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1 Aim & thesis outline

This first chapter provides the reader a brief introduction to the thesis “Biomolecular
interaction sensing on microarrays using surface plasmon resonance imaging”. The aim of
the thesis is to develop an orientation controlled peptide microarray to study the binding of

autoantibodies using an SPR imaging system. An outline of the thesis is presented here.
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1.1 Project scope

Driven by the need for alternative technologies for separation and identification of the
highly complex protein mixtures that are inherent to biomarker discovery, drug screening,
disease diagnosis and treatment, three Dutch universities (University of Twente, Radboud
University Nijmegen and Utrecht University) initiated a project titled “Proteomics on a
chip for monitoring autoimmune diseases” which was funded by the Dutch national
technology foundation STW in collaboration with the IOP genomics program, TMM 06209.
The goal of the project is to develop a Lab-on-a-Chip (LOC) device for detection of

autoimmune diseases and new biomarker discovery.

1.1.1 The research partners:

e University of Twente:

o Development of a microfluidic free-flow electrophoresis (FFE) chip for
the separation of proteins in biological samples e.g. serum,

o Development of new microarray based immobilization techniques and
label-free detection of autoantibodies in serum samples with surface
plasmon resonance imaging (SPR imaging).

e Radboud University Nijmegen: characterization and production of relevant
autoantigens and autoantibodies for the diagnosis and fingerprinting of
autoimmune diseases, such as rheumatoid arthritis (RA).

e Utrecht University:

o Investigate capillary electrophoresis (CE) and isoelectric focusing (IEF)
technologies for biological sample pretreatment,

o Integration of mass spectrometry (MS) and SPR for the identification of

new biomarkers.

An overview of proteomics on a chip can be read in the following publication ! and

through the output of the research partners 23456789101112
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1.1.2 Aim of the thesis:

Aims are: 1) the development of orientation controlled ligand immobilization of peptides
in a microarray format by commercial piezoactuation deposition, commonly called
spotting, and newly developed strategies utilizing microfluidic techniques, 2) the
determination of the specificity, sensitivity and detection limit of immunological
interactions in an SPR imaging system, 3) study the affinity binding kinetics using a simple
pressure driven flow-cell using different methods for varying ligand and analyte

concentration.

1.2 Thesis outline

A brief summary of the thesis chapters is provided below.

Chapter 2: “Introduction”, this chapter contains a short introduction to the motivation
and various aspects and techniques regained to understand and measure biomolecular
interactions. Some important suggestions are: Why is label-free sensing of biomolecules
so important? What are the advantages of using microarrays and surface plasmon

resonance imaging?

Chapter 3: “A soft-lithography based ligand immobilization technique”, this chapter gives
an overview of the various soft-lithography based ligand immobilization techniques, with

an emphasis on PDMS based microfluidic spotting devices.

Chapter 4: ”"Angle-scanning SPR imaging for detection of biomolecular interactions on
microarrays”, this chapter is an introduction to scanning angle SPR with a comparison to
fixed angle SPR. Biotinylated peptides immobilized on the surface were used to study the
antibody binding. Furthermore the detection limit is discussed by means of a microarray

. 13
experiment. .

Chapter 5: “Biomolecular interaction monitoring of autoantibodies by surface plasmon
resonance microarray imaging”, this chapter demonstrates the diagnostic relevance of
monitoring biomolecular interactions by using SPR imaging, with an application to

studying rheumatoid arthritis autoantibodies in diluted serum samples. "

Chapter 6: “Ratio-diluted ligand density assays for single analyte kinetic analysis”, this

chapter describes an alternative method to obtain analyte-ligand kinetic information by
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using a single analyte concentration and ratio-diluted ligand concentrations. This method
has the advantage of requiring less analyte sample volume, reduces the surface

regeneration steps and decreases the experimental time needed.

Chapter 7: “Conclusions and recommendations”, this chapter will give a concluding
overview of the material discussed throughout this thesis, and finishes with

recommendations on how to improve or carry on with the research.
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2 Introduction

This chapter gives a short introduction of the various aspects and techniques used to
measure and study biomolecular interactions. First, a general introduction of biomolecular
interactions, including peptides and proteins, antibodies and immune diseases, and
proteomics is given. Then, the concept of label-free biosensing is introduced, with special
emphasis on SPR. Finally, the principle and role of microarrays and data analysis are

described and general conclusions discussed.
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2.1 Biomolecular interactions

Biomolecules are the building blocks of life. They primarily consist of carbon and
hydrogen, along with nitrogen, oxygen, phosphorus and sulfur. Other elements can also
be incorporated, however are much less common. Biomolecules, such as nucleic acids
contain the blueprint of an organism, as they remain relatively stable throughout the life
time of the organism. Nucleotides are the basis or building blocks of nucleic acids, DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid). Nucleic acids are translated into
proteins, which are involved in the regulation of the metabolic processes. Knowledge of
the genome (the entire genetic collection of an organism) is very important for studying
the dynamics of the proteome of an organism ! In this thesis the main focus will be on

proteins and measuring their interactions.

2.1.1 Proteins & peptides

Proteins and peptides are widely studied and used in biological research 23 Current
research focuses on protein and peptide structure, modeling, expression, analysis, and
their interactions with each other and other molecules and the different fields of

. . 4
application .

Proteins are involved in the maintenance and metabolic processes in living organisms.
Proteins and peptides are polymers consisting of 20 different types of a-amino acids as
their building blocks. The amino acids are covalently linked to each other by the formation
of an amide bond between a-amino and a-carboxyl groups, which is also called a peptide

bond, shown in Fig. 2.1.

H H oH H o H 'T C”) HH o

. N . | |

A A —— i

H w oHH @\ OH H H  OH
FPeptide Bond

Fig. 2.1. The chemical formula of the peptide bond is shown here >.
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Chains containing only a few (2-12) amino acid residues are referred to as oligopeptides,
longer chains are called polypeptides, all proteins are polypeptides. Standard polypeptides
retain an un-reacted amino group at one end (called the amino terminus or N-terminus)
and an un-reacted carboxyl group at the other end (the carboxyl terminus or C-terminus)
*. Protein molecules have four levels of structural organization. The primary structure of
proteins consists of a linear sequence of amino acids and determines the secondary and
tertiary structure. The secondary structure is a local folding, of which a-helixes and B-

sheets are the most common examples as shown in Fig. 2.2.

Beta Sheet Structure
Hydrophilic side

edge view

* hydrophobic ' Trp Ribbon Representation

side T

AR

Ribbon Diagram of an alpha-helix

Fig. 2.2. The secondary structures of proteins, a-helix and B-sheet

(http://en.citizendium.org/wiki/protein_structure).

The tertiary structure is an overall folding of the protein into a more compact structure,
mostly occurring via non-covalent forces and sometimes via disulfide bonds. The
quaternary structure is a multi-chain association between several proteins. These 4 levels

of structural organization result in the functionality and increased stability of the protein.

The biological function of most biomolecules depends on their ability to interact with
other molecules. Therefore, it is of great interest to identify the epitopes - specific
recognition sites, and binding sites, defining its core activity. Peptides, being fragments of
a protein, are shorter and only have a linear structural organization. Furthermore they can
be synthesized in-situ like DNA oligonucleotides. As an example, high density peptide
microarrays can be fabricated by direct synthesis of peptides on a surface using

photolithography or light-directed synthesis 5, this is further explained in section 2.3.3.
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2.1.2 Antibodies & autoimmune diseases

Antibodies and immune responses ®7 are widely studied and used in biological research 8,
Antibodies or immunoglobulins are high molecular weight proteins of approximately 150
kDa, consisting of four subunits including two heavy chains and two light chains (as shown
in Fig. 2.3). Antibodies are intended to keep an organism free from foreign entities, and to
remove abnormalities from within an organism. They are normally produced by
specialized B-lymphocytes after stimulation by an antigen, a substance foreign to the
human body, such as an immunogen or a hapten. Within an immune response antibodies

act specifically against the antigen to remove it from the organism.

A normal immune response would lead to the production of polyclonal antibodies which
are directed against multiple epitopes of the antigen as they are processed by antigen
presenting cells and B-lymphocytes. The name B-lymphocyte originates from Bursa of
Fabricius, an organ in birds where the B-lymphocytes mature. B-lymphocytes are
produced in the bone marrow. Monoclonal antibodies on the other hand, are derived
from fusing spleen cells with a myeloma cell line. These cell lines, produce identical
antibodies which are used in therapeutics and research because of their uniform affinity
and specificity.
Antigen Artigen

binding Binding
site site:

Hinge

regicns , I

il Enzymatic

5 cleavage Antigen
Ginding
sita

Heavy —
chain

Fabr fragment

Fig. 2.3. Schematic representation of an antibody consisting of 2 heavy (Cy + Vi) and 2 light chains (C, + V) having
a constant domain (C) and a highly variable domain (V) binding the antigen. The carbohydrate binding domain
(CHO) plays a role in the protein targeting and lifetime of the antibody in the serum. The disulfide bonds,
represented by -S-S-, provides the antibody extra stability >.

10



Introduction

If the delicate balance of antigen recognition and antibody production becomes
disordered, allergies or autoimmune diseases, may result 7. A hallmark of autoimmune
diseases is the production of high-affinity autoantibodies, coordinated by B- and T-
lymphocytes expressing a diverse repertoire of antigen receptors ° These circulating
autoantibodies bind to self-proteins and thereby attack the species at an organ or
systemic level. Since there is no fundamental difference between the structure of self-
antigens and that of foreign antigens, lymphocytes evolved to respond only in certain
microenvironments, generally in the presence of inflammatory cytokines. Many triggers
have been appointed to increase the susceptibility to autoimmune diseases, e.g. genetic
factors, environmental triggers, microbes, estrogens and drugs 10, Furthermore, for many
diseases these autoantibodies can be found in serum samples many years before disease
onset. Identification of the presence of these autoantibodies might allow immunological
treatment whereby the disease is prevented or life-threatening conditions can be avoided
" Therefore, reproducible and reliable serological and clinical methods assessing the risk
of a specific disease and identifying active disease and remission is important. The study of
rheumatoid arthritis specific autoantibody presence in serum samples, is discussed in

more detail in chapter 5.

2.1.3 Proteomics

The word proteomics was coined in the early 1990s by the PhD candidate Marc Wilkins as
an alternative for the phrase “the protein complement of the genome” and added to the

Merriam-Webster dictionary in 1997 as follows:

Proeteeoemics (pro-té-'6-miks): a branch of biotechnology concerned with applying the
techniques of molecular biology, biochemistry, and genetics to analyzing the structure,
function, and interactions of the proteins produced by the genes of a particular cell, tissue,
or organism, with organizing the information in databases, and with applications of the

data .

The large-scale analysis of proteins will contribute greatly to our understanding of gene
function in the post-genomic era as the genetic code alone will not provide any
information regarding their regulation. The field of proteomics can be roughly divided into
two broad areas, discovery oriented (the search for new proteins) and systems oriented

(the understanding of the relation between proteins) B The conventional proteomics

11
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approach is discovery oriented, which dates back to the late 1970s with the development
of the 2-D gel electrophoresis Y 1t is the separation, followed by the quantification and
identification of as many proteins as possible within a biological sample, typically
performed on a 2-D gel electrophoresis combined with mass spectrometry (MS) B
Analyzing proteins in complex biological samples is not without bottlenecks as the
dynamic range of protein abundance can be as high as 10'°. Moreover, protein
concentrations vary tremendously, the differential concentration of abundant and rare
body fluid proteins can exceed 12 logs '® Since the best 2D-gels cannot resolve more than
10* proteins, it is obvious that only the most abundant ones can be visualized if a crude

protein mixture is used.

In 2-D gel electrophoresis, the proteins are electrophoretically separated and quantified in
two steps, to obtain an increased resolution. The first dimension separation is based on
the isoelectric point (Pl) of the protein, by isoelectric focusing (IEF). IEF is based on the fact
that a molecule’s charge changes upon the pH of its surrounding, being positively charged
if the pH is below the Pl and vice versa. The second dimension separation is based on the
proteins mass, on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The SDS, denatures the disulfide bonds of the proteins, and results in reattaining
its primary linear structure. In this linear structure the separation by PAGE is purely based
on the difference in mass. After isolating the separated proteins from the gel, they are
digested into peptides by a sequence specific enzyme and analyzed by MS Y. MS is an
analytical technique to identify the chemical composition of a compound based on the
mass-to-charge ratio. This unfocused screening of known and unknown proteins does not
allow high-throughput screening (HTS), because the relative location of the proteins varies
between experiments. Even though 1,000 peptide spectra can be obtained per hour, they
need to be scanned against comprehensive protein sequence databases for identification

in order to find the few interesting or new proteins.

The systems-oriented proteomics approach consists of studying known proteins that are
related to each other by function or sequence and their interactions with each other. As
mentioned before, genome sequencing projects have contributed greatly to the functional
analysis of proteins. There are many techniques available for the analysis of specific
interactions. Some examples of protein-detecting assays contributing to quantify the

proteins within a biological sample are, antigen precipitation, radioimmunoassay (RIA) 18,

19

enzyme-linked immunosorbant assay (ELISA) and microarrays. RIA is a competitive
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assay, in which a known amount of radio-labeled antigen is mixed with the sample. In an
ELISA assay, an antigen is immobilized in a microtiter plate and forms a complex with a
specific antibody, a fluorogenic or chromogenic secondary antibody binds the detecting
antibody. The ELISA assay is a commonly used high-throughput analysis method, however
the separate wells are all microenvironments, where a microarray only has one sample
well making it a true parallel high-throughput analysis method. Microarrays will be further

discussed in section 2.3 and chapter 3.

2.2 Label-free biosensing

A biosensor is a device that monitors and transmits information about a biological process,
e.g. an analyte that reacts with a target substance and a signal-generating electrochemical

component that detects the resulting product.

C 5 o PHYSICAL ELECTRICALSIGNAL
OR
A fo) O CHEMICAL (to computer or first
O o i CHANGES to an amplifier)
oV
<] RECEPTOR DETECTOR
BIOSENSOR

Fig. 2.4. Schematic representation of the working principle of a biosensor (by Urban Jenelten).

There are multiple types of biosensors, e.g. electrochemical, acoustic, mechanical, and

20 21 22

optical . Although a large variety of research is carried out on biosensors, we

consider only surface plasmon resonance, an optical biosensor.

2.2.1 Label vs. label-free

There are generally two types of detection methods: label-based detection and label-free
detection ». Label-based detection use a variety of labels including radioactive, magnetic
24, chromogenic, fluorescence-based and quantum dots, of which fluorescent labels are

currently most commonly used. Advantages of fluorescence-based detection are its high

13
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sensitivity, with detection limits down to a single molecule 25, availability of a wide range
of commercially available labels and well-established detection techniques based on
optical microscopy. By combining different labels, multicolored and high quality
microscope images provide valuable information about the life processes. Photobleaching
can be a problem in fluorescence-based detection techniques, however, it can also be
exploited to study the dynamics inside living cells e.g. FRAP (fluorescence recovery after
photobleaching) and FLIP (fluorescence loss in photobleaching) . New and more stable
dyes are being developed, as well as quantum dot nanoparticles, which can eliminate
photobleaching and open doors for new methods, such as optical bar coding 7, However,
labels may interfere with the biological function of the biomolecule and quantitative
analysis can be difficult as the number of fluorophores on each molecule is difficult to

23
control .

In the case of label-free biosensing the analyte does not require any specific
characteristics or labels, and there is no need for multistep detection protocols like

% even though sandwich assays can provide additional specificity.

sandwich assays
Moreover, label-free biosensing allows real-time monitoring of the binding occurrence,
providing additional information about the interaction, such as affinity, specificity,
guantitative and kinetic or thermodynamic data ?° Miniaturization is also possible, which
may lead to point-of-care instrumentation * The selectivity and sensitivity are currently
actively debated among the biology community, and they are only slowly accepting these

newly developed methods.

Label-free optical detection techniques can be divided into a number of categories, for
example refractive index changes, optical absorption and Raman detection. Refractive
index based label-free detection suitable for biosensing is based on e.g. surface plasmon
resonance, interferometer, waveguide, ring resonator, optical fiber or photonic crystals 2,
Surface plasmon resonance is currently the most mature label-free technique with the
invention of SPR imaging *! simultaneous biomolecular interactions can be measured,
which is important for proteomic applications as mentioned previously. Therefore we will

only discuss the SPR imaging technique used for label-free biosensing in further detail.
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2.2.2 Surface plasmon resonance

Surface plasmon resonance (SPR) biosensors enable today’s research to explore the
kinetics of biomolecular interactions **. The physical phenomenon of surface plasmon
resonance was first observed in 1902 33, however a complete understanding only arose in

1968 ****. The use of SPR for biosensing, first mentioned in the literature in the 1980s 3 37,

. . . . . . 38 39 40
allows label-free and real-time detection of various biomolecular interactions .

Many different SPR platforms and technology combinations have been described o e.g.,

31 42 43 44 . 45 46 .
SPR microscopy , surface plasmon field-enhanced fluorescence

47 48

SPR imaging

, scanning electrochemical microscopy-SPR (SECMSPR) » grating-
) 50 51 52

spectroscopy (SPFS)

coupled SPR (GC-SPR and waveguide-coupled SPR (WCSPR) >3,

evanescent |RT
field 100% 4

ansee antibody-
immobilized ant|g<Tn
antibody complex
0%
—_—
angle
gold layer
glass slide

detector

Fig. 2.5. Schematic representation of the SPR principle ** in the Kretchmann configuration. lo : laser excited

signal, Iy : reflected signal, 6; : angle at incidence, B, : resonance angle used, AB,s : change in resonance angle.

The SPR principle is based on the excitation of surface plasmons at the surface of a thin
layer (= 50 nm) of a metal such as gold, using (p-) polarized light with a coupling prism. At

a certain angle of incidence, the free electron oscillation at gold and sample interface

15



Chapter 2

reaches a maximum and an evanescent field can be enhanced by a factor of around 30 >
¥ The actual angle of the so-called SPR-dip depends on the wavelength of the excitation
source and the refractive indexes of all the layers e.g. prism, gold and sample layer. The
penetration depth of the evanescent field into the sample is a function of the wavelength
of the incident light, typically in the order of half a wavelength. The evanescent field does

also penetrate into the thin gold layer but to a much smaller extent.

Analyte binding onto the sensor surface will induce a change of the refractive index at the
gold-liquid interface, resulting in an angle shift of the SPR-dip. SPR measurements carried
out in a fixed angle mode often translate the angle shift of the SPR-dip into a reflectivity
signal calculated from the linear part of the SPR-curve *® These reflectivity signals show
linearity up to 5 % change in reflectivity 57, which is equal to a 50 m° angle shift of the SPR-
dip. The actual shift in SPR-dip or the derived parameter (change in reflectivity) followed
as a function of time is plotted in a so called sensorgram. The sensorgram can be either a
translation of the reflectivity change or a change in angle, as shown in Fig. 2.6. Due to the
real-time recording of the change at the sensor surface, the sensorgram contains kinetic
information, providing additional information about the concentration, affinity, and

thermodynamics of the interaction and will be further described in chapter 6.

Rt

Dissociation
Reflectivity in % 4

Association

Angle in mdeg

Fig. 2.6. Shift of the SPR dip in reflectivity or angle, and the translation into a sensorgram. Small changes in the
SPR dip can be measured more accurately by the change in reflectivity, however, large changes cannot be
measured due to the loss of linearity. The change in angle is less sensitive for very small changes, however,
remains linear and can therefore measure very large changes in the SPR dip. This is explained in more detail in
section 4.3.1 and Fig 4.3.
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The most-common SPR light coupling configuration is the so-called Kretschmann
configuration 35, in which a high refractive index prism directs incident light to thin gold
layer and surface plasmons are generated at the opposite gold surface at the sample
interface and reflects at the gold surface without traveling through the liquid. Another SPR
coupling configuration is grating-coupled SPR configuration where the incident light

50 51 52

passes through the sample before reflecting at the grating , and therefore sample

solution and flow-cell need to be optically transparent >,

In the case of SPR imaging, a collimated excitation beam with large uniform spot areas is
used to image the sensor surface by a charge-coupled device (CCD) camera. Multiple
regions of interest (ROIs) can be positioned to measure and calculate the change in
reflectivity or angle at hundreds to thousands of spots simultaneously. Scanning-angle
surface plasmon resonance imaging and its applications when combined with microarray

technology, is in further detail described in chapters 4 ,5 and 6 of this thesis.

2.3 Microarrays

As mentioned in section 2.1.3, a focused or systems-oriented proteomics approach,
studying known proteins that are related to each other by function or sequence, can be
performed using microarrays B Other important application areas of protein microarrays

are diagnostics ° proteomics and therapeutics >

A microarray consists of numerous biomolecules immobilized to a solid support in a
regular pattern. Fluorescently labeled targets introduced to the surface immobilized
molecules where binding or hybridization occurs between matching ligand-analyte pairs
only. The unbound molecules are washed away and an optical scanner is used to measure
the optical signal from the fluorescent labels. This is a common high-throughput
technique used in molecular biology. In Fig. 2.7 an example of a typical microarray assay
where labeled complementary DNA (cDNA) probes are hybridized to a microarray
containing single-stranded DNA (ssDNA) is shown. Microarrays originated in the 1970s, in
the form of the Southern blot to study DNA-DNA interactions &, Separated DNA was
transferred to a nitrocellulose membrane acting as a solid support followed by an
interaction with radio-labeled complementary DNA. Soon after, the technique was applied

for the study of other binding interactions e.g. northern blot for DNA-RNA, western blot
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for protein-protein and northwestern blot for DNA-protein. The attempt to make arrays of
DNA, RNA, peptides or proteins and to gain as much information as possible from a single
test or experiment has become a huge challenge within the scientific world. In the past
years, protein microarray technology has shown great potential in basic research,
diagnostics and drug discovery as the genome cannot provide enough information to fully
understand the complex cellular network. Not only the spotting technique, also the
immobilization chemistry used is very important for the manufacturing of high quality

microarrays.

Prepare cDNAWIobe Prepare:Microarray,

Fig. 2.7. Microarray technology: an example of how to prepare a cDNA microarray

(http://www.genome.gov/Pages/Hyperion/DIR/VIP/Glossary/Illustration/microarray_technology.cfm).

2.3.1 Immobilization chemistry

Immobilization chemistry or surface coupling methods greatly influence how the ligands
link to the surface in terms of density, orientation and bond strength. One way to couple
ligands to the surface is by van der Waals forces, resulting in weak, short-range
electrostatic attractive forces between uncharged molecules, which arise from the
interaction of permanent or transient electric dipole moments. They are not often used to
couple molecules to surfaces as a change in pH or salt concentration commonly results in
their removal. Covalent or chemical coupling provides a more stable and often a

orientation controlled coupling of the ligand to the surface. Covalent coupling taking
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advantage of an un-reacted amino group (N-terminus) or carboxyl group (C-terminus) of a
protein is called amino coupling, shown in Fig. 2.8. 1-ethyl-3- (3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) is often used to couple

the N-terminus of a peptide or protein to a carboxylated surface.

Surface EDC NHS
(carboxylated) (1-Ethyl-3-(3-dimethylaminopropyl)crabodiimide) (N-hydroxysuccinimide)
(0}
OH /CH_,, HO Il
i +  CH; CH~N=C=N—(CH,);~N + N—C
AN | |
CH, C
Oo=C—cC~
/CH3
N —(CH,);~N HO_
,0—C{ “ New,  * 'l\l—(l:
—C — -
I HEEE o=0-c*
Peptide
ﬂ /CHa (amino terminated)
o] N —(CH,)—N
¢ ON— ¢+ o=c( N ¢, + R—NH,
[ I SN —
O o=GC—c~ B CH,—CH,
H i
HO . .
i " - ¢ Amino coupling
—c” \Rr | é: (covalent)
él) o=C—cC~

Fig. 2.8. reaction scheme of the amino coupling with EDC / NHS.

Other common coupling chemistries are e.g. thiol coupling and aldehyde coupling. High
affinity capture coupling is mostly not resistant to regeneration conditions, and the ligand
has to be immobilized prior to every analysis cycle. Affinity is defined by the strength of
binding between a ligand and its analyte, the higher the affinity, the lower the value found

for the dissociation constant (Kp) as this indicates the decreased likelihood of separation
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of the ligand-analyte complex. In the case of biotin-streptavidin, of which the affinity is Kp
=~ 10" M, the bond is considered to be irreversible ® Therefore biotin-streptavidin is
often used to immobilize DNA molecules to the surface. The properties of the ligand have
to be taken into account when deciding which approach to take, especially in the case of

fragile proteins.

2.3.2 Immobilization density

A well controlled ligand density on a biosensor surface is of high importance for obtaining
reproducible results. The ligands are mostly diluted with a buffer in which they are
immobilized in an attempt to create different densities on the surface. However, by doing
so the immobilization rate, total amount of available molecules in solution combined with
the available positions on the surface and the time given are all responsible for the
obtained result. A better control of the ligand density can be obtained when a background
molecule is used for dilution with a similar binding rate to the surface. In chapter 6 we will
discuss this in more detail combined with a possible application, kinetic analysis by means
of ligand densities. We also compare the standard analyte overlay plots used to calculate
the kinetic constants, with the new approach using various ligand concentrations. This
new approach could provide a higher-throughput kinetic analysis at microarrays without

the need for regeneration and thereby reducing the analysis time.

2.3.3 Spotting techniques

As mentioned before, a microarray consists of numerous molecules attached to a solid
support in a regular pattern. This pattern consists of many, so-called spots, consisting of
only one type of molecule. The delivery of the droplet containing these molecules to the
surface of the solid support, is called spotting or printing. The various spotting techniques

can be roughly divided into two groups, the contact and the non-contact spotters.

Contact spotters or pin tools take advantage of capillary forces when releasing droplets by
touching the surface, therefore the fluid properties are a very important parameter
contributing to the actual spot size besides the surface itself. There are various types of
pins available, of which the solid pins and split pins are the most important. The split pin is
mostly used as they are hollow and can take up to 1.25 pl %2 of sample to continuously

produce spots on the surface, whereas the solid pins have to be reloaded with new
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material after every deposition. If controlled very precisely, the split pins can be

considered to be non-contact spotters.

Fig. 2.9. The working procedure of a new type of split pin, the Stealth pin from TeleChem 62

Microarrays can also be fabricated using atomic force microscope tips (AFM tips), by dip
pen nanolithography (DPN) ® Commercial printing examples are the DPN (Nanolnc, Inc.,
USA), and the Nano eNabler (Bioforce Nanosciences, Inc., USA), both produce spot sizes
still in the micometer range, 1 — 60 um. There are also cases of nanografting o reaching a

resolution within the nano-range < 100 nm.

.\\1”\ Writing direction:
—

Water meniscus

X
SUsssssssssssdd

| Au substrate ‘

Fig. 2.10. The principle of the dip-pen is deposition of molecules on a plain surface. In the case of nanografting,

molecules of the surface are being replaced by the AFM tip containing a different type of molecules 8,

Another contact spotting technique is based on the transfer of molecules from one
surface to another, called pcontact printing % Conventional examples of microcontact
printing with elastomeric stamps, are not really applicable for producing microarrays that
contain a high variety of ligands, and are primarily interesting for surface modification
purposes ® There are also various microfluidic spotting techniques available based on
polydimethylsiloxane (PDMS, Sylgard® 184 Silicone Elastomer) as they are designed to be
disposable. The use of microfluidic PDMS channels to immobilize ligands on a surface has

a lot of potential % and is explained in further detail in chapter 3.
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The non-contact spotters deposit molecules on the surface without touching the surface.
In the case of inkjet printing, a droplet is ejected after compression of the air in the
actuation chamber using a piezoactuator. Here the velocity is very important for the actual
spot size, in addition to the fluid and surface properties. The commercially available
TopSpot % is described in more detail in chapter 3. Inkjet printing can also be used for in-
situ synthesis of oligonucleotides by depositing molecules one base at a time at precise
locations "°. A more general photolithographic adsorption technique uses a photo mask to
synthesize the molecules in-situ 5, of which a schematic representation can be seen in the
Fig. 2.11.

Digital light pattem
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Fig. 2.11. A schematic representation of microarray fabrication by in-situ synthesis by photolithography > (can be

combined with inkjet spotting)

The shape and homogeneous dispersion of the molecules within the spots is highly
dependent on the spotting procedure, used. Undesired “donuts” are easily formed during
the drying process, with the immobilized molecules located in a ring around the
circumference of the spot. The drying process is, therefore, an important and critical step
in manufacturing microarrays, especially in the case of protein immobilization it is

important to preserve their active state.

The detection techniques used for analyzing microarrays are mainly based on labeled
detection techniques and fluorescence imaging with high-throughput optical scanners, or
label-free techniques, SPR imaging or cantilevers ' The combination of SPR imaging and
microarrays will be discussed in more detail in chapter 4, 5 and 6. Various ligand

immobilization techniques are discussed in chapter 3.
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2.4 Data analysis

Although often overlooked, data analysis is one of the most important aspects of the
(bio)assay. Extracting and interpreting the measured data is rarely straight forward.
Especially when large data sets have to be analyzed, data mining, becomes very important
to sort out the relevant information. High-throughput assays generate large amounts of
data that need to be analyzed in short periods of time often relying on computing power
and sophisticated algorithms. The importance of bioinformatics is becoming clear, with

the choice of available software increasing.

2.4.1 Interpreting microarray data

The initial information obtained from a microarray experiment is a “yes” or “no” answer to
molecular binding. Dependent on the experimental design and analysis technique used,
more information can be hidden within the results of an assay, e.g. analyte concentration,
specificity and affinity. By applying bioinformatics a new field of science specialized in
handling and analyzing enormous databases generated by arraying techniques,
correlations between various samples can be found, thereby increasing the information of
an experiment 2, Fig. 2.12 shows an example of an heat map analysis, in which the results
of 2 microarray chips are compared. By using fluorescence based detection of the
interaction at a microarray, a static end result of the presence and binding of the
molecules can be obtained. By making an overlay of two experimental data sets, labeled
with different colors e.g. Cy3 (green) and Cy5 (red), information of up- and down-

regulation can be obtained s
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Fig. 2.12. Heat map data analysis of Drosophila melanogaster microarray 7 The results of a 6k and a 12k
microarray chip are being compared with each other. The difference in gene expression is depicted in green

(down-regulation) and red (up-regulation).

2.4.2 Interpreting SPR data

As mentioned before, SPR imaging data provides real-time information of biomolecular
interactions in a label-free manner. The measured sensorgram can be divided in various
parts, e.g. baseline, association, dissociation and regeneration. All of them contain
valuable information concerning the biomolecular interaction of the analyte and the

ligand, as shown in Fig. 2.13.
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Fig. 2.13. Schematic representation of an SPR sensorgram.

The response Rt, is an indication of the amount of molecules bound to the surface
compared to the baseline situation. The time t, required to obtain a certain response
depends on the concentration of both analyte and ligand. Furthermore, it indicates how
fast the interaction proceeds and provides valuable thermodynamic information if
interactions at different temperatures are performed 7 The profile of the association
phase contributes to the association rate k, but mainly to the concentration of the
analyte. The dissociation phase is merely an indicator of the dissociation rate ky , the
strength of the bond of the interacting molecules. The combined behavior of association

and dissociation results in the equilibrium constants Kyand Kp

kq

K, = *a (1)
K

Kp = i (2)

Currently, the most common approach to modeling measured SPR data is to begin with a

1:1 interaction model,

-
A+B _ AB (3)
—
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where A is the analyte and B is the immobilized ligand, and AB the complex formed at the
sensor surface. Of course, this depends on the ligand-analyte behavior and mass-transport
behavior which can have a profound effect on the interpretation of measured data. The

1:1 interaction model is based on the Langmuir isotherm 7

aA
T 1+aa (4)

6 is the percentage of surface coverage at equilibrium, a the Langmuir adsorption

constant (K,) and A the pressure or analyte concentration.

0 (%)

Concentration

Fig. 2.14. Langmuir isotherm curve.

If the data can be fit to the 1:1 interaction model, then a simple bimolecular interaction is
assumed to take place, requiring only one bond to form AB complex. However,
conformational changes, mass transport limitations due to surface geometry (steric
hindrance) and surface heterogeneity are well known factors that result in a poor fitting to
the model. For more detailed information about kinetic analysis in combination with SPR
the reader is referred to chapter 6, where the kinetic analysis of microarray based data

obtained with SPR imaging is being discussed 8
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2.5 Conclusions

Combining (old and new) techniques can provide valuable tools to investigate protein
interactions. SPR imaging is a powerful tool to study biomolecular interactions in a label-
free and real-time manner. Here we explore the usability of peptide microarrays for the
detection of autoantibodies present in serum samples, to provide a high-throughput label-

free alternative to conventional assays, such as ELISA.

Both, spotting techniques as well as data analysis are important for obtaining high quality
data and bioinformatics is getting a more prominent role in the analysis of high-

throughput screening.
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3 A soft-lithography based
ligand immobilization
technique

In this chapter a soft-lithography process to develop the various types of PDMS spotting
devices for the immobilization of proteins in confined surface areas in a microarray format
is explained, and various geometric examples are given. A short review of other available
microfluidics spotting methods is provided, with an emphasis on PDMS based microfluidic
spotting devices. PDMS based mircofluidic spotting devices are considered to be flexible
and disposable, however, they are not always applicable. A spotting device merely driven
on capillary forces was successfully designed, however, does not allow for high density

microarrays.
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3.1 Introduction

Microarrays consist of numerous biomolecules immobilized to a solid support in a regular
pattern of microscopic spots, and have significantly evolved from the first demonstration
in the 1970’s, Southern blotting technique to study DNA-DNA interactions ! Labeled
targets are introduced to the surface immobilized molecules, and bind or hybridize to
matching ligand-analyte pairs only. The idea behind the microarray experiment is that all
the ligands at the surface are exposed to the same analyte solution and can be compared
without the risk of inter-experimental variations. The attempt to make arrays of DNA,
RNA, peptides or proteins and to gain as much information as possible from a single test

or experiment remains a huge challenge within the scientific community.

Fig. 3.1. An example of hybridization on an Agilent 60-mer oligo microarray

(http://www.rr-research.no/lothe /?k=lothe/methods&aid=2823).

The detection technique commonly used, is based on fluorescence. Two samples, typically
of a wild type and a mutant, are labeled with two different colored fluorescent dyes (often
red and green). The samples are mixed, and the mixture is then introduced to the
microarray, resulting in a mixture of red, green and yellow spots as can be seen in Fig. 3.1.
The green spots typically indicate a down-regulation, the red spots an up-regulation and
the yellow, equally regulated expression. This discrimination within one experiment can

only be made by labeled detection. To obtain a similar result with a label-free detection
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technique like SPR, the two samples have to be introduced separately to the microarray,
ideally one after another after a regeneration step or on a different surface containing the
same microarray. The obtained binding results can then be compared directly with each
other. The advantage of the label-free measurement lies within the regeneration of the
surface, thereby many more samples can be compared with each other, further
demonstrated in chapter 5. The limitation, however, is the area that can be visualized at
once. The fluorescence scanners can cope with much larger areas, typically a microscope

slide 75 x 25 mm, whereas the SPR imager has a limit of 7 x 7 mm.

The immobilization of the molecules to the surface in this regular microarray pattern, is
called spotting or printing. The various spotting techniques can be roughly divided into
two groups, the contact and the non-contact spotters. The non-contact spotters deposit
molecules on the surface without touching the surface. One of the most commonly used
types is inkjet printing, where a droplet is ejected after compression of the air in the
actuation chamber using a piezoactuator. The inkjet printing technique can also be used
for in-situ synthesis of oligonucleotides by depositing molecules one base at a time at
precise locations 2. A more general photolithographic adsorption technique uses a

photomask to synthesize the molecules in situ ’,
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Fig. 3.2. The schematic drawing explaining the working principle of a piezoacuator *. From left to right, the
capillary filling of the channels and nozzles of the printhead. The piezo stack actuator presses a stamp into the
actuation chamber of the printhead. Compression of the air in the chamber results in a homogeneous build up
pressure that overcomes the surface tension in the nozzles and dispensing of droplets. With the release of the

pressure in the actuation chamber, the nozzles refill and are ready to print another microarray.

The contact spotters take advantage of capillary forces when releasing droplets containing

molecules by touching the surface, solid or split pins are the most important. The split pin
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is mostly used as they are hollow and can take up to 1.25 pl > of sample to continuously
produce spots on the surface, whereas the solid pins have to be reloaded with new

material after every deposition.

The piezoactuators and pin spotters are highly dependent on both, surface and fluid
properties, for the obtained spot size. The need to pattern smaller surface areas made
scientist look at alternatives which resulted in contact spotters based on e.g., atomic force
microscope tips (AFM tips) ®  microfabricated fountain pens 7 or various
polydimethylsiloxane (PDMS) microspotters.

PDMS is popular in the microfluidics community, because it is easy to pattern by soft-

8910 Dependent

lithography, optically transparent, flexible, gas permeable, and low cost
on their working principle, PDMS microfluidics spotters can produce microarray with
confined spotsizes regardless to the fluid or surface properties. Moreover, PDMS
microfluidics spotters can facilitate a protective environment while spotting, thereby
avoiding denaturating conditions while immobilizing fragile proteins and obtain more
homogeneous spots, if they form a seal with the surface during the entire immobilization
process. Lower ligand concentrations can be introduced and still obtain a high

immobilization density due to the larger introduced volume and time.

However, PDMS it is not always applicable as it swells while absorbing organic solvents.
Small molecules are also absorbed, and hydrophobic proteins stick to the walls. Its innate
hydrophobic nature makes it difficult to fill narrow channels with hydrophilic fluids. And
the gas permeability leads to water evaporation. There are many other materials that can
be used instead of working around all the drawbacks of PDMS 1 Despite the drawbacks,
the use of microfluidic PDMS channels to immobilize ligands on a surface has a lot of
potential, and various devices have already been reported. PDMS microstamps have been
used for printing, however they are not suitable to simultaneously print numerous kinds
of biosamples 2 A microstamper with backfilling reservoir, which takes advantage of the
surface tension for filling and releasing droplets, is a combinatory device made out of
PDMS and SU-8 **. PDMS microfluidics channels, were used to make 1D and 2D patterns 1
B 1% This same principle of addressing perpendicular channels, is also used in the ProteOn
XPR36 array biosensor Y The continuous flow microspotter, a pressure driven device,
8 19

produces more homogeneous spots on the surface when compared to pin spotting !

The shape and homogeneous dispersion of the molecules within the spots is highly
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dependent on the spotting procedure, used. Undesired “donuts” are easily formed during
the drying process, with the immobilized molecules located in a ring around the
circumference of the spot 2 The drying process is, therefore, an important and critical
step in manufacturing microarrays, especially in the case of protein immobilization it is
important to preserve their active state. The continuous-flow microfluidics printing

devices seems to be a valid alternative for the production of homogeneous spots 2

In this chapter the various PDMS geometries are discussed to make microarrays.

3.2 Materials and methods

3.2.1 Reagents

Suberic acid bis(3-sulfo-N- hydroxysuccinimide ester) sodium salt (BS’) were purchased
from Sigma—Aldrich Chemie GmbH (Steinheim, Germany). Polyethylene glycol (PEG)
diamine and 8-aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) were purchased
from Fluka Chemie GmbH (Buchs, Switzerland). Monosodium phosphate monohydrate,
disodium phosphate heptahydrate and hydrochloric acid were purchased from Merck
KGaA (Darmstadt, Germany). VLS| Selectipur® absolute ethanol and methanol were
purchased from BASF Electronic Materials GmbH (Ludwigshafen, Germany). RBS Neutral
was purchased from Chemical Products s.a. (Brussels, Belgium). Polydimethylsiloxane
(PDMS) / Sylgard® 184 Silicone Elastomer and Fluid 200 were purchased from Dow
Corning (Midland, USA). SU-8 50 and SU-8 100 negative photoresist, Wafer P-100, size 100

mm x 525 um.

3.2.2 TopSpot microarray fabrication

A TopSpot device in combination with a 24-channel printhead, from BioFluidix GmbH
(Freiburg, Germany) 4, was used to spot peptides and proteins in a non-contact manner on

activated SPR sensor surfaces. The principle is shown in Fig. 3.2, and the setup in Fig. 3.3.
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Fig. 3.3. The microfluidics chip or printhead used in combination with the TopSpot print unit.

The parameters used for actuation are, an amplitude of 55 % which results with an
actuation time of 6.5 ps. The trigger pause to refill the nozzles was set at 30 sec. Prior to
spotting the actual microarray, the printhead was triggered various times to ensure a
proper filling of all the channels and nozzles. After spotting, the printhead was cleaned
immediately. First the excess of sample was removed from the sample reservoirs by a
pipette, subsequently the printhead is placed in a cleaning station, which is placed in a
glass beaker in an ultrasonic bath. The printhead is washed by flushing with a 5 % RBS
cleaning solution, followed by extensive flushing with Milli-Q water to prevent cross-
contamination and clogging of the printhead microchannels. The clean printhead was
stored in Milli-Q at 4°C, prior to use the separate channels are flushed with Milli-Q using a

20 ml syringe with a short rubber tube for sealing around the sample reservoirs.

The TopSpot device as shown in Fig. 3.3, is the experimental setup used for various
microarray experiments in combination with SPR imaging, discussed in chapter 4, 5 and 6.
This non-contact manner of making microarrays, is working quite well for samples with
similar physical properties. Furthermore, the surface hydrophilicity and solution viscosity
are both parameters contributing significantly to the obtained spot size. The dense 24 spot
microarray, 4 x 6, on top of a SPR sensor disc consists of spots of approximately 300 um in
diameter and with a pitch of 500 um, shown in Fig. 3.4.
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Fig. 3.4. TopSpot microarray consisting 24 spots, on a SPR sensor disc.

The microarray containing sensor is incubated in a humidity chamber at room
temperature, to prevent drying of the spotted 1 nl droplets during the 1 hour
immobilization process. To avoid cross contamination of biosamples between various

experiments, thorough cleaning of the printhead is essential.

3.2.3 Soft litography

The term soft lithography is used for the entire procedure of producing a patterned photo
mask, producing a SU-8 master and finally a PDMS chip, illustrated in Fig. 3.5. The designs
of the dark field chromium photo masks are made in a CAD drawing program, CleWin 3.0
(PhoeniX, Enschede, The Netherlands) and Odin. The design layouts are discussed in more
detail in section 3.3.1 and 3.3.2. SU-8 photoresist, is a negative, epoxy-type, near-UV

photoresist (365 nm) a2

. The mold is fabricated from two layers of SU-8. A first layer of
SU-8 50 is spun on a silicon wafer at 4000 rpm for 30 sec resulting in a 30 um thick layer.
After a soft bake at 95 °C for > 20 min the layer is exposed for 20 sec with the channel
mask and the second layer is spun with SU-8 100 at 500 rpm for 30 sec resulting in a layer
of 400 um thickness. In the subsequent baking step the after exposure bake of the first
layer as well as the softbake of the second layer are combined at 95 °C for 30 min. The
second layer is then exposed for 120 sec with the pillar mask. An additional after exposure
bake at 95 °C for > 40 min is performed prior to the development of the two layers in a
custom build spray development system utilizing PGMEA/RER600 developer. To remove

any cracks in the developed SU-8 structures a short bake of 30 sec at 120 °C is performed.
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Polydimethylsiloxane (PDMS), a 2 phase silicone elastomer, cross links at RT after mixing
the base and curing agent in a 10:1 ratio. The process is heat sensitive and curing times
are reduced significantly with increasing temperature till a maximum of 150 °C. Changing
the ratio of the base and curing agent to 15:1, makes the end product more sticky. This

more sticky PDMS provides a good reversible seal, applicable for some of the devices

used.
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After weighing the base and curing agent in a disposable beaker or tube, they are mixed
with a mechanical mixer. The air bubbles introduced by mixing are removed under a
vacuum. The PDMS is poured carefully onto the master to avoid new air bubbles in the
highly viscous solution. Dependent on the structure complexity, another degassing step
can be desired. The thickness of the devices is controlled by using a special designed
casting mall with spacers of various thicknesses. The PDMS, cured in an oven at 80°C for
approximately 1 hour, is removed to make the devices. The devices are cut out by a round
blade of 1 inch in diameter. The sample inlet holes are punched out by hollow needles. To
ensure a proper and straight punching of the holes, a PDMS tool was developed

facilitating holes on both sides

3.2.4 0O, plasma treatment

A reversible bond is not always desired, an irreversible bond between 2 layers of PDMS
can be obtained after an oxygen plasma treatment. Both sides need to be treated for a
proper bonding result. The PDMS device containing all the desired in and outlet holes was
cleaned with 1:5 HCl in Milli-Q for 10 min at RT 23, rinsed with Milli-Q and dried under a
stream of nitrogen. The Tepla 300E was used in a cleanroom environment to oxidize the
PDMS surface, at 110 Watt, for 1 min, with 50 % O,. Alignment of the 2 PDMS layers was
performed with a droplet of methanol and the use of a stereomicroscope. The methanol

was left O/N to evaporate and form the irreversible bond.

3.2.5 PEG coating

The cured, cleaned and oxidized 10:1 PDMS devices were incubated with 10 % APTS in
dH,0 for 2 hours at RT. Then rinsed with dH,0 and dried with N,, continuing with an 5 nM
BS® in 20 mM PO, pH 7 incubation step for 20 min at RT. Followed by a rinse with 20 mM
PO, pH 7 and drying with N,. Finally the 1 nM PEG in 20 mM PO, pH 7 incubation for 30
min at RT. Another rinse with 20 mM PO, pH 7 and dH,0 before drying with N, B The
chemical reaction scheme is illustrated in Fig. 3.7. Alignment of the structures was

performed with a droplet of dH,0, and left O/N to form the irreversible bond.
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Fig. 3.7. The reaction scheme of the PEG coating.

3.3 Results & discussion

3.3.1 PDMS array spotters

The use of soft-lithography techniques for rapid prototyping of various PDMS spotting
devices, led to the following results. Various problems arose while making and using these
devices, which again led to new designs. Initially, a two layer device was used with channel
and inlet hole structures in a thick PDMS layer and nozzles in a thin spincoated PDMS

layer, shown in Fig. 3.8.
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Fig. 3.8. The CleWin design of the array-spotter. The channel dimensions are, 20 pm in width and 100 pm in
height, the nozzles at the end are 100 um long and 100 pum in diameter. On the right, a device filled with ink.

Several problems arose while working with this design, firstly the bonding of the two
layers of PDMS. Initially freshly prepared PDMS mixed in different ratios (10:1 and 20:1)
was cured only partially and then left to cure completely after alignment to form an
irreversible seal between the both PDMS layers. This was a very critical procedure, not
cured enough and the PDMS devices will deform, cured too much and they will not form a
good bond. An oxygen plasma treatment of the completely cured PDMS layers resulted in
a strong and irreversible seal of the two PDMS layers. However, it still resulted in a poor
bond around the nozzles, leading to leaking structures and cross-talk between the
channels. As the combination of the high viscosity of the PDMS (4000 mPa.s) and the
narrow pillar structure to obtain the nozzles, led to differences in the thickness of the
spincoated PDMS layer. Decreasing the viscosity of the PDMS, with Fluid 200, initially led
to a few well sealed and working devices. Secondly, the filling of the devices proved not to
be without problems. In some of the devices the nozzles were blocked by a thin layer of
PDMS that remained on top of the pillars. And the alighment proved to be another
difficulty. Moreover, filling of the narrow hydrophobic channels was not easy without
applying additional pressure. An attempt to coat the PDMS with PEG in order to increase

the hydrophilicity worked out well, and can be seen in Fig. 3.9.

45



Chapter 3

Fig. 3.9. The increased hydrophilicity of PDMS after coating with PEG visualized by the decreased contact angle of
the water droplet on top of the PDMS on the left, and the untreated hydrophobic PDMS on the right.

A good bonding of the layers after coating proved to be problematic and an oxygen pasma
treatment is mandatory. These coatings have to be freshly prepared due to the reattaining
properties of PDMS. Due to the difficulties and additional work to obtain the coating, it
was decided not to continue into this direction, and moreover the biosamples could
become contaminated with the coating. Instead a new channel design was proposed to
facilitate a better filling by capillary forces. This new design was made out of multiple
layers of SU-8, accommodating the nozzles integrated into one design, as can be seen in
Fig. 3.10 and Fig. 3.11.

Fig. 3.10. CleWin drawings of the adjusted array- and ring-spotters. The nozzle size is 80 um in diameter.
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Fig. 3.11. Various images of the ring-spotters. Left, the nozzles at the end of the channels in the SU-8 maser. In

the middle, light microscopy images of the PDMS ring-spotters. On the right, the spots made with the PDMS ring-

spotters and visualized by SPR imaging.

The resolution of the SU-8 created a problem in the case of the array-spotters, resulting in
merged channels at the nozzles. The SU-8 master of the ring-spotters proved to be more
fragile due to the free standing nozzles when compared to the array-spotters. The filling of
the dead-end ring-spotters was not as easy as expected due to air entrapment at the end
of the channel, and force needed to be applied to fill the nozzles and get the fluid in
contact with the surface. The ring-spotters with the back-flow channels filled easily,
however the fluid did not enter the three nozzles without applying additional pressure.
Due to the fragility of the design and difficulty to fill the dead end nozzles, another design

based on a flow through, or air outlet situation was proposed.

3.3.2 PDMS line-spotters

The PDMS line-spotters are single layered PDMS devices with open channel structures, or
microslits. The initial design, shown in Fig. 3.12 and 3.13, did not contain any reservoirs

and they needed to be punched out by a hollow needle.
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Fig. 3.12. The CleWin design of the line-spotter, the width of the channels at the narrow point is 100 um, and the
height is also 100 pm.

Fig. 3.13. The one dimensional immobilization of proteins on a SPR sensor surface, and the SPR image with the

regions of interest (ROI’s) depicted in red.

These line-spotter filled easily by capillary forces, however, additional applied pressure
was sometime needed for a complete filling of the channels. Similar devices have been
described before in literature, however, they all needed an oxygen plasma treatment 1416
or a differential pumping system  to facilitate filling of the PDMS microchannels due to
their geometry. The principle has even been turned into a commercially available device in
another material (ProteOn, Bio Rad), here pumping is used "7 to facilitate a continuous

fluid flow for immobilization and measurement.

The second design of the line-spotter, shown in Fig. 3.14, is the so called stop-valve >,
Here, various angles are tested to determine where the liquid pressure reaches the critical
minimum to stop the capillary fluid flow at the angle transition. This design contained
multiple layers (3) of SU-8 to accommodate the sample inlets and air outlets of the 126

different test structures with a channel height of 50 um.
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Fig. 3.14. The CleWin drawing of the stop-valve. In total 126 different designs were made to test the critical angle
transition.
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Fig. 3.15. Image of the PDMS stop-valves. Left, the fluid stopped upon angle transition with air-outlet
(W_out:30um/Angle15dg), fluid continued into air-outlet as the angle transition was not sufficient to stop the
fluid (W_out:30um/Angle75dg).

Fig. 3.15, shows an example of the stopped and continued flow in the stop-valves. Various
parameters, e.g. fluid properties, channel dimensions, channel properties and transition
angle are contributing to the liquid pressure and therefore the critical angle. The channel
width ranges from 10 um to 90 um with interval steps of 10 um, and the angle ranges
from 10° to 75° with interval steps of 5°. Comparison of the results led to the following
findings, the flow stops at an angle transition of 10° to 60° when the width ranges from 10
um till 40 um. With a width of 50 um to 80 um, the critical angle transition changed to 35°
+ 5°. The 90 um width structures were never able to stop the flow, due to the geometry
the angle did not affect the flow enough. Due to the geometry of the stop-valves, these
are the first PDMS based devices to only fill by capillary forces without any additives to
change or overcome the hydrophobic nature of PDMS. The wide sample inlet and conical

shaped channel provided a good fluid flow driven by capillary forces, and the air outlet at
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the end of the channel resulted in an easier and faster filling. A continuous flow similar to
the line-spotter, is not possible without applying pressure to overcome the pressure drop

caused by the stop-valve.

Stop-valves to immobilize ligands at a SPR sensor surface, arranged in such a way that they
would fit in the flow-cell, have not been made so far. As a straight, parallel organization of
the structures would only lead to 6 different ligands to be immobilized in the flow-cell. As
the inlet size of the stop-valve is 1.5 mm in diameter, with a pitch of 2 mm, and the usable
flow-cell area = 5 mm in length. Rearrangement of the air-outlet could lead to 24
structures placed in a ring, similar to the ring-spotters. However, this would still not lead
to high density microarrays, therefore, other techniques based on pressure driven flows

19
are needed .

Observations with ethanol showed none of the angles were able to stop the fluid flow.
Fluids with other viscosities or surface tensions has not been tested, but it can be assumed
that the critical angle will change according to the fluid properties. Also the surface
characteristics influence the critical angle, but have also not been investigated here 2627,
Besides the flow control, another possible application could be surface hydrophobicity
measurements or sample concentration measurements based on the critical angle, but an
extensive study needs to be performed in order to make that statement. Our interest was
to obtain a high density microarray to study binding of (auto)antibodies at a SPR sensor
surface, which turned out to be unsuccessful due to experimental limitations, therefore

we decided to proceed with the commercially available piezoactuator.

3.4 Conclusion

The various soft-lithography based ligand immobilization techniques, PDMS microfluidics
spotting devices, described in this chapter all had their advantages and disadvantages. The
narrow channel devices, allow high density microarray structures, however, also need a
pressure to fill the hydrophobic channels. An attempt to make a soft-lithography based
ligand immobilization technique merely driven by capillary forces resulted in a successful
device, the stop-valve. Because it is a microslit structure, one of the most important
limiting parameters is the size of the surface, in our case the 1 inch in diameter SPR sensor

surface. Also the flow-cell dimensions (3 x 11 mm) to address the analytes to the
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microarray area is important for the design of the spotting device. In general the geometry
of the stop-valves does not allow for high density microarrays, because the channels are

too spacious.

The PDMS based spotting devices, seem to be an interesting and disposable alternative for
immobilizing ligands at the surface. Especially the confined and smaller spot sizes with
increased ligand density and homogeneity are valuable improvements over the commonly
used spotting techniques. However, one should keep in mind that PDMS is not applicable
for all (bio)samples, as it adsorbs small molecules and it is very hydrophobic by nature.
Alternative materials or surface coatings could to be investigated to obtain a more
suitable alternative spotting technique. Because of other interests, we decided not to
proceed further in this direction and used the commercially available TopSpot instead, to
obtain fast results. Even though the TopSpot has its own limitations, the results we
obtained with the peptide microarrays were very satisfactory and are further discussed in

the following three chapters.
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4 Angle-scanning SPR
imaging for detection of
biomolecular interactions
on microarrays

In this chapter we describe the use of a commercial surface plasmon resonance (SPR)
imaging instrument for monitoring the binding of biomolecules on user-defined regions of
interest of a microarray. By monitoring the angle shift of the SPR-dip using a continuous
angle-scanning mode instead of monitoring the change in reflectivity at a fixed angle, a
linear relationship with respect to the mass density change on the surface will remain over
a wide dynamic angle range of 8°. Peptides (2.4 kDa) and proteins (150 kDa) were both
spotted on the same sensor chip to illustrate that both, low and high molecular weight
ligands with initial large differences in off-set SPR angles, can be applied within the same
experiment. By using a fluorescently labeled antibody, SPR results can be confirmed by
means of fluorescence microscopy after completion of a SPR experiment. SPR imaging in
angle-scanning operation provides sensitive, accurate, and label-free detection of analyte

binding on microarrays containing different molecular weight ligands.

Biosensors and Bioelectronics 23 (2008) 839-844.



Chapter 5

4.1 Introduction

Surface plasmon resonance (SPR) biosensors enable today’s research to explore the

kinetics of biomolecular interactions *. The use of SPR for biosensing, first mentioned in

the literature in the 1980s ° °*

4 56

, allows label-free and real-time detection of various

biomolecular interactions . Many different SPR platforms and combinations of

89 10 . 11 12
, SPR microscopy , surface

technologies have been described 7. e.g. SPR imaging
plasmon field-enhanced fluorescence spectroscopy (SPFS) B scanning electrochemical
microscopy-SPR (SECMSPR) *°, grating-coupled SPR (GC-SPR) ¢ 7 '

coupled SPR (WCSPR) ¥ The SPR principle is based on the excitation of surface plasmons

and waveguide-

in a thin layer (= 50 nm) of a metal such as gold, using p-polarized light. At a certain angle
of incidence, the free electron oscillation in gold reaches a maximum and an evanescent
field is being enhanced by at least a factor of 30 203 along the liquid—gold interface. The
actual angle of the so-called SPR-dip depends on the wavelength of the used light and the
refractive indexes of the layers, e.g. prism, gold and liquid layer. Analyte binding onto the
sensor surface will induce a change of the refractive index at the gold-liquid interface,
resulting in an angle shift of the SPR-dip. SPR measurements carried out in a fixed angle
mode often translate the angle shift of the SPR-dip in a reflectivity signal calculated from

! These reflectivity signals show linearity up to 5 %

the linear part of the SPR-curve
change in reflectivity 22 which is equal to a 50 m® angle shift of the SPR-dip. The actual
shift in SPR-dip or the derived parameter (change in reflectivity) followed as a function of
time is plotted in a so-called sensorgram. The most-common geometries of SPR platforms
are in the socalled Kretschmann configuration 23, in which the incident light comes from
the high refractive index medium (prism) and reflects at the gold surface without traveling

171 the incident light passes through

through the liquid. In grating-coupled SPR setups
the liquid before reflecting at the grating, and therefore sample solution and flow-cell
need to be optically transparent ** Biacore AB (Uppsala, Sweden) has multiple SPR
systems to analyze protein interactions based on the Kretschmann configuration 26
However, the number of sensor spots in these instruments is limited to 20 in the A100
Biacore system 7 With the FLEXChip, a grating-coupled SPR imaging system and hence
with the drawback that the optical path is through the sample solution, it is possible to
analyze 400 interactions simultaneously Y In this paper we describe a new commercial
SPR imaging system in the Kretschmann configuration for imaging a 50 mm’ gold surface.

In this system, biomolecular interactions are detected by monitoring the angle shift of the
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SPR-dip using a continuous angle-scanning mode. In principle more than 500 different
regions of interest (ROIs) can be defined and therefore more than 500 individual SPR dips
can be measured to follow the actual SPR angles from the imaged sensor surface, enabling

simultaneous measurement of multiple biomolecular interactions.

4.2 Materials and methods

4.2.1 Reagents

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS),
ethanolamine, phosphate buffered saline (PBS), glycine:HCI and human IgG were
purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Glycerol and Tween
20 were purchased from Fluka Chemie GmbH (Buchs, Switzerland). Alexa Fluor® 488
labeled mouse anti-biotin IgG and biotin-XX goat anti-rabbit IgG (H + L) were purchased
from Molecular Probes/Invitrogen (Breda, The Netherlands). Morpholinoethanesulfonic
acid (MES) monohydrate and acetic acid were purchased from Merck KGaA (Darmstadt,
Germany). Refractive index matching liquid n = 1.518 + 0.0002 and n = 1.7200 + 0.0005
from R.P. Cargille Laboratories Inc. (Cedar Grove, USA). VLSI Selectipur® absolute ethanol
was purchased from BASF Electronic Materials GmbH (Ludwigshafen, Germany),
Assistend® optical paper was purchased from Omnilabo International B.V. (Breda, The
Netherlands) and RBS Neutral was purchased from Chemical Products s.a. (Brussels,

Belgium). All buffer solutions were prepared with Milli-Q water.

4.2.2 SPR setup

The imaging surface plasmon resonance instrument for biomolecular interaction sensing
(iSPR-IBIS) from IBIS Technologies B.V. (Hengelo, The Netherlands) constitutes a flexible
SPR imaging platform with an imaged area of about 50 (7x7) mm? with a minimal spot-to-
spot distance of 15 um. In the iSPR, the light is reflected on an angle-controlled mirror
(range 8°) before passing through a hemispherical prism to enable fast scanning of the
angle shift of the SPR-dip of the individual ROIs. A schematic drawing of the iSPR optical

setup is shown in Fig. 4.1.
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scanning
mirror

N~ CCD camera
bandpass filter

light source

Fig. 4.1. Schematic representation of the optical configuration of the /SPR. The white light passes through a band-
pass filter to set the wavelength of the incident light at 840 nm, before passing through a p-polarizer. The
incident light is being reflected by the angle controlled mirror with a maximal scanning angle of 8°, and focused
by a lens before reaching the hemispheric BK7 prism with a refractive index of n = 1.518 and r = 13 mm.
Dependent on the application the Au surface can be coated with functionalized groups accordingly. The reflected
light is passed through another focusing lens before the 12 bits CCD camera captures at least 10 images per

second which will be analyzed in real-time by the software.

The SPR angle range can be optimized by manual adjustment of the optical leverage arm,
between 66° of 78°. A bare gold sensor disc (IBIS Technologies) was placed carefully on a
clean hemispheric BK7 prism using a droplet of refractive index matching liquid (n= 1.518)
to avoid entrapment of air-bubbles. Different types of flow-cells or mixing cuvette-based
systems are available for addressing the sample over the sensor surface in the iSPR. A
schematic drawing of the liquid handling system of the iSPR including flow-cell is shown in
Fig. 4.2. A 3 ul flow-cell, with chamber dimensions of 10 mm x 3 mm x 0.1 mm (I x w x h),
is placed over a 24 spot microarray and sealed with a rubber O-ring by fixing the screws in
the sample rack. The temperature of the sample is controlled by two independently
controlled Peltier elements, one located in the sample rack and the other one in high
precision (< 0.01°C) around the flow-cell, liquid handling procedures (LHPs) were written
in the iSPRsoftware to navigate the liquid-handler and thereby facilitating a fully
automated performance of the experiment. To reduce the amount of sample needed
during the interaction time, a sample plug was guided over the sensor surface by repeated
changing of the flow direction. Depending on the type of interaction sample volumes can
range from 125 to 400 pl, with a mixing (back and forth) volume of 50-300 ul and speed of

2 pl/s. A transient response of 2 m® is the result of the changing flow direction.
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Fig. 4.2. Schematic representation of the liquid handling system of the iSPR. Samples can be collected from
several containers in the Peltier controlled thermostatted sample rack, e.g. 3 x 10 ml containers, 12 x 0.5 ml
tubes or a microtiter plate, using the needle at the end of the liquid handler robot arm which is connected to the
flow-cell, which is separately thermostatted in high precision. The mixing function of the 1 ml syringe pump
facilitates a continuous back- and forward flow of the sample over the sensor surface and thereby reducing the
total amount of sample needed. The sample is being washed away with buffer with the needle positioned in the

wash station.

The SPRimager®ll from GWC Technologies (Madison, WI, USA), a fixed angle mode
instrument was used for comparison 2l A bare gold sensor disc (SPRchip™, GWC
Technologies) was placed carefully on a SF10 prism using a droplet of refractive index
matching liquid (n = 1.7200). The standard flow-cell configuration with chamber
dimensions of 0.5mm x 13mm (h x diameter) used a minimum of 1 ml sample when re-

circulated by the peristaltic pump.

4.2.3 Refractive index determination

The refractive indexes (An) of glycerol dilution series, from 0 to 25 % in PBS/0.03 % Tween
20 (PBST), were determined by an analog laboratory refractometer (#354636, Carl
Zeiss/JENA, Germany) at 20°C. Afterwards these glycerol dilutions were used to determine
the angle shift using the iSPR in combination with a bare gold sensor disc from IBIS
Technologies B.V. (Hengelo, The Netherlands) and the reflectivity change using the
SPRimager®ll in combination with a bare gold sensor disc from GWC Technologies. Both

SPR measurements were performed at 20°C.
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4.2.4 Microarray fabrication

A HC200m sensor disc from XanTec Bioanalytics GmbH (Muenster, Germany),
functionalized with a polycarboxylated hydrogel of 200 nm thickness and with medium
density, was activated by shaking for 20 min at room temperature with 0.4 M EDC/0.1 M
NHS in MES buffer (50 mM, pH 5.4) 829 The activated surface was rinsed with acetic acid
(50 mM, pH 3.0) and dried thoroughly for 5 min by applying a 2 bar flow of nitrogen. A
TopSpot device in combination with a 24-channel printhead, from BioFluidix GmbH
(Freiburg, Germany) * was used to spot the peptides and proteins in a non-contact
manner on the sensor surface (layout of the array is described in the caption of Fig. 4.7a).
Between spotting runs the printhead was cleaned according to a protocol from BioFluidix
with a 5 % RBS cleaning solution and Milli-Q water to prevent cross-contamination. The 24
spot microarray, 4 x 6, on top of the sensor disc consists of spots of approximately 200 um
in diameter and with a pitch of 500 um. The sensor was incubated in a humidity chamber
at room temperature, to prevent drying of the spotted 1 nl droplets during the 1 hour
immobilization process. After immobilization, the remaining active groups of the sensor
surface were quenched with ethanolamine (1 M, pH 8.0) for 10 min at room temperature.
The sensor was stored in PBS, pH 7.4, before the measurement to prevent drying of the

array.

4.2.5 Detection of biomolecular interactions on the peptide/antibody
microarray

The sensor containing the peptide/antibody microarray was mounted in the iSPR and
equilibrated using 1 ml PBST in the flow-cell at a flow-speed of 2 ul/s at 24°C. After
defining the ROIs of 150 um x 150 um, the SPR-dip was being determined automatically by
the software. The flow-speed during the interactions was kept at 2 pl/s, using a 50 pl
mixing volume. A baseline was made in PBST followed by 1 hour interactions with varying
anti-biotin IgG concentrations. Signals were determined as the angle-shift between PBST
wash-step after interaction and the PBST baseline before the interaction. The sensor was
regenerated with 10 mM glycine-HCl, pH 1.5 (500 pl, 20 pl/s) between the various
interactions. The data analysis was performed with ISPRAD software from IBIS

Technologies B.V. (Hengelo, The Netherlands).
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4.2.6 Fluorescence microscopy

After completion of the SPR experiment, the sensor disc was removed from the
hemisphere and carefully placed on a microscope slide with the interaction side facing
down and a droplet of PBST in between. The inverted Olympus IX51 microscope was used
for analysis, with an Olympus U-MWB2 filter in combination with a mercury lamp. Images
were taken with a ColorViewll CCD camera and analysis® FIVE software from Olympus Soft

Imaging Solutions GmbH (Muenster, Germany).

4.3 Results and discussion

4.3.1 SPR linearity

In order to apply SPR imaging for quantitative adsorption experiments, it is important to
have a linear correlation between the changes in reflectivity (A%R) and changes in the
refractive index (4n, amount of adsorbed molecules on the surface). SPR systems
measuring at a fixed angle positioned near to the inflection point of the left-flank of the
SPR curve, can only apply the small linear relationship between reflectivity and mass
change for reflectivity changes of less than 5 % (or 50 m°) *? due to the shape of the SPR
curve. The linear correlation between the angle-shift of the SPR-dip and the change in
refractive index was tested by varying concentrations of glycerol in PBST (w/v) in the
continuous angle-scanning mode of the iSPR system (IBIS) and the fixed angle mode of the
SPRimager®ll (GWC). The repeatability was tested by performing the experiments three
times on new sensor discs; the obtained relative standard deviation obtained was always
less than 0.5 units. The refractive indexes of glycerol samples < 0.05 % were calculated as
they could not be measured with the refractive index meter used. Fig. 4.3 shows the
correlation between the angle-shift/the reflectivity and the refractive index change of the
various glycerol concentrations. The obtained linearity between angle shift and refractive
index with the angle-scanning mode indicates a dynamic range of more than 2°
corresponding to a refractive index change An > 0.03. Our studies also showed a linearity
up to 25 % in the fixed angle mode, contrary to the 5 % found in the literature 2 The
dynamic range of the scanning angle mode is 10 times larger compared to the fixed angle

mode, when the ability to measure the change of refractive index is taken into account.
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The maximal angle-scanning range of the iSPR is 8°; which would theoretically correspond
with a maximum refractive index change of 0.1. However, with the prism used (BK7), SPR
dips cannot be found at those high refractive indexes as the necessary incident angle
exceeds the mechanical capacity of the leverage. A change to SF10 glass, which has a
higher refractive index (1.710) compared to BK7 (1.510), should provide the possibility to
measure refractive index changes up to 1.6, as was calculated by applying a 2 phase

Fresnel reflectivity model 31
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Fig. 4.3. Relationship between the angle shift of the SPR-dip (m°) and the change in refractive index, in the
scanning angle mode, and relationship between the delta reflectivity and the change in refractive index in the
fixed angle mode. Twelve serial dilutions: 0.0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.25, 12.5 and 25 % glycerol
in PBST were used. The scanning angle SPR measurements (black line) show an increased linear dynamic range
with a correlation coefficient of 1 throughout the measurement compared to the fixed angle SPR measurements

(red line) with a correlation coefficient of 0.998 for the refractive index changes up to 0.004.

4.3.2 Limit of detection

In order to give an indication of the limit of detection (LOD) and the dynamic range of a
biomolecular system, a microarray containing various concentrations of ligands with
different molecular weights was spotted on a sensor disc. A low molecular weight
biotinylated peptide (2.4 kDa) and biotin-XX goat anti-rabbit 1gG (H + L) (150 kDa) were
spotted on the same sensor chip. To be able to verify the biomolecular interaction with a
fluorescence measurement, Alexa Fluor® 488 labeled mouse anti-biotin IgG (150 kDa) was
applied. The anti-biotin antibody will bind to both the biotinylated groups of the peptide
and the IgG. Regeneration of the sensor with 10 mM glycine-HCl, pH 1.5 provided the

62



Biomolecular interaction monitoring of autoantibodies by scanning SPR imaging

ability to test several antibody concentrations on one sensor disc. Fig. 4.4 shows the
sensorgram of the interaction of the biotinylated peptides and -proteins with the anti-

biotin antibody. The angle shift (m<) is shown as a function of time (s).

=]
=

)
==

thoeh
=

=R

B R R3O RIOR R L
. =1
=1

Shift ¢ m*)

Fig. 4.4. Sensorgram (raw data) of a biotin-antibody interaction experiment with different ligand and analyte
concentrations. An injection of the highest analyte mouse anti-biotin mouse 1gG (150 kDa) concentration (133
pM) resulted in a gradual decrease in responses for the spots loaded with different ligand biotinylated peptide
(2.4 kDa) concentrations obtained by spotting of 417, 208, 104, 52, 26 femtomole and two controls, non-
biotinylated peptide and the background. After this first analysis cycle a lower mouse anti-biotin mouse 1gG
analyte concentration (53 pM) was injected. In total 8 analysis cycles were carried out in a range of 133, 53, 13,
5.3, 1.3, 0.53, 0.13 and 0 pM anti-biotin mouse IgG. Each curve shows the transient 2m° response as a result of

the change in flow direction. The few spikes are caused by air bubbles disturbing the SPR signal.

The different curves represent the interaction with the various amounts of biotinylated
peptide spotted. The curves varying over time (x-axis) represent the different

concentrations of the analyte, anti-biotin IgG. The LOD can be expressed as the smallest
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change in refractive index of the bulk solution or refractive index change in the evanescent
field caused by accumulated mass on the sensor surface °If compounds with an increased
refractive index replace the background electrolyte buffer solution a linear relation exists
between the surface coverage (in %) and the molecular weight of the adsorbate. However,
a low molecular weight compound (e.g. a small peptide) will contribute less to the
accumulated mass per surface area compared to a high molecular weight compound (e.g.
an immunoglobulin). In literature %2 it is indicated that the LOD of a certain biomolecular
interaction, in terms of mass per square surface area (ng/mmz), depends strongly on the
affinity constant of a specific biomolecular interaction. Therefore, the LOD should be

expressed in nanogram accumulated mass per square mm.

Response curves of immobilized peptide in femtomole
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Fig. 4.5. Shows the response curves of the angle shifts in m® (linear scale) which can be derived from Fig. 4.4 from
the various peptide concentrations immobilized on the sensor surface and its interactions with various anti-

biotin 1gG concentrations (logarithmic scale).

The molecular mass of the analyte (in this case the anti-biotin IgG = 150 kDa) gives us an
indication how many molecules are needed to detect a significant response compared to
the signal to noise ratio. The SPR signal is related to the accumulated mass per surface
area (e.g. per spot) the immobilized amount of ligand is depicted in femtomole and the
analyte present in solution in picoMolar (pM) (see Fig. 4.5). The amount of analyte bound
to the immobilized ligand can be derived from the measured increase in angle shift; 1 m° =
10.8 pg/mm2 as has been determined by refractive index measurements which are

dependent on the used wavelength. This results in 1.62 attomole in case of a ROl of 150
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pm x 150 um, and 64.8 zeptomole or 4.1 x 104 IgG molecules bound to the minimal ROl of
30 um x 30 um. Figs. 3 and 4 show the importance of both ligand and analyte
concentrations for the achievable maximum angle shift. Immobilization studies showed a
maximum relative shift of 17 m° for the peptide and 170 m° for 1gG with respect to the
baseline (data not shown). Secondary antibodies and labels like latex particles and
colloidal gold % can be used to further increase the mass change thereby improving the
LOD. The use of secondary antibodies can even increase the specificity of a reaction;
however an additional interaction step has to be included which overrules the favorable
label-free one-step measurement. The results in Figs. 7a and 7b show the images taken by
SPR and fluorescence microscopy, respectively. The results in Fig. 4.6 represent the signal
intensities of the fluorescence image after interaction with 133pM Alexa Fluor® 488

labeled mouse anti-biotin IgG.
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Fig. 4.6. Fluorescence intensity profile of the red line visible in Fig. 4.7b. The ligand concentrations from left to
right are: 0, 26, 52, 104, 208 and 417 femtomole immobilized biotinylated peptide and interaction with 133 pM
Alexa Fluor® 488 labeled mouse anti-biotin 1gG.

The interaction at the lowest ligand concentration is barely visible compared to the
background. Comparison of the fluorescence results presented in Fig. 4.6 with the results
in Fig. 4.4 indicates that SPR is 25—-100 times more sensitive using this experimental setup.

This is determined by the significant signal obtained of the lowest ligand concentration, 26
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femtomole, at different analyte concentrations. Quenching of the fluorescence signal by
the gold was not observed, which is probably due to the increased distance between the

fluorophore and the gold, resulting from the used 200 nm dextran layer *,

Fig. 4.7a. Imaging SPR image of the microarray of the spotted ligands after interaction with 133pM Alexa Fluor®

488 labeled mouse anti-biotin IgG. Top two rows contain various peptide concentrations spotted in twofold: 417
femtomole of a non-biotinylated peptide as a negative control followed by 26, 52, 104, 208, and 417 femtomole
of the biotinylated peptide (2.4 kDa). The bottom two rows contain various IgG concentrations spotted in
twofold: 6.67 femtomole of a nonbiotinylated human IgG as a negative control followed by 0.42, 0.83, 1.67, 3.33
and 6.67 femtomole of biotin-XX goat anti-rabbit IgG (H + L) (150 kDa). Fig. 4.7b. Fluorescence microscopy image
of the same microarray of Fig. 4.7a of the spotted ligands after interaction with 133pM Alexa Fluor® 488 labeled

mouse anti-biotin IgG.

The ability to run the SPR experiments in an automated manner by using liquid handling
procedures (LHPs) is an important advantage over many of the previously described
systems, and makes it suitable for diagnostic purposes. Due to its flexibility, in terms of
sample size and continuous angle-scanning mode, remains the iSPR an interesting tool for

research purposes as it can meet individual needs in numerous applications.

4.4 Conclusion

The /SPR showed to be a competent and sensitive instrument for investigating many
different biomolecular interactions simultaneously because of its large dynamic range.
Compared to the fixed angle based SPR imaging systems the angle-scanning mode of the
iSPR measures a reliable angle-shift of the SPR-dip, resulting in the 10-fold increased

linearity. The angle-scanning SPR imaging facilitates a label-free and real-time imaging of

66



Biomolecular interaction monitoring of autoantibodies by scanning SPR imaging

microarray interactions within 50 mm” of the sensor surface, thereby providing the
possibility to evaluate the interactions at every spot of the microarray with a real-time
image of the surface. The amount of IgG molecules bound to the surface and detected in a
label-free manner is 4.1 x 10° molecules or 64.8 zeptomole. Due to the wide range of
operation of the instrument both peptide and protein interactions can be measured
simultaneously. The obtained results were also successfully verified by means of

fluorescence microscopy after completing the SPR imaging experiment.
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5 Biomolecular interaction
monitoring of

autoantibodies by

scanning SPR microarray
imaging

This chapter demonstrates a new commercial surface plasmon resonance (SPR) imaging
analysis system with a novel SPR dip angle scanning principle allows the measurement,
without the need for labeling, of the exact SPR dip angle. With this system hundreds of
biomolecular interactions can be monitored on microarrays simultaneously and with great
precision. The potency of this system is demonstrated by automatically monitoring the
interactions between citrullinated peptides and serum autoantibodies of 50 rheumatoid
arthritis (RA) patients and 29 controls in a single step. The smallest antibody concentration

that could be measured in this experimental setup was 0.5 pM.

J. Am. Chem. Soc., 129 (45), 14013 -14018, 2007.



Chapter 5

5.1 Introduction

Some of the outstanding questions in the fields of biology and medicine remain unsolved
as a result of our limited understanding of the function, behavior, and concerted
interaction of many significant biomolecules. To obtain information on complex biological
systems, protein microarray technology facilitates sensing of multiple biomolecular
interactions in parallel. However, labeling is required, which may cause additional
problems for studying structure-function relationships of biomolecular interactions. A
well-known approach to measure the binding of proteins and other biomolecules to
sensor surfaces in a label-free and real-time manner is the surface plasmon resonance

1234 SpRis an optical

(SPR) imaging method, which has been described since 1988
method for measuring the refractive index of material absorbed on a thin metal layer,
usually gold. Photons of p-polarized light can interact with the free electrons of the metal
layer, inducing a wavelike oscillation of the free electrons and thereby reducing the
reflected light intensity. The majority of systems used for SPR imaging represent fixed-
angle instruments. These instruments are based on a relationship between the change in
reflected light intensity and the mass of bound analyte; i.e., a fixed incident light angle is
employed and mass changes are estimated from the intensity of the reflected light .
However, the applicable range of this linear relationship is limited and the optimal angles
differ considerably when ligand or analyte panels having different molecular weights are
to be monitored °. The use of only one fixed incident light angle is therefore not suitable
for the monitoring of multiple biomolecular interactions in parallel on a microarray. Most
commercially available instruments for SPR imaging measurements, such as instruments
from GWC Technologies, Genoptics, and Kmac, although with different technologies,

measure at fixed angles to monitor the interactions.

In systems that use a fixed wavelength the most reliable parameter that directly reflects
mass changes on an SPR sensor chip is the SPR dip angle shift ®7 Thus, only when these
shifts are monitored for all the spots on a microarray separately, the magnitude and
affinity of biomolecular interactions can be reliably compared among all spots of any

microarray.

The use of miniaturized and parallelized immunoassays in a microarray format in
combination with scanning SPR imaging helps to improve autoimmunity research.

Autoimmune diseases are characterized by the presence of high-affinity autoantibodies
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directed against self-proteins, such as rheumatoid factor for rheumatoid arthritis (RA), 8
° and Ro/SS-A and La/SS-B for Sjégren's

syndrome ? Although at least some autoantibodies are known to be involved in cell and

Sm for systemic lupus erythemathosus (SLE),

tissue damage, their mechanistic role in the pathogenesis of the disease is generally not
known '°. Nevertheless, the specificity of autoantibody responses highlights their potential
as important tools for improved diagnosis, disease classification, and prognosis.
Miniaturized multiplex assays can deliver a fingerprint of a patient's autoantibody

repertoire requiring only a limited amount of patient material.

During the past decade various research groups made important contributions to the
application of multiplex assays for autoantibody detection. In 2002, Robinson et al.
employed protein and peptide ligand arrays, representing candidate autoantigens, to
survey autoantibody binding 1 Arrays of in situ synthesized peptides can also be
generated with photolithography to perform antibody characterization 2. Another
approach is to apply "virtual arrays" in a homogeneous assay system with addressable
beads . However, in these systems at least one of the interactants must be labeled,
which may disrupt the binding sites involved in the interaction, leading to false negatives.
In addition, the label itself might interact with the immobilized proteins, leading to false
positives YA way to circumvent these problems is to use a labeled secondary binding

molecule, which might result in improved assay sensitivity.

In this study scanning SPR microarray imaging (IBIS Technologies, Hengelo, The
Netherlands) is used to measure the presence of anti-citrullinated protein antibodies
(ACPA) in the sera of RA patients. Recently, it was shown that the so-called citrulline
amino acid (which can be generated posttranslationally from arginine) is a critically
important moiety of the antigenic determinants targeted by RA-specific autoantibodies B
Cyclic citrullinated peptides (CCPs) are widely used as antigenic targets in ELISA-based

diagnostic tests for RA. The sensitivity and specificity are 71% and 99%, respectively 1
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5.2 Results

5.2.1 SPR experimental setup

When a spot meets the optimal SPR conditions, the reflected light at a certain region of
interest (ROI) within this spot will reach a minimal value, resulting in a dark spot. Gray
values are averaged from the pixels in predefined regions of interest, and in this way the
reflected light intensity is determined. The intensity of the reflected light is plotted against
the angle of the incident light. SPR measurements carried out in a fixed-angle mode often
translate the changes in reflectivity signal to angle shifts of the SPR dip from the linear
part of this "reflectivity versus angle plot". In this study the exact SPR dip angle was
measured instead of estimated. This was done by fast incident angle scanning within a
range of 4° around the SPR dip angle and imaging the corresponding reflected light via a
CCD camera (Fig. 5.1).

4 )~ A Antibodies

Peptides on a
microarray

SPR sensor

CCD-camera

Fig. 5.1 Schematic representation of the optical configuration of the scanning angle SPR imaging instrument.
Citrullinated peptides and control peptides are chemically anchored on discrete spots of the microarray.
Autoantibodies from diluted rheumatoid arthritis patient serum are flown over the sensor chip. The incident light
is being reflected by the angle operated mirror before reaching the hemispheric prism and gold sensor, and the
microarray is imaged on a CCD. The exact SPR minimum can be calculated from multiple reflectivity images and

monitored for in principle hundreds of regions of interests.
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Scanning is performed stepwise, e.g., an angle scan at steps of 50 m° of incident light, and
at each angle an image is taken. By curve fitting the "reflectivity versus angle plots", the
angle of the exact SPR dip can be calculated. In contrast to fixed-angle instruments, which
measure changes in reflectivity at one defined angle, the sensorgrams generated by the

instrument used in this study represent SPR dip angles as a function of time (Fig. 5.2).
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Fig. 5.2 Reflectivity images at four different incident angles and the corresponding reflectivity-versus-angle plot.
Spotted array contains in columns 1 and 6, human IgG; spot 4P,3Q,2R,1S, CitA; 2Q,3R,1S,4S, arginine control of
CitA, ArgA; spot 2P,5Q,4R,3S, CitB; spot 3P,5P,4Q, 5R, arginine control of CitB, ArgB. Every 50 m° a reflectivity
image is taken from which the intensity of the reflected light is measured. This reflected light intensity is plotted
against the angle at which the image is taken, which results in a reflectivity-versus-angle plot (E). Incident angle is
(A) -700 m® and the areas surrounding the spots are in resonance; (B) -200 m°®, arginine control peptides of both
citrullinated peptides are in resonance; (C) -100 m°®, citrullinated CitB is in resonance; and (D) 100 m°,
citrullinated CitA is in resonance. Note from (E) that, if reflectivity values are computed only instead of angle

shifts, which is the case in current SPR imaging instruments, the results will be highly inaccurate.
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As a consequence, the Y-axis of the sensorgram does not represent an arbitrary reflectivity
parameter, but contains the exact values for the SPR angle at maximal resonance. These
exact SPR angles can be normalized for easy comparison of all the different sensorgrams
of all the spots and are linearly correlated with the refractive index, corresponding to the

mass of protein bound to the sensor surface.

5.2.2 Monitoring the interaction of a peptide array with serum antibodies

In our proof-of-principle experiments, a 24-spot microarray containing human IgG as well
as two different linear citrullinated peptides (CitA and CitB) and the corresponding control
peptides (ArgA and ArgB, containing arginine instead of citrulline), were spotted (1 nL per
spot) on an N-hydroxysuccinimide preactivated polycarboxylate-coated gold sensor

. . . 17
surface using a noncontact spotting instrument ~'.

Images of the reflected light at four different scan angles after incubation of the 24-spot
array with serum for 1 hour are shown in Fig. 5.2A-D. The SPR dip of each ROI can be
visualized in a reflectivity-versus-angle-plot as shown in Fig. 5.2E. The 0 m® setting is an
arbitrary value, which can be set before each individual experiment by manual adjustment
to obtain the best scan range. At an incident angle of -700 m® the background area near
the array is in resonance (A in Fig. 5.2); at -200 m° the spots coated with the arginine
control peptides ArgA and ArgB are in resonance (B); at -100 m° the spots coated with
citrullinated CitB are in resonance (C); at 100 m° the spots coated with citrullinated CitA
are in resonance (D). Fig. 5.2 demonstrates that the intensity profile images differ

considerably between ROls with complexes of varying masses attached to the surface.
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Fig. 5.3 Typical interaction of RA patient antibodies with peptides immobilized on the SPR sensor chip.
Sensorgram showing the 24 SPR dip angle shifts as a function of time. Baselines of the 24 regions of interests are
zeroed. After the association phase (A), the array was washed with PBS, 0.03% Tween-20 (B), and regenerated
with two sequential steps of 10 mM glycine-HCI, pH 1.5, for 30 s (C). In between the sequential glycine-HCl steps
the array was rinsed with PBS, 0.03% Tween-20 (D). Blue (upper) and dark green lines (lowest) are the
quadruplicates of CitA and the corresponding arginine control, respectively; light green (second upper) and
purple lines are the quadruplicates of citrullinated CitB and the corresponding arginine control, respectively. Red
lines are from human IgG (n = 8), and the brown lines are from regions close to the array (blank controls) (n = 8).

The enlarged section shows the four individual curves from the quadruplicates of CitA and CitB.

Fig. 5.3 shows the sensorgrams obtained during incubation of the microarray with an RA
serum. ROIs in a background region near the array and ROIls within the spots of
immobilized human IgG and of two arginine-containing peptide controls showed relatively
small angle shifts, namely 10, 100, 18, and 30 m°®, respectively. Binding to the two
corresponding citrullinated peptides, however, resulted in angle shifts of 250 and 400 m®,
respectively. The noise, i.e., the baseline difference in resonance angle between the
highest value and the lowest value, measured over 100 time points (1000 s) in one
individual ROI, was 1.35 m°, making angle shifts of 5 m® significant. In Fig. 5.4 the
repeatability is shown for various injections of positive RA serum and control normal

sheep serum.
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Fig. 5.4 Reproducibility of sequential interactions. Sensorgram (raw data) of a citrulline peptide containing spot
and its arginine control spot from the same array as shown in Fig. 5.2. The array was probed two times with
three different RA sera: (B, H) serum 1, (D, J) serum 2, and (F, L) serum 3. Between each incubation with RA
serum the array was incubated with normal sheep serum (A, C, E, G, I, K) to increase the number of
regenerations. After every serum (RA serum or NSS) the sensor was regenerated with 10 mM glycine-HCI.
Residual serum components after regeneration will form a layer that blocks the aspecific binding sites, which
hardly increase after application of more sera. At the beginning and end of the sensorgram a calibration cycle

(2) is performed for sensor calibration purposes by injection two times of a 1% glycerol solution.

5.2.3 SPR assay reproducibility

After placing the spotted sensor chip on top of the hemisphere prism in the flow-cell
based instrument, self-defined liquid handling procedures (LHPs) were used to increase
the interexperiment reproducibility. Serum incubation, washing, and regeneration were

done in an automated manner.

Because none of the peptides contained lysine residues, coupling is expected to occur
exclusively via the N-terminal primary amino groups, thereby ensuring oriented, end-on
immobilization of the peptides. One set of peptides was synthesized with a C-terminal
biotin tag. These peptides were used to investigate possible differences in immobilization
efficiency by assessing the SPR angle shift that resulted from incubation of the array with

an anti-biotin antibody. The corresponding SPR angle shifts were 211 + 10 and 212 + 12 m®
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for the citrullinated peptide and arginine-containing peptide, respectively. From these
data it can be concluded that there was no difference in immobilization efficiency

between both peptides.

One advantage of multiplexing the monitoring of protein-protein interactions is the ability
to test several interactions under the exact same conditions. The intra-array variation in
the /SPR system was very low, as is illustrated by the sensorgrams of the quadruplicate
interactions in Fig. 5.3. The interaction of the 24-spot array with an RA serum showed an

average angle dip shift of 202.5 m° with a standard deviation of 1.3 m°.

The sensor chips could be used for up to 50 interaction/regeneration cycles by treatment
of the sensor surface with two repetitive incubations with 10 mM glycine-HCl, pH 1.5, for
30 s after each serum incubation step. In Fig. 5.4, the repeatability of 12 injections for
testing the chip performance is shown. Sequential measurements of patient sera on a
single spot showed variations of less than 5% in binding to the citrullinated peptide, even
when six interaction/regeneration cycles were performed between the two sequential

measurements.

5.2.4 Reactivity of patient sera in SPR assay

The reactivity of sera was quantified by calculating the ratio between the angle shifts
observed for the citrullinated peptide A and the corresponding arginine control peptide
(hereafter designated C/R ratio) upon binding of serum antibodies. The results for 50 RA
sera and 29 control sera (9 SLE patient sera; 10 osteoarthritis (OA) patient sera; 10 normal
healthy control sera) are shown in Fig. 5.5. The mean C/R ratio for the RA sera that tested
positive in a CCP ELISA (RA CCP+) is 8.6. The C/R ratio for the RA sera that tested negative
in the CCP ELISA (RA CCP-), normal controls, SLE patients, and OA patients are 0.96, 1.01,
1.15, and 1.09, respectively. Although some RA CCP+ patients showed a C/R around 1,
most of these patients were only weakly positive in the anti-CCP ELISA. Most likely the use
of a linear peptide in the SPR assay leads to this slightly reduced sensitivity as the cyclic

peptides used in the anti-CCP ELISA are known to be more sensitive.
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Fig. 5.5 Autoantibody reactivity to a citrullinated peptide monitored by SPR imaging. Fifty RA sera (39 tested
positive (RA CCP+) in the CCP ELISA and 11 tested negative (RA CCP-)), 10 normal control sera, 10 OA sera, and 9

SLE sera were tested. Sera for which the citrulline immobilized spots showed an angle shift of less than 10 m®

are depicted with open symbols.

5.3 Discussion

1234 Without

Surface plasmon microscopy and SPR imaging were first described in 1988
exceptions, the systems used for SPR imaging represent fixed-angle instruments; i.e., the
mass change is estimated from the intensity of the reflected light *. However, the only
reliable and underived parameter that directly reflects the concomitant mass change on
an SPR-sensor chip is the SPR dip shift &7 Thus, only when these shifts are monitored
separately for all the spots on a microarray, the magnitude and affinity of biomolecular
interactions can be reliably compared among all spots of any microarray. The innovative
nature of the approach in this study is the accurateness of SPR dip determination in
combination with the unique features of imaging the sensor surface and real-time

microarray spot monitoring. In this way the SPR dip of each spot is monitored real-time by
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fast scanning of the angle of incidence and imaging the corresponding reflected light beam
via a CCD camera. Currently, SPR dip angles of microarrays of up to 500 ROIs can be
determined and this number is limited by the current computing power, since collecting
and processing the images including the fast curve-fit calculations for all individual ROIs

require a huge data transport.

Autoimmune diseases are characterized by the prevalence of autoantibodies recognizing
self-proteins. Though many autoantigens have been identified and characterized, to date
most of the assays that have been developed to detect autoantibodies to these antigens
are ELISA-based, thus allowing only separate analyses for each type of autoantibodies,
which is laborious, time-consuming, and not suitable for the development of multiplex
systems. Recent observations that the specificity of the detection of anti-CCP antibodies in
RA patient sera can be increased by monitoring reactivities with both citrulline- and
arginine-containing peptides in parallel emphasize the need for multiplex analysis systems
® In most of the studies that monitor multianalyte protein-protein interactions, a
secondary antibody conjugate was necessary to visualize bound antibodies. Here, we
showed that SPR imaging of protein/peptide microarrays provides a method that allows a
one-step multianalyte detection of autoantibodies in patient sera, which does not require
additional reagents to visualize antibody binding. The ability to measure in a fully
automated fashion with liquid handling procedures increases reproducibility, and once an
experiment is started it can continue unattended. The ligand-containing sensor chips can

be efficiently regenerated and reused, increasing the interassay reproducibility as well.

The smallest antibody concentration that could be measured when a peptide
concentration of 1 ng/nL was used during generation of the array was 0.5 pM. Although
the sensitivity of detecting RA-specific autoantibodies by the scanning SPR microarray
imaging system under the conditions applied in this study is slightly lower than that of the
ELISA systems, we expect that further optimization will lead to similar sensitivities.
Moreover, for the low-titered sera a signal amplification step, e.g., by using a (gold-
labeled) secondary antibody, may raise the sensitivity to levels that allow positive signals

for all anti-CCP autoantibody containing sera.

The currently most widely applied target for the detection of anti-citrullinated protein
antibodies, cyclic citrullinated peptides, are only recognized by about 70% of RA patients

' Due to the heterogeneity of the anti-citrullinated protein response in RA,  the use of
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additional citrullinated peptides may allow the detection of such antibodies in patients
that are not reactive with the peptides used in the CCP2 ELISA. The use of microarrays
monitored by SPR imaging will facilitate the simultaneous detection of the various anti-

citrullinated protein antibodies.

The applicability of this novel scanning SPR technology goes beyond monitoring the
presence of autoantibodies in sera of autoimmune patients. Real-time monitoring of the
binding allows the user to study the association and dissociation rate constants for
determining the affinity constants of the biomolecular interaction. Besides kinetic studies,
the accurate measurement of the exact SPR dip angle allows the accurate comparison of
each curve, including subtraction of, e.g., common mode effect (i.e., bulk shift jumps). This
new scanning SPR technique will be of great use in any field that requires high-detection

power and high-throughput analyses.

5.4 Experimental procedures

5.4.1 Serum samples

The sera were obtained from the Department of Rheumatology, University Hospital
Nijmegen. Sera were collected from patients visiting the outpatient clinic who had been
diagnosed as having RA according to the revised criteria of the American College of
Rheumatology. To further assess specificity, we analyzed a group of serum samples from
healthy individuals and groups of sera from patients with osteoarthritis and SLE, obtained

from various clinics and hospitals. Sera were stored at -80 °C until used.

5.4.2 Preparation of arrays

SPR detects changes in refractive index in the hydrogel (200 nm) which is linked to the
gold surface. Due to the small molecular weight of the synthetic peptides used (= 1500
Da), the contrast of the immobilized array to the background is not high. To visualize the
array, human IgG was spotted as well. The peptides and human IgG were spotted using a
noncontact spotter v (1 nL drops with spotting concentration of 1 ng/nL in 50 mM MES,
pH 5.4) on EDC/NHS-activated Xantec HC 200 nm sensor chips and placed in a humidity

chamber at room temperature for 1 hour. Unreacted active groups were blocked with 1 M
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ethanolamine, pH 8.0, for 10 min. The sensor chip was rinsed with PBS and placed on a
hemisphere with index-matching oil and inserted in the SPR microarray imaging

instrument.

5.4.3 SPR microarray interaction studies

Incubation, washing, and regeneration were performed in an automated way using liquid
handling procedures (LHPs) in the instrument for biomolecular interaction sensing (IBIS-
iSPR, IBIS Technologies BV, Hengelo, The Netherlands). A serum sample plug of 400 pl
(diluted 1:50 in PBS, 0.03% Tween-20) was guided backward and forward over the array in
a flow-cell with a speed of 1 pl/s. The serum sample plug was surrounded by two air plugs
to prevent the diffusion of serum components into the buffer. Between all steps the flow-
cell was rinsed with PBS, 0.03% Tween-20. The array was regenerated by injection of 400
ul of 10 mM glycine-HCl, pH 1.5, twice for 30 s. Two incubation/regeneration cycles were
completed before applying the sera in order to block aspecific binding sites and create an
optimal reactive sensor surface. Analysis of the data was done using the supplied

software.

5.4.4 Peptide ELISA

Anti-CCP2 ELISA was performed by IMMUNOSCAN RA (Euro-Diagnostica, Arnhem, The
Netherlands), in accordance with the manufacturer's instructions with the recommended
25 U/ml cutoff.
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6 Ratio-diluted ligand
density assays for single
analyte kinetic analysis

This chapter describes a new assay protocol based on injecting a single analyte
concentration, to a microarray of immobilized ligands with various densities. This new
approach is different when compared to the conventional approach where multiple
analyte injections of varying analyte concentrations are introduced to ligands of a single
density. The new method uses controlled dilution of ligands with background molecules
which facilitates immobilization of a precise ligand density on the surface, which is
important for direct kinetic analysis. This alternative to the conventional multi-analyte
overlay plot for calculating the rate- and affinity constants of a biomolecular interaction,
has the advantage of requiring only a single analyte injection, fewer surface regeneration
steps, and a reduction of the overall assay time. As a model system, various biotin specific
interactions have been tested by means of SPR imaging for their affinity toward surface

immobilized biotinylated peptides.

Manuscript in preparation.
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6.1 Introduction

Surface plasmon resonance (SPR) biosensors have been used since the 1980s to study
biomolecular interactions 1, and the powerful method of SPR imaging was introduced
shortly after ?. At the moment there are several commercial SPR imaging instruments
available, e.g. Biacore Flexchip (GE Healthcare, Uppsala, Sweden), ProteOn™ XPR36 (Bio-
Rad Laboratories, Hercules, USA), SPRimager® Il ARRAY system (GWC Technologies,
Madison, USA), SPRi-Plex™ (GenOptics Bio Interactions, Orsay, France) and IBIS-iSPR (IBIS
Technologies B.V., Hengelo, The Netherlands) 3, Other SPR configurations have been

reported for multi-analyte biosensing 43,

SPR is a well established label-free and real-time measurement method that can be used
to study the kinetics of biomolecular interactions at the sensor surface 7. This is
important because conventional methods, e.g. fluorescent microarrays indicate ligand-
analyte binding, but temporal or kinetic information is typically not available. The kinetic
information provides an additional level of ligand-analyte discrimination and it is

anticipated to play an important role in molecular binding assays for many applications 89,

The conventional method of kinetic analysis is to collect SPR responses using various
analyte concentrations exposed to a sensor surface with a single ligand density 10 During
this process the ligand sites at the surface are used multiple times and must be
regenerated prior to each analysis cycle containing a different analyte concentration, as
shown in Fig. 6.1. The surface regeneration step has several disadvantages such as varying
ligand-analyte binding resulting in non-homogeneous regeneration, and ligand damage
due to harsh chemistry or multiple regeneration steps. One way to avoid regeneration is

11 12 . . ..
, where multiple analyte concentrations are injected

by applying kinetic titration
sequentially from a low to high concentration without regenerating the surface. The
algorithms used to analyze the data are compared to the conventional experimental
procedures, and give similar results. Another way to avoid regeneration of the surface, is
to parallelize the analyte flow perpendicular over the ligand surface as done by the
ProteOn XPR36 array biosensor 13, creating a checkerboard of 6 x 6 interactions on the

surface.
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Rt (RU)
Dissociation phase
R L/
\ Next cycle
Association phase —>
Baseline Regeneration phase
t (min)

Fig. 6.1. The analysis cycle contains a baseline, association, dissociation and regeneration phases. The association
rate k,, dissociation rate k4 and affinity constant Kp (Kp=ka/ka) can be extracted from the data using properly
chosen response models and is discussed in the next section. R; is the SPR response, where RU is the response

unit, resonance unit or refractive index unit e.g. angle in m® or % reflectivity, measured at time t (sec).

In the case of the Octet from ForteBio (Menlo Park, CA, USA) 14, a disposable
interferometry system, the optical fiber biosensors (tips) are dipped into the analyte
solution and discarded after the readout. All of the above approaches require the use of
various analyte concentrations, in a sequential, parallel or disposable manner, to calculate

the kinetics constants.

Here we propose to parallelize analyte interactions on spots with varying ligand densities
in a microarray format, instead of varying the analyte concentrations in order to totally
avoid or decrease the regeneration steps. Very short immobilization times can contribute
to more controlled ligand densities obtained at the sensor surface however the exact
amounts remain difficult to control, especially in a microarray format 11 The dilution
with a background molecule results in a constant amount of binding molecules in the
spotting solution and, therefore, a more controlled dilution of the active ligand at the
sensor surface *. The dilution should preferably be done with a molecule having similar
coupling kinetics. The concept of ratio-diluted surface immobilization is shown
schematically in Fig. 6.2, where the total amount of ligand on the surface is always kept
100 % (saturated) in the case of the ratio-dilution, with varying active biomolecule
densities. The amount of molecules on the surface of the buffer-dilution is ideally reduced

according to the dilution factor, however the immobilization rate, the depletion factor of
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ligand during immobilization and surface capacity influence the actual amount of

molecules at the surface.

Analyte dilution Ligand dilution: buffer Ligand dilution: ratio

e YYYYYTTTY S _TYYYYYYYY S _YYYYYYYY

TTYYYTYTY ) S N | TIY 1YY
o TYYYTYYY T I OCUNS S I R A I
.°=° = Analyte concentration TTTT =Liganddensity

Fig. 6.2. Schematic representation of the surface ligand density, Ratio-dilution contains a mixture of biotinylated
peptides and non-biotinylated peptides functioning as background molecules. In the buffer-dilution the
biotinylated peptides are diluted with immobilization buffer, in this case morpholinoethanesulfonic acid

monohydrate, MES-buffer.

Due to the reduction of analyte cycles needed to perform kinetic analysis, both the total
analyte sample volume and measurement time are significantly reduced. Instead of
making analyte dilutions, ligand dilutions are immobilized on the surface. The applicability
for higher-throughput kinetic analyses of microarrays without the need for regeneration,
are numerous ' ** ¥ ° Other advantages are savings in time and costs if precious
biomolecules are used. The advantages and disadvantages of the different dilution

methods used are listed below in Table 6.1.

Attribute Analyte dilution Ligand dilution buffer Ligand dilution ratio
Surface regeneration - +/- +
Analyte - +/- ¥
Time - +/- +
Controlled ligand density NA - +
Visibility of microarray NA - +

Table 6.1. advantages and disadvantages of the various dilution methods. An advantage is indicated with +,

disadvantage with -, when the effect is not completely clear with +/-, and if not applicable with NA.
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The applicability of commonly used kinetic analysis software is demonstrated for ratio-

diluted ligands, and is compared to the standard analyte overlay plot procedure.

6.2 Materials and methods

6.2.1 Reagents

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS),
ethanolamine, phosphate buffered saline (PBS), glycine-HCl and monoclonal anti-biotin
FITC conjugated [Mouse] (# F4024) were purchased from Sigma—Aldrich Chemie GmbH
(Steinheim, Germany). Glycerol and Tween 20 were purchased from Fluka Chemie GmbH
(Buchs, Switzerland). Fab fragment of affinity purified anti-biotin [Goat] (# 800-101-098),
F(ab), fragment of affinity purified anti-biotin [Goat] (# 700-101-098) and affinity purified
anti-biotin [Goat] (# 600-101-098) were purchased from Rockland Inc. (Gilbertville, USA).
Monoclonal anti-biotin Alexa Fluor® 488 conjugate [Mouse] (# A31801) was purchased
from Molecular Probes Europe BV (Leiden, The Netherlands). Morpholinoethanesulfonic
acid (MES) monohydrate and acetic acid were purchased from Merck KGaA (Darmstadt,
Germany). Refractive index matching liquid n = 1.518 * 0.0002 from R.P. Cargille
Laboratories Inc. (Cedar Grove, USA). VLSI Selectipur® absolute ethanol was purchased
from BASF Electronic Materials GmbH (Ludwigshafen, Germany), Assistend® optical paper
was purchased from Omnilabo International B.V. (Breda, The Netherlands) and RBS
Neutral was purchased from Chemical Products s.a. (Brussels, Belgium). All buffer

solutions were prepared with Milli-Q water (pH = 5.52, conductivity = 0.65 uS/cm).

6.2.2 Microarray fabrication

A 100 nm thick polycarboxylated functionalized hydrogel (G-COOH-sp) sensor disc from
IBIS Technologies B.V. (Hengelo, The Netherlands), was activated by shaking for 20 min at
room temperature with 0.4 M EDC/0.1 M NHS in MES buffer (50 mM, pH 5.4) *° >, The
activated surface was rinsed with acetic acid (50 mM, pH 3.0) and dried under vacuum for
20 min. A TopSpot device in combination with a 24-channel printhead, from BioFluidix
GmbH (Freiburg, Germany) 22, was used to spot the biotinylated peptides in a non-contact

manner on the sensor surface. The dilution method is illustrated in Fig.6.3, and the layout
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of the array is described in the caption of Fig. 6.6. Between various spotting runs the
printhead was cleaned in a cleaning station in a ultrasonic bath and flushed with a 5 % RBS
cleaning solution and Milli-Q water to prevent cross-contamination. The 24 spot
microarray, 4 x 6, on top of the sensor disc consists of spots of approximately 300 um in
diameter and with a pitch of 500 um. The sensor was incubated in a humidity chamber at
room temperature, to prevent drying of the spotted 1 nl droplets during the 1 hour
immobilization process. After immobilization, the remaining active groups of the sensor
surface were quenched with ethanolamine (1 M, pH 8.0) for 10 min at room temperature.
The sensor was kept in PBST (PBS/0.03 % Tween 20) pH 7.4, before the measurement to

prevent drying of the microarray.

Ligand dilution
buffer 1:0

i

Ligand dilution
buffer 1:1

) €&
s

Ligand dilution
buffer 1:3

Ligand dilution
ratio 1:0

T 1Y
TYTYY

Ligand dilution
ratio 1:1

TR

Ligand dilution
ratio 1:3

Fig. 6.3. Represents the spotted droplets containing the various ligand concentrations and the resulting ligand

densities at the sensor surface for the buffer- and ratio-dilution methods. In the ratio-dilution, the concentration

of biomolecules remains constant.
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6.2.3 SPR imaging setup

The IBIS-iSPR system, from IBIS Technologies B.V. (Hengelo, The Netherlands) was used for
this study. In the SPR imaging system, the light is reflected on an angle-controlled mirror
(range 8°) before passing through a hemispherical prism to enable fast scanning of the

angle shift of the SPR-dip of the individual regions of interest (ROIls) > **

. The microarray
containing sensor disc is placed carefully on the clean prism using a droplet of refractive
index matching liquid (n= 1.518) to avoid entrapment of air-bubbles. A 3 ul flow-cell, with
chamber dimensions of 10 mm x 3 mm x 0.1 mm (I x w x h), is positioned over the 24 spot
microarray. The 1 ml syringe is connected to the flow-cell and the flow-cell is connected to
the autosampler needle according to Fig. 3.2. The flow-cell is temperature controlled by
Peltier elements. Liquid handling procedures (LHPs / scripts) are written in the iSPR
software (version 4) to navigate the liquid-handler and thereby facilitating a fully

automated performance of multiple analysis cycles of an experiment.

6.2.4 Analysis cycle

The sensor containing the peptide microarray was mounted in the SPR imaging system
and equilibrated for 5 min using 1 ml PBST in the flow-cell at a mixing volume of 20 pl and
—flow rate of 30 pl/s at 25°C. After defining the ROIs of 300 um x 300 pum, the SPR-dip was
determined automatically by the IBIS software. After a regeneration step to remove the
unbound ligand, a zero-line was made in PBST. Signals were determined according to the
difference in angle-shift between the PBST wash-step after interaction and the PBST
baseline before the interaction. The mixing flow rate is kept constant at 30 ul/s
throughout the various parts of the analysis cycle. The analysis cycle contains a
regeneration step of using 150 ul 10 mM glycine-HCI, pH 1.5 (50 pl mixing volume), a 120
sec baseline in 150 pl PBST (50 pl mixing volume), a 600 sec association phase of 100 ul
biotin-binding analyte in PBST (20 pl mixing volume), and a 300 sec dissociation phase in
150 pl PBST (50 ul mixing volume). Association times of 900 sec and dissociation times of

600 sec have also been used.

6.2.5 Kinetic analysis

The standard way to determine the kinetic behavior of a biomolecular interaction is by

making an analyte overlay plot to calculate the kinetic constants; association rate k,,
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dissociation rate kg, affinity constant Ky and maximal response R, Currently the majority

of kinetic data analysis is initially performed using a 1:1 interaction model 2326 3,

—_
A+B ~AB (1)
—

where A is the analyte in solution, B is the immobilized ligand on the surface, AB is the
complex formed on the surface, k, and ky are the association and dissociation rate
constants, respectively. At equilibrium the association rate is equal to the dissociation

rate,

kqlA][B] = k4[AB] ()

the equilibrium constants K, and Ky can be expressed by the rate constants by rearranging

equation (2) to,

_ 1Bl _ ke
Ka = fate1 = ka G)
and
_ [4l[B] _ kq
kp = [4B] ~ kq (4)

During complex formation the association rate is higher than the dissociation rate

according to the differential equation,

d[AB]
dt

= kqo[Al[B] — kq[AB] > 0 (5)

The complex formed at the surface [AB] is linearly correlated to the response R;. So the
measured response R, (Fig. 6.1), scales with the complex formation [AB] and thus the
increased mass on the sensor surface 2. If the ligand surface concentration is small
compared to the analyte in solution then the association rate controlling and the ligand-

analyte reaction can be described by pseudo-first-order kinetics with the rate equation 8,
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Zt = kalAl(Rmax — Re) — kaR, (6)

Where R; is the measured response from the SPR system and R, is the response
associated with maximum amount of analyte that can bind to the immobilized ligand.
Integrating the first order differential equation (6) and using the initial boundary

conditions R; (t=0)=0 results in the solution,

kalAlRmax e~ (kalAl+ka)t
Ry = kg_[A +kg (1 ‘ ) (7)

where Kp is the equilibrium constant K, = k—d. The equilibrium response i.e. t - oo
a

Ry (eq) = “eltlfimax (8)

kqlAl+kg

Since equations (7) and (8) require the dissociation rate constant in order to calculate k,,
then dissociation of bound analyte can be induced in a continuous buffer flow, and

therefore, the rate equation can be reduced to,

dR
L (©)

Integrating equation (9) with initial boundary conditions R; (t=0)=R, results in
Rt = Roe_kdt (10)

where R, is starting response of the dissociation phase. From equation (10), the
dissociation rate can be extracted, using a nonlinear fitting method, from the measured
response. Once ky is determined, then k, can be extracted from the measured response

with known [A] and R.. Rmax €can be determined experimentally by a saturating
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concentration of [A] 29, or an assumption can be made by adding an additional fitting

28
parameter R; *,

_ kalAlRmax _ o (kqlAl+kg)t .
Re = alatrig (1-e D) + R; (11)

with R; being much larger compared to R,,,. Alternatively, R, can be extracted from the

data with the model in equation (9).

Due to the complexities, many of the SPR users try to fit their data according to the
pseudo-first-order kinetics, which has been implemented in the software package,

30 31 . .
, meaning the reaction depends

Scrubber (version 2.0, BiolLogic, Campbell, Australia)
on the concentration of one reactant. It has been suggested that globally fitting all data
with single model variable k,, kg, Kp and R, can lead to more consistent kinetic

. 25
evaluation .

6.3 Results and discussion

In order to make a comparison between the conventional method for analyzing SPR data
and the newly proposed assay procedure, we first analyze the data in the conventional
way to calculate the rate and equilibrium constants. Multiple analyte injections of varying
analyte concentrations are exposed to a single ligand surface, and an overlay plot is made.
The fit to the 1:1 model integrated in Scrubber is shown in Fig. 6.4, and the determined
rate and equilibrium constants are presented in Table 6.2. The fitting residuals are shown
in units of m°, which represent the fit quality. A good fit to the model results in a random

residual of minimal m® (Scrubber).
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Fig. 6.4. The analyte overlay plot of various analyte concentrations, 25 nM — 1.56 nM in a serial dilution. The
global fit results to the 1:1 model integrated in Scrubber, the smooth lines are the fit responses to the measured
data in points. The ligand concentration at the surface is 100 pM. The responses are relatively low due to the

combination of ligand and analyte concentration to avoid steric hindrance effects and allow a good fit to the 1:1

model used.
Ligand density | k. (M™s™) kq (s) Ko (nM) Rumax (M°)
100 pM | 2.14x 10° 10.30x 10" 4.78 15

Table 6.2. The rate and equilibrium constants obtained from the global fit of the analyte overlay plots of at a

ligand concentration of 100 uM.

The exact ligand concentration at the surface is difficult to determine due to the spotting
technique used. Therefore, the concentration of the spot-solution is used to indicate the
ligand concentration at the surface. These apparently high concentrations, in the
micromolar range, are applied in a nanoliter droplet resulting in relatively low ligand

concentrations at the surface which are lower compared to the introduced analyte.
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Therefore, the reaction can be described by pseudo-first-order kinetics with the rate

equation, (6).

The new assay protocol is based on injecting a single analyte concentration, and exposing
it to spots with various ligand densities. In order to compare and determine the rate and
equilibrium constants based on various ligand concentrations, the data is also analyzed
with Scrubber. The obtained SPR imaging data was analyzed by first loading it into SPRINT
(IBIS Technologies B.V., Hengelo, The Netherlands) and selecting the ligand and analyte
data to be exported to Scrubber (version 2.0, BiolLogic, Campbell, Australia) for further

kinetic analysis.

Data obtained from microarray experiments are generally complex due to the large
amount of information they contain. This is no exception for SPR imaging data, and an
example is shown in Fig. 6.5, where 21 analyte injections were guided over a microarray

containing sensor surface.

as | First 7 anti biotién Fab Second 7 anti bioti?n F(ab)2 Third 7 -anti bioﬁn IgG
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Fig. 6.5. The raw IBIS-iSPR data showing a plot of 525 interactions. 21 injections of various analytes in a serial
dilution of 50 nM. First 7 interactions are of anti-biotin Fab, second 7 are of anti-biotin F(ab), and the third 7 are
of anti-biotin IgG. They are on a microarray containing 25 different ligand densities of biotinylated peptides.
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The SPR-microarray for the new assay protocol contains two different sets of ligand
dilution series. The first set contains a serial dilution of in ratio-diluted peptides and the
second set contains buffer-diluted peptides. This is schematically illustrated in Fig. 6.1, and
the SPR image of the obtained microarray positioned in the flow-cell can be seen in Fig.
6.6. The 25 ROIs are positioned in the spots of the microarray, here the SPR imaging data

is measured.

blanco

Fig. 6.6. SPR image of a microarray containing serial diluted biotinylated peptides after an interaction with anti-
biotin in a flow-cell. The ROIs (red squares) are positioned within the spots of the microarray. Spot 1 — Spot 12
represent the 2 fold serial dilution with a non-biotinylated background peptide from 416 — 0 uM (ratio-diluted),
and Spot 13 — Spot 24 represent the 2 fold serial dilution with buffer (MES). The color difference of the O-ring

(green), protein spots (light blue) and the flow-cell (dark blue), are due to differences in reflectivity due to SPR.

The majority of SPR users use buffer diluted ligands to control the densities on the sensor
surface to avoid mass transport limited interactions. Very short immobilization times can
contribute to more controlled ligand densities at the sensor surface, however, the exact

. err: 15 16
amounts remain difficult to control

. In a microarray format the immobilization of the
ligands cannot be monitored by following the SPR imaging responses, and therefore, it is
more difficult to control the final density at the sensor surface. The spot intensities in Fig.
6.6 indicate the limitations of controlling the ligand density at the surface by means of
buffer dilution. Spots 13 through 16 contain nearly the same ligand density due to surface

saturation followed by a very quick decrease of ligand in spots 17 and 18, and close to zero
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from spot 19 through 23. And on the other hand, the gradual decrease in intensity at spots
1 through 7 can be seen for the ratio-diluted ligands. The interaction results of 4 ratio-
diluted ROI's with 5 analyte injections are shown in a serial plot in Fig. 6.7, these results

are part of the results to compare the usability of ligand densities for obtaining kinetic
data.
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Fig. 6.7. Shows the sensorgrams of sp_2 (red), sp_3 (magenta), sp_4 (blue) and blank (grey) of 5 analyte
injections with anti-biotin Fab.

The plots of various ligand densities are made in Scrubber for both, ratio- and buffer-
diluted ligands at an analyte concentration of 25 nM. The results, shown in Fig. 6.8, show
clearly that the ratio-dilution R, intensity varies systematically with the ligand density,
however, the buffer-dilution does not follow any particular trend. Table 6.3 shows the
comparison between the obtained rate and equilibrium constants of the locally fitted data
from the various ligand densities diluted by ratio and buffer, as presented in Fig. 6.8. The
extracted R, value scales linearly with the ligand density at the sensor surface and is
therefore an important parameter for evaluating the obtained immobilization results. For

the ratio-diluted situation, the surface densities of 25 and 12.5 uM appear to be outliers
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as the extracted k, and ky values differ drastically compared to all the other obtained
values, and are therefore depicted in red. Further experiments are required to understand
this behavior. Therefore, the data of ligand densities, 25 and 12.5 uM, are excluded from
further calculations, and are depicted in red. After excluding 25 and 12.5 uM, the values of

Kp follow the same trend and the extracted values are similar.

Ratio-diluted ki (M™*s?) ke (s™) Kp (nM) Rmax (M°)
400 pM 2.15x10° 5.90x 10 2.74 48
200 uM 2.04x 10° 6.97 x 10 3.42 34
100 pM 2.17x10° 6.94 x 10 3.19 17

50 uM 2.50x 10° 5.84x 10 2.30 9
25 uM 3.50x 10° 10.41x 10 3.00 7
12.5 uM 8.00 x 10° 10.60 x 10 1.30 4
6.25 uM 2.70x 10° 3.20x 10* 1.20 1
buffer-diluted ki (M™*s?) ke (s™) Kp (nM) Rmax (M°)
400 M 2.24x10° 5.70x 10 2.55 47
200 uM 2.27x10° 5.90 x 10 2.60 43
100 pM 2.41x10° 5.80x 10™ 2.42 38
50 UM 2.65x 10° 6.00 x 10 2.28 34
25 uM 2.88x 10° 6.60 x 10 2.29 29
12.5 uM 2.90x 10° 6.10x 10 2.10 13
6.25 UM 2.10x 10° 6.00 x 10 1.90 6

Table 6.3. The rate and equilibrium constants obtained from the ratio- and buffer-diluted ligand-overlay plots

presented in Fig. 6.8.

When comparing the extracted k, and ky values of the two dilution methods, ratio and
buffer, a clear similarity can be found. The k, and k4 values of the ratio-dilution are, 2.31 x
10° £ 0.28 and 5.77 x 10™ + 1.54, and the k, and kq values of the buffer-dilution are, 2.49 x
10° + 0.32 and 6.01 x 10™* + 0.29, respectively. The kinetic rate and equilibrium constants
obtained by the two different analyses procedures, are not completely identical, however,
within the same order of magnitude. The extracted k, and ky obtained from the analyte
overlay plot, listed in Table 6.2, show slight differences with 2.1 x 10° and 10.3 x10"4,
compared the values derived from Table 6.3. However, the values should be compared to

the 100 uM ratio-diluted ligand density, which are 2.2 x 10° and 6.9 x10™.
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Fig. 6.8. The results of the RATIO-diluted (A) and buffer-diluted (B) ligand concentrations with overlays of various

ligand concentrations, 400 UM — 25 uM and an analyte concentration 25 nM. The smooth lines are the local fit

responses to the measured data in points.
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Nevertheless, the preliminary data suggests that the new method based on various ligand
densities at the surface, instead of various analyte concentrations produces similar kinetic
information, and may be further explored as an assay protocol as it requires fewer
regeneration steps and reduces the overall assay time. The similarity in values is expected,
as the studied interaction always relates to the biotinylated peptide immobilized on the
surface and the anti-biotin Fab as analyte. Furthermore, the 1:1 model used in scrubber, a
pseudo-first-order algorithm, only considers one concentration range, in this case the
analyte and not the ligand. The extracted k, and ky values of the buffer-diluted ligand
densities are behaving more similarly to the ratio-diluted ligand densities as expected. The
effect of the ratio-dilution seems therefore negligible compared to the buffer-dilution.
Most interesting is the clear effect the new dilution method has on R,,... The results, listed
in table 6.3, show the differences in R, and are plotted against the ligand density in Fig.
6.9, to determine the correlation and accuracy of the dilution method used. From Fig. 6.9,
the least square fits to the extracted R, values for both ratio-dilution and buffer-dilution
experiments are shown. Coincidentally, the slopes of the lines are the same = 0.16 m°/ [B]
UM, however, the R? of the ratio-diluted fit is 0.99 compared to 0.64 for the buffer-diluted
fit indicating a much better correlation to a linear increase in [B]. The R, offset value of
1.36, in the case of ratio-diluted, compared to 16.83, in the case of buffer-diluted, are an
indication that the ratio-dilution approaches the ideal value of 0 compared to the buffer-
dilution. The linear correlation between the ligand density of the ratio-dilution, further
supports that the ratio dilution approach is a more controlled method of manipulating the
ligand density at the sensor surface. The extracted R, from Scrubber, is compared with
the calculated R, from the least square fit. The relative error is used to compare the R«
with the ideal response values. Very low values for the relative error indicates a high
accuracy of the estimated ligand density at the surface compared to the actual ligand
density at the surface. In the case of ratio-dilution, the relative error are less than 5 %,
except the 400, 25 and 12.5 uM. The buffer-dilution on the other hand, ranges from 12 %
to over 66 %. The increased relative error for the 400 uM ligand concentration is caused
by the saturation of the surface for this given ligand density. The calculated maximal

surface density at a R value of 48 m°, is 300 uM.
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Fig. 6.9. Comparison of least square fit to the extracted Rn.x values between the ratio-dilution and buffer-dilution

experiments with variable immobilized ligand concentrations [B] by an analyte concentration of 25 nM.

[B] Calculated Extracted Relative Calculated Extracted Relative

buffer Rmax Rmax error % Rimax Rimax error %

(ratio) (ratio) (ratio) (buffer) (buffer) (buffer)
400 uM 65.4 48 27 80.8 47 41.8
200 uM 334 34 1.8 48.8 43 11.9
100 uM 17.4 17 2.3 32.8 38 15.7
50 uM 9.4 9 4.2 24.8 34 37.1
25 uM 5.4 7 29.6 20.8 29 39.4
12.5 uM 3.4 4 17.6 18.8 13 30.9
6.25 uM 2.4 1 58.3 17.8 6 66.3

Table 6.4: Represents the relative error between the extracted Rnax and the calculated Ry derived from the

least square fit of the ratio-dilution and buffer-dilution experiments.

Another method to compare the ligand immobilization protocol is by measuring the
fluorescence intensity, see Figs. 6.10a and b. The same experimental conditions were used
to print the microarray on a new sensor surface, and an excess of analyte was introduced

for 1 hour to saturate the surface.
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Intensity (a.u)
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[B (uM)

Buffer-dilution

Fig. 6.10a. Fluoresence image of the microarray with ratio- and buffer-diluted biotinylated ligands immobilized at
the surface, after the interaction with 67 nM anti-biotin Alexa fluor 488. The red and blue lines resemble the
position from where the data for the fluorescence intensity plot is taken. The blue line resembles the ratio-
diluted ligands, and red the buffer-diluted ligands. Fig.6.10b. The fluorescence intensity plot derived from the
fluorescence image. The straight lines indicate the trend of the fluorescence intensity with [B]. The fluorescence
intensity of the ratio-diluted (blue) ligands scales with [B], the fluorescnece intensity of the buffer-diluted (red)

ligands initially remains high and then drops rapidly.

To compare the fluorescence intensity plot with the obtained SPR imaging results (Rmay),
normalized signals with a maximum of unity were used and plotted in Figs. 6.11a and b.
The average fluorescence intensities were determined for the different ligand
concentrations used. The correlation between the obtained SPR and fluorescence results
indicate similar behavior between the two methods is evidenced by similar correlation
coefficients. The least square fit of the ratio-dilution is linear while the least square fit of
the buffer-dilution is logarithmic, indicating a clear difference between the two dilution
methods used. The slight deviations between the fluorescence and SPR results are caused
by variations of sensor discs and experimental conditions. In both cases, SPR imaging and
fluorescence, an excess of analyte was used compared to the ligand at the surface. 100 pl
of 25 nM and 250 pl of 67 nM analyte concentration, compared to 1 nl droplets of 1 - 400
UM ligand concentration. The used concentrations result in at least 5 times more analyte
molecules compared to ligand molecules. This is necessary to visualize the biotinylated

ligand molecules present at the surface without limitation due to the analyte.
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Fig. 6.11a. The ratio-diluted ligand immobilization profile, depicted in normalized signals to compare
fluorescence intensity profiles with and SPR imaging results. The fluorescence measurements are depicted in
black, and SPR imaging in blue. The analyte concentration used are, 25 nM for the SPR imaging experiment and
67 nM for the fluorescence intensity experiment. Fig. 6.11b. The buffer-diluted ligand immobilization profile,
depicted in normalized signals to compare fluorescence intensity profiles with and SPR imaging results. The

fluorescence measurements are depicted in black, and SPR imaging in red.
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Multivalency, conformational changes, steric hindrance, mass transport limitations,
rebinding due to surface geometry and surface heterogeneity are all known factors
affecting the fit to the simple 1:1 model 1% Here different anti-biotin analytes were tested,
Fab, F(ab),, and IgG to get additional insight of the binding process in relation to the ligand
density. The 50 kDa Fab can most likely be described with the 1:1 interaction model as it is
a small monovalent molecule. The F(ab), and IgG on the other hand are bivalent
molecules, with molecular weights of 100 and 150 kDa, respectively. The differences in
behavior can be nicely observed in the ratio-diluted interactions comparing the 200 uM

and 50 uM densities shown in Fig. 6.12. and are listed in Table 6.5.

200 uM ligand k. (M*s?) ky (s™) Ko (nM) Renax (M°)
Fab 1.82x 10° 9.70x 10" 5.30 37
F(ab), 2.27x10° 1.10x 10* 0.47 49
1gG 2.27x10° 0.50 x 10" 0.22 52
50 uM ligand k. (M™*s?) ka (s™) Kp (nM) Rmax (M°)
Fab 2.49x10° 7.08 x 10 2.84 9
F(ab), 2.36x10° 8.77 x10™ 3.72 21
IgG 3.49x10° 5.37x10™ 1.54 29

Table 6.5: The rate and equilibrium constants obtained from the monovalent Fab, and bivalent F(ab), and 1gG

analytes and their behavior on the ligand density.

The F(ab), and IgG responses are fairly similar for the 200 uM ligand density, despite their
difference in mass. This could be a sign of accessibility / steric hindrance or mass transport
problems in the hydrogel matrix used for the experiment. Furthermore, the bivalency
contributes to a lower dissociation rate due to the fact that the analyte is bound to two
ligand molecules at the surface. The chance of both bonds breaking simultaneously is less
compared to the monovalent bond. This can also be concluded of the decreased value of
the dissociation rate constant, ks, and equilibrium constant K;, obtained for the bivalent
molecules in the 200 uM situation. The extracted kq and Ky value of the F(ab), and IgG,

significantly different from the Fab, are = 10-fold smaller.
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Fig. 6.12. Overlay of 1gG, F(ab)2 and Fab analyte at 2 different ligand concentrations, 200 uM (A) and 50 uM (B)

and with an analyte concentration of 25 nM. The smooth lines are the fit responses to the measured data.

108



Ratio-diluted ligand density assay for single analyte kinetic analysis

The extracted values for the rate and equilibrium constants obtained at the low ligand
density surface, 50 uM, are all within the same order of magnitude. Due to the decreased
ligand density, the various analytes all behave in a monovalent manner. The Rt(goosec)
obtained at the 50 uM ligand density surface are: Fab = 8.5 m®, F(ab), = 19.0 m® and IgG =
28.5 m°, approximately proportional to the ratio of molecular masses of 50, 100 and 150
kDa. The concentration of the ligand density at the sensor surface clearly contributes to
the fitting to the 1:1 model, where bivalent molecules behave like monovalent molecules.
From the obtained results we can conclude that by applying the ratio-diluted method, the
ligand density at the surface is much better controlled compared to the buffer-diluted
method. Moreover the spacing of the bio-active ligand molecule is increased, a technique
commonly used in making self assembled monolayer’s (SAM) 2. The use of universal
background molecules has to be further investigated, here we used a non biotinylated
peptide with the same amino acid sequence to eliminate different binding kinetics as a

background molecule.

6.4 Conclusion

Immobilization kinetics play an essential role in the actual ligand density at the surface
when diluted with buffer. In an attempt to control the ligand density on the surface,
background molecules were added to the ligand solution. By maintaining a constant
surface molecule density, a precise control of ligand density can be achieved, as
demonstrated with linear variation of R, extracted from measured responses. The
difference in ligand density at the surface due to the dilution procedure used, can be seen
in Fig. 6.9 by the difference in the least square fit, and the relative error presented in Table
6.4. Another observation made by reducing the ligand density at the surface, is related to
the molecular binding behavior of the analyte. The binding responses of monovalent and
bivalent analytes were compared at surfaces containing various ligand densities. At high
(200 uM) ligand densities, the bivalent molecules form a stronger double bond with the
ligand as can be seen by the poor dissociation properties. At low (50 uM) ligand densities
on the other hand, the bivalent molecules behave like monovalent molecules, because
they cannot bind two ligand molecules at the same time due to spacial distribution. The

observations are presented in Fig. 6.12, and Table 6.5.
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One of the reasons to perform this study was to compare the conventional assay protocol
with the single analyte kinetic analysis technique. The results shown in this chapter are
encouraging where a clear linear trend with extracted R, values, which scale
proportionally with the ligand concentration [B]. As stated earlier, this new assay protocol
technique has clear advantages in requiring much smaller analyte volumes and drastically
reduced surface regeneration steps, and also lead to reduced assay times and costs. Other
ligand and analyte model systems need to be investigated to show the general
applicability to the scientific community. The controlled ligand density is not only

important for kinetic analysis, other assays can also benefit from this new assay protocol.
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7 Conclusions &
recommendations

This chapter provides an overview of the material presented throughout this thesis, and

provides recommendations for improvement of the equipment, instrumentation and assay
procedures.



Chapter 7

7.1 Conclusions

In this thesis the use of a peptide microarray in combination with SPR imaging for the
detection of autoantibodies present in serum samples were explored, to provide a label-
free alternative to conventional assays, such as ELISA. The need for parallelized testing, to
enlarge the obtainable information from a single test, is increasing. On the other hand
testing should become as cheap as possible, labeled antibodies are costly to produce and
moreover they increase the assay time. Ligand density is very important for the

visualization of the microarray and also the performance of the assay.

Microarrays can be made in various ways. Here was decided to make them with a
commercial instrument (TopSpot), which uses a piezoactuator to dispense the ligands on
the surface. The obtained spot sizes are mainly dependent on the fluid and surface
properties, however, the velocity of actuation also plays a role. The 1 nl droplets dry
easily, and when handling fragile ligands a fast transfer to an humidity chamber is
essential to avoid drying or even denaturation. In an attempt to make a disposable
spotting device which also results in confined spot sizes and provides a friendly
environment for the ligands, various microfluidic geometries were studied in PDMS. A
device merely driven by capillary forces to immobilize the ligands on the surface resulted
in a line-spotter and a stop-valve. The geometry and size limitations of the sensor disc and

flow-cell, however, do not allow for high density microarrays.

The analyte binding behavior is influenced by the ligand density at the sensor surface. At
high ligand densities, bivalent molecules can form a (stronger) double interaction with the
ligand. At low ligand densities on the other hand, bivalent molecules behave like
monovalent molecules. These observations were confirmed by the differences in
dissociation properties. Immobilization kinetics plays an essential role in the actual ligand
density at the surface when diluted with buffer. In an attempt to control the total ligand
density on the surface, molecules were mixed with the ligand solution to keep a constant
total concentration. A precise control of ligand density can be achieved, as demonstrated
with linear variation of R, extracted from measured responses for the ratio-diluted
method. Comparison of the conventional assay protocol with the single analyte kinetic
analysis technique are encouraging having a clear linear trend with extracted R, values,
scaling proportionally with the ligand concentration. Microarrays can be constructed more

efficiently when ratio-dilution is applied. Moreover, this new assay protocol technique has
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clear advantages in requiring much smaller analyte volumes and drastically reduced

surface regeneration steps leading to reduced assay times and costs.

The scanning-angle SPR imaging system used throughout this thesis, is able to measure
many different biomolecular interactions simultaneously at an imaging area of 50 mm’. By
measuring the angle-shift of the SPR-dip, it is a reliable and sensitive measurement with
increased linearity compared to fixed-angle SPR systems. Due to the wide range of
operation of the instrument both peptide and protein interactions can be measured
simultaneously. The amount of 1gG molecules bound to the surface and detected in a
label-free manner is 4.1 x 10" molecules or 65 zeptomole. The effectiveness of this system
is demonstrated by automatically monitoring the interactions between citrullinated
peptides and serum autoantibodies of 50 rheumatoid arthritis (RA) patients and 29
controls in a single step. The smallest antibody concentration that could be measured in
this experimental setup was 0.5 pM, which is slightly less sensitive compared to the ELISA
test. ELISA only allows for separate analysis for each type of antibodies to be tested,

whereas SPR microarray imaging facilitates multiplexing in a label-free manner.

7.2 Recommendations

There are various aspects of the here performed research that raised new questions or

just need further investigation. The recommendations are discussed here per subject.

7.2.1 Microarray technology

As mentioned before, the geometry of the PDMS stop-valves does not allow for the
production of high density microarrays. In order to meet researchers needs, pressure
driven devices seem inevitable when using native or unaltered PDMS. Altering the fluid
properties, by lowering the surface tension could facilitate easier filling of the channels,
however, might also induce leakage at the nozzles. Other materials should be investigated

in order to find a fast and cheap alternative for the PDMS and glass chips.

PDMS is very suitable for patterning a surface by micro-contact printing by means of
adsorption at the surface by van der Waals forces. By creating hydrophilic islands,
surrounded by a hydrophobic surface, droplets of ligands can be covalently coupled at the

surface during immobilization. The excess of ligand can be simply washed away, the
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hydrophobic coating needs to be removed by a pH or salt shock / injection prior to the SPR

imaging experiment to avoid disturbance of the analyte flow in the flow-cell.

A technique similar to that of loading an electrophoresis gel could be applied to avoid
drying of the droplets. Tiny cups submerged under a buffer could be filled with ligand to
be immobilized at the surface. After immobilization the immobilization cups and excess of

ligand need to be removed to reattain a flat analysis surface.

On chip droplet manipulation, to address ligands to specific positions of the sensor area,
followed by photo-activation and immobilization could facilitate another valid alternative
to the existing techniques and avoid drying of the ligands during the immobilization

process.

7.2.2 Increased measurement capacity and throughput

The 7 x 7 mm measurement area of the SPR imager should be used more efficiently, now
only 3.5 x 2.5 mm is used. In theory the surface area can contain 4 microarrays made with
the spot-24 printhead of the TopSpot. A microarray produced by the spot-96 printhead
would fit in the flow-cell, and also increases the throughput compared to the spot-24
printhead. An increase of the illuminated surface area, would provide a larger

measurement area and thereby facilitating more spots.

The use of parallel flow-cells in combination with microarrays also increases the

throughput as the samples can be injected simultaneously.

Adjustment of the sample injection system in combination with a more complex sample
chip facilitating switching between the interaction cycle steps, would decrease the

interaction times and thereby lead to higher throughput of samples.

Adaptations in liquid handling system and flow-cell can lead so smaller sample volume,
however, this cannot be done without limitations. E.g. depletion of the analyte in the
sample plug may occur.

7.2.3 PDMS stop-valves

Other applications for the PDMS stop-valves need to be further investigated, such as

contact angle measurement, fluid viscosity measurement and Lab-on-a-Chip based
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applications like pre-filling of channels with fluids containing chemical or biological

components.

7.2.4 Kinetic modeling

A more detailed study to prove the general applicability of the ligand immobilization
based assay for kinetic analysis, by testing other model systems besides the biotinylated
peptides in ratio- and buffer-dilution is needed. The possibility of more general dilution
molecules that can be used for the ratio-dilution has to be investigated, as it is not feasible
to always get the same molecule without the epitope for the ratio dilution, and moreover
they are too costly. Another advantage of the ratio-dilution is the reduction of the amount
of spots which are necessary in a microarray for e.g. concentration and kinetic studies. For
a concentration study the ligand density should be as high as possible while for kinetic
studies the ligand density should be low to improve the monovalent behavior of the
bivalent molecules. To find out how much the ligand density and organization at the
surface correlates to the binding behavior of the molecules, and till what extent this can
be predicted, the homogeneity of the surface immobilization could be studied in more
detail by e.g. fluorescence microscopy, scanning electron microscopy or atomic force
microscopy. The controlled ligand density is not only important for kinetic analysis, other
assays can also benefit from this new assay protocol. In buffer diluted ligand
immobilization procedure the saturation effect as shown in chapter 6 occurs and
therefore more spots should be applied for the ligand series. Therefore if ligands are
diluted in ratio with a similar non interacting molecule only a few spots are needed for a
high to low series coupling of the ligand to the surface. In this way a microarray can be

fabricated more efficiently for both kinetic modeling and concentration measurements.

Analysis of the data obtained with other kinetic models and software available can provide
valuable information of the general applicability of the newly proposed assay protocol.
The possibility to analyze SPR data obtained from different systems in a general software
e.g. Scrubber, is convenient and moreover encourages scientists to use it because it

facilitates direct comparison of the various available systems.

The effect of fluorescent and other labels to the binding properties of molecules needs to

be further investigated as a pilot study showed a decreased affinity caused by labeling,
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shown in Fig.7.1. This can be an additional stimulus for the scientific community to further

pursue the development of sensitive label-free detection methods.
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Fig. 7.1. Although the concentration of the analytes are diluted to 25 nM, a clear difference of concentration

(initial slope) and kinetics can be observed. The I1gG-FITC and IgG-alexa fluor show a lower affinity (higher

dissociation rate, which could be affected by the label) compared to the unlabeled IgG.

7.2.5 SPR imaging hardware and software

If the ROI's could become smaller by increasing the resolution of the CCD camera to a pixel
size of 1 x 1 um or less, compared to the current pixel size is 7.5 x 7.5 um, the measurable
microarray spots could become smaller too. When decreasing the measurement spot or
ROI and analyte volumes, the sensitivity of the measurement may need to be optimized by

e.g. light source, detector sensitivity or signal amplification.

The analysis software SPRINT needs to be adapted for analysis of both, the analyte and
ligand based assay. Improvement of the software with a user friendly interface also
increases the throughput. An implementation of full kinetic analysis would be an
advantage, not to have to import the data into Scrubber, because this is a time consuming

process and the software is not designed for ligand based kinetic analysis.
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Summary

Summary

This thesis, “Biomolecular interaction sensing on microarrays using surface plasmon
resonance imaging”, gives a brief introduction to biomolecular interactions in general. And
includes interactions of peptides and proteins, antibodies and autoimmune diseases.
Furhtermore, the concept of label-free biosensing is introduced, with a special emphasis

on SPR imaging. The principle and role of microarrays and data analysis are also described.

Chapter 3 explains the soft lithography process to develop various types of PDMS spotting
devices for the immobilization of proteins in confined surface areas in a microarray
format. PDMS was explored to provide a disposable alternative for the TopSpot, however,
in combination with our experimental restrictions the PDMS based method did not

succeed and we continued using the TopSpot.

In chapter 4 and 5 the use of a scanning-angle surface plasmon resonance (SPR) imaging
instrument for monitoring the binding of biomolecules on user-defined regions of interest
of a microarray is described. Peptides and proteins were both spotted on the same sensor
chip to illustrate that both, low and high molecular weight ligands with initial large
differences in off-set SPR angles, can be applied within the same experiment. The
effectiveness of this system is demonstrated by automatically monitoring the interactions
between citrullinated peptides and serum autoantibodies of 50 rheumatoid arthritis (RA)

patients and 29 controls in a single step.

Chapter 6 deals with a new assay protocol based on injecting a single analyte
concentration, and exposing it to spots with various ligand densities, rather than multiple
analyte injections of varying analyte concentrations exposed to a single ligand surface, as
is done in the conventional procedure is proposed. The new method uses controlled
dilution of ligands with background molecules which, facilitates immobilization of a
precise ligand density on the surface, which is a prerequisite for direct kinetic analysis.
This alternative to the conventional multi-analyte overlay plot for calculating the rate- and
affinity constants of a biomolecular interaction, has the advantage of requiring only a
single analyte injection, fewer surface regeneration steps, and a reduction of the overall
assay time. As a model system, various biotin specific interactions have been tested by

means of SPR imaging for their affinity toward surface immobilized biotinylated peptides.
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Dit proefschrift, “Biomolecular interaction sensing on microarrays using surface plasmon
resonance imaging”, geeft een korte en algemene introductie van biomoleculaire
interacties. Het omvat onder andere de interacties van eiwitten en peptiden,
antilichamen en autoimmuun ziektes. Verder wordt het concept van labelvrije biosensing
geintroduceerd, waarbij extra nadruk wordt gelegd op SPR imaging. Het principe en het

belang van microarrays en de daarbij behorende data analyse wordt ook beschreven.

Hoofdstuk 3 beschrijft het soft-lithografische proces om PDMS spot apparaatjes ten
behoeve van eiwit immobilizatie op begrensde oppervlakken in een microarray formaat te
maken. Er is gekeken of PDMS een wegwerpbaar alternatief kan vormen voor de TopSpot.
Maar in combinatie met de experimentele beperkingen bleek de op PDMS gebaseerde

methode niet succesvol, en daarom is besloten verder te gaan met de TopSpot.

Het gebruik van het hoekscannende SPR imaging instrument voor het meten van
biomoleculaire binding op zelf gedefinieerde regionen van interesse, word beschreven in
de hoofdstukken 4 en 5. Om aan te tonen dat liganden met zowel hoge als lage
moleculaire massa en grote verschillen in de initiéle SPR hoek offset tegelijk gemeten
kunnen worden, zijn eiwitten en peptiden op dezelfde sensor chip gespot. De effectiviteit
van het systeem is gedemonstreerd door middel van het geautomatiseerd meten van de
interactie van gecitrullineerde peptiden en serum autoantilichamen van 50 reumatoide

artritis patiénten en 29 contoles.

Hoofdstuk 6 behandeld een nieuwe meetmethode gebaseerd op de injectie van een
enkele analyte concentratie om deze vervolgens bloot te stellen aan verschillende ligand
concentraties. Dit in tegenstelling tot de gebruikelijke methode waarbij verschillende
analyte concentraties worden geinjecteerd op een enkele ligand concentratie. De nieuwe
methode maakt gebruik van een gecontroleerde verdunning van de liganden op basis van
achtergrond moleculen. Hierdoor kan de ligand concentratie nauwkeurig kan worden
gecontroleerd, wat een vereiste is voor kinetische bepalingen. Deze alternatieve methode
voor het maken van overleg grafiek voor de berekening van snelheid en affiniteit
constanten, heeft als grote voordeel dat een enkele analyte concentratie volstaat.
Hierdoor zijn minder regeneratie stappen nodig en wordt de totale meettijd gereduceerd.
Verschillende biotine specifieke interacties zijn gemeten en gebruikt als model systeem

voor de affiniteits metingen met het SPR imaging instrument.
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List of abbreviations

AFM atomic force microscopy

APTS 8-aminopyrene-1,3,6-trisulfonic acid trisodium salt
BS® suberic acid bis(3-sulfo-N-hydroxysuccinimide ester) sodium salt
CCD charged-coupled device

cDNA complementary deoxyribonucleic acid

CE capillary electrophoresis

DNA deoxyribonucleic acid

DPN dip pen nanolithography

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
ELISA enzyme linked immunosorbent assay

Fab fragment of antibody, monovalent

F(ab), fragment of antibody, bivalent

FFE free-flow electrophoresis

FITC fluorescein isothiocyanate

FLIP fluorescence loss in photobleaching

FRAP fluorescence recovery after photobleaching
GC-SPR grating-coupled surface plasmon resonance
HC80m carboxylated hydrogel with 80 nm thickness

HTS high-throughput screening

IEF isoelectric focussing

IgG immunoglobulin gamma

iSPR imaging surface plasmon resonance

k, association rate constant

kg dissociation rate constant

Ko dissociation constant
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List of abbreviations

kDa
LoC
LOD
MES
MS
NHS
PAGE
PBS
PBST
PDMS
PEG
pH

PI

RA
RIA
RNA
ROI
SDS
SECM
SPFS
SPR
ssDNA
SU-8
WC-SPR

2-D

kilo Dalton

lab-on-a-chip

limit of detection
morpholinoethane sulfonic acid
mass spectrometry
N-hydroxysuccinimide
polyacrylamide gel electrophoresis
phosphate buffered saline
phosphate buffered saline / tween 20
polydimethylsiloxane
polyethylene glycol

power of hydrogen

isoelectric point

rheumatoid arthritis
radioimmunoassay

ribonucleic acid

region of interest

sodium dodecyl sulfate

scanning electrochemical microscopy

surface plasmon field-enhanced fluorescence spectroscopy

surface plasmon resonance
single stranded deoxyribonucleic acid

negative photoresist

waveguide-coupled surface plasmon resosnace

two dimensions
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