdV type B14 emerged as a significant contributor
to acute respiratory disease and severe pneumonias in the USA and in military recruit
training centers across the USA (Metzgar et al., 2009; Tate et al., 2009). The hAdV
type B14 has also emerged in Europe (Carr ef al., 2011; O'Flanagan et al., 2011;
Parcell et al., 2014). In this study, the array was not able to discriminate clinically
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important hAdV type B14 from the types 11, 16, 34, and 35 belonging to group B
because of the sequence similarity in the amplified hexon gene region. In this study,
neither B14 nor B11, indistinguishable in the array-in-well assay, was detected among
the clinical specimens. The targeted hexon gene sequence region needs to be changed
if a specific probe for type B14 is designed. Since the B14 type was not present in the
study population during this four year study period 2009-2012 in Finland, a redesign
of the assay was not necessary at this time.

In Study (IT), not all the prototype strains were available for genotyping. However, in
silico analyses based on the probe-target thermodynamic AG values were performed to
predict the binding efficiency between the probe and target. These analyses gave a
specific pattern for most of the targeted genotypes. As expected, F40 was not
differentiated from F41 just as B14 was not be differentiated from B11. Therefore, the
samples need to be sequenced to reveal the exact type. Although the assay has some
limitations, the developed hAdV genotyping assay has a wider type selection than
many other published hAdV typing assays (Lopez-Campos et al., 2007; Washington et
al., 2010). A reverse line blot hybridization method with even an broader hAdV type
selection has been reported (Cao et al., 2011). The probes used in this study were
suitable for the detection and typing of the most common and clinically relevant
adenovirus types circulating in Finland. The array-in-well hybridization assay offered
a robust multiplex platform for a rapid, high throughput typing of clinically relevant
hAdV genotypes in different specimen types. In addition, there is scarce data on the
hAdV epidemiology in Finland. Epidemiologically, the typing results gave a
comprehensive picture of prevalent hAdV types in Finland during the four year study
period (unpublished).

6.3  Quantitative multianalyte immunoassay (III)

Study III demonstrated a capability to perform a quantitative multiplex immunoassay
using UCNP reporter technology and imaging detection. The assay specificity is a
very important issue that should always be evaluated when developing multiplex
assays (Gonzalez et al., 2008). In multiplex immunoassay, cross-reactivity between
antibodies and different proteins may cause major problems (Juncker et al., 2014;
Templin et al., 2002). Antibodies validated for singleplex immunoassays may display
cross-reactivity with other proteins in multiplex formats; cross-reactivity reduces assay
specificity and sensitivity leading to false interpretations of the positive and negative
results. In this study, the possible cross-reactivities were tested with the single analyte
array-in-wells, the analytes (PSA, TSH, and LH) were incubated with a cocktail of
secondary antibody-coated UCNPs with no cross-reactions detected, so the analytes
bound correctly only to the corresponding spots.

The multiplex immunoassay was carried out in a buffer, but to evaluate the possible
matrix effect, a biological sample was tested in a single-analyte array-in-well assay for
PSA. With the plasma sample the obtained detection limit was six times worse than
detection limit obtained in buffer. This might be due to the formation of
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nonimmunoreactive complexes of PSA to PSA-binding proteins present in the plasma
sample. This is usually the main reason for compromised assay performance in plasma
(Wu et al., 2004).

The nonspecific binding of the antibody-coated UCNPs limited the assay sensitivity.
In addition, the surface chemistry used for the biofunctionalization of the UCNPs as
well as the assay conditions, such as the buffer used, may affect colloidal stability of
the UCNPs during the assay. This can increase the background signal originating from
the nonspecific binding of the UCNPs, which cannot be completely eliminated, but
this inherent characteristic of antibodies can be minimized by the careful optimization
of antibody combinations and assay conditions. (Ellington et al., 2010). By carefully
choosing the antibodies used in the assay and optimizing the coating protocol of the
UCNPs for each of the antibodies, the nonspecific binding could be further reduced.

The assay sensitivity (i.e., LOD) can be defined as the lowest concentration of the
analyte that can be consistently measured. Comparison of different multiplex assay
performances is not reliable if different models, antibodies, and detection technologies
are used (Nielsen and Geierstanger, 2004). In some cases, the multianalyte protein
assays may lack the adequate assay sensitivity compared to the traditional ELISAs
(Copeland et al., 2004). However, assays that have a high analytical performance by
reaching an excellent assay sensitivity and wide linear range have been reported (Bruls
et al., 2009; Zong et al., 2012). Bruls et al., 2009, have developed a rapid (total assay
time a few minutes) multiplex immunoassay, which was able to detect drugs of abuse
in subnanogram per milliliter in saliva and cardiac troponin I in subpicomole per liter
levels in blood serum/plasma by using magnetic nanoparticle labels. Zong et al., 2012,
developed a sensitive chemiluminescence immunoassay for the detection of tumor
marker panel. This cancer screening assay reached wide linear ranges over 5 orders of
magnitude as well as low detection limits.

In the multiplex immunoassay, the obtained LODs and dynamic ranges for LH and
PSA were in clinically relevant ranges. Also, the multiplex immunoassay sensitivities
for LH and PSA were comparable with the existing singleplex time-resolved
immunofluorometric assays (Eriksson et al, 2000; Stenman et al., 1985). The
sensitivity of the PSA assay was in the same range as that obtained in the previously
published array-in-well multianalyte assay (Wiese et al., 2001) The LOD for TSH
should have been over one order of magnitude lower to be suitable for the detection of
overactive thyroid, i.e., the measurement of hyperthyroidism. TSH is known to be a
very demanding analyte, requiring ultrahigh assay sensitivities and a very wide
dynamic range. Earlier developed spot-based singleplex immunoassay for TSH
demonstrated that using the antibody fragments as capture molecules instead of the
whole monoclonal antibody can improve the assay sensitivity (Ylikotila et al., 2005).
A very sensitive spot-based immunoassay for TSH was carried out by using a site-
specifically biotinylated recombinant Fab fragment spotted (spot diameter 2.5 mm) on
the bottom of streptavidin-coated 96-well microtiter plate.
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The developed multiplex immunoassay platform showed potential for developing
customized quantitative assays for protein biomarkers in plasma samples. The
technology could be applied to, e.g., the cardiac marker multiplex assay, drug
discovery, and other biomarker panels where more effective diagnosis is needed.

6.4  Serological array-in-well assay (IV)

Serological assays are used to measure disease-associated virus-specific IgM and 1gG
antibodies present in patients’ serum during and after acute infection. In Study IV, a
serological array-in-well assay was developed for the detection presence of B19V IgG,
and hAdV IgG antibodies as well as total hlgG responses in serum samples
simultaneously.

The hAdV C02 and C05 hexon specific spot signal intensities correlated with each
other. C02 and CO5 hexon antigen cross-reactivity was expected, because both of
these viruses belong to group C and their hexon antigens show relatively high
homology (86%) at the amino acid sequence level (Chroboczek et al., 1992). This
suggests that the epitopes in the hexon protein within at least hAdV types C02 and
CO05 are highly conserved. The inclusion of both C02 and CO5 hexon antigens in the
array offers a good control for the reproducibility of the antigen preparation process
(e.g., hexon production, purification, labeling, and printing steps).

For each plate the analyte specific cut-off values were calculated and, based on these
values, all the B19V samples showed 100% correlation with the reference B19V IgG
assay. However, four serum samples (three from children and one from an adult) had a
low hAdV IgG positive result in the array-in-well assay and a negative result in the
reference hAdV IgG assay. This was not unexpected, because of the different serum
sample dilutions used in these two assays. The four serum samples should have been
tested in the array-in-well assay using a more diluted sample. One option could be
that, in the future, more than one serum sample dilution is used in the array-in-well
assay. By using both 1/200 and 1/1000 serum sample dilution the low-abundance and
high-abundance antibodies could be detected. This would be useful when utilizing
high multiplex degree arrays.

A limitation of the developed serological assay was that the amount of IgG antibodies
bound to the surface of the specific antigen spot and control anti-hIgG spot was not
quantified. There is no commonly used standard method to perform this task.
However, a few studies have used either a linear (Mezzasoma et al., 2002) or non-
linear (Yu et al., 2013) calibration method for quantifying antibody binding to the
array surface. These assays take into account the fact that antibody concentrations vary
in serum. The nonlinear standard curve method is based on a known amount of IgG
standards printed on an array (Yu et al., 2013). The IgG antibodies bound to the spot
can then calculated on the basis of standard curve. This method has an advantage
compared to the standard curve method: it improves the linear dynamic range and
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reduces assay variation. In the future, the serological array-in-well assay could be
improved by including the quantification of the bound antibodies.

The serological array-in-well assay was feasible and correlated well with the results of
the reference assay also in terms of defining B19V IgG seroconversions. Although the
screening of anti-B19V antibodies especially in pregnant women has greater clinical
importance, the detection of highly prevalent antibodies to hAdV served as a suitable
control for virus-specific antibody response. The developed multiplex serodiagnostic
model assay provides an important tool for the improved detection and screening of a
wider panel of virus-specific antibody responses.
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7 CONCLUSIONS

The interest in developing new and fast screening tools based on DNA- and protein
arrays to detect and type a wide range of different biomarkers and pathogens is
increasing. In this study, a high-quality spotting method for oligonucleotide and
protein array-in-well is employed. The study verifies the advantages and potential of
the UCP-based reporter technology in different multiplex bioaffinity model assays.
Compared to many other widely used approaches, the UCP technology provides a
fluorescence imaging system that is both low-cost and produces less background
signal. Another advantage of utilizing UCPs is that continuous excitation and
measurement can be used and no time-resolved measurement is needed. One of the
main achievements of this study was the development of the hAdV genotyping assay,
which has been used as a research tool in the epidemiological study of hAdV types
circulating in Finland.

The main conclusions based on the studies are presented below.

I In this study, the developed oligonucleotide array-in-well approach utilizing
upconverting phosphor reporter technology and the novel instrumentation for UCP
imaging was demonstrated to be applicable to multianalyte studies. A desktop
prototype of anti-Stokes photoluminescence imaging device based on laser diode
excitation and CCD image sensor was constructed for multiplex testing. An
oligonucleotide array-in-well assay was based on DNA amplification by the
quantitative real-time PCR method using primers directed at the conserved hexon
gene region of the hAdVs. A post-PCR high-throughput oligonucleotide
hybridization assay was able to reveal the hAdV type in prototype strains and
clinical nasopharyngeal specimens.

II  The technically improved hAdV oligonucleotide array-in-well genotyping assay
was used for the multiplex, rapid and accurate detection of clinically relevant
hAdV genotypes in different specimen types. The hAdV negative and positive
specimens as well as specimens containing other viruses than hAdV were
analyzed with the array-in-well hybridization assay. During the one year study
period, an outbreak of hAdV type B03 occurred in autumn 2010. Epidemiological
information on hAdV types circulating in Finland is scarce, and this assay offered
a robust multiplex platform for epidemiological studies.

III Antibody-based arrays represent a powerful approach for a large-scale
characterization of candidate antigens. In this study, a multiplex immunoassay for
three model analytes (PSA, TSH, and LH) was developed. The biotinylated
antibodies were printed in an array format on the bottom of microtiter wells, and
the captured target analytes were detected with secondary antibody-coated
UCNPs. The array was imaged and the standard curves for each analyte were
quantified from the images. Based on the multianalyte assay standard curves, all
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the LODs except TSH were in clinically relevant range. The multianalyte
immunoassay results were also comparable with the reference assays and single
analyte array-in-well assays.

IV The serodiagnostic array-in-well assay offers a high-throughput method for the
detection of virus-specific antibodies in serum. In this study, three different viral
antigens (B19-VLP, hAdV C02, and C05 hexons) along with controls were
printed in the same array well. Parallel serodiagnostic analyses were carried out by
using one serum sample dilution. The developed assay was able to discriminate
B19V and adenovirus IgG negative and positive patient populations. In addition,
the results for B19V serology showed an excellent correlation with the
commercial reference IgG EIA. Both the C02 and C05 were chosen because the
population in Finland have high seroprevalence against these hAdV types and
because it was necessary to get at least one virus-specific signal. The array-in-well
assay offers a great potential for the future development of multiplex
serodiagnostic assays in clinical virology.

Multiplex assays based on arrays are high-throughput platforms suitable for variable
fields in clinical diagnostics. In the future, DNA-arrays may compete with the very
high-throughput sequencing (e.g., next generation sequencing) methods, which
increase sequence throughput by laying DNA fragments on a single chip and
sequencing all these fragments in parallel yielding millions of DNA sequence reads in
a single run. However, the high-throughput sequencing is still expensive and the
results are more complex to analyze than array-based intensity results. In addition, the
protein-based multiplex assays show great potential to improve the clinical diagnostic
assay performance. Especially, the detection of the host antibody responses to multiple
infectious diseases simultaneously in one array well could offer a reliable high-
throughput clinical diagnostic tool in the future. Furthermore, protein arrays can be
used to simultaneously analyze multiple biomarkers to a target disease providing a
more accurate diagnostic result with smaller sample volume needed.
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