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Introduction

It has been a long and inspiring journey producing this thesis. It has been enjoyable,
hard work and sometimes invisible since I am working in the nanobiotechnology
field. In the first part of the thesis I introduce the field of my research, which can be
divided into biology and technology. The biology part is the first three chapters;
introduction, biomarkers, and proteomics and subsequent the more technical
chapters, which consist of miniaturization, microarrays, mass spectrometry, and
ISET (integrated selective enrichment target) platform.

The second part of my thesis contains my four published papers and two submitted
manuscripts. The papers include two miniaturized strategies for biomarker detection
developed at the department, an antibody microarray and the ISET platform, which
is a sample preparation platform for MALDI mass spectrometry. The antibody
microarray, based on a micro- and nanoporous silicon surface, which increases the
sensitivity of the assay, was utilized to quantitatively measure the prostate cancer
biomarker PSA (prostate specific antigen) fluorescently (Paper I). The microarray was
also developed to measure the two states of PSA: total PSA and free PSA, which
together gives a better indication of the prostate cancer disease. The second platform
for proteomic analysis, the in-house developed platform ISET, was first redesigned
(Paper II) to be able to handle more viscous samples and larger volumes. Subsequent
to the new configuration of the ISET platform, three new applications were
developed and published within the framework of this thesis; digestion and detection
of the biomarker PSA (Paper III), protein validation of recombinant protein
production (Paper IV), and aptamers as an affinity ligand rather than antibody to
reduce the background from the affinity probe when performing digestion of the
captured protein (Paper VI). The ISET sample preparation was also automated with
liquid handling robotics for faster analysis in for example screening procedures (Paper
IV). In addition to the microarray, a sandwich assay immobilized on the porous
silicon with MS readout was used to detect PSA (Paper V). The detector antibody
was labelled with mass tags that ionize in the mass spectrometry without matrix.

Let me explain to you in more detail what I have done the last four years.



Background

When an egg is fertilized, genes from the mother and the father are fused together to
form a new unique human being. The fused genes code for different properties in the
human body such as eye colour and stature, but it can also code for disease
prevalence such as cancer or Alzheimer’s disease.

The genes are parts of long DNA strands, which are coiled up in chromosomes. Each
chromosome contains genes for expression of many different proteins that regulate
cellular function. Proteins have a variety of different assignments, e.g. replicating the
DNA, transporting molecules and performing immune responses in the body. Only
1-2% of the DNA, corresponding to around 20 000 genes [1], is translated to
produce mRNA that serves as a template for proteins. The ribosome binds to mRNA
and produces a protein by adding amino acids in the order, coded by the mRNA.
After synthesis the protein subsequently undergoes posttranslational modification
(PTM) and changes its conformational state. During this process the protein folds
into a 3D structure, functional groups can be added (e.g. phosphate and
carbohydrates), the protein can be subjected to structural changes (e.g. disulphide
bridges), and citrullination (conversion of the amino acid arginine). Altogether there
are over 1 000 000 mature human proteins after the PTM step [2].

In the immune system proteins, called antibodies, recognize and neutralize intruders
and foreign substances in the body, e.g. bacteria and viruses. The antibody binds to
an epitope on an antigen (Figure 1). The binding is specific because of the
recognition site on both the antigen and antibody, and this binding capability is used
in the life science field, in e.g. biomarker detection.

Figure 1. Antibodies in red binds to the green antigens. The antibody binds only to the star shaped
antigen, for which it has affinity, and not to the square shaped antigens.



Biomarkers

A biomarker is an indicator that reflects a certain health state, it is used to detect
healthy or disease conditions, or a pharmacological response. Biomarkers are used
not only in the scientific research but also widely in hospitals and pharmaceutical
companies. The hospitals use biomarkers extensively to monitor and predict health
states and to provide correct treatment, while the pharmaceutical companies use
biomarkers to detect response in patients by studying biomarker expression as a
function of drug dosage [3, 4]. Today there are 205 FDA cleared or approved protein
biomarkers assayed in serum or plasma, and only an average of 1.5 new assays are
approved per year [5].

Biomarkers can be physical or biological compounds. High temperature is for
example a physical marker indicating fever; high blood pressure can lead to stroke;
and examples of biological biomarkers are increased glucose levels in blood indicating
diabetes; antibodies used to detect autoimmune disease or haematological
malignancies; and CRP (c-reactive protein) indicating inflammation. Biomarkers are
measured in different biological samples like blood, urine, tissue, saliva, semen, or
hair. It can in some cases be a target specific substance introduced into the body to
search and indicate a disease area or drug related state, like rubidium chloride, a
radioactive tracer for heart muscle perfusion, but commonly a biomarker originates
from the body or body fluids like a protein, gene, hormone, cell, or metabolite. A
good biomarker should be easy to measure, measure the right analyte, be cost
effective, and vary with disease state but not over ethnic groups or gender. An
excellent biomarker is the diabetes marker glucose, which is fast and easily measured

in a drop of blood from the tip of a finger.

A disease can originate from hundreds of different gene variants or an environmental
exposure, and in addition, a disease can also respond to treatment in many different
ways [6, 7]. To address these problem healthcare needs to strive toward being
customized, in other words, personalized medicine is required [8]. By examining
different biomarkers and genetics of the patients, medicine can be personalized. If a
large patient group is treated with an expensive drug that is effective in only some of
the patients, the majority of the patients will have no benefits, in worst case severe
side effects, and it will not be cost efficient for the hospitals. This is where serious
ethical questions arise; is it even ethical to give patients side effect without any
guaranteed health benefits? Anderson [8] discusses other future aspects of
personalized medicine, such as the fact that it would be beneficial to have a personal



baseline for biomarker levels instead of comparing values to a reference group and
self-collection of samples at home that will reduce the travel to the clinic. In Japan
they have already implemented the concept of personalized medicine for lung cancer.
Some years ago certain patients with lung cancer, receiving the drug IRESSA, did not
respond to the drug. When the number of treated patients of the drug increased it
was discovered that all the non-responders had a mutation within the EGF
(epidermal growth factor) receptor. Today an assay detecting this specific mutation is
performed prior to treatment and medication of lung cancer with IRESSA [9].

Biobanks, which are biorepositories for human samples, is a key asset for research,
especially regarding personalized medicine [10]. From biobanks numerous samples
can be used for thorough statistical analyses by many different research groups. In
many cases genotypic data is stored together with anonymous information about the
patient such as medical records and physical measurements. It is of great importance
that the samples remain anonymous and that the samples are legally obtained, topics
that has been and are of great concern [11]. There are rules and guidelines for
creating a biobank and the donor of the sample can at any time remove their
contribution. In Sweden this is regulated by the biobank law 2002:297.

It is highly relevant to diagnose diseased individuals fast and efficiently in order to
reduce suffering and costs. Early diagnosis is cost beneficial and less of a risk for the
patient [8]. Today lifestyle diseases like diabetes increase in prevalence [12] and the
longer a person lives the greater the risk of developing diseases becomes,
accompanied by need of extensive care [13]. In addition, it is a global trend that the
elderly population increases (Figure 2). Kato et al. [9] estimate that in 2050 almost
25% of the population in Sweden will be over 65 years old, which is a great increase
compared to 10% a hundred years earlier. The numbers are even higher in Japan,
where 40% of the population is estimated to be aged over 65 in 2050.

%

45

- Erance 208
= engand
45 gﬂgzen nig, ";
|| e 7Y
25 —s— Japan 1, e |

20

15

10

2010
2020
2030
2040
2050

Figure 2. The increasing part of people over 65 years in the population for eight different countries.

Reprinted from ] Proteomics, 74, Kato, Nishimura, Tkeda et al., Developments for a growing Japanese patient population:
Facilitating new technologies for future health care, 759-764., Copyright 2011, with permission from Elsevier.



Sensitivity and Specificity

When creating a new diagnostic method it is of great importance to determine its
reliability. Do all the patients with positive measurement results, have the disease? If
not all the positive measurements are true positives (Figure 3), how can we
distinguish so the false negatives do not get treatment? Are there patients with the
disease, false negatives, which we miss in our diagnostic method?

Disease

Yes No

)

itivity >

Z
o

1agnost1c rtest

High Sens

D

High Specificit
< gh Sp y

Figure 3. A diagram of the result of a diagnostic test, compared to the actual disease state, in other
words the sensitivity and specificity. The more true positives, the higher sensitivity and the more true

negatives, the higher specificity.

The sensitivity is called the true positive rate and specificity the true negative rate
[14], both are important to take into account when evaluating e.g. a new diagnostic
method or an antibody used in a proteomic setup. To calculate the sensitivity the
true positive are divided by the sum of the true positive and the false negative and for
the specificity the true negative cases are divided by the true negative added to the
false positive (Equation 1). When an assay show a false positive it is considered a
minor problem, provided the rate is modest, since there are often other methods to
ensure no disease is present [15], but to have a false negative is a major problem
because then patients in need of treatment will not receive it.

Sensitivity = L Specificity = T—N
TP + EN TN + FP

Equation 1. The equations to calculate the sensitivity and specificity. T=true, F=false, P=positive,
N=negative.



A biomarker with high specificity, like 69% for the breast cancer biomarker CA15.3
can have low sensitivity (23%) and the opposite like the prostate cancer biomarker
PSA, which has a sensitivity greater than 90% but a specificity around 25% [16]. To
get a better indication of the health state, more than one biomarker can be measured
[17], but is it not always possible to find biomarker patterns that together can
indicate the correct picture of the disease state [16]. In the case of prostate cancer it is
widely discussed if screening it appropriate or not since the specificity is low. More
deaths caused by prostate cancer will be found, but a lot of men with an increased
level of PSA will lose life quality due to the knowledge of suspected cancer and
additional detection strategies [18]. A highly sensitive measurement system is of
importance to detect low abundant biomarkers, which is frequently the case in
plasma, where finding a specific biomarker is like searching for a needle in a haystack

[19].

Prostate Specific Antigen

Within this thesis especially one biomarker has been the main focus (Paper I, III, and
V); prostate specific antigen, which today is used to diagnose prostate cancer in the
clinic [20]. The serine protease PSA is produced in the prostate gland, a walnut sized
reproductive organ located between the urinary bladder and the penis, embracing the
urethra (Figure 4). The main function of the enzyme PSA is digestion of the gel
forming proteins semenogelin I and II in semen, leading to liquefied semen
facilitating sperm motility and reproduction [21, 22]. A healthy prostate normally
leaks a minuscule amount of PSA into the blood stream, while a prostate with cancer
leaks extensively. The amount of PSA in blood is thereby correlated to the disease
state of the prostate.

Prostate cancer is one of the most common cancer forms. A lot of men have cancer
cells in their prostate, but only some will develop into a form of cancer that needs
treatment. In the US is there an estimate probability of 27% to develop prostate
cancer during a lifetime and around 10% risk to die from it [23]. More men die with
prostate cancer than of it, which means that prostate cancer can be present without
the patient noticing it. Sometimes the treatment is worse than the impact of the
disease, but the psychological part can be an obstacle, knowing cancer is growing
inside the body without treating it.



Figure 4. Cross section of male reproduction system. The prostate is the organ between the urinary

bladder and the penis.

© Kari C. Toverud CMI (sertifisert medisinsk illustrator).

The cut off value for prostate cancer of the biomarker PSA is 4 ng/mL in blood [17].
It is important to note that PSA is not specific for prostate cancer, elevated values can
be caused by enlargement of the prostate; BPH (benign prostatic hyperplasia); or
prostate infection, prostatitis [24]. Today in the clinic PSA as a biomarker is not
sufficient to detect prostate cancer, but also analysis of prostate biopsies and rectal
palpation are performed. It would be of great benefit to find new biomarkers with
higher specificity for prostate cancer. PSA is present in different forms and the ratio
of total and free PSA improves the diagnostic accuracy and is used extensively in the
clinic today [25]. Research teams are searching for improved biomarkers for prostate
cancer and hk2 (human kallikrein 2) [26, 27], MSP (B-microseminoprotein) [28],
and different PSA derivatives [17], are potential candidates.



Proteomics

Numerous of the detected biomarkers are proteins found in the body. The word
proteome is a portmanteau of PROTein and genOME, coined in 1994 by Marc
Wilkins et al. [29], and is a full set of proteins from a genome at a certain time point.
The field of proteomics has grown substantially and in 2001 HUPO (Human
proteome organization) was founded, coordinating the development of international
proteomic initiatives, for the role of proteins in disease to be better understood [30].
HUPO organizes for example the Human Proteome Project, which intend to
characterize all approximately 20 000 genes to get a complete map of the human
proteome [31]. In Sweden a programme, Human proteome atlas (HPA), with the
aim to explore the human proteome and produce antibodies against all proteins
encoded by the genes, was launched in 2005 [32]. All of these efforts will hopefully

bring forward new biomarkers.

Blood is one of the most convenient sources of biomarkers. The blood proteome is a
very complex mixture consisting of a wide range of proteins at vastly different
concentrations. The number of proteins can theoretically be over 10 000 000,
including plasma proteins, proteins leaking into the plasma and antibodies [19]. The
dynamic range in concentration of different proteins is in the order of 10" (Figure
5), where albumin is the most abundant protein counting for around 55% of the
protein content in the blood plasma with a concentration of 35-45 mg/mL, while
interleukin 6 is one of the lower abundant proteins detected at 0-5 pg/mL [19]. The
analytical challenge, in searching for a low abundant protein in plasma, is like
searching for a specific human being among all human beings on earth, quite a
project in other words.

The initial technique to examine the proteome, high resolution two-dimensional gel
electrophoresis, was introduced by O’Farrell [33] and Klose [34]. In 1977 father and
son Anderson [35] adapted O’Farrells two-dimensional electrophoresis to human
plasma proteins. Later the DNA microarray technology paved the way for protein
microarrays and in 1998 Silzel et al. [36] realised one of the first protein microarray
based immunoassays. Nowadays mass spectrometry (MS) is a cornerstone for the
proteomics area, but two-dimensional electrophoresis, often in combination with
MS, and protein microarrays are still widely used [13]. As with biomarker detection

10



it is crucial to have enough sensitivity of the measurement system and specificity of
the analysed protein. Crude biological samples need to be purified prior to the
biomarker detection; this can be performed in a number of ways and is called
targeted proteomics.
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Figure 5. The dynamic range of protein concentrations in blood plasma spanns 10 orders of magnitude.

This research was originally published in Mol Cell Proteomics. Anderson NL, Anderson NG. The human plasma proteome:
history, character, and diagnostic prospects. Mol Cell Proteomics. 2002; 1: 845-867. © the American Society for
Biochemistry and Molecular Biology.

Sample Preparation

The protein sample to be analysed, often a blood plasma sample, commonly requires
a sample preparation step prior to detection; i.e. concentration, purification, and in
the case of mass spectrometry based identification a tryptic digestion step [37]. The
concentration and purification can be done in different sample preparation platforms
and the enrichment with affinity capture of the desired protein can be carried out in
different manners. To easier find low abundant proteins in the biomarker rich blood
plasma, depletion of the most common proteins, e.g. albumin and IgG, can be
utilized [38]. The digestion is performed for generation of peptides that are easier to
analyse than intact proteins with mass spectrometry.

11



Solid Phase Extraction

Solid phase extraction (SPE) is a process where an analyte in liquid phase is retained
on a solid material for enrichment. The analyte is retained due to the chemical or
physical properties, like hydrophobicity, size or charge [39]. What could be believed
as the first mentioned SPE is thousands of years old and derives from the Bible [40],
called The Waters of Marah and Elim:

Then Moses led Israel from the Red Sea and they went into the Desert of Shur. For
three days they travelled in the desert without finding water. When they came to
Marah, they could not drink its water because it was bitter. (That is why the place is
called Marah.) So the people grumbled against Moses, saying, “What are we to drink?”
Then Moses cried out to the Lord, and the Lord showed him a piece of wood. He
threw it into the water, and the water became fit to drink.

SPE can be used to extract analytes from biological samples [41]. Whitehorn
performed an SPE in 1923 with the material permutit [42], consisting of silica
dioxide, aluminium oxide, and sodium oxide to extract amines from nitrogen
substances existing in biological fluids. In 1950, Lund extracted adrenaline and
noradrenaline for a blood sample with alumina columns [43]. Carbon was early used
as an SPE material but in the late 1960s polymer sorbents were introduced [39]. A
commonly used SPE material today is RP (reverse phase) [39] where the solid
material is functionalized with alkyl groups, usually ¢8 or c18, to become
hydrophobic. The proteins, often hydrophobic, are introduced in a liquid polar
phase to the solid hydrophobic material where it will be adsorbed; to elute the
compound an organic solvent, which is preferred by the analyte, is used.

There are many SPE materials capturing compounds by ion charge, e.g. SCX (strong
cation exchange) and SAX (strong anion exchange) [44], Figure 6. The surface of the
beads display charged functional groups, which will retain the oppositely charged
molecule by ion interactions. A protein consists of negatively, positively or uncharged
amino acids and the net charge is determined by the amino acid composition. The pI
(isoelectric point) of a molecule or surface is the pH where the net electrical charge is
zero. A protein in an environment with a pH above its isoelectric point will be
negatively charged and if pH is below its pl it will have a positive charge. To capture
or elute the charged molecules from the resin the pH of the liquid phase is changed.
Strong ion exchange beads retain their charge over a wide pH interval.

12



Negatively Charged
Analyte [Anion]

Attracted to
Positive Surface

Positively Charged
Analyte [Cation]

Attracted to
Negative Surface

Figure 6. Ion exchange chromatography, where negatively charged analytes are captured by the
positively charged particles, and the other way around.

© Waters Corporation. Used with permission.

SPE is used in many different areas like biological research, forensic investigations,
environmental applications, and food chemistry [45]. In the food industry Subden et
al. determined histamines in wine, which gives an undesired physiological response
[46] and Baggiani et al. measured food contaminants [47]. In the forensic field a
method for detecting the cannabis metabolite' THC-COOH in urine has been
presented [48] and a method to detect opiates and other drugs of abuse in human

hair [49].

Protein Digestion

After reducing the sample complexity by solid phase extraction or affinity capture,
there are different ways to analyse the target molecule; in a sandwich antibody
microarray format with fluorescent tags or with mass spectrometry for example.
Detection of a full length protein with mass spectrometry is difficult due to low
sensitivity i.e. due to the large size of the protein, the protein will not ionize as
efficiently as a peptide, and in addition proteins provides less mass accuracy. To gain
greater sensitivity the protein can be cleaved into smaller fragments, peptides, which
more accurately can be detected [50]. To generate the peptides an enzyme, typically
trypsin, is used to cleave the protein at specific sites; the carboxyl side of the amino
acids arginine and lysine (Figure 7).

13
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Figure 7. The letters in the figure are the amino acid sequence of PSA and the red arrows indicate where
the tryptic digestion sites are, after every lycine (K) and arginine (R).

When a protein is synthesised the thiol (R-SH) in the amino acid cysteine is able to,
by oxidation, form a disulphide bridge with another cysteine. This cross-linking
reduces the accessibility for tryptic digestion. To improve the digestion efficiency the
protein can be reduced and alkylated, giving enzymatic access to the full protein
length, prior to tryptic digestion. The reduction and alkylation irreversibly breaks the
disulphide bonds, meaning that the protein loses its tertiary folding and the trypsin
can gain better access to the trypsin specific cleavage sites. In detail the reduction
agent DTT (dithiothreitol) breaks the disulphide bond and the alkylation agent
iodoacetamide binds covalently to the thiol to prevent reformation of the disulphide

bridge.

Affinity Purification

Another way to reduce the complexity of a sample is by affinity purification, which
can capture biomarkers with different affinity ligands, like antibodies, affibody
molecules, aptamers, or metal ion affinity [51].
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Immunoaffinity

The antibodies normally originating from the immune system can be produced in
either animals (polyclonal) or by hybridoma technology (monoclonal) and be utilized
in immunoaffinity as a probe to capture a specific protein [52]. The polyclonal
antibodies bind to different epitopes of the antigen whereas the monoclonal only
binds to a specific binding site. Antibodies have different binding strength, which is
measured by the inverted dissociation constant, aka the affinity constant. The
binding between antigen and antibody (Figure 1) is reversible and the affinity
constant is important for the detection sensitivity of the assay [53]. When using
immunoaffinity it is of great importance to know not only the affinity constant but
also the specificity of the antibody, to which part of the antigen it binds and if it
binds to subtypes or even cross-reacts with other proteins. Antibodies can be coupled
for example covalently to micro beads [54], which are then used as a SPE material as
in Paper III or immobilized on a solid surface for antibody microarrays [55] as in
Paper I.

Aptamer Affinity

The affinity probe aptamer is analogous to an antibody, but composed of RNA or
DNA instead of being a protein. [56] Peptide aptamers is also available but not
discussed in this thesis. The word aptamer derives from aptus meaning fit in Latin
and meros meaning part in Greek. Aptamers are produced by a process called SELEX
(systematic evolution of ligands by exponential enrichment) [57], which in the first
step synthesise numerous of random oligonucleotides and in the second step, the
selection, let the targeted protein bind to the produced library and thereby enable
amplification of the bound oligonucleotides with PCR (polymerase chain reaction)
(Figure 8). The selection round is repeated until an aptamer with high affinity for the
target molecule is produced [58].

The advantages compared to protein based binders are that aptamer production is
carried out without the use of animals or cell lines, which is cheaper and easier, and
the small size of aptamers is favourable when the binding site is conformationally
hidden. Not all aptamers are stable in biological samples and some are prone to non-
specific binding in complex matrixes [58]. Since the aptamers are DNA based, they
are not subjected to proteolytic digestion. In Paper VI we show the benefits of using
aptamers as the affinity ligand in protein biomarker capture followed by digestion of
the capture probe/protein complex and mass spectrometry analysis. A dramatic
difference in background digestion peaks from the capture probe when utilizing an
antibody or an aptamer is clearly seen [59].
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Figure 8. A SELEX workflow for aptamer production. First the target is introduced to a pool of
sequences and then all the unbound sequences are washed away. The selected sequences are amplified
and the process is repeated until ligands with high binging affinity are produced.

Adapted from Ref: [60] with permission from The Royal Society of Chemistry.

Metal Ion Affinity

IMAC (immobilized metal ion affinity chromatography) is a robust method of
capturing proteins based on metal ion affinity such as phosphopeptides [61] and
recombinant proteins, which are, during the production, endowed with multiple His
(histidine) as a tag [62, 63]. The metal ions iron, aluminium and gallium have strong
binding characteristics for phosphopeptides [61] and cobalt and nickel ions attached
to a resin can be used to capture the His-tagged protein, where the amino acid
histidine, commonly six, is incorporated at the end of the protein [64]. Nickel has a
higher binding capacity than cobalt, but cobalt normally gives a higher purity in the
case of His capture. The metal ion binds to the IMAC material, which creates a
stabile anchoring site for coordination binding to histidines [65]. IMAC can be used
both with native and denatured proteins, leading to a wide range of applications. To
elute the His tagged protein from the IMAC either low pH or imidazole is used. In
Paper IV, IMAC was employed by using a cobalt resin to capture His-tagged

proteins.
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Miniaturization

Proteomic applications can benefit from being miniaturized; less sample volume
needed, improved control of the chemical microenvironment, less waste produced,
and faster processes. The development of technology to control fluids in microscale
has been essential to the progress of the lab-on-a-chip field. Miniaturized chips
enable handling of a very low range of liquid volumes and amounts of sample. Table
1 visualizes different metric prefixes, for a greater understanding of the sizes
microfluidic devices often work with. There are no official standards of how small a
uTAS is, but the relevant structures are in the micrometer range and the volumes
used are a few microliters.

Table 1. Metric prefixes

Prefix Symbol 10" Decimal
10° 1

milli m 10°  0.001

micro 10°  0.000 001

nano n 10°  0.000 000 001

pico p 102 0.000 000 000 001

femto f 10> 0.000 000 000 000 001
atto a 108 0.000 000 000 000 000 001

LOC (lab-on-a-chip), pTAS (micro total analysis systems), and point-of-care device
are three umbrella terms describing a whole lab fitted on a micro sized chip (Figure
9). In 1979 the first LOC was created by Terry et al. [66]; a gas chromatography
system shrunk down on a silicon wafer measuring 5 cm in diameter with a spiral
capillary column of 1.5 m. Since then a lot of lab systems have been miniaturized, in
1990 Manz et al. [67] realised a HPLC (high pressure liquid chromatography)
system on a chip sized 5 x 5 mm. A very successful development within microfluidics
is the inkjet printing technology, which handles fluid volumes in the low picoliter
range at high speeds to compose colour prints from our computers nowadays. Early
developments within this field was pioneered by professor Hertz at our department
[68], who developed the continuous inkjet printing technology which included the
feature of modulating the number of ink droplets in each image pixel. This was the
first full grey-scale colour inkjet printer in the world. Inkjet printing has since then
developed toward what is called drop-on-demand, which is the ruling technology
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today. Inkjet printing technology (drop-on-demand) has also made its way into the
lab-on-a-chip community enabling the printing of chemical microarrays [55].
Chemical microarrays printers are now widely available on a commercial basis. In
Paper I we have utilized drop-on-demand printing based on an in-house developed
microchip print head [69] to generate microchip based antibody microarrays.

Figure 9. An illustration of the lab-on-a-chip concept, where a whole laboratory is shrunk down to a
lab-on-a-chip system.

Copyright (2002) Wiley. Used with permission from (Chow, Lab-on-a-chip: Opportunities for chemical engineering,
AIChE Journal, Wiley). [70]

In the microfluidic field there are numerous different structures utilized, like the
dispenser and microarray. Capillary electrophoresis made the whole field brisk in the
1990s [71]. Thorsen et al. manufactured a microfluidic chip with hundreds of
individual addressable chambers [72], where different reactions can take place.
IMERs (immobilized enzyme reactors), chambers or channels where enzymatic
reactions take place, are successfully used in the miniaturized field [73]. The capacity
can be enlarged coupling the enzyme to e.g. porous silicon [74] or a sol-gel [75]
substrate. Microfluidic channels with a low Reynolds number have laminar flow,
which can be utilized to separate particles by acustofluidics [76]. In a channel with
laminar flow conditions, only inefficiently mixed by slow diffusion, an acoustic
standing wave is added. The particles can then be moved between the liquids,
depending on e.g. size, to the node or the anti-node. This can be taken advantage of
to separate blood components [77] or purify circulating tumour cells [78]. It is
difficult to mix liquids in a laminar flow, but it can be performed with for example a
herringbone structure in the bottom of a microchannel [79], which creates a chaotic
flow. Solid-phase extraction is widely used in microfluidic devices [80], and will be
discussed later on. Droplet based microfluidic platforms can be used as screening
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applications with different reagents in each droplet [81]. Specific areas of interest are
the diagnostic or analytical tools applied to medical research or clinical medicine.
Based on the technical developments we now see commercial instruments that
perform 1 000 000 parallel PCR reactions based on the developments within droplet
microfluidics [82] and advanced microfluidic structures that mimic the function of
human organs integrated on a chip that aims to replace costly animal experiments in
pharmaceutical screening studies [83].

Scaling Effects in Microfluidics

In microfluidics the scaling laws of physics and chemistry alter the way fluids behave
and the speed of chemical reactions. Surface tension and viscosity both play a greater
role in microsystems instead of inertia. As a comparison, a freight ship has a large
inertia and when the engine is shut off at full speed, the ship keeps traveling forward
for miles before stopping, whereas a swimming bacteria with a high velocity, in
relation to its size, stops in only milliseconds. The diffusion of molecules is in
macroscale experiments (e.g. microliter scale) negligible, since the diffusion rate is
small compared to for example convective mixing by agitation. In a microfluidic
system distances are short, so diffusional transport/mixing can be fast. On the other
hand diffusion, as a rate limiting process, will have to be taken into account when
processing macro molecules due to the low diffusion coefficient [84].

A big advantage of scaling down a system is that the surface area to volume ratio
increases, Equation 2. This can be taken advantage of when practicing reactions on
the surface, like in the enzyme reactors, where the analyte in solution can be
introduced to a large amount of enzyme immobilized on a surface, for a fast
digestion reaction. If the same amount of enzyme is present in-solution it might
precipitate and auto-digest. On the other hand the large surface area can be a
disadvantage if low abundant molecules that are the targets for analysis are adsorbed
on the surface.

Surface ~ 4mr? ~ 3
Volume 4rr’ r
3

Equation 2. Surface area to volume ratio is inversely proportional to the radius of an object.
The surface area to volume ratio can be beneficial in a resin filled vial, where the

same vial filled with smaller beads have an increased surface area and thereby
increased capacity to capture proteins on the SPE material (Figure 10).
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Figure 10. Two vials holding different sized beads. The capacity of the beads in the right microvial is
larger because of the increased surface.

If a square vial has a volume of 1 pL (1 mm x 1 mm x 1 mm), only one bead with
the diameter of 1 mm would fit in the vial, but 1 000 000 000 beads would fit if the
diameter is 1 um instead (Table 2). The surface area would increase from 3 mm?® to
30 cm?®, which is a large increase in protein capacity.

Table 2. Surface area to volume ratio. The smaller the beads are the greater total surface area is.

Bead size Amount of beads Total surface area

1000 pm 1 3 mm?
100 pm 1 000 30 mm?
10 pm 1000 000 300 mm?
1 pm 1 000 000 000 3000 mm?

The surface tension can be utilized to confine droplets on a hydrophobic surface, to a
smaller footprint than when deposited on a hydrophilic surface. This can be taken
advantage of in a microarray technology since a concentrated antibody spot can
provide higher analyte density and sensitivity [55]. The evaporation rate can be
utilized in microsystems since small volumes evaporate rapidly due to the beneficial
surface area to volume ratio. For example, an analyte can be concentrated rapidly by
just evaporation [85]. Furthermore, the reaction kinetics is fast in a miniaturized
system where the distances and volumes are small, regardless if operated in batch
mode or continuous flow [86]. The improved reaction kinetics is e.g. utilized in chip
integrated immobilized enzyme reactors. In accordance with the Michaelis-Menten
kinetics, the enzyme reaction is faster at higher concentration. This is utilized in
microchip enzyme reactors where a lot of enzyme is bound to the surface and the
ratio of surface area, to the available volume becomes larger as the dimensions are
reduced. Another scaling effect is the capillary force, which is a force that is negligible
in large systems but can be used to transport liquid in capillary microfluidics [87].
The big field in capillary LOC is capillary driven test strips, like the pregnancy test
and glucose measurements for diabetics [88].
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Micro Fabrication

Depending on the application different requirements of materials is needed, in which
the microfluidic components are realised. Progress both in material science and in
microsystems technology has progressed so far that engineering tools now are
available to design microfluidic systems that can be tailored to its specific application.
The uTAS chips are often produced in silicon [89], polymer [90], or glass [91].
Silicon is an excellent planar material to etch perfect structures in. Polymers can be
moulded to create micro channels and vials or to perform reactions in. The straight
forward moulding in PDMS (polydimethylsiloxane) [92] have revolutionised the
LOC area because of its ease of access to a broad research community that do not
need access to microfabrication clean room facility.

Porous Silicon

When printing antibodies for affinity capture the properties of the surface onto
which they are printed have significance. To enlarge the surface and be able to
capture more antibodies on the same area the silicon surface can be porosified [93].
This is performed by electrochemical etching where silicon is removed from the
surface creating pores. The silicon is hydrophilic at a molecular scale, but the porous
silicon morphology acts hydrophobic due to its nanostructured surface, analogous to
the Lotus flower effect [94], and thus droplets can be formed and dried on a spot
area of 50-150 pum [95, 96]. The spot size is significantly smaller than the actual
droplet diameter, which increases the sensitivity of the assay due to the enrichment of
the spotted molecule.

Droplets deposited on a planar surface will create an uneven distribution of the solid
material, like when a drop of coffee is spilled on the table (Figure 11). The solid
material ends up on the outer part of the ring instead of evenly dispersed over the
whole area [97]. The liquid that evaporates from the edges is refilled from the
interior of the droplet, and thereby creates a net flow of material to the edges. The
porous silicon surface reduces the coffee ring effect dramatically, and the protein
deposited is more evenly distributed over the surface [93, 96], which increases the
sensitivity of the assay.
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Figure 11. The coffee ring effect. To the left planar silicon which produces a coffee ring effect when the
droplet is dried down and to the right a porous silicon surface which eliminates the coffee ring effect.
The top row is pictures of droplets, the second row is a fluorescence picture of the dried droplets and

the last row is the fluorescence intensity correlated to the second row.
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Antibody Microarrays

Antibody microarrays are protein analysis system where antibodies are printed on a
surface to capture and detect antigens [98-100], Figure 12. Antibody arrays can be
used to screen for the expression of certain proteins in patients, to find new
biomarkers or patterns of biomarkers to diagnose a disease [101]. The DNA
microarrays [102, 103] where the whole genome can be studied, paved the way for
the protein microarrays. To gain more information about biological systems the
PTMs, degradation of proteins and the mRNA need to be taken into consideration,
because the mRNA level does not always correlate directly to protein expression level
[104]. Ekins et al. [105-107] developed the antibody microarrays in the mid-1980s,
where multiplex biomarker analysis or screening for biomarker discovery can be
performed.

Figure 12. Antibody microarray. First the antibodies are deposited onto a solid support, and then the
antibodies capture the analyte. In this example the analytes are detected with fluorescence in a

ﬂuorescence microscope.

The solid support of the microarray can be of different types, e.g. glass slides treated
in different ways to immobilize the antibodies. The four most important things for
an antibody microarray solid support are; a non-denaturing environment, suitability
for high-throughput, low surface background signal and strong and high binding
capacity [93, 108]. The surfaces can be divided into 2D and 3D supports [101, 109].
The 2D supports, e.g. glass slides are activated in different ways to be able to
immobilize the antibodies, e.g. aldehyde groups which form a Schiff’s base linkage
with the amines on the antibodies [100], epoxy and carboxyl which also binds to the
amine groups [101, 109], or nickel-coated supports where His-tagged proteins can
bind [110, 111]. Among the 3D supports are gel coated surfaces e.g. agarose [112],
polyacrylamide [113], and sol-gel [114] based and the non-gel 3D surfaces can be
composed of the polysaccharide chitosan [115], and porous silicon attaching the
antibodies by physical adsorption [93], which was used in Paper I and V. Different
surfaces are good for different antibody setups [108]. In our group, porous silicon is
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used as a high capacity surface to immobilize a dense array of antibodies. The
increased capacity of the porous silicon support has been shown by Ressine et al. [93,
116, 117]. The antibodies are deposited on the solid surface by dispensing, which
can be either contact or non-contact printers [118, 119].

When setting up an antibody microarray, different antigen detection strategies can be
used where the antibodies are configured either for a direct, antigen-capture, or a
sandwich assay (Figure 13). In the direct assay, also called reverse assay [120, 121],
the antigens are printed on the solid support and a labelled detector antibody is
utilized for read-out. This method has lower sensitivity, than methods where the
antibody captures the analyte, as the antibody then enriches the analyte generating a
confined spot [120]. In the antigen capture assay the analyte to be detected must be
labelled, and if a clinical sample is measured the whole plasma sample needs to be
labelled, which is time consuming and challenging [120]. The sandwich assay in an
alternative where the analyte is label free, this is more sensitive than the direct assay
and more specific since two different antibodies each specific to the antigen are
utilized for detection [55].

AAAAN
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Direct Antigen-capture Sandwich

Figure 13. Different detection strategies used in antibody microarray experiments: the direct assay,
antigen-capture, and sandwich assay. In the direct assay the antigens are printed onto the surface and
detected by a labelled antibody. In the direct-capture the antigens are labelled before capturing. In the
sandwich case, the antigens are captured by antibodies and detected by a secondary labelled antibody.

Read-out of antibody microarrays can be performed with chemiluminescence (where
a coupled enzyme is producing light), fluorescence labelling, colorimetric read-out,
or radioactive labelling. Today at many clinics, the chemiluminescent ELISA
(enzyme-linked immunosorbent assay), run in microtiter format, is utilized for
biomarker detection [122]. The preferred detection system for protein microarrays is
fluorescence labelling, because it is effective and safe, compared to labelling with
affinity, photochemical, or radioisotope tags [123].

A major part of the reported antibody microarrays only delivers yes, no, or semi
quantitative answers, though a few reports claim to show quantitative antibody
microarray properties [55, 124]. In Paper I, a quantitative antibody microarray for
detection of prostate specific antigen, performed on a porous silicon surface, is
reported.
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Mass Spectrometry

Immunoassays are traditionally used in the clinic today, but mass spectrometry is
gaining attention as a complementary technique [9]. Soft ionization mass
spectrometry has paved the way into the biological field where peptides or proteins
can be separated by size and charge, and visualised in a spectrum [125]. MALDI
(matrix assisted laser desorption/ionisation) and ESI (electrospray ionization) mass
spectrometry are two soft ionization methods used to ionize proteins. ESI, which was
developed by Fenn and Yamashita in 1984 [126], works by applying a strong electric
field to the end of a small capillary, generated charged droplets quickly evaporate and
gives charged analytes [127]. MALDI utilizes a laser to ionize the sample crystallized
on a target plate; it was published by Karas et al. in 1985 [128] and Koichi et al. in
1988 [129]. MALDI is an off-line mass spectrometry technique, which is faster than
ESI when analysing multiple samples, but requires longer time when only one sample
is analysed. These soft ionization methods, which have revolutionised the modern

process of protein analysis today, were awarded the Nobel Prize for chemistry in
2002.

MALDI

A mass spectrometer can be divided into ion source, analyser and detector (Figure
14). The ion source in the MALDI instruments is the desorption/ionization by laser
irradiation. Different analysers can be coupled to the MALDI, e.g. TOF (time of
flight), orbitrap, and TQ (triple quadrupole). TOF was the first analyser coupled to
MALDI; here the ions are accelerated in a time of flight tube where the lighter ions
reach higher speed and thus shorter transition time. An orbitrap circulates trapped
ions and produces an ion image current, which is then transformed into a mass
spectrum by Fourier transformation [130]. A quadropole is a filter consisting of four
charged cylindrical rods, the ions passing by will collide into the rods and only
analytes with a narrow mass range will pass the filter [131]. A triple quadropole
consists of three quadrupoles where the first and third act as a filter and the second
one fragments the ions for detection and MS/MS analysis.
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Figure 14. The mass spectrometer structure, consisting of the ion source, analyser and detector, that
generates a mass spectrum.

To prepare the protein sample for the mass spectrometer it can be digested, enriched
and concentrated. The digestion is performed with the enzyme trypsin as discussed
earlier. A purified and enriched sample is mixed with a matrix and spotted onto a
standard steel target, containing e.g. 384 spots. The matrix, which co-crystalizes on
the target with the analyte, is needed to absorb the laser energy and generate the
analyte ions in the laser desorption/ionization process. Two of the most common
matrixes are CHCA (a-cyano-4-hydroxycinnamic acid) [132] and DHB (2,5-
dihydroxybenzoic acid) [133]. The matrix is an acid that aid the proton uptake for
the analytes to become ionized. Once the sample is crystallized the MALDI target is
inserted into the mass spectrometer and a UV laser irradiate the MALDI spots, one
at a time, the matrix adsorbs the light and the top layer of the sample is ablated
[134]. The generated ions are then sent to the analyser and detected to generate a
mass spectrum.

Besides searching for protein/peptides in the human body, caused by a disease,
MALDI MS analysis can be used for a wide range of applications, including bacteria
biotyping [135]. This is a recent technology development that now is routinely used
at the microbiology clinic instead of time consuming microbial growth, where the
mass spectra fingerprint of the bacteria sample is matched to a database, giving a
precise identification of the pathogen. Other application areas of MALDI are doping
tests [136-138], where it is important to get a rapid answer, preferably before the
competition is over. Furthermore, a forensic study was performed by Seraglia et al.
[139] where a blood drop on a car carpet and ink on a sole were analysed by MALDI
MS in a few minutes, resolving the posed questions. Food poisoning has been
analysed by examining histamine-forming bacteria by Fernandez-No et al. [140].

Mass spectrometry analysis has improved in sensitivity over the years. Anderson et al.
[8] predicts, with data from two mass spectrometer vendors, that the sensitivity will
keep increasing (Figure 15). Today, as low as 1 amol of an easily ionisable peptide
can be detected [8], which indicates that even the low abundant proteins in the
human proteome could be detected within the near future.
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Figure 15. The progress of the mass spectrometry sensitivity is indicated with the blue and orange sport
(different MS vendors). The red circle is the predicted sensitivity for the year of 2024.

Reprinted from Six decades searching for meaning in the proteome, In Press, Anderson, with permission from Elsevier.

PMF and MS/MS

An analytical technique for identifying proteins is by PMF (peptide mass fingerprint)
[141], which is performed by digestion of the protein prior to analysis, as earlier
mentioned, and a subsequent database search for the detected peptides. If the
detected peptides jointly match with a protein entry in the database it can be
confirmed that the protein was present in the original sample. Since all peptides do
not ionize equally well in the mass spectrometer and some peptides can be subjected
to the ion suppression effect, 100% sequence coverage is seldom reached [142]. In
addition, since trypsin cleaves after every lysine and arginine and these are not evenly
distributed over the protein, some peptides will be very short and some very long and
hence display differently ion intensities, and many times not be detectable at all.

To get a more secure identification of a protein/peptide as well as more information
of the actual sequence, a secondary MS can be performed on the detected peptides, a
so called MS/MS or tandem MS. The selected peptides from the protein are then
collided and broken down to smaller fragments, daughter ions, and a new mass
spectrum is generated that corresponds to the breakage of the amino acids at the

peptide bonds [143].

Sample Preparation Platforms

Samples to be analysed by the MS often contain salts and surfactants, which need to
be removed because they can suppress the ionization [144]. The solid phase
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extraction mentioned earlier benefits of course from being miniaturized and
automated. There are different sample preparation platforms for purification and
concentration prior to MALDI-MS analysis. A convenient way is to clean the sample
on the prepared spot [145] but it can also be done in separate platforms. The on-
target preparation has a confined spot with SPE properties and prior to MS analysis
the sample matrix is added onto the spot [144]. SPE packed micropipette tips is a
common sample preparation method, where the sample is drawn through the SPE
bed in the pipette tip, followed by washing and finally elution on a target plate [146,
147]. This method is easy to handle but requires some sample transfer steps where
parts of the sample can be lost. A commercially available variant widely used is the
ZipTip [148]. An alternative to SPE pipette tips is the use of a microtiter plate
provided with SPE material and used as a sample preparation platform [149].

Another method to perform sample preparation is micro fabricated on-chip based
SPE. Miniaturized solid-phase extraction can be performed with microfluidic disks,
like the Gyros compact disc [150, 151], where the centrifugal force enables liquid
transportation in small capillaries filled with SPE material. The Gyros disc was
developed by the Swedish company Gyros AB and is a very innovative platform; the
drawback is that the CD is only compatible with a special Gyros robot because the
spot configuration does not follow the standard microtiter well plate format. Our
group has also contributed to the field of on-chip based SPE; with the ISET platform
[152], which will be discussed later.

Mass Tags

A way of combining the antibody ligands on porous silicon surfaces and mass
spectrometry readout is by implementing mass tags for detection [153]. Mass tags are
small reporter molecules, like fluorescence tags, attached to either antigen or
antibody [154] for detection with MS. When the laser irradiates the spot with the
mass tag, it ionizes without matrix, and small molecules can be found and will not be
hidden behind the matrix peaks. Another advantage is that larger molecules can be
detected without a digestion step, since the mass tag is representative of the molecule
being detected in the mass spectrometer. It is important to note the specificity of the
antibody is of high importance, since the protein is identified by the mass tag

labelling.

In order to be certain that the signal really arises from the right protein, negative
controls needs to be used, like in the microarray case. The mass tag system is quite
similar to the antibody microarray. Both can be quantitative and both are dependent
on the antibody specificity for identification. In Paper V, we show that PSA can
successfully be immunocaptured on porous silicon and detected with mass tags by
mass spectrometry [153].
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ISET Platform

ISET is a sample preparation plate (Figure 16) for MALDI mass spectrometry
invented in our group in 2004 [152]. The ISET is manufactured in silicon by
etching 96 or 48 vials [152] or in polymer [155] by injection moulding. The 48 plate
is 53 x 41 mm and the 96 plate slightly larger. In the ISET vials SPE material of any
choice can be loaded, which captures and purifies the analytes prior to elution onto
the backside. The ISET is then turned upside down and inserted into the mass
spectrometer for analysis.

Figure 16. A photograph of an ISET chip produced in silicon.

The main advantage of the ISET platform is the miniaturized format of the sample
processing, which means that smaller amount of sample and solvent is needed and
less waste is produced. When working with the ISET no sample transfer is needed
because all the steps of enrichment, washing, digestion and elution can be performed
in the same position. The elution volume is small, yielding a highly confined spot on
the backside of the ISET, leading to a concentrated analyte in the subsequent
MALDI analysis step. The open configuration of the ISET enables a free choice of
SPE material to be utilized, e.g. RP or affinity capture beads. The fluid handling on
the ISET plate can easily be automated since it follows a 384 pitch. A further benefit
of the ISET is that the nanoliter reaction volume enables protein digestion in only

one hour [95].
In terms of the analytical performance, Ekstrom et al. [155, 156] compared the ISET

to MassPREP PROtarget MALDI target and ZipTip and concluded that the ISET
displayed a significantly better signal amplification and thereby higher sensitivity. As
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previously mentioned the ISET is easy to use even for a first time user and 96
samples can be prepared in less than one hour [156]. Compared to other integrated
microfluidic MALDI sample preparation platforms is the ISET compatible with the
ruling standard for liquid handling robotics [95], unlike the Gyros platform where
the user needs to invest in a Gyros robot [150]. Compared to a ZipTip and many
other platforms the samples are not moved between different locations, reducing the
risk of losing low abundant analytes on surface throughout the process.

Figure 17 illustrates the ISET process handling steps. The ISET is mounted in a
vacuum fixture where the liquid transport is facilitated by vacuum. First the sample
with analytes are ecither pre-incubated with the beads in a tube or directly loaded
onto the beads in the nanovial. Pre-incubation is preferred if immunocapture is
performed because the affinity binding needs extended incubation time. In the
second step the sample is washed to get rid of salts and contaminants from for
example a blood plasma sample. Then the proteins can be subjected to digestion if
needed, which is performed without vacuum. Only one hour is needed because of
the small sample volume [54, 95]. After the washing or digestion the analytes can be
eluted by applying a matrix solution of 250 nL twice during low vacuum, creating a
crystallized spot size of 500 pm — 1.5 mm in diameter [95, 152]. After the
preparation steps the ISET is turned upside down and inserted into an adaptor target
holder, which is inserted into the MALDI.

L

Figure 17. The ISET sample preparation process. The analytes are applied to the SPE material (red

liquid) and washed to get rid of contaminants (blue liquid), and then the proteins can optionally be
subjected to digestion. After the purification the analytes are eluted with matrix (yellow liquid) and

crystallized on the backside of the ISET (last vial).

The first generation ISET was a 360 um thick silicon chip with 96 vials each ending
in a single small outlet hole [156]. The chip was manufactured by anisotropic wet
etching and allowed thereby only a single outlet hole and a bead volume of 48 nL,
which in some cases did not provide sufficient capacity. The sensitivity was good but
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the single outlet hole was occasionally a problem in the liquid handling when using
more complex samples like blood plasma. The high viscosity and sticky structure of
plasma could then clog the only outlet hole.

In 2007 a polymer ISET was produced in PEEK (polyetheretherketone) by injection
moulding, this development was initiated due to the relatively high material and
manufacturing cost when using silicon [155]. The ISET need to be conductive for
dissipation of the surface charge introduced by the laser, or the mass accuracy will
suffer, resulting in bad spectra. To realise an ISET with sufficient conductivity the
chip was either provided with a gold layer on the MALDI side or a conductive PEEK
material was used. This version of the ISET is neither further developed, due to
additional developments costs, nor currently used.

As displayed in Paper II, the second generation ISET had a slightly altered design
compared to the first one in silicon [157]. Instead of a single outlet hole an array of
holes was produced as an outlet for each nanovial. In order to realise the outlet hole
array design the fabrication process also had to include a step of DRIE (deep reactive
ion etching) of the silicon chip and the manufacturing process was outsourced to
GeSiM in Germany. In Paper II, different outlet holes were tested; round, square
and rectangular, concluding that 3 by 3 square outlets was the preferred design, with
each hole of either 22 x 22 pm (48 vials) or 30 um x 30 pm, in the 96 vial version
[95], Figure 18. To increase the capacity of the nanovials the second generation ISET
was manufactured from a 780 pm thick silicon wafer, which increased the capacity
both due to a deeper nanovial and because of a larger “inlet” in the pyramidal vial.

=4 N

Figure 18. The different designs of the first and second generation ISET. The first generation had a
smaller volume and only one outlet hole, while the second generation has a larger capacity due to
volume increase and 9 outlet holes for more viscous samples.

There is a need of high throughput analysis for biomarker detection. To ensure that

the ISET could fit into any of the available MALDI instruments on the market the
ISET was produced in two sizes 54 x 39 mm (96 vials) and 44 x 39 mm (48 vials). A

31



precondition when developing the ISET platform was to ensure that the sample
handling could be integrated with standard fluid handling procedures in biotech and
pharmaceutical industry. Therefore, the ISET has a 4.5 mm pitch, which
corresponds to a 384-format, offering automation in e.g. screening studies and large
sample cohorts. In Paper IV we show that the ISET setup reduces the time
substantially in validation studies during recombinant protein production [95]. In
only 4 hours, including sample digestion and an operator time of 30 minutes, 48
crude samples were prepared in the ISET and ready for MALDI MS analysis. This
corresponds to 5 minutes processing time using per sample using the ISET and 30
minutes using the standard method.

Applications

Different biomarkers can be analysed by the ISET. In Paper III we show that PSA,
the biomarker for prostate cancer, can be detected by MALDI MS/MS [54]. This
was performed by capturing the PSA in plasma on antibodies immobilized on
magnetic beads with subsequent digestion in the ISET prior to analysis by MALDI
MS. Other applications that have been applied to the ISET platform are validation of
PSA antibodies [152] and verification of recombinant produced proteins [95]. The
ISET was used in immunoaffinity capture with antibodies [54, 158] and aptamers
[59] as affinity ligands. The ISET has also been coupled to acoustic trapping [159]
for detection of the peptide hormone angiotensin I.
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Summary of the Manuscripts

Paper I

Title: Porous silicon antibody microarray for quantitative analysis: Measurements of free
and total PSA in clinical plasma samples

In Paper I, the in-house developed porous silicon surface was utilized as a solid
support for a sandwich antibody microarray, providing a large binding capacity of
the antibody and thus a more sensitive assay. The method consists of a sandwich
assay with the detector antibody fluorescently labelled with FITC (Figure 19). The
antibody array is deposited by a microdispenser developed in our group, using a
piezo electric element that ejects ~100 pL droplets [69]. The platform can, with the
help of a standard curve, quantitatively measure the amount of antigen in a clinical
sample. To make the assay high-throughput compatible, the porous silicon chips
measuring 3 mm x 3 mm were manoeuvred in a 96 well plate. To show the analytical
performance of the assay, the prostate cancer biomarker PSA was measured in 80
patient samples. The biomarker was detected on our platform and compared to the
commercially available method ProStatus PSA Free/Total DELFIA which gave
similar results. In this paper we also show a duplex assay, simultaneously measuring
the biomarkers total PSA and free PSA. Detecting two markers gives a better picture
of the prostate cancer disease and in the future a multiplex assay is desirable.
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Figure 19. Graph showing the dynamic range for free and total PSA in the duplex assay plotted against

Mean Spot Intensity

the DELFIA value. Inserts of the related microscope pictures to the right.

Reprinted from Porous silicon antibody microarrays for quantitative analysis: Measurement of free and total PSA in clinical
plasma samples, 414, Jirds, Adler, Tojo, Malm, Marko-Varga, Lilja, Laurell, 76-84., Copyright (2012), with permission
from Elsevier.
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Paper 11

Title: Optimizing nanovial outlet designs for improved solid-phase extraction in the
integrated selective enrichment target — ISET

Paper II describes the redesign of the second generation ISET platform for MALDI
MS analysis. The first generation ISET had a small vial volume and the only outlet
hole clogged easily while preparing viscous samples. Different geometries and sizes of
the outlet holes were evaluated prior to deciding that 3 x 3 array square outlets were
the optimal for liquid handling (Figure 20). The nanocolumns were evaluated by
detecting the intensity and reproducibility of the different designs. When choosing
the final design, cross contamination, loading strategy and the bead size were taken
into consideration. The second generation ISET offers robust sample preparation
and automated liquid handling, even for more viscous samples.

Geometry
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14400
<
E 8100
=
[}
O 4500
<
1500

Figure 20. The outlet designs and different sizes for the second generation ISET platforms. Green
corresponds to no clogging or breakage of the outlets, while the red designs broke, clogged or hade a too
fast flow. The square outlet holes with the size of 8100 and 4500 um? was chosen for the new ISET
platform.
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Paper 111

Title: MALDI-target integrated platform for affinity-captured protein digestion

In Paper III an application is developed for the second generation ISET platform,
capture, digest and detect PSA. For proteins to be analysed by mass spectrometry
they need to be cleaved into smaller pieces with trypsin. In standard samples tryptic
digestion is performed overnight, but in the ISET the digestion can be performed in
only one hour, due to the small vial volume (1 pL) and high surface area to volume
ratio. To validate this, the tryptic digestion of intact myoglobin in the ISET was
compared to overnight in-solution digest, with the result of almost equal
performance. Eleven tryptic peptides were observed when processing the sample in
the ISET, while ten were seen in the in-solution digest. For trypsin to easier reach the
cleavage sites, the protein can be alkylated and reduced, which unfolds the protein.
To compare the benefit of alkylation and reduction, PSA that was used in the next
step, was reduced and alkylated in the ISET. Analysis including the additional steps
resulted in eight peptides, while the direct digestion only showed three peptides. If
the aim is to obtain high sequence coverage or find isoforms/mutation shifts the
alkylation and reduction are valuable, but in the current case when only
identification of PSA is the goal, alkylation and reduction can be omitted in order to
save time. The final aim in Paper III was to immunocapture PSA and analyse it in
the ISET platform. PSA in seminal plasma was captured on antibody coated beads
and after washing added to the ISET where the digestion step was performed. In
order to conclude that PSA was present, with higher certainty, MS/MS was
performed (Figure 21).
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Figure 21. Mass spectra resulting from PSA capture and digestion in the ISET platform. The inserted
spectra are MS/MS spectra and the red arrows indicate the tryptic peptides from PSA.

Reprinted from MALDI-target integrated platform for affinity-captured protein digestion, 807, Ahmad-Tajudin, Adler,
Ekstrom, Marko-Varga, Malm, Lilja, Laurell, 1-8., Copyright (2014), with permission from Elsevier.
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Paper IV

Title: Miniaturized and automated high-throughput verification of proteins in the ISET
platform with MALDI MS

In Paper IV we produced an automated protein analysis protocol on the ISET
platform using liquid handling robotics. 45 different PrESTs (protein epitope
signature tags) produced in the HPA project were digested and analysed in triplicates
(Figure 22). The PrEST from the human proteome atlas, are epitopes used to
produce polyclonal antibodies. The PrESTs from the HPA production are presently
validated by BCA (bicinchoninic acid assay, which measures the protein
concentration) in combination with full-length protein mass spectrometry. In Paper

IV we further validated the PrESTs by PMF and MS/MS.

The PrESTs, which have a His-tag, were captured by IMAC cobalt beads, washed
and digested directly in the ISET platform. The analysis process was miniaturized
compared to the standard way with purification in columns and digestion in-
solution. All liquid handling was performed by robotics which reduced the time in
the ISET configuration substantially. Since the ISET protocol was automated the
operator time required for 48 vials was only 30 minutes, which is substantially lower
than when performing the corresponding standard protocol. It required a total time
of 5 minutes per sample for the ISET and 30 minutes for the standard method.
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V and Digestion

/\  Standard —
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- :

Protein IMAC Digestion Spotting and MALDI MS
Purification Crystallization

( BCA Analysis  Full-Length )
MALDI MS

Figure 22. Recombinant protein verification workflow. The top row is the ISET verification and the
second row the standard method consisting of more time consuming steps.

Reprinted with permission from [95]. Copyright (2012) American Chemical Society.
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Paper V

Title: Mass tag enhanced immuno-MALDI mass spectrometry for diagnostic biomarker
assays

In Paper V, PSA was immunocaptured and detected by a secondary antibody labelled
with a reporter molecule, a mass tag, through a biotin avidin conjugate (Figure 23).
The mass tags, easily ionised by the laser in the MALDI instrument, were detected in
the mass spectrometer without adding any matrix. First planar silicon and porous
silicon was compared as a support material for the assay. The porous silicon, which
has a larger capacity due to the surface hydrophobic properties, was utilized in the
assay to capture PSA.

The double amplification effect, generated by several mass tags on each avidin and
potentially more than one biotin on each detector antibody, increased the assay
sensitivity. Our assay displayed a level of detection of 0.186 ng/mL PSA in human
plasma. It can be noted that it is well below the clinical cut off value of 4 ng/mL for

PSA.
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Figure 23. The sandwich setup on porous silicon with mass tags as reporter molecules (A). To the right
is the mass spectra with the concentrations of 0.186 pg/mL (B), 18.6 ng/mL (C), 1.86 ng/mL (D),
0.186 ng/mL (E) and a negative control (F) shown.
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Paper VI

Title: Aptamer/ISET-MS: A New Affinity Based MALDI Technique for Improved
Detection of Biomarkers

In Paper III both the antibody and antigen were digested in the ISET resulting in
background peptides from the antibody. To remove the interfering peptides
generated from the antibody digestion, an aptamer was used as the affinity ligand in
Paper VI. We first compared the digestion of captured thrombin on aptamers and
antibodies. Thrombin, used as a model protein in the project, is a serine protease that
mediates blood clotting [160]. Aptamers were immobilized on beads, capturing the
human protein thrombin, from blood serum and the bead complex was subsequently
added to the ISET platform. The same procedure was performed with antibodies
capturing thrombin. A significant reduced peptide background was obtained, using
the aptamers (Figure 24). To investigate the potential of extracting proteins from a
truly complex sample, thrombin was spiked at levels down to 10 fmol into 1/10
diluted blood serum, subsequently detected and identified using the ISET linked to
MS/MS analysis.
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Figure 24. Comparison of the differnt affinity ligands, antibody (top row) and aptamer (bottom row)
detecting thrombin. The first column indicates 1 pmol and the second 0.1 pmol. Thrombin could be
detected in all cases, except 0.1 pmol with antibodies.
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Outlook

Biomarker analysis is a central activity in the health care system and a key component
in disease detection. Major efforts are put into finding new biomarkers and to
increase sensitivity in existing biomarker assays. With the help of affinity ligands a
reduced complexity of the sample can be achieved and thereby the sensitivity of the
analytical systems can be increased further and enable analysis of low abundant
proteins. This can lead to discovery of new biomarkers not yet unravelled, preferably
from the plasma proteome, which is a rich source for biomarkers. By finding novel
biomarkers the possibility for early detection of diseases increases. Early detection of
a disease, like cancer, improves the disease prognostics vastly and might be vital for
the survival of the patient.

As new and potentially more valuable biomarkers are discovered, multiplex
microarrays are gaining attention. The research strives toward multiplexing, where a
better picture can be visualized over the health state. Here the specificity of the
antibodies is of great importance, since it could be crucial to measure a certain
isoform of a protein, which codes for a disease. The biomarker field is expanding and
in addition to that the microarrays are giving a comprehensive view, the microfluidic
platforms are facilitating faster and cheaper preparation steps, and the mass
spectrometry increases in sensitivity, which all aids toward sensitive analysis of low
abundant biomarkers in the clinic. Unfortunately there is sometimes an undesired
border between the scientist and the businessman. A lot of new developed research
inventions stays in academia and never reaches the public eye, due to lack of venture
capital. A part of my funding has aimed toward creating companies based on new
inventions. This link between the two big areas craves larger coordination.

The progress within the proteomic field has laid the ground for the development of
more protein based drugs, like antibody-drug conjugates [161], which commonly are
target specific. In the future those kinds of drugs will probably be cheaper giving
them wider use. To increase protein based pharmaceuticals it is also important that
the produced drug is meticulously validated, using e.g. proteomics platforms, prior to
delivering it to patients. With the multiplex microarrays, microfluidic platforms,
sensitive mass spectrometry, and protein based drugs; we aim toward a change of the
health care system to be able to offer early detection, reducing the load on the health
care sector, as well as to provide personalised medicine with a better outcome. In the
future it would be fantastic to be able to early, fast, and efficient diagnose patients
and offer treatment with a targeted drug specific for the individual patient needs.
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Populirvetenskaplig sammanfattning

Prostatacancer dr en av de vanligaste férekommande cancerformerna. Manga ildre
min har cancerceller i sin prostata, men som tur ir behéver inte all cancer behandlas
eftersom den inte vixer. I USA far ungefir 27% av alla min prostatacancer och cirka
10% doér av det. Vi har utvecklat en ny miniatyriserad metod for att pavisa
prostatacancer (Paper I). Genom att titta pA PSA (prostata specifikt antigen) i blod
frin en patient kan vi med samma tillférlitlighet som sjukhusen siga om patienten
har prostatacancer eller inte. PSA 4r en molekyl som vid cancer finns i stérre mingd i
blodet. Men bara for att man har mer PSA i blodet behéver det inte betyda att man
har prostata cancer. Tanken med var metod ir att den i framtiden ska kunna mita
olika molekyler, dven kallat biomarkérer, i blodet for att ge en bittre bild av
sjukdomstillstandet, till exempel péavisa den aggressiva formen av prostatacancer. For
att finga upp intressanta molekyler i blodet anvinder vi antikroppar som naturligt
tillhor kroppens immunférsvar, dir de lokaliserar inkriktare sisom bakterier och
virus. Antikropparna sitts fast pd en yta som ir pords och litt kan binda minga
antikroppar pi en liten yta. Ytans egenskaper gor att metoden littare kan hitta
mindre mingder biomarkérer i blodet for att bittre kunna faststilla
sjukdomstillstandet, dvs. 6kad kinslighet i mitmetoden. Den nya metoden ir
utvecklad for prostatacancer men kan med modifiering anvindas till andra
sjukdomar i framtiden.

Vi har dven vidareutvecklat en annan metod (Paper II), kallad ISET, som likt den
forra metoden kan bestimma sjukdomstillstind men Z4ven leta efter nya biomarkérer
i blodet som kan pavisa sjukdomstillstind. ISET-metoden letar dven den upp en
specifik molekyl med hjilp av tex. antikroppar, bland miljontals andra. Nir
mélmolekylen ir fingad tvittar man i ISET:en bort det man inte vill titta pa och
klipper sedan sonder molekylen i mindre bitar, vilket 4r nédvindigt for att kunna
analysera den. Man klipper pé speciella stillen s& man vet vilka storlekar man letar
efter. Direfter skjuter man med en laser pa ISET:en s att molekylbitarna flyger ivig
i analysinstrumentet (masspektrometern). De minsta fragmenten flyger snabbast, och
med hjilp av det bestims exakt hur stora molekylbitarna dr. Nir man tittar pad
molekylbitarna som kommit fram kan man avgora om den molekylen man letade
efter som man klippt sonder fanns i det ursprungliga provet.

ISET:en hanterar smi volymer av prov. Fran mindre 4n en droppe blod kan man fa

reda pi om molekylen man soker finns i provet. For att underlitta dr ISET:en gjord i
ett format som robotar kan hantera. Vi har visat att genom att anvinda ISET:en i en
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robot, har vi férminskat tiden frin 30 minuter per prov till 5 minuter per prov
(Paper IV). Vi har anvint ISET:en for att hitta en speciell biomarkér i ett prov med
miljoner andra molekyler, dvs. till att hitta PSA (Paper III), men dven for att
kontrollera ett producerat protein, s att det har fate rice scrukeur (Paper IV). Olika
molekyler kan anvindas for att finga ut det onskade proteinet. I Paper VI jaimfor vi
tva olika molekyler, antikroppar och aptamerer. Det visar sig att i ISET:en ar det bra
att anvinda aptamerer, eftersom de inte klipps sonder infér masspektrometer
analysen. Vi har dven anvint masspektrometern utan ISET:en for att titta pad PSA i

blodprover (Paper V).

Den f6rsta antikroppsbaserade metoden pa porosa ytor (Paper I) kan hitta en mindre
mingd molekyler i ett prov dn ISET:en, men ISET:en kan med stérre sikerhet siga
ate vi har hictat ritt molekyl vilket gor att de kompletterar varandra vil som olika
miniatyriserade strategier for att finna biomarkérer.
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The antibody microarrays have become widespread, but their use for quantitative analyses in clinical samples
has not yet been established. We investigated an immunoassay based on nanoporous silicon antibody
microarrays for quantification of total prostate-specific-antigen (PSA) in 80 clinical plasma samples, and provide
quantitative data from a duplex microarray assay that simultaneously quantifies free and total PSA in plasma. To
further develop the assay the porous silicon chips was placed into a standard 96-well microtiter plate for higher
throughput analysis. The samples analyzed by this quantitative microarray were 80 plasma samples obtained
from men undergoing clinical PSA testing (dynamic range: 0.14-44 ng/ml, LOD: 0.14 ng/ml). The second
dataset, measuring free PSA (dynamic range: 0.40-74.9 ng/ml, LOD: 0.47 ng/ml) and total PSA (dynamic
range: 0.87-295 ng/ml, LOD: 0.76 ng/ml), was also obtained from the clinical routine. The reference for the
quantification was a commercially available assay, the ProStatus PSA Free/Total DELFIA. In an analysis of 80 plas-
ma samples the microarray platform performs well across the range of total PSA levels. This assay might have the
potential to substitute for the large-scale microtiter plate format in diagnostic applications. The duplex assay
paves the way for a future quantitative multiplex assay, which analyzes several prostate cancer biomarkers
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simultaneously.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Protein or antibody microarrays are often proposed as tools for
high-throughput screening for analyzing thousands of biomarkers si-
multaneously. In the pharmaceutical industry, high-throughput plat-
forms are an important way to reduce assay costs. The parallel process
makes it possible to drastically reduce reagent consumption compared
to microtiter plate formats. Protein chip technology is becoming an in-
creasingly established technique, not only for characterizing specific
proteins or even proteomes, but also for clinical applications. Although
routine clinical use of microarray technology still is in its early phase,
antibody microarrays have already been developed for a number of
clinical diagnostic applications [1-6].

Abbreviations: PSA, prostate-specific antigen; BPH, benign prostate hyperplasia;
totPSA, total PSA; %fPSA, percentage of free PSA; FITC, fluorescein isothiocyanate;
LOD, limit of detection; LLOQ, lower limit of quantification.
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Until now, most protein microarray applications have been used
for qualitative analysis, for example to profile thousands of proteins,
to quickly assess the specificity of an antibody [7,8] or to globally an-
alyze protein phosphorylation [9]. However, limited efforts have been
put into the development of a quantitative approach. Often, protein
microarrays are used for comparing the levels of large sets of proteins
in two different samples [10-13]. Reverse-phase protein microarrays
have been successfully used to monitor biomarkers in cancer cell lines
or in laser-captured microdissections from different cancer stages
[1,4]. However, this technique must be viewed as semi-quantitative,
although Pollard et al. [5] described that a modified format of the
technique was quantitative. For true quantitative analysis, a standard
curve could be used in a similar way as in a standard microtiter plate
format [14-16]. Most of the existing publications on quantitative
analysis have not yet been demonstrated on larger patient cohorts.
The most extensive study (Knickerbocker et al. 2007) was based on
cytokine measurements in 468 samples from kidney dialysis patients.
It should be noted that the spot density was larger than the one we
present in this paper. According to Knickerbocker et al. [17] a
center-to-center spacing of 250-350 um was used as compared to
150 pm in the arrays described herein. The reason why our assay
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can apply such a small center-to-center spacing is the nanostructured
hydrophobic surface behavior (yet hydrophilic surface chemistry) of
our in-house developed porous silicon surfaces, causing an extremely
small contact area for the dispensed droplets on the chip.

The clinical focus of this work is improvement of prostate cancer di-
agnostics. Prostate-specific antigen (PSA) concentration in plasma is
widely used as an indicator of prostate disease. However, the diagnostic
specificity is a concern, because an increased PSA value might be due to
benign prostate hyperplasia (BPH) or prostatitis rather than prostate
cancer. Before prostate cancer can be diagnosed or excluded, the patient
needs to endure painful prostate biopsy. In addition, some prostate can-
cers progress very slowly and the patient is unlikely to die of or have
any physical complications from the cancer. To improve prostate cancer
diagnostics, new biomarkers are sought to distinguish BPH from pros-
tate cancer and also indolent from rapidly developing cancer. One way
to improve the diagnostics might be simultaneous analysis of multiple
biomarkers, and microarray technology is compatible with multiplex
analysis. However, to compete with the diagnostic immunoassays of
today, the microarrays need to be quantitative.

We previously described antibody microarray methods for analyzing
PSA using a sandwich immunoassay [18,19]. The substrate used is a po-
rous silicon surface developed in-house, produced by electrochemical dis-
solution of silicon wafers. These micro- and nano-structured porous
silicon chips are well suited for surface-based immunoassays [18-20]
and are compatible with mass spectrometry readout [21,22]. The method
has yielded sensitive and reproducible analysis of PSA-spiked sera [18,19].

In this study we investigate whether the antibody microarray
technique can quantify total PSA in routine clinical samples — 80
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EDTA-plasma samples from patients undergoing clinical PSA test-
ing. We have advanced our earlier microarray procedure by scaling
down the porous silicon chip to align with a 96-well microtiter
plate format (Fig. 1). The transition to a standard 96-well format
facilitates clinical implementation of the microarray assay. The mi-
croarray data are assessed by comparing them to results from the
DELFIA assay, a well characterized commercial assay widely used
for clinical PSA measurements. In addition, we describe proof of
principle for a duplex assay where free and total PSA are quantified
on a single microarray chip — a first step toward a quantitative
multiplex assay.

2. Materials and methods
2.1. Proteins and reagents

Recombinant proPSA was produced in insect cells as described [23],
and purified on Affigel 10 (Bio-Rad, Hercules, CA, USA) coupled with
four monoclonal anti-PSA antibodies, 2E9, 5A10, 2C1, and 2H11. Eluted
protein was further purified by gel filtration (Sephacryl S-200 HR,
Pharmacia Biotech, Uppsala, Sweden). Size and purity were confirmed
by SDS/PAGE and Western blot. Monoclonal antibodies 2E9, H117 and
5A10 were produced and characterized as described [24]. Detector anti-
body 2E9 for the PSA total sandwich antibody microarray was labeled
with fluorescein isothiocyanate (FITC) isomer I-celite (Sigma, St. Louis,
MO, USA), and a PD10 column (Amersham, Uppsala, Sweden) was used
for separation. H117 was biotinylated by N-Hydroxysuccinimidobiotin
(Sigma, St. Louis, MO, USA), dialyzed by Slide-A-Lyzer units, molecular
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Fig. 1. Schematic of the total PSA microarray procedure in the 96-well microtiter plate, starting with dispensing of anti-PSA antibodies onto the porous silicon surface. Approximate-
ly 1000 spots can be spotted onto each chip. The porous chips with physically adsorbed antibodies are then placed into microtiter plate wells, and PSA-containing plasma samples as
well as standard are added; the use of a microtiter plate speeds the analysis by allowing for parallel pipetting. Subsequently, labeled antibodies are used for detection in a fluores-
cence microscope. The duplex assay is alike with the exception of the detector antibody is bound via biotin to Alexa Fluor® 488 labeled streptavidin.
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weight cutoff 3.5 kDa (Thermo Fisher Scientific, MA, USA) and used as
detector antibody in the duplex assay. Streptavidin-Alexa Flour® 488
(Invitrogen, Carlsbad, CA, USA) was chosen for detection of the duplex
assay. Non-fat dry milk (Bio-Rad, Hercules, CA, USA) was used as
blocking agent and ProStatus PSA Assay Buffer (DELFIA®/AutoDELFIA®,
PerkinElmer, Turku, Finland) for dilution of milk, biotin coupled H117
and Streptavidin-Alexa Flour® 488. For the duplex setup to determine
CVs and LOD Casein (Bio-Rad, Hercules, CA, USA) was used as an
equal substitute for non-fat dry milk.

2.2. Analytical samples

Human female plasma and serum were prepared using Greiner
Bio-One K2EDTA Vacuette and BD vacutainer respectively, aliquoted,
and stored at — 80 °C. The plasma was spiked with purified recombinant
proPSA and used as a nine point standard curve for the total PSA assay,
i.e. for the quantification of the 80 patient samples. A commercially avail-
able PSA Standard (DELFIA®/AutoDELFIA®, PerkinElmer, Turku, Fin-
land), based on six concentrations, was used as standard curve in the
duplex assay.

Eighty EDTA-plasma samples were collected (without retaining
any patient identifiers or clinical data) from men undergoing clinical
PSA testing. Samples were chosen to give equal numbers in 4 groups
based on immunoassay measurements of total PSA and percentage of
free PSA (%fPSA) in the human plasma. The stratification was done to
make sure that our study included samples resembling those of the
four most common patient groups. Group A (0.3-0.7 ng/ml totPSA,
%fPSA>30) mimics the total PSA concentration and free to total PSA
ratio in healthy individuals [25,26]. Group B samples (2-8 ng/ml
totPSA, %fPSA>28) were selected to resemble those of men who
have elevated PSA but low risk of prostate cancer due to a high ratio
of free to total PSA [25,27]. Group C samples (3-10 ng/ml totPSA,
%fPSA<15) mimics high risk of localized prostate cancer, for which
PSA concentration is increased, while the free to total PSA ratio is
low [25,27,28]. Finally, group D (totPSA>20 ng/ml, %fPSA<12) rep-
resents men with PSA levels strongly suggestive of advanced prostate
carcinoma [28,29]. We used this stratification to help us fully validate
our protein microarray technique without need for clinically annotat-
ed samples. All procedures followed were in accordance with the cur-
rent revision of the Helsinki Declaration.

EDTA-plasma from the clinical routine was also used for the du-
plex assay. Concentrations of free and total PSA were determined by
the reference assay DELFIA. A titration series for the duplex assay
was prepared by diluting an EDTA-plasma sample from the clinical
routine in female EDTA plasma to make sure the high protein com-
plexity of blood fluid was retained. Concentrations of free and total
PSA were determined by DELFIA.

2.3. Porous silicon fabrication

The fabrication of micro- and nanoporous silicon by anodic disso-
lution of p-type, boron-doped monocrystalline silicon wafers has
been described in detail [20]. Briefly, the 3-inch silicon wafer used
was of 6-8 Q) cm resistivity (P-type, boron), <100>-orientation,
and purchased from Addison Engineering (San Jose, CA, USA). The
wafer was placed in the middle of an electrochemical etching cell.
The electrolyte solution consisted of 3.6% hydrofluoric acid and
90.7% dimethylformamide (Merck, Darmstadt, Germany). A 45 min
anodization was performed during backside illumination. The posi-
tive charge carriers in the silicon wafer migrate toward the anodic
side of the wafer when the voltage is supplied. At the anodic side, sil-
icon is solubilized and the micro- and nanopores formed. The wafer
was subsequently cut into 3.5x 3.5 mm pieces to fit the wells of the
microtiter plate (Corning Costar Corporation, Cambridge, MA, USA).

2.4. Sandwich antibody microarray for total PSA quantification

Droplets of 100 pl of monoclonal mouse capture antibody H117
(0.5 mg/ml diluted in 0.01 M PBS) were dispensed onto the porous
silicon surface at a spot-to-spot distance of 150 um. Loosely bound
material was removed from the chips by washing in PBS-Tween.
The microarray chips were then placed in a 96-well microtiter plate
(Corning Costar Corporation, Cambridge, MA, USA). A black microtiter
plate was chosen to prevent bleaching of the fluorophore. The chips,
each containing around 200 spots, were blocked for 30 min on a
shaker in 100 pl 5% non-fat dry milk in PBS-Tween. The microarrays
were then washed 3 times in 150 pl PBS-Tween, and incubated with
30 pl plasma or standard for 75 min. Plasma samples of groups A-C
were added undiluted to the wells. Group D samples were diluted
to 10 ng total PSA/ml in 0.1 M PBS prior to analysis. After additional
washing steps, 30 ul FITC-labeled 2E9 monoclonal mouse o-total
PSA-antibody (4.4 pg/ml diluted in 0.01 M PBS) was added, followed
by incubation on shaker. The chips were washed 3 times in 150 pl
PBS-Tween, quickly dipped in distilled water, and dried by pressur-
ized air. Fluorescence readout was performed with a BX51WI micro-
scope (Olympus, Japan). Fluoview 300 software was used for image
analysis.

2.5. Duplex assay for total and free PSA analysis

The duplex assay was performed as the sandwich microarray de-
scribed above, but with additions as follows. 50-220 droplets of mouse
monoclonal antibody 2E9 (0.6 mg/ml) and 50-220 droplets of 5A10
were dispensed onto the same porous silicon chip, to capture PSA total
and free, respectively. The milk powder was diluted in ProStatus PSA
Assay Buffer instead of BPS-Tween. The 16 EDTA-plasma samples with
PSA total concentrations exceeding 2 ng/ml were diluted in 0.1 M PBS
to 2 ng/ml prior to analysis. Plasma samples and standard were
incubated with the microarrays for 60 min. Detection was performed
by first incubating the chips with 30 pl of 4.8 ng/ml biotinylated antibody
H117 (a-total PSA-antibody), and after 60 min 5 pl of 90 pg/ml
streptavidin-Alexa Fluor® 488 (Invitrogen, Carlsbad, CA, USA) was
added to the prefilled wells and incubation followed for another
60 min. The software used for image analysis on the 16 EDTA-plasma
samples was the in-house developed Microarray iMageanalysis (MiiM)
18.

2.6. Mean spot intensity, Limit of Detection (LOD), and Lower Limit of
Quantification (LLOQ)

The intensity of each spot and that of local background was quan-
tified using Fluoview 300 or MiiM 1.8. Both Fluoview 300 and MiiM
1.8 base their measurements on signal intensity integrated over a cir-
cular area. Spot intensity was determined as the total sum of intensi-
ties within the spot minus local background. Mean spot intensities
presented in the graphs and tables are calculated from nine adjacent
microarray spots; the same nine spots were used to derive standard
deviations and coefficients of variation (CVs).

LOD was defined as the lowest PSA concentration for which the
mean spot intensity was at least two standard deviations above the
mean intensity of the background, calculated from nine background
locations.

LLOQ was determined from the clinical EDTA-plasma samples and
defined as the lowest total PSA concentration that met all of three
criteria: first, the mean spot intensity was at least 5 times that of a
blank female serum sample; second, the CV was <0.2; and third,
the mean accuracy was <20%. Accuracy was determined as the abso-
lute value of the difference between total PSA concentration deter-
mined by microarray analysis and DELFIA relative to the total PSA
concentration by DELFIA. For each patient group a mean was calculat-
ed and denoted mean accuracy.
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2.7. Recovery and imprecision

The recovery factor (Ra) of our PSA-spiked EDTA-plasma was de-
termined according to the following formula:

R. — [totalPSA] iked female plasma — [LOtAIPSAfemate plasma 1)
A [tOtalPSA]theoretical

where [tOtal pSA]female plasma and [tOtal lDSA]spiked female plasma al'€ the

analyte concentrations as measured by DELFIA before and after spiking,

respectively. [total PSA]iheoretical S the analyte concentration aimed at

during spiking.

To address imprecision of the total PSA microarray assay, the spot in-
tensity minus local background was analyzed for five clinical plasma
samples and two samples of PSA-spiked female plasma. Within-run
(sr) and total (s;) standard deviations were derived from nine replicates
analyzed on two occasions. The standard deviations were divided by the
overall average for each sample (X), generating relative measurements
of imprecision similar to CV.

2.8. DELFIA

The ProStatus PSA Free/Total DELFIA (Perkin Elmer, Turku, Finland)
was used as the reference assay for the total and free PSA concentrations.
This immunoassay, which is standardized to WHO calibrator 96/670
[30,31], is run routinely in the hospital laboratory. The assay has been
demonstrated to be highly proportional and specific to the concentra-
tions of free and total PSA in the sample [32].

2.9. Regression analysis

Graph Pad Prism software was used for regression analysis and for
calculating 95% prediction interval [33] and 95% confidence interval.

3. Results
3.1. 96-well compatible microarrays

The porous silicon wafer was cut into 3.5x3.5 mm pieces to fit
into microtiter plate wells (Fig. 2). Up to around 1000 antibody drop-

lets could be arrayed on each piece.

3.2. Standard curve of the 96-well compatible microarray for total PSA
quantification

A titration series was created by spiking known amounts of PSA
into human female plasma. These samples were also analyzed for

total PSA levels by DELFIA. To create a standard curve, the DELFIA re-
sults were used for calculating the absolute total PSA concentrations,
and a sigmoid curve fit (Eq. (2)) was generated by MatLab.

1
1+ el

fx)=a @)

The constants for the sigmoid fit were: a=13.0x107; b=3.38
and ¢ =3.43. The coefficient of correlation was 0.997. The experimen-
tal data as well as the curve fit can be seen in Fig. 3. The inset in the
figure shows that the spot intensity remained responsive to changes
in quantity for the four lowest total PSA concentrations on the stan-
dard curve. This establishes the analytical sensitivity of the assay, de-
fined by the International Union of Pure and Applied Chemistry as the
ability of an analytical procedure to produce a change in signal for a
defined change of the quantity.

The LOD of the total PSA microarray assay was found to be 0.14 ng/ml,
which corresponds well with our earlier findings [18]. The dynamic range
was 2-3 orders of magnitude (0.14-44 ng/ml). Female serum without
any added PSA did not give rise to any detectable signals in the assay
(data not shown). In addition to this, the recovery (Rs) was around 30%
for PSA spiked into female EDTA-plasma over a concentration range
from 1 to 420 ng/ml. The recovery seemed to be equally distributed
over all PSA levels (data not shown).

3.3. Quantification of total PSA in clinical plasma samples

The mean spot intensities, calculated from nine spots for each sam-
ple, were subsequently used to derive the corresponding total PSA con-
centration from the standard curve (Fig. 3). We note that before the
final PSA concentration could be derived from the mean spot intensities,
the generated x-value (log [total PSA]) should be recalculated to [total
PSA].

Mean spot intensities, CVs, and total PSA concentrations derived
from the microarray data, as well as corresponding total PSA concen-
trations by DELFIA, are listed in Fig. 4A. One chip from group B and
one chip from group C were lost during analysis.

Next, to compare the performance of our microarray platform to
that of DELFIA, we plotted the microarray-derived total PSA concen-
trations for the 80 clinical plasma samples against the concentrations
as determined by DELFIA (Fig. 4B). Using linear regression, we found
the correlation coefficient between the microarray results and DELFIA
results to be above 0.97 and the slope to be 1.005+0.027 (standard
deviations of residuals, Sy, =28.24). The y-intercept (when x=0)
was -2.05+3.47, indicating that the microarray assay generates a
slightly lower total PSA concentration than the DELFIA. However,
this could easily be corrected for by calibration. Fig. 4B also shows

Fig. 2. Porous silicon chips compatible with microtiter plates. A) After electrochemical porosification, the wafer was cut into 3.5x3.5 mm pieces. B) Close-up of the “disco-ball”
structure of the backside of the cut wafer. C) For the microarray assay, the chips were placed into a 96-well plate, and then loaded with PSA standards and the plasma samples
from patients undergoing clinical PSA testing. D) Scanning electron microscope side view image of the micro- and nano-structured porous silicon surface. Each pore is 10—
15 um deep and 1-2 um wide. In addition, the pores have nanostructured side branching [18], offering a vastly increased surface area.
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Fig. 3. Total PSA standard curve of PSA spiked into female EDTA-plasma. The magnitudes of the error bars represent one standard deviation calculated from nine adjacent spots for each
total PSA concentration. PSA concentrations were determined by DELFIA. The inset graph in the lower right corner displays the four lowest concentrations, plotted on a linear scale.

two zones of uncertainty. The inner zone represents the 95% confi-
dence interval for the mean total PSA concentration by the microar-
ray. The outer zone shows the 95% prediction or tolerance interval,
i.e. the uncertainty in predicting values of the total PSA concentration
from the microarray assay for an individual value of the total PSA con-
centration from the DELFIA assay [33]. In Fig. 4C, the same dataset as
in Fig. 4B was plotted on a log-log scale, to better separate the data.
The two methods show a clear linearity.

LLOQ for the total PSA microarray was set to above 0.7 ng/ml,
according to the definition stated in Materials and methods. The LLOQ
requirements were not quite fulfilled by the group A samples ([total
PSA]<0.7 ng/ml), since the mean accuracy was above 20%, but they
were fulfilled by the group B samples ([total PSA] 2.1-8 ng/ml, mean
accuracy = 20%).

Fig. 4D shows the reproducibility, reported as CVs, for each of the
80 clinical samples analyzed by the total PSA microarray. The mean
CV was 12% and the reproducibility was found consistent across the
four theoretical patient groups.

3.4. Imprecision of the total PSA microarray assay

Within-run (s;) and total (s;) standard deviations divided by the
overall mean for the sample are reported in Table 1.

3.5. Duplex assay

Two standard curves were created for total and free PSA, by plotting
the mean spot intensity against the corresponding PSA concentrations
as measured by DELFIA. Linear regression was performed in MATLAB
and the following equations were generated for total and free PSA,
respectively: y=0.914x + 8.54 and y = 1.06x + 7.33 (data not shown).
To compare the performance of our duplex microarray platform to that
of DELFIA, we plotted the standard curve microarray-derived total and
free PSA concentrations for the 16 clinical plasma samples against the
concentrations as determined by DELFIA (Fig. 5). According to DELFIA
analysis, the total and free PSA concentrations ranged from 0.87 to
295 ng/ml and from 0.40 to 74.9 ng/ml, respectively.

Table 2 and Fig. 6 report the duplex microarray results from a titra-
tion series of a plasma sample from the clinic diluted in female plasma.
Mean spot intensities, CVs and total and free PSA concentrations de-
rived from the duplex microarray data, as well as corresponding total
and free PSA concentrations by DELFIA, are listed in Table 2. According
to DELFIA analysis, the total and free PSA concentrations ranged from
0.67 to 630 ng/ml and from 0.05 to 58 ng/ml, respectively. The lowest

free PSA concentration (0.05 ng/ml) was not detectable by the antibody
microarray, resulting in a LOD for the PSA total of 0.76 ng/ml and 0.47
for PSA free. Mean CVs of PSA¢ota and PSAge. Were determined to 0.16
and 0.19 respectively. The results of the blanks, i.e. pure female EDTA
plasma, are included in the graph and table. Neither of the blanks
gave any detectable spots.

4. Discussion

In this paper, we have advanced our microarray for total PSA anal-
ysis by making it microtiter plate compatible, further characterized
the assay for clinical samples, and shown proof of principle for quan-
titative duplex detection of both free and total PSA on the same chip.
The main goal was to be able to quantify the total PSA concentration
in a set of 80 patient samples obtained from the clinical routine, and
to compare the microarray assay to DELFIA, a clinically well-known
and commercially available 96-well immunoassay. The correlation
between the assays, for the eighty patients, was 0.97 and the slope
was 1.005 4 0.027. Both dynamic range and LOD of our total PSA mi-
croarray assay were very similar to those of DELFIA; dynamic range is
0.14-44 ng/ml for the current microarray assay and 0.5-50 ng/ml for
DELFIA [32], and LOD is 0.14 ng/ml for the microarray and 0.1 ng/ml
for DELFIA [32]. Both assays are clearly sensitive enough to cover the
diagnostic cutoff levels of 0.6 to 4 ng total PSA/ml that are frequently
used for identifying men with elevated risk of malignant prostate dis-
ease. In addition, we note that no signal could be observed when
undiluted female serum or plasma was analyzed on the microarrays,
indicating no interference from other molecules. These results indi-
cate the potential of the microarray analysis to be used as a quantita-
tive tool within the clinic.

Our total PSA standard curve, derived from female EDTA-plasma
spiked with PSA, gave excellent fit to a sigmoid curve (R=0.997). We
note the importance of running the standard along with the plasma
samples, to avoid introducing assay-to-assay differences. In our experi-
ment, the 80 clinical plasma samples were run along with the standard,
using the same solutions of capture and detector antibody as well as the
same blocking and washing procedure for all microarrays. It should also
be noted that the mean spot intensities of the 80 plasma samples as a
function of total PSA concentration showed the same sigmoid trend as
the standard curve of Fig. 3 (data not shown). In addition, the linearity
of our protein microarrays has been addressed in earlier publications
[18,19].

When spiking purified PSA into female EDTA-plasma or serum,
we have earlier observed that the total PSA level measured in
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Fig. 4. A: Mean spot intensities, CVs, and total PSA concentrations derived from the total PSA microarray and the sigmoid curve fit, with the corresponding total PSA concentration by
DELFIA. B: The total PSA concentrations derived from the antibody microarray assay plotted against the DELFIA reference values. The dashed lines outline: the 95% confidence interval
(inner lines) and the 95% prediction interval (outer lines). C: Total PSA concentration by antibody microarray plotted against total PSA concentration by DELFIA using a logarithmic
scale on both axes. D: Coefficients of variation in microarray readout for the 80 clinical plasma samples. The mean CV (12%) is represented by the dashed line.

Table 1

Imprecision of the total PSA microarray assay determined for seven PSA-containing

samples at two different occasions.

Sample [total PSA] by DELFIA si/X si/X
(ng/ml) (%) (%)
PSA-spiked female EDTA-plasma
Sample 1 7.0 94 11
Sample 2 24.0 12 23
Clinical EDTA-plasma
Sample 1 5.0 15 16
Sample 2 74 15 16
Sample 3 74 16 17
Sample 4 9.0 20 19
Sample 5 9.1 14 28

immunoassays is lower than the amount theoretically added [18].
Differences between the theoretical and measured total PSA concen-
trations could of course be explained partly by imprecise pipetting.
However, since we find a clear pattern of lower-than-expected
total PSA levels, the effect might be explained by a plasma phenom-
enon. It is known that a;-macroglobulin binds PSA in blood, and any
macroglobulin-bound PSA is unrecognizable to conventional immu-
noassays [34]. PSA recovery trends similar to ours have also been
reported before [24,35].

The 80 plasma samples were chosen to represent the full range of
analyte values likely to be encountered in clinical PSA testing. The
total PSA microarray platform performed well for all four of the theo-
retical patient groups (Fig. 4C). The microarray analysis was made on



82 K. Jiras et al. / Clinica Chimica Acta 414 (2012) 76-84

= 1000

=
o
(=]

-
o

[free PSA] by microarray (ng/ml) 3>

1 10 100 1000
[free PSA] by DELFIA (ng/ml)

1000

100

[total PSA] by microarray (ng/ml)T0

1 10 100 1000
[total PSA] by DELFIA (ng/ml)

Fig. 5. Graphs presenting the concentrations of free PSA (5A) and total PSA (5B) detected by the duplex microarray and plotted against the concentrations as measured by DELFIA.

crude plasma samples without any dilution, except for group D. The
group D samples had to be diluted to fit the dynamic range of the
assay. However, those samples also had to be diluted when analyzed
by the DELFIA.

The benefit of sandwich immunoassays for clinical applications
should be emphasized. A direct labeled assay, i.e. where the whole pro-
tein solution to be analyzed is fluorescently labeled, is not preferred
since labeling every patient sample would be too time-consuming. In
addition, using the sandwich approach gives improved specificity,
since two different monoclonal antibodies are used.

On protein microarrays, the slides or surfaces are often divided
into cells by a hydrophobic pen to allow separate samples to be
added to the various cells. Our solution was instead to use porous sil-
icon surfaces placed into a 96-well microtiter plate, into which the
standard and plasma samples were loaded (Figs. 1 and 2). The con-
cept of printing antibodies on the bottom of 96-well microtiter plates
was demonstrated in a study of receptor tyrosine kinase activation
[36], and also for PSA and a cytokine [16]. The 96-well format then al-
lows for parallel pipetting using multi-pipettes, and is compatible
with existing automated microtiter plate handling. In addition, the
plate can be put on shaker to improve the binding kinetics.

Assay development was focused on creating a technology platform
on which a large number of plasma samples as well as a large number
of analytes could be measured. We have shown quantitative duplex
detection of free and total PSA on the same porous silicon chip (Figs. 5
and 6). As can be seen in the plots (Fig. 5) the microarray results corre-
spond well to the DELFIA values. Mean CVs for the duplex assay (mean
CVfree psa = 0.19 and mean CVq, psa = 0.16) were below 20%, which is
in accordance with that of the total PSA assay (12%). LOD for the duplex
assay (LODgee psa=0.47 and LODyora pspa=0.76) was slightly larger
than for the PSA total assay but they are not stretched to the limit. In
the longer run we aim to develop our microchips for quantitative

Table 2

Mean spot intensity and CV for total and free PSA measured in undiluted EDTA plasma
samples by the duplex microarray assay. Corresponding DELFIA concentrations are also
listed. A.u. denotes arbitrary units.

PSA total PSA free

DELFIA MSI v DELFIA MSI v
(ng/ml) (Au.) (%) (ng/ml) (Au.) (%)
630 12-10° 0.19 58 11-10° 0.15
66 11-10° 0.14 4.7 4.7-10° 0.17
6.3 53-10° 0.19 047 0.55-10° 0.24
0.76 0.52-10° 0.11 0.05 - -

0 (blank) - - 0 (blank) - -

analysis of not only free and total PSA but also other prostate cancer bio-
markers in a multiplex format. The duplex assay is a first step toward a
multiplex chip. Using the micro scale format both sample and reagent
volume are reduced. Since approximately 1000 spots could be arrayed
onto each chip, up to 1000 times more information could be derived
using the microarrays as compared to an ordinary 96-well assay. How-
ever, in reality probably no more than 50 biomarkers could realistically
be measured on a diagnostic chip. For sandwich immunoassays,
Schweitzer and McBeath [15,37] have recommended analysis of 40—
50 biomarkers per microarray to avoid the risk of cross reactivity.
Even so, the reduction in assay costs would be a clear benefit.

The importance of a quantitative microarray assay should be
noted. In our opinion, microarrays need to be quantitative to compete
with existing diagnostic assays. Although only two prostate cancer
markers are addressed in this work, the quantitative approach is a
step forward toward an automated method with similar quantitative
status as a commercial 96-well assay. Knickerbocker et al. [14] have
earlier demonstrated a true quantitative multiplex microarray ap-
proach to determine cytokine concentrations in blood samples from
patients initiating kidney dialysis. Our aim is a similar quantitative
multiplex approach for prostate cancer biomarkers, performed on
our in-house developed porous silicon surfaces.

In order to extend the microarray platform to also enable monitor-
ing of patients that have undergone radical prostatectomy a consider-
ably reduced PSA LOD is requested. We note that the LOD of the
standard DELFIA assay (0.1 ng/ml) does not reach the desired sensitiv-
ity in the range of 10 pg/ml. Common ways of improving LOD is done by
signal amplifications such as rolling circle amplification [15,38], enzy-
matic signal amplification [4] or alternative capture molecules [39]. As
an alternative approach we are driving novel developments that targets
a total PSA LOD of 1-10 pg/ml where the key to the improved sensitiv-
ity is that the binding capacity of each microarray spot has been in-
creased several orders of magnitude by entrapping the capture
antibody in a vastly surface enlarging 3-dimensional matrix [40].

5. Conclusions

In conclusion, we have addressed a more extensive quantitative an-
tibody microarray study of total PSA concentration in plasma samples
obtained from patients undergoing clinical PSA testing. The microarray
format was chosen to allow multiplex detection of biomarkers related
to prostate cancer. An initial proof of concept was shown by the quanti-
tative duplex analysis of both free and total PSA on the same 96 well
compatible porous silicon chip. Several other proteins in the kallikrein
family have shown strong correlation with malignant prostate disease
and are thus prime candidates for our on-going efforts to develop a mul-
tiplex microarray.
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Fig. 6. Graph presenting the mean spot intensities of total and free PSA detected by the duplex microarray and plotted against the concentrations as measured by DELFIA. The error
bars represent standard deviations calculated from nine adjacent spots for each PSA concentration. A1-A5 and B1-B5 are fluorescence microscope images from the titration series of
total and free PSA, respectively. Images 1 represent the blank (female EDTA plasma) and 2-5 represent the dilution series 0.67-630 ng total PSA/ml and 0.05-58 ng free PSA/ml.

Each spot is approximately 50 pm in diameter, and the spot-to-spot distance is 150 um.
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Optimizing nanovial outlet designs for
improved solid-phase extraction in the
integrated selective enrichment
target—ISET

The integrated selective enrichment target is a microfluidic platform for SPE sample
preparation with integrated nanocolumns, which simultaneously offers direct MALDI MS

read-out. Here, we present a study on the importance of different nanocolumn outlet hole
geometries and hole areas in relation to MS signal intensity and reproducibility. A design
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solution that provides the flow characteristics required for robust sample preparation using
automated liquid handling is reported.

ISET / MALDI MS / Mass spectrometry / Proteomics / Solid-phase extraction

1 Introduction

The development of ever faster and more efficient mass spec-
trometry instruments puts an increased focus on improved
proteomic sample handling techniques to match the advance-
ments in speed, mass resolution, and instrument sensitivity
[1-3]. In this respect, SPE is a prevalent sample preparation
technique prior to mass spectrometry analysis providing both
increased spectral quality and sensitivity [4-7]. Due to its of-
fline nature MALDI MS is particularly well suited for analysis
of samples processed with SPE methodology, as it allows for
rapid purification and enrichment of the sample at a low cost.

Areas where SPE MALDI can be applied with advantage
are; large amounts of samples having a relatively low com-
plexity where removal of contaminants is of importance, or
situations where the sample complexity can be reduced by
highly specific affinity SPE in a high yield. Numerous appli-
cations of SPE MALDI have been presented in the literature,
spanning from reverse phase-SPE to phosphopeptide extrac-
tion, glycopeptide extraction [2,8,9], and biomarker analysis.
Also a large variety of different SPE MALDI devices have
been presented in the literature over the years. Examples
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range from micropipette tips packed with SPE media [10,11],
microtiter plates with integrated SPE [12,13] and on-target
SPE purification methods [5,14-17] and magnetic beads [7]
to miniaturized chip-based SPE technologies [18-26]. The
large number of applications and devices is a clear indication
that SPE MALDI is a very attractive solution that can be used
to solve some of the analytical challenges presented in both
classical and clinical proteomics.

Regardless of device and methodology applied any SPE
MALDI MS method or assay must provide good sensitivity
and reproducibility while facilitating a high degree of automa-
tion. In order to address this, we have previously presented
a microfluidic platform for SPE MALDI, the integrated se-
lective enrichment target (ISET) for efficient reversed-phase
extraction of proteomics samples prior to MALDI MS [23-25].
The main purpose of the ISET platform is to provide a generic,
sensitive, and economic sample preparation, while using a
minimum of sample transfers that also facilitates automa-
tion. The first generation ISET was manufactured in-house
by wet etching of 360-pum thick silicon. This early ISET design
worked well from a sensitivity perspective however, the man-
ufacturing process limited the SPE bed to 40 nL and a single
hole outlet. When more complex samples were processed, for
example blood or plasma, it became evident that sample vis-
cosity severely compromised the sample flow due to clogging
of the single outlet. Furthermore, the sometimes-slow liquid
transport through the single outlet design limited the amount
of liquid to 10 L that could be loaded with confidence onto
each ISET position.

Colour Online: See the article online to view Figs. 1-4 in colour.
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Figure 1. The example illustrates a reversed-phase ISET sample preparation using vacuum to facilitate liquid transport. Left to right;
sample or beads with captured analytes are loaded (1), this is followed by a wash step (2) to remove contaminants. The analytes are then
eluted (3) using the MALDI matrix in organic solvent at lower vacuum, and finally the ISET is turned upside down (4) and subjected to
MALDI MS analysis. Top right insert; Top view and X-ray illustration of the original pyramidal single hole outlet (left) and an outlet design
comprising a 3 x 3 array of square outlets (right). Bottom picture shows ISET nanovials filled with (left to right) 5 pum TiOz, 10 um R2,
20 wm R2, 50 pm R2, Supelclean™ LC-18, and SupelMIP SPE material, respectively.

In order to make the ISET platform more generic and
provide the higher binding capacity required for applica-
tions such as affinity protocols using antibody-coated beads or
biomarker discovery the ability to use larger SPE volumes was
desirable. Thus a detailed study of a new ISET design where
each individual outlet consisted of an array of outlet holes
was conducted with the goal of improving sample flow while
facilitating larger SPE bed volumes. The new ISET design
was investigated with regards to MALDI MS signal intensity
based on bead size, sample loading strategy, and elution con-
ditions, resulting in a generic outlet design having the flow
characteristics required for robust sample preparation using
automated liquid handling.

2 Materials and methods

All chemicals and proteins/peptides used were from Sigma-
Aldrich (St. Louis, MO, USA). The SPE beads used in this
study was Poros™ R2 beads in sizes 50 um, 20 um, and
10 wm from Applied Biosystems (Foster City, CA, USA).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.1 ISET manufacturing

The ISET chips were manufactured by anisotropic wet etch-
ing and deep reactive ion etching (DRIE) by GeSiM (GrofRerk-
mannsdorf, Germany) from 780-um thick 4" silicon wafers.
In order to ensure that the ISET could be used in any of
the currently available MALDI instruments two sizes of ISET
chips were manufactured 54 x 39 mm and 44 x 39 mm with
a nanovial position pitch of 4.5 mm, conforming to the 384
microplate format. On each ISET chip one corner was cut-off
for target plate orientation control throughout the bioanalyt-
ical process steps. Due to the cut-off some of the chips lack
the corner vial.

2.2 ISET array outlet designs

Evaluation ISET chips with 96 nanovial positions were man-
ufactured, with outlets designed as individual arrays of outlet
holes. Outlet arrays were configured using three different
hole geometries, Fig. 2, with four different total outlet areas
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Geometry

Figure 2. Outlet array geometries and total hole area (nm?) were
divided into 12 sections each with eight positions on the test ISET.
Green and marked “Ok” areas denote no clogging or breakage.
Regions marked with red indicate geometries with; either a too
fast flow through the nanovial for proper sample elution; too slow
flow preventing efficient washing and elution; or breakage due to
fragile array.

(14 440, 8100, 4500, and 1500 wm?). Each configuration was
represented in eight positions on the chip. The outlet hole
arrays were confined within an area of 150 x 150 pm, each
outlet type in an array. Its specifics are shown in the Support-
ing Information Table S1.

2.3 Surface treatment of ISET chip

Prior to use with hydrophobic beads the surface of the
ISET chips was rendered hydrophobic by silanization with
trimethoxy(octyl)silane. Briefly, plasma treated or piranha
washed ISET chips were washed twice with 2-propanol
and placed in a beaker filled with a solution of anhydrous
toluene containing 50 mM trimethoxy(octyl)silane and 20 pM
n-butylamine for 4 h. Thereafter the ISET chips were washed
with toluene and 2-propanol and incubated overnight at 80°C.

2.4 ISET fixture and adaptors

During sample preparation the ISET chip fits into a vac-
uum fixture made from an ordinary 384 microplate. In this
microplate fixture, the perforated ISET nanovial positions
matched to the well positions that facilitate use with com-
mercial liquid handling robots and vacuum manifolds (Sup-
porting Information Fig. S1A). The MALDI adaptor for the
ISET chip was manufactured by precision milling a recess
with a footprint of the ISET chip in a standard MALDI target
plate (Supporting Information Fig. S1B). Depending on the
orientation of the plate in the MALDI instrument the ISET
can be secured in the adaptor using either small magnets or
tape (3M, 7955 MLP).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.5 ISET sample preparation

The ISET sample preparation has been described in earlier
publications [23-25]. All the SPE steps are performed using
vacuum to enable liquid transport. During the final sam-
ple elution the vacuum is lowered in order to allow surface
tension to retain the analytes in a small spot around the out-
let hole, providing a confined crystallized MALDI spot on
the underside of the ISET. The ISET is subsequently turned
upside down and used as a MALDI target plate. Figure 1
depicts the general steps of the ISET sample preparation
scheme.

During ISET SPE sample preparation using automated
liquid handling a Biomek 3000 (Beckman Coulter, Brea, CA,
USA) was used for sample loading and washing. The liquids
were delivered to the ISET 1-2 mm above the chip surface
at a flow rate of 50 pL/min. The elution step using 2 x
300 nL liquid was performed using an 8-channel noncon-
tact solenoid nanoliter dispensing robot from Seyonic SA
(Neuchatel, Switzerland).

Prior to loading the ISET nanovials the bead concentra-
tion for each bead size used was manually adapted in a test
ISET such that a 2 wL slurry gave a nanovial packing volume
of 100-200 nL. Two different ISET reverse phase-SPE sample
preparation protocols were used.

(1) Direct ISET, where the ISET chip is prefilled with
the SPE beads and the sample subsequently ap-
plied to each nanovial and drawn through the
SPE bed.

Indirect ISET, where the SPE beads are added to the sam-
ple and after incubation the beads with the bound ana-
Iytes from each sample are packed into a corresponding
nanovial position on the ISET.

B

2.5.1 Protocol 1: Direct ISET-flow through binding

(i) Pack each nanovial with approximately 100-200 nL solid
phase (Poros R2 equilibrated in 50% ACN/0.1% TFA)
using a high vacuum (10-15 in Hg).

Deliver the acidified (0.1% TFA) sample that is drawn
through the SPE bed using a high vacuum (10-15 in Hg).
Wash with 5 WL, 0.1% TFA using a high vacuum (10-15
in Hg).

Turn off vacuum and remove the ISET chip from the
vacuum fixture and rinse the entire underside of the
chip with MQ water. Dry the underside with a clean
tissue.

Elute the analytes onto the underside of the ISET chip with
2 x 300 nL, 50% ACN/0.1% TFA containing 1 mg/mL of
cyano-4-hydroxy-cinnamic acid using a low vacuum (1.5-2
in Hg).

Turn the chip so that the matrix spots face upwards, place
in MALDI adaptor and perform MS analysis.

(ii

(i

(iv,

=

z
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2.5.2 Protocol 2: Indirect ISET — off-line incubation

(i) Add an amount of equilibrated Poros R2 beads in 50%
ACN/0.1% TFA corresponding to 100-200 nL beads to
each sample (acidified with 0.1% TFA) stored in a mi-
croplate and incubate for 10 min.

(ii) Transfer the beads with the captured analytes to the ISET
chip by aspiration of sample/beads from the bottom of
the microplate well and load into the ISET using a high
vacuum (10-15 in Hg).

(iii-vi) Follows the same sequence as for Protocol 1.

2.6 Samples

Alcohol dehydrogenase (ADH), BSA, and a-casein were di-
gested with trypsin from Promega (Madison, WI, USA) in
a 1:100 ratio (enzyme:protein) at 37°C. The digested peptide
mixture was diluted with 0.1% TFA and frozen to stop the di-
gestion process. Stock solutions of 1 WM were used to prepare
samples by dilution. The peptide mixture used consisted of
Bradykinin, Angiotensin II, Neurotensin, and Renin in equal
amounts diluted in 0.1% TFA.

2.7 MALDI analysis

MALDI analysis was made using a Waters M@LDI-TOF MS
(Milford, MA, USA) or a MALDI-Orbitrap XL from Thermo
Scientific (Waltham, MA, USA). The MALDI-TOF instru-
ment was used in reflector mode. Prior to data acquisition
the MALDI settings were optimized to provide the best pos-
sible resolution and a 3-point calibration was made on each
plate. From each sample spot an accumulated spectrum of
100-130 laser shots was acquired.

2.8 Data analysis and presentation

The resulting mass spectra from each experiment were ex-
ported to text format and then imported, evaluated, and plot-
ted using the bioinformatics toolbox in MATLAB (Maple,
Waterloo, Ontario, Canada).

3 Results and discussion

Previous work [23-25] revealed areas where the single hole
outlet ISET design could be improved. In the single outlet
design, the use of soft material beads (e.g. agarose) often re-
sulted in clogging of the outlet, and when used in conjunction
with automated robotic liquid handlers the amount of liquid
that could be loaded onto each ISET position was limited
(5-10 pL) by the slow transport associated with the single
outlet. By implementing an array-based outlet hole, i.e. an
outlet consisting of an array of microholes at the bottom of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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each ISET nanovial, a more generic and automation friendly
platform was realized.

Due to the manufacturing process (DRIE etching) of the
outlet microhole array, the bead trapping nanovials had to be
flat bottomed with the array of outlets in the bottom. Figure 1
top right insert shows the difference in outlet design for the
original (left) and the new outlet array (right). This difference
compared to the original ISET design means that the keystone
effect is not the main technique for retaining the beads in
the nanovial, instead the bead retaining mechanism is more
comparable to a filter.

One difference compared to the original pyramidal sin-
gle outlet design was that the flat-bottomed array outlet re-
quired a chip surface with wetting properties that matched the
beads, i.e. a hydrophobic nanovial surface when the ISET was
filled with hydrophobic beads. This was due to the fact that
when loading sample on a hydrophilic ISET surface loaded
with hydrophobic beads would cause the sample to primarily
propagate between the nanovial surface and the beads hence
displace the beads out of the nanovial (Supporting Informa-
tion Fig. S2). A silanization step rendering the ISET surface
hydrophobic was implemented to alleviate this.

The capacity increase of the ISET nanovials was achieved
by increasing the thickness of the manufacturing substrate
(silicon wafer) from the original 375 wm to 780 pum, providing
a capacity increase from 40 nL to 600 nL. From a fluidics
perspective the array outlets provided a large step forward, as
the probability of clogging all the nine holes in an array outlet
was drastically reduced as compared to the earlier single outlet
design.

During a visual observation of the sample loading for
three ISET plates (i.e. 288 positions) using a direct ISET sam-
ple preparation protocol with 50-um beads and 25-p.L sample
volume, only a few clogging events were noted, Fig. 2. Most
of the clogged ISET positions had the smallest total outlet
hole area (1500 wm?). It was also noted that the array outlet
comprising round holes with a total area of 4500 wm?* was
unfavorable, as the round beads easily cloud block the round
outlet holes. For the array outlets with 14 400 pum? outlet area
a too fast flow through was observed. Broken outlet arrays
could also be observed after sample preparation due to the
thin material with too little solid support between the rect-
angular holes. The most stable flow with no clogging events
were observed for the array outlets having a square 3 x 3
array with a total area of 4500 um? and 8100 pum?, marked
green and “Ok,” Fig. 2.

In order to make the ISET platform more generic, the
ability to retain different bead sizes was important. It was
found that the nanovials having an area of 4500 pm? could
be used with beads down to 5 pm, bottom pictures in
Fig. 1, and the 8100 pm? area outlets down to 10-15-pm
bead size. Large soft material beads could also be used; with-
out bead losses or clogging. Depending on the properties of
the sample solution the bead configuration will always have
to be adapted for optimal SPE.

The fact that the ISET facilitates two modes of load-
ing the sample (Direct ISET (Protocol 1) and Indirect ISET
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Figure 3. MALDI MS spectra of replicate samples of 50 fmol a-casein using Indirect ISET SPE protocol represented in a 3D plot due to
area. Presented area outlets with the smallest first; 1500 um? (black traces); area 4500 pm? (red); area 8100 um? (green), and 14 400 pm?

(blue).

(Protocol 2), Experimental-ISET Sample Preparation) allows
for discrete evaluation of the sample elution step. In the Di-
rect ISET SPE protocol the sample preparation will be af-
fected by the flow both during the sample loading step and
the sample elution step, whereas in the Indirect ISET SPE
protocol the flow properties will mainly affect the elution
step.

In order to investigate the influence of the flow resistance
of the different outlet array designs on the sample elution step
the Indirect ISET protocol (Protocol 2) was employed. A sam-
ple of 5 wLofa 1 pmol/uL a-casein digest was incubated with
sufficientamount of 50-um beads to fill 96 nanovials, in a total
volume of 1 mL 0.1% TFA. After 20 min, the incubated beads
were equally divided into the 96 wells (~50 fmol/position)
and subjected to washing and elution. A 3D plot of the re-
sulting MALDI data revealed that array outlets with a smaller
total area provided more intense signal as compared to the
largest outlets, Fig. 3. This indicated that the slower and prob-
ably more homogenous flow through the small area positions
eluted the captured analyte more efficiently. While the small-
est outlets provided the highest signal intensities in the MS
analysis they were not entirely suitable for automated sam-
ple preparation due to the very slow flow during the loading
process, which increased the risk of clogging and sample
cross-talk.

Based on the experimental data in Fig. 3 the square 3
x 3 array outlet with total areas of 4500 and 8100 pm? pro-
vided the best compromise between flow characteristics, abil-
ity to handle different bead sizes, and analytical performance.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Thus, ISET chips with these designs in all 96 or 48 positions
were manufactured for further performance studies.

3.1 Sample cross contamination

Sample cross-contamination is a concern in all sample prepa-
ration techniques and there are two steps in the ISET sam-
ple preparation that could be susceptible to this. In the ini-
tial sample loading step carry-over to neighboring positions
could possibly occur on the loading side of the ISET if the
flow through the ISET position is too slow. Thus, a stable
flow with no instances of clogging minimizes risk of sam-
ple carry-over. This is particularly important for unattended
automated operation.

The second risk for cross-contamination arises from
cross-talk at the analysis side of the ISET during the sam-
ple loading, washing, and elution step. During sample load-
ing and wash a high vacuum, 10-15 in Hg, is applied
in order to evacuate the liquids from the analysis zone
(MALDI positions) on the underside of the ISET. With the
microplate-based vacuum fixture used during this work and
an additional cleaning step of the underside prior to elu-
tion no sample carry-over due to fouling of the ISET anal-
ysis zone was observed. Cross-contamination was specif-
ically investigated using a checkerboard pattern [27] (two
different samples are processed in alternating neighbor-
ing ISET position) of 50 fmol BSA and 50 fmol ADH on
a ISET with square 3 x 3 outlets having an area of 8100 pm?

www.electrophoresis-journal.com
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Figure 4. The graphs show replicate mass spectra (n = 24) as mean intensity with standard deviation using direct flow-through ISET SPE
(red) and indirect ISET SPE, after off-line incubation of the beads (black). The incubated samples (black) have more identified peptides
and higher mean signal intensity. Note that the y-axis is normalized to 20 000 counts.

using 50 pm beads. Supporting Information Fig. S3 shows
the analysis readout of the checkerboard pattern as superim-
posed mass spectra. The insert zooms in Supporting Informa-
tion Fig. S3 show the mass range 1250-1450 and 2015-2050
Da where the black and red spectra each encodes for ADH
and BSA samples, respectively. No sample carry-over could be
detected, as any cross-contamination should give rise to over-
lapping peptide peaks, the only overlapping peaks were matrix
peaks.

3.2 Influence of sample loading strategy-Indirect
ISET versus Direct ISET

The easiest mode of operation in terms of automation is the
direct ISET protocol, but a potential pitfall is the relatively
short time available for binding to the solid phase during
the sample-loading step. In the indirect method the sample
is bound to the beads by incubation prior to transfer to the
ISET, consequently a comparison of the Indirect and Direct
ISET protocol should provide insight on the influence of the
flow transparency on the analysis read-out.

A sample of 25 fmol (1 fmol/nL) digested BSA/nanovial
position was used for sample preparation in an ISET with
square 8100 pm? outlets. Half of the samples were processed
using the direct method and the other half using the indi-
rect protocol allowing for 30 min of incubation of the beads
in the samples prior to transfer to individual ISET positions.
The samples processed by the Indirect ISET SPE protocol dis-
played higher overall signal intensity and more peptide peaks,
Fig. 4 and Supporting Information Fig. S5. It is clear that in
this case the flow transparency during sample loading has an
impact on the sample preparation and that small hydrophilic
peptides are lost using the direct method. In Supporting In-
formation Fig. S4 the hydrophilicity (Hopp—Woods scale) of
the observed peptides from each method is plotted against
mass. It can be noted that there are a total of nine extra pep-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tides observed using the indirect method and that seven of
those are hydrophilic while one is very small. This behavior
can be expected if the time for binding to the reversed-phase
beads is too short. In contrast the indirect method has a
user-defined time available for sample binding and is also
amendable for automation albeit with some additional steps
in the transfers of beads.

3.3 Influence of bead size on ISET
sample preparation

The preceding experiment showed the importance of having
a flow transparency that provides sufficient time for binding
during the SPE protocol. For optimal results using the Direct
ISET protocol, the ISET should be filled with a bead size
that ensures appropriate flow conditions. An experiment was
conducted in order to elucidate how the bead size can be used
as a parameter to optimize the flow with regards to analysis
read-out. Replicates of 24 samples containing four peptides
(bradykinin, angiotensin II, neurotensin, and renin) at a total
load of 25 fmol/position were processed in an ISET with 4500
wm? square array outlets using three different bead sizes; 50
wm, 20 wm, and 10 wm. Analysis of the resulting MALDI data
(Supporting Information Fig. S6) revealed that the highest
signal intensity and lowest standard deviation were obtained
with the 20 pum beads. The 50 wm beads resulted in somewhat
too fast a flow that was reflected by a low mean signal intensity
and for the 10 pm beads there were a few positions where
the flow was partially clogged which negatively affected the
final mean signal intensity and reproducibility, Supporting
Information Table S2.

3.4 Sensitivity analysis with the array outlet ISET

With the new array outlet ISET design it became more im-
portant to optimize the flow when the direct ISET sample
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Figure 5. Mass spectra resulting from 30 pL of crude urine processed on the ISET with the direct method compared to the same sample

amount processed using ZipTip ¢c-18 sample preparation.

preparation method was used compared to the original ISET
design. This was probably due to the flat bottom of the
nanovial, which makes it more difficult to obtain an optimal
flow profile through the bed, an observation that leaves room
for future improvements. Although optimizing the bead size
for the application, the direct method still maintains an ad-
vantage over ZipTip C-18 SPE sample preparation (for proto-
col see Supporting Information) and with the indirect ISET
SPE protocol the new design is significantly more sensitive
than a ZipTip sample preparation (Supporting Information
Fig. S7). A further benefit with the new array outlet is that
more viscous samples could be processed and less clogging
when processing samples of biological origin was observed.
Figure 5 shows mass spectra resulting after direct ISET SPE
and ZipTip C-18 sample preparation of 30-nL crude urine.
Despite the visual differences between the two mass spectra,
the same masses can be observed in both spectra. The ZipTip
gives higher intensity for one peptide in the low mass range
while the ISET provides high intensity signal for the larger
peptides (>2000 Da), this is most likely a result of the differ-
ence in protocols and physical properties of the SPE extraction
media.

4 Concluding remarks

The optimal method for an arbitrary analyte/sample depends
on several factors; such as physiochemical properties of the
analyte; the solid-phase material and particle size; and incu-
bation and elution conditions. In order to minimize the vari-
ation in signal intensity, it is important to ensure good flow
conditions. While this means that the bead size and thus the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

flow speed should be optimized for each SPE protocol and
sample. The ISET platform, however, allows for quick and
efficient optimization of SPE protocols.

The implemented square 3 x 3 array outlet ISET pro-
vided greatly improved fluidics and most importantly greatly
improved automation capabilities compared to the previous
single hole outlet design. Samples that previously were im-
possible or difficult to process without dilution can now be
processed on the ISET with less risk of clogging. Also larger
sample volumes can be applied without risk of carryover.
Based on the conducted experiments two different chip de-
signs, both with a square hole 3 x 3 array outlet and total areas
of 4500 and 8100 wm?, respectively, are currently being used
for development of biomarker screening, phosphopeptide,
and affinity assay ISET-SPE protocols in our laboratory. The
two sizes of the selected ISET designs allow beads ranging
from 5-200 wm to be used, covering a multitude of bead-
based protocols.

While the combination SPE followed by MALDI MS cur-
rently has a very clear focus on proteomics and biomarker
screening, it is foreseeable that this combination may find
use in clinical settings and another promising avenue is phar-
maceutical screening.
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1. Introduction

Protein biomarkers have a crucial role not only in the early diag-
nosis of a disease, but for prognosis and therapy monitoring as well.
Thus, for many years, extensive effort has been put in the search for
disease correlated biomarkers [ 1]. In addition to the search for new
and reliable biomarkers, current research trends are also directed to
re-evaluation of existing protein biomarkers, particularly the pro-
tein isoforms or structural variants that might have the potential
of enhancing diagnostic capabilities [2].

Mass spectrometric (MS) detection can offer simultaneous, high
throughput identification of these protein biomarkers. However,
the detection and identification of important protein biomarkers
and their linked isoforms are often difficult due to laborious pro-
tein sample preparation prior to mass spectrometry detection. Also,
many protein biomarker forms may occur at very low abundance
in complex biological samples with high background [3], mak-
ing robust and standardized detection method highly challenging.
In MS-based plasma proteomics, various affinity pre-fractionation
techniques are used [4-6]. Such protein or peptide affinity enrich-
ment methods have been employed to reach the analytical depth
of clinically relevant protein biomarkers.

Another approach is immunoaffinity separation of the pro-
tein biomarker with subsequent mass spectrometric detection.
This presents a simplified quantitative analysis path as demon-
strated for several established protein biomarkers [7-10]. It has
been shown that a strategy of combining protein immunoaffin-
ity separation and mass spectrometric detection using a multiple
reaction monitoring (MRM) approach can enrich targeted proteins
and quantify their concentrations at low ngmL~! in plasma sam-
ples [11]. In addition to intact protein immunoaffinity, peptide
antibody extraction coupled to mass spectrometry has also exten-
sively been interfaced to LC/MS/MS systems utilizing stable isotope
standards for quantification of protein biomarkers in plasma and
serum [12,13].

While an affinity separation reduces the complexity of biologi-
cal samples [14-17], the proteins isolated typically need to undergo
a digestion process prior to identification and/or quantitation with
mass spectrometry. Studies focusing on improving tryptic diges-
tion of proteins with higher throughput have been widely reported
[18-22]. Many studies on the development of high throughput
protein digestion have focused on reducing the digestion time
by improved proteolysis and automation of sample handling for
analysis of large number of samples [23-26]. In this perspective,
developing an integrated platform for highly specific affinity cap-
ture, protein digestion and sample cleanup with a direct interface
to mass spectrometry, could provide a route to accomplish the
throughput required to study immunocaptured biomarkers in large
cohorts.

The use of matrix-assisted laser desorption/ionization (MALDI)
MS in combination with affinity capture and intact protein diges-
tion has previously been shown to have large potential [27]
and examples include both on-chip [28-30] based techniques
as well as surface plasmon resonance (SPR) chip [31] and tip-
based approaches [32,33]. The microfabricated proteomic sample
handling platform, integrated selective enrichment target (ISET),
previously described by our group has been demonstrated to
provide improved performance in solid-phase extraction (SPE)
sample preparation [34,35]. The benefits of the ISET are high sen-
sitivity in the purification/concentration step of obtained peptides
and low absorptive sample losses as all sample preparation steps
are performed on the same platform. The ISET comprises an array of
96 perforated nanovials and is used as a direct interface for MALDI
MS. The platform has previously been successfully applied to purify
peptides captured by antibodies [36] and automated digestion of
HIS-tag purified recombinant proteins [37].

Prostate specific antigen (PSA) testing has been widely used
in the diagnosis and monitoring of treatment of prostate cancer
[38,39], although the value of PSA-testing for early detection of
prostate cancer is questioned [40] and remains controversial [41].
Efforts have been put to improve conventional PSA tests, by investi-
gating different PSA forms/derivatives [42-45], using PSA dynamics
[46], along with other potential prostate cancer biomarkers, such as
hk2 and MSP/MSMB [47-49]. The PSA levels are also used in infer-
tility diagnosis as a marker of prostatitis. The PSA concentration in
seminal fluid (0.3-3mgmL~1) is about a million-fold higher than
PSA in blood [50], but the complexity of the human seminal plasma
which contains a diverse array of lipids, carbohydrates, peptides
and proteins makes it a very challenging sample [51,52].

In this paper we report on a protocol for efficient on-bead enzy-
matic digestion of affinity-captured full-length proteins in the ISET
nanovials. The on-ISET digestion protocol was validated by MALDI
MS analysis of three model proteins absorbed on reverse-phase
(RP) beads, at levels ranging from 40 fmol to 1 pmol/nanovial. To
demonstrate the capability of the ISET as an integrated proteomic
sample processing platform for immunocaptured intact proteins.
We also report on immunoaffinity capture of PSA from pooled
seminal plasma obtained from healthy donors followed by on-ISET
digestion.

2. Materials and methods
2.1. Proteins and reagents

The carbonic anhydrase, myoglobin and amyloglucosidase, used
as model proteins in this study, were from Sigma-Aldrich (St.
Louis, MO, USA). The 95% pure Prostate Specific Antigen, PSA, iso-
lated from human semen was also purchased from Sigma-Aldrich
(St. Louis, MO, USA). Pooled human seminal plasma samples for
the immunocapture were obtained from healthy volunteers. The
proteolytic enzyme, trypsin, from Promega (Madison, WI, USA)
was used in the digestion step of all proteins. The monoclonal
mouse anti-PSA antibody H117, used for the capturing of PSA, was
produced and characterized as previously described [53,54]. The
reverse phase beads, POROS 20R2 (20 um), loaded in the perforated
ISET nanovials, were obtained from Applied Biosystems (Framing-
ham, MA, USA). Dynabeads M-270 carboxylic acid beads were
purchased from Invitrogen (Life Technologies, Carlsbad, CA, USA).
All other chemicals and reagents used were from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. ISET

The ISET functions as a combined sample processing and presen-
tation device to MALDI mass spectrometry. The ISET devices were
manufactured by silicon microfabrication, which provides excel-
lent control of dimensions and a surface that is suitable for MALDI
MS with regard to surface flatness and conductivity. To prevent
sample cross-talk and improve liquid handling, during the appli-
cation of washing solution and digestion buffer, the ISET surface
was made hydrophobic via silanization in toluene with octade-
cyltrimethoxysilane (OTMS) using n-butylamine as the catalyst
[55].

2.2.1. ISET work flow

The work scheme for on-ISET digestion of proteins and the
inherent SPE of the obtained peptides is described in Fig. 1. The on-
ISET protein digestion protocol begins with the binding of protein
on the reverse phase beads or by pre-incubating the protein sam-
ple with a small amount of reverse phase beads prior to loading
into the ISET by applying vacuum to the backside of the platform.



A. Ahmad-Tajudin et al. / Analytica Chimica Acta 807 (2014) 1-8 3

Bind protein Reduction Alkylation Wash Tryptic Wash Elution

d\gesnon

Pttt et A

-P -P -P -P -P

Outlet surrounded
by analyte

Outlet surrounded

Turn up-side by analyte

dowry\ ,_]

/N

) MALDI MS
- ANALYSIS

Fig. 1. Workflow of the on-ISET protein digestion. The protocol begins with the binding of protein on the reverse phase beads present in the ISET nanovials, followed by
5min reduction and alkylation of the protein respectively. On-ISET trypsin digestion is subsequently performed for 15 min-2 h. With several washes in between the steps,
sample cleanup was efficiently carried out. The final elution of the analyte results in a confined crystallized matrix spot surrounding the ISET nanovial outlet. The ISET is then
turned upside down making the analyte positions accessible for laser desorption/ionization in the MALDI MS.

Reduction and alkylation of the protein is followed by tryptic diges-
tion and subsequent elution of the generated peptides from the
RP beads. After elution, the analyte formed a crystallized spot sur-
rounding the outlet on the ISET back-side. The ISET was then turned
upside down making the analyte positions accessible for laser des-
orption/ionization in the MALDI MS. The ISET was loaded in an
adapted target holder and inserted into the MALDI. The detailed
protocol for on-ISET digestion was as follows:

—_

. FillISET nanovial with R2 POROS reverse phase beads (50-300 nL
bead volume) and load protein sample at —800 mbar. Or add pre-
incubated sample beads to the nanovials at —800 mbar.

2. Turn off vacuum; reduction of protein with 1 wL 10 mM dithio-

threitol for 5 min.

3. Alkylate the reduced protein with 1 wL 27 mM iodoacetamide for
5min.

4. Wash with 2x 10l mass spectrometry grade water at
—800 mbar.

5. Add 1 pmol trypsin at —200 mbar, turn off vacuum and add 3x
2 L 20% acetonitrile (ACN) in 25 mM Tris. Keep the beads wet-
ted with 20% ACN in water throughout the 15 min-2 h digestion
time.

6. Washwith2x 10 wL0.1% TFA(trifluoroacetic acid) at —800 mbar.

7. Elute with matrix 5mgmL-! CHCA  (alpha-
cyanohydroxycinnamic acid) in 50% ACN/0.1-1% TFA, 2x
0.3 pL through the bead volume (—50 mbar).

8. Turn the ISET over and insert in holder for MALDI MS.

2.3. On-ISET digestion of model proteins

In the study comparing on-ISET digestion and in-solution diges-
tion, 200 fmol myoglobin in 50 mM ammonium bicarbonate buffer
was used and subsequent digested on-ISET according to the pro-
tocol described above (Section 2.2.1) sans the reduction and
alkylation.

To test the robustness of the on-ISET protein processing proto-
col myoglobin, carbonic anhydrase and amyloglucosidase in 50 mM
ammonium bicarbonate buffer to final amounts of 40 fmol-1 pmol
were loaded to each ISET nanovial as follows:

(1) myoglobin, at 50 fmol, 200 fmol and 1 pmol
(2) amyloglucosidase, at 40 fmol, 400 fmol and 1 pmol
(3) carbonic anhydrase, at 60 pmol, 600 fmol and 1 pmol

Simultaneously, we performed replicate studies of proteins
digested for 1h on the ISET platform (N=12) and subjected them
to MALDI MS readout.

In order to predict which PSA peaks would be generated from
the immunocapture, 400fmol pure PSA in 50mM ammonium
bicarbonate buffer was used with and without reduction and
alkylation.

2.4. Immunoaffinity captured PSA from pooled seminal plasma

The mouse monoclonal anti-PSA antibody H117 was covalently
immobilized onto superparamagnetic carboxylic acid Dynabeads
M-270, according to the protocol recommended by Invitrogen (Life
Technologies, Carlsbad, CA, USA). The antibody was applied in
excess in order to ensure maximum binding of the antibody. H117
antibody-coated Dynabeads were used to immunoaffinity capture
PSA via magnetic separation. In these experiments, 20 pL of pooled
human seminal plasma was incubated with H117 antibody-coated
Dynabeads (30 L slurry) in a microtube, with slow shaking for 2h
at 2-8 °C. The tube was then placed on a magnet for 8 min to collect
the PSA-bound antibody beads. The supernatant was removed; the
beads were washed twice with 60 wL 25 mM Tris and subsequently
transferred to a new microtube to reduce unspecific binding. The
washed, PSA-bound antibody beads were resuspended in 30 nL of
25mM Tris and deposited into ISET nanovial positions pre-filled
with RP beads for a 2 h trypsin digestion, as described in the ISET
digestion protocol. Direct on-ISET MALDI MS/MS analysis was then
carried out for identification of the obtained peptides. In order to
find the most frequently observed peptides resulting from success-
ful immunoaffinity capture of PSA, a direct 1h on-ISET digestion
of 20 wL 28 nM PSA in 25 mM ammonium bicarbonate buffer was
performed. The PSA peaks of 1407, 1871 and the 1887 Da methi-
onine oxidation peak were identified as the best choice (Fig. S1,
supplementary data).

2.5. MALDI mass spectrometry

MALDI analysis was made using a Waters M@ldi Tof MS (Milford,
MA, USA) or a MALDI Orbitrap XL from Thermo Scientific (Waltham,
MA, USA). The MALDI-TOF instrument was used in reflector mode,
MCP 1950V and reflector voltage of 2000 V. All the spectra were
acquired manually and approximately 100 spectra were averaged.
The instrument was calibrated using ProteoMass Normal Mass
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Fig. 2. Myoglobin at 200 fmol. In-solution vs. on-ISET digestion of myoglobin resulted in comparable number of detected peptides (as indicated with red arrows). Top
spectrum: myoglobin at 200 fmol was digested using the conventional in-solution trypsin digestion for 24 h. Spectrum below: 200 fmol of myoglobin was digested in the
ISET nanovial for 1 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Calibration Mix (Sigma, St. Louis, MO, USA). MALDI-Orbitrap XL
mass spectra were obtained in positive mode mass range of
800-3000 Da, using 60,000 resolution (determined at 400 m/z). For
each spot, 20 FT-MS mass scans (2 microscans/scan) were collected.
IT MS/MS data was performed on known PSA masses using a colli-
sion energy of 50% during an activation time of 30 ms and activation
Q of 0.250. Resulting spectra were processed by Xcalibur software
v2.0.7 (Thermo Scientific, Waltham, MA, USA) and MS/MS data was
analyzed with the SEQUEST search engine for confirmation of iden-
tity.

3. Results and discussion
3.1. ISET as a MALDI-target integrated protein digestion platform

A strategy for rapid, on-target digestion of proteins and simulta-
neous sample clean up prior to MALDI mass spectrometry readout
was developed. Each of the ISET nanovials can be filled with
approximately a 600 nL bead volume. The capacity of the reverse
phase beads is specified to 5mglysozyme mL~! of bed volume. In
our ISET digestion experiments, the amount of beads in the ISET
nanovial was typically 1/3 of a vial, corresponding to a capacity
of approximately 25 pmol lysozyme. This capacity is sufficient for
the purposes of digesting affinity-captured proteins, where one can
expect to capture protein amounts in low femtomole amounts.

Standard protein digestion parameters for the on-ISET digestion
protocol were optimized, i.e. pH, time and enzyme-to-substrate
ratio. More specific parameters such as size of reverse phase beads
for sample binding, digestion buffer and solvent concentration
were also investigated in the earlier studies (data not shown). On-
ISET trypsin digestion of proteins can be carried out from 15 min
to 2h by continuous addition of digestion buffer and solvent to
the packed bed. The continuous supply of digestion buffer contain-
ing 20% organic solvent ensures the pH to be maintained and that
bound trypsin is made available for the digestion process. Since the
ISET has the same pitch as a standard 384 microplate, automated
sample handling is feasible [37]. The hydrophobicity of the ISET

surface achieved by silanization provided a good confinement of
5-10 wL fluid volume on each of the ISET nanovial positions.

Inherent with the on-ISET digestion follows that generated pep-
tides are enriched on the solid phase in the drying step prior to
the wash and elution. Optimized washes and final elution of the
obtained peptides with matrix resulted in a crystallized matrix
spot. The combination of on-target trypsinization of proteins and
enrichment of generated peptides on a MALDI instrument com-
patible platform provides a unique proteomic sample processing
platform.

3.2. On-ISET digestion compared to in solution digestion

To compare on-ISET protein digestion and the conventional in-
solution digestion, myoglobin, known to be relatively resistant
to tryptic digestion [56], was used. Since the volume of the ISET
nanovial is very small the tryptic reaction is faster compared to an
in-solution digestion which depends on the diffusion rate of the
molecules. The resulting mass spectrum show comparable num-
ber of detected tryptic peptides for 1 h on-ISET and 24 h in-solution
digestion (Fig. 2). Peptide fragments produced from on-ISET diges-
tion of myoglobin, as assigned by the MASCOT search engine can
be seen in supplementary data, Table S1. On the ISET 11 tryp-
tic peptides, compared to the 10 peptides obtained by in-solution
digestion, were identified providing a sequence coverage of 85% and
aMowse score (P<0.05) of 106. The 1 h on-ISET digestion effective-
ness in this case is comparable to overnight in-solution digestion.
It should be noted that the surface-bound protein digestion may
result in different digestion products i.e. a wider range of peptide
fragments with increased missed cleavages and even unique pep-
tides [57], when compared to those obtained from an in-solution
digest using the same enzyme.

3.3. Robustness of on-ISET sample processing
To demonstrate the robustness of the on-ISET digestion pro-

tocol, three model proteins: myoglobin, amyloglucosidase and
carbonic anhydrase were digested at low fmol to pmol levels per
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ISET nanovial. For each of the different protein amounts, on-ISET
digestion (N=12) were performed simultaneously. A 3D MALDI
mass spectra representation of carbonic anhydrase, after on-ISET
digestion showed reproducible spectra obtained for the on-ISET
digestion replicates (supplementary data, Fig. S2). We further ana-
lyzed all digestion replicates for the number of occurrences of a set
of selected tryptic peptides. The number of occurrences of four fre-
quently observed tryptic peptides of carbonic anhydrase at varying
amounts of processed sample can be seen in Fig. 3. Myoglobin and
amyloglucosidase on-ISET digest replicates were similarly analyzed
(Figs. S3-S6, supplementary data). From the data it is evident that
on-ISET digestion of proteins can be performed down to a level of
60 fmol total protein loading, with a success rate of 88%, depending
on which peptides an assay would be based on (Fig. 3). This is well
within in the range of the immunocapture capacity provided by the
beads put in an ISET nanovial.

3.4. On-ISET reduction and alkylation of pure PSA

Reduction and alkylation of proteins prior to tryptic digestion
increases the digestion efficiency by breaking the disulfide bonds
present in the protein and prevents reformation of the disulfide
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Fig. 3. Number of occurrences for selected peptides of carbonic anhydrase on-
ISET digestion replicates at 60 fmol, 600 fmol and 1 pmol per nanovial. 12 on-ISET
digestion replicates were performed simultaneously for each amount of carbonic
anhydrase (N=12).

bridges, making enzymatic cleavage sites more accessible. To
demonstrate the effectiveness of the on-ISET reduction and
alkylation steps, pure PSA, a 33 kDa protein biomarker with five
conserved disulfide bonds [58] was on-ISET reduced and alkylated
prior to trypsin digestion.

A higher number of detected PSA peptides, eight were observed
after on-ISET reduction and alkylation treated sample, as compared
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Fig. 4. On-ISET digestion of pure PSA at 400 fmol. Red arrows indicate PSA peptides. Top spectrum: PSA, 1h on-ISET digested, without reduction and alkylation. Spectrum
below: PSA, on-ISET reduced and alkylated prior to 1h on-ISET digestion. Spectrum below shows a higher number of detected peptides with the incorporation of on-ISET
reduction and alkylation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 7. Specificity control. PSA immunoaffinity on-ISET for PSA detection using non-relevant antibody-coated magnetic beads. The MALDI mass spectrum shows no unspecific
binding of PSA. Other resulting peptide peaks were induced from the digested antibody-coated magnetic beads (anti-amyloid precursor protein-coated Dynabeads), also
present in the ISET nanovials. Insets are zoomed in images of mass range 1407 and 1871 Da.

to three without reduction and alkylation (Fig. 4). Table S2 lists
the observed peptides from the on-ISET reduction, alkylation and
digestion of PSA. Thus, as the reduction and alkylation generates
more peptides it is best used when high sequence coverage is
important, i.e. if tracking isoforms or mutation shifts. If an assay
can be based on peptides generated without these steps it can be
omitted in order to save time.

3.5. PSA immunoaffinity on-ISET detection from seminal plasma,
targeted MS screening

PSA immunoaffinity capture from human seminal plasma was
carried out using H117 monoclonal antibody-coupled Dynabeads
as described earlier (Section 2.4). The washed, PSA-bound antibody
beads were then transferred to the nanovials for on-ISET digestion
and MALDI analysis.

Fig. 5 shows the MALDI-orbitrap mass spectrum resulting from
a direct in-solution digestion of 20 nL pooled seminal plasma
sample, i.e. without using PSA immunoaffinity capture. Due to the
complexity of the seminal plasma contributed by other seminal
plasma proteins, no PSA peaks could be detected in this spectrum.
With the use of PSA-immunoaffinity capture followed by ISET-
digestion, PSA peaks at 1407, 1871 and 1887 Da were successfully
detected by MALDI MS/MS (Fig. 6). This verified the specific
enrichment of PSA via the antibody capture. The interference in
the resulting mass spectrum is mainly a result of the monoclonal
antibody peaks arising due to digesting the antigen while bound to
the antibody and also background signal from unspecific binding.
This result is comparable to standard protocols but here the
final analysis read-out can be made much faster as compared to
performing an in-solution digestion of the eluted antigen. In a
standard protocol the eluted antigen has to be subjected to a buffer
change that results in sample losses prior to digestion, these are
completely avoided by the suggested protocol.

A major part of the interference can theoretically be reduced
by inclusion of an elution step of the captured antigen from the
antibody-beads if the antibody is covalently immobilized. It should
be noted that standard immunocapture protocols are based on

protein A/G beads and display the same background interference
due to leakage of antibody during elution.

In a clinical setting, the PSA immunoaffinity on-ISET digestion
would be using MS/MS for identification and quantification. In
Fig. 6, an MS/MS analysis was directly performed on-ISET for 1407
and 1871 PSA parent peptides resulting in MS/MS data of the frag-
ment ions enabling a sequence confirmation of the PSA (insets
of Fig. 6). As a specificity control for the PSA immunoaffinity on-
ISET digestion, an assay comparing non-relevant antibody-beads
and antiPSA-beads was performed. No unspecific binding of PSA
was observed, as shown in Fig. 7. Based on the capability of ISET
as a MALDI target-integrated sample processing platform, a direct
MS/MS detection of immunoaffinity captured PSA from complex
biological samples has been demonstrated.

The benefits of ISET in targeted MS screening as such are that
on-target trypsination and SPE minimized sample transfers while
a direct interface to the MALDI mass spectrometry is enabled.
Protein-immunoaffinity separation coupled to mass spectromet-
ric detection offers high specificity since it provides selection at
both the peptide and fragment level, which is especially beneficial
in screening and validation work for potential biomarkers.

4. Conclusion

A MALDI-target integrated platform for antibody affinity-
capture, combining on-bead trypsinization of captured antigen
with SPE sample clean-up and concentration of the obtained pep-
tides in the ISET nanovials was realized. The proposed platform
allows for a minimum of sample transfers and is highly amenable
for automation.

Prior to the application of ISET as a digestion platform for
immunoaffinity captured PSA, we developed the on-ISET digestion
protocol using three model proteins to ensure optimized perfor-
mance of the digestion platform. A methodology of first digesting
the antigen on-ISET to find the most stable peptides of identifica-
tion is suggested. Using PSA as a model we have demonstrated the
potential of the ISET protocol for targeted MS screening via pro-
tein immunoaffinity capturing in a complex biological sample, i.e.
seminal plasma.
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ABSTRACT: A major bottleneck in high-throughput protein
production is the validation step, which is why parallel and
automated sample processing methods are highly desirable. Also, a
miniaturized sample preparation format is preferred, as the
reduction of reagent volumes significantly decreases the analysis
cost per sample. We have developed an automated and miniaturized
protein sequence verification protocol for recombinant proteins
utilizing peptide mass fingerprinting and MS/MS analysis. The

Purification and
digestion on ISET

Protein
production

MALDI MS

integrated selective enrichment target (ISET) platform, previously

developed in our group, with its dual functionality, being both a sample preparation platform and a MALDI target plate, is
employed. All steps including immobilized metal ion affinity chromatography of protein on cobalt-loaded beads, tryptic digestion,
and MALDI MS analysis are performed in an array format, without any sample transfers, on the same ISET chip. The automated
configuration reduced the sample preparation time significantly. Starting with crude lysate, a full plate of 48 purified, digested
samples prepared for MALDI-MS can be generated in 4 h, with only 30 min of operator involvement. This paper demonstrates
the utility of the method by parallel analysis of 45 His-tagged human recombinant proteins.

In large proteomics projects, where high-throughput is
essential, protein production and purification play an
important role."™ Within the Human Protein Atlas (HPA)
project antibody-based methods are used to characterize the
human proteome.* The HPA project generates almost 300
antigens every week, and the process requires the use of
standardized protocols optimized for maximal success rates.'
Although the majority of the purified proteins (82%)" meet the
established requirements of purity and amount, some antigens
will be discarded due to either low expression level, too large
proportions of contaminants, or failure in protein identification.
Thus, characterization and verification are of great importance.
However, as protein analysis is generally a late step in the
protein production workflow, valuable resources can be lost on
erroneously produced proteins. To decrease both the cost and
effort spent on these proteins, a rapid protein characterization
step, prior to scale-up for large-scale protein purification, is
desirable.

Such protein characterization can be accomplished in a
number of ways. Recombinant proteins are often produced as
fusions to a polyhistidine (His) tag. The His-tag is commonly
utilized in screening applications, where anti-His antibodies can
be used for purification of protein products.’~” This tag also
enables purification using immobilized metal ion affinity
chromatography (IMAC). IMAC is a robust method with the
advantage that it is selective also under denaturing conditions,
which has contributed to its wide acceptance.”™® A small-scale
method for screening of protein products using IMAC

v ACS Publicationg © 2012 American Chemical Society
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purification was recently developed within the HPA project,
where the protein production, purification, and analysis setup
was scaled down to a microplate format.”

Lately, chip-based solutions, which are scaled down even
further, has been put in focus within the biotechnological field,
and several microfluidic concepts have been developed for
sample preparation applications'®'" (reviewed by Lee et al.'?).
The ability to handle minute sample volumes, amenability to
high-throughput analysis, and the increased reaction rates make
miniaturization highly attractive (reviewed by Feng et al."* and
Laurell and Marko-Varga'*). A promising strategy for highly
sensitive and accurate analysis of molecules in small sample
volumes is sample preparation using microfluidic devices in
combination with mass spectrometry (MS), which is an
excellent method for protein product verification (reviewed
by Wang and Chait"® and Aebersold and Mann'®). When
analyzing continuously produced samples online, electrospray
ionization (ESI) is usually preferred due to the potential of
direct coupling of the fluidic device to the MS instrument.'”'®
However, when speed and high sample throughput are critical
parameters, as in protein verification after microchip-based
protein enrichment, matrix-assisted laser desorption/ionization
(MALDI) MS is a better choice. Different miniaturized sample
preparation protocols/methods have been presented in the
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Figure 1. Workflow for the entire experimental setup. Recombinant proteins from the protein production are verified utilizing the ISET platform
(top row). The proteins were also purified and verified in the same way but with a standard method (second row). The protein analyses that are
performed on the purified proteins within the HPA project are concentration analysis (BCA) and MALDI analysis of the full-length proteins

(bottom).

literature, e.g. compact disk based'**° and on-chip based.”"*> A
generic alternative is the integrated selective enrichment target
(ISET),**7> which is a MALDI-target with integrated
nanocolumns in a 48- or 96-array format. The ISET platform
is compatible with standard liquid handlers and allows the user
to load any type of chromatographic resin. Furthermore, it is
compatible with any MALDI MS instrumentation.

In this paper, we have developed an automated, high-
throughput protein validation method based on the ISET
platform. The method is demonstrated by triplicate verification
of 45 human recombinant proteins from the HPA project.
These 45 proteins include human protein motifs and are used
as antigens for antibody generation within the HPA project. In
the protocol, IMAC purification and on-bead tryptic digestion
was performed directly in the ISET nanocolumns, enabling
peptide mass fingerprinting (PMF) and MS/MS analysis of the
generated peptides. The automated configuration reduced the
sample preparation time significantly compared to the reported
standard method.

B EXPERIMENTAL SECTION

Two methods were compared: the microfluidic ISET and a
standard protocol, where the same steps were performed using
standard labware. The complete experimental work-flow is
depicted in Figure 1.

Protein Production. Strains of DNA sequences coding for
25—100 amino acid fragments of human proteins, fused to an
N-terminal His and albumin binding protein (ABP) tag, were
cloned into the plasmid expression vector pAff8c*° (see
Supporting Information for protein sequences). The vectors
were transformed into Escherichia coli Rosetta (DE3) cells
(Novagen, Merck, Darmstadt, Germany) for protein produc-
tion.

For the cultivation, deep-well plates with 1 mL of culture
media [TSB+Y/CmKm: 30 g/L tryptic soy broth (Merck)
supplemented with S g/L yeast extract (Merck), 20 ug/mL
chloramphenicol (Sigma-Aldrich, St. Louis, MO), and S0 ug/
mL kanamycin (Duchefa, Haarlem, Netherlands)] per well
were inoculated with 10 L of a bacterial culture and incubated
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overnight at 37 °C at 150 rpm. The following cultivation was
performed in shake flasks as previously described." A total of 45
proteins were produced and used in both the standard and
miniaturized method.

Standard Protein Verification and HPA Method.
Standard protein verification was performed on the 45 bacterial
lysates with overexpressed recombinant proteins using IMAC
purification on columns and MALDI-MS detection. The IMAC
purification was performed on an automated liquid-handling
system.”’ Briefly, columns were manually packed with 1 mL of
HisPur cobalt resin (Thermo Scientific, Rockford, IL) and
equilibrated with 20 mL of washing buffer (6 M guanidinium
chloride, 47 mM Na,HPO,, 3.4 mM NaH,PO,, 300 mM NaCl,
pH 8.0—8.2). Lysates were added to the columns and washed
with 30 mL of washing buffer. Finally, elution with 2.5 mL
elution buffer (6 M urea, 50 mM NaH,PO,, 100 mM NaCl, 30
mM acetic acid, 70 mM sodiumacetate, pH 5.0) was performed.

To verify protein identity, the purified proteins were digested
and analyzed using MALDI-MS. Of each sample, 1 uL was
diluted in ammonium bicarbonate (AmBic, Sigma-Aldrich, SO
mM NH,HCO;, pH 7-8) to a total volume of 23 uL and
digested with 2 pmol trypsin (Promega) for 16 h at 37 °C. To
end the digestion and create a suitable environment for the
matrix, 20 uL of 5% TFA was added to the samples. The
digested samples were spotted (1 uL/spot) in triplicate on a
standard-steel target MALDI plate, and the equal volume of
matrix (8 mg/uL a-cyano-4-hydroxycinnamic acid, diluted in
60% ACN, 0.5% TFA) was added.

In the HPA method, the protein concentration of the eluates
was determined with Thermo Scientific’s bicinchoninic acid
(BCA) protein assay kit in a microwell format according to the
manufacturer’s instructions. Molecular weights of the purified
proteins in linear mode were verified using a MALDI-time of
flight (TOF) LaserToF LT3 Plus instrument (SAIL, Manchester,
UK).

Miniaturized Automated Protein Verification Using
the ISET Platform. The miniaturized automated protein
verification was performed using an ISET silicon chip. The chip
contains nanovials, which can be filled with chromatographic

dx.doi.org/10.1021/ac3017983 | Anal. Chem. 2012, 84, 8663—8669
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Figure 2. Sample preparation workflow using the ISET chip. Vacuum is used to facilitate liquid transport. From the left to the right: HisPur cobalt
beads are deposited and subsequent washing is performed (1), the crude lysate is added and washing is carried out to remove contaminants (2),
tryptic digestion is performed while buffer is added to keep the beads wet (3), the peptides are eluted onto the backside of the chip (4), and the chip
is turned upside down for MALDI analysis (S). The ISET chip is shown in the top right corner.

media. The membrane in the bottom of each vial, consisting of
a 3 X 3 square array of microholes, each 22 X 22 um, holds the
resin in place. The ISET plate, 53 X 41 mm in size, containing
48 nanovials, was positioned in a vacuum device using an in-
house-made adapter. The ISET chip was placed in a Biomek
3000 Laboratory Automation Workstation (Beckman Coulter,
Brea, CA) to enable automated sample handling with an
external vacuum pump. During a fixed vacuum of 8—10 inHg,
the nanovials were each packed with 500 nL of HisPur cobalt
resin, and 2 X 5 uL of wash buffer was subsequently pulled
through the vials. To each nanovial, 6 uL of E. coli lysate with
overexpressed recombinant proteins (see Protein Production)
was provided in triplicate. The beads were washed with 4 X
HL of wash buffer and 4 X 5 uL of AmBic. The vacuum adaptor
together with the chip was transferred to a custom-built eight-
channel solenoid system (Seyonic SA, Neuchitel, Switzerland)
for the tryptic digestion. The beads were wetted with 250 nL of
AmBic before addition of 2 X 250 nL of 4 pmol/uL porcine
trypsin (Promega, Madison, WI). Tryptic digestion was
performed without vacuum pressure at room temperature for
1 h. AmBic was continuously added to prevent the beads from
drying, which would inactivate the enzyme. For elution, 2 X
250 nL of a-cyano-4-hydroxycinnamic acid (Fluka Analytical,
Sigma-Aldrich) [3 mg/mL, diluted in 60% acetonitrile (ACN,
Sigma-Aldrich) and 0.5% trifluoroacetic acid (TFA, Sigma-
Aldrich)] was used. During elution, the vacuum pressure was
again turned on, but lowered to 2—3 inHg. This made the
eluted liquid form an analyte droplet on the backside of the
chip, which was allowed to crystallize around the outlet hole.
MALDI-MS Analysis and Data Evaluation. After
crystallization, the ISET chip was turned upside down, loaded
in an adapted target holder, and like the standard-steel target
for the standard method inserted into a MALDI-Orbitrap XL
(Thermo Scientific). Spectra were acquired using a mass range
of m/z 600—4000 at a resolution of 60000. The MALDI
method allowed for one Fourier transform (FT) MS scan event
followed by ion trap (IT) MS/MS on the SO highest peaks
reiterated with a time limit of 3 min per spot. MS/MS was
performed using a normalized collision energy of 50% during
an activation time of 30 ms and activation Q 0.250. An
inclusion list with all the theoretical tryptic peptides (two
missed cleavages) was used for MS/MS detection. A FASTA
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file of the produced target protein sequences (Table S-1,
Supporting Information), E. coli proteins, and common
laboratory contaminants was produced for the data analysis.
For the PMF analysis, the monoisotopic masses were extracted
with Xcalibur (Thermo Scientific) and analyzed with
MassSorter 3.1 (Harald Barsnes, University of Bergen, Bergen,
Norway). The database search allowed for 10 ppm mass
accuracy and two missed cleavages. Thermo Proteome
Discoverer 3.1 was used for the MS/MS data analysis, Sequest
was used as the search engine with two missed cleavages, and
the mass tolerance was set to 10 ppm for the precursor and 0.8
Da for the fragment ions.

B RESULTS AND DISCUSSION

In this study, a high-throughput, miniaturized screening
method for validation of recombinant proteins has been
developed. The method utilizes the ISET platform, which
enables integrated sample preparation and MALDI MS analysis
on the same chip without any sample transfers. Purification of
His-tagged proteins from crude lysate, tryptic digestion, and
analysis using PMF and MS/MS were performed on-chip. The
method is presented in three main sections: the automated
protocol, MS analysis, and subsequently a comparison with the
standard method.

Automated and Miniaturized ISET Protocol. Enrich-
ment of target proteins from crude lysate of a bacterial
cultivation, tryptic digestion, and MALDI sample preparation
was performed for a full ISET chip with 48 positions in only 4
h. Apart from the short processing time, the developed method
has a number of advantages. It should be noted that due to the
miniaturized format of the ISET platform, only a minute
amount of sample (6 uL) is required for the analysis, and due
to the new configuration of the outlet holes, undiluted crude
lysate can be applied directly without dilution.”® In addition,
since the ISET chip acts both as a sample preparation platform
and MALDI target plate and as there are no sample transfers,
sample losses and contamination risks in this system are
minimized. The ISET sample preparation, which consists of five
steps, is presented in Figure 2.

In the first step, the ISET chip is placed in the vacuum
manifold of the Beckman robot, where cobalt resin is loaded.
This requires 1 h for an ISET chip with 48 positions, using

dx.doi.org/10.1021/ac3017983 | Anal. Chem. 2012, 84, 8663—8669
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sequence coverage from the common tag and therefore are not considered as identified.
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Figure 4. The unique peptides found when using the ISET and standard method. On the top, the PMF and MS/MS results for the ISET method are
shown and underneath the corresponding results for the standard method. Proteins with no identified unique peptides are indicated with a red cross.
Note that the different proteins have an unequal amount of theoretical tryptic peptides and are therefore not comparable.

single channel liquid handling, including setup of the robotic
systems with samples and buffers.
The second step, which consists of affinity capture of His-

tagged proteins in the nanovials and subsequent washing to
remove cell debris and unspecific binding, is carried out in
1.5 h.

Tryptic digestion (third step) is performed for 1 h without
vacuum, during which time the noncontact nanoliter volume
dispensing robotic system is programmed to continuously add
buffer to keep the nanovials from drying. Protein digestion
directly on a MALDI target after desalting or target enrichment
has been presented previously.””*® Also, digestion of purified
proteins on the ISET has been reported.>' However, for the
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first time purification of proteins using IMAC from a crude
cultivation broth and tryptic digestion has been performed in
an integrated and automated sequence on the ISET platform.
As a result of the miniaturized format, the tryptic digestion step
could be performed in only 1 h at room temperature.

In the fourth step, elution liquid passes through the vials and
forms a droplet that evaporates to give crystallized MALDI
spots on the backside of the chip. Finally, the chip is turned
upside down and inserted into the mass spectrometer. A
problem with MALDI MS is the heterogeneity of the sample
spots, which can be diminished by decreasing the spot size. In
our method the spot size is reduced by eluting the protein
peptides with 250 nL twice, which leads to a spot size of around
1.5 mm in diameter. The total amount of time needed for the
elution and crystallization step is 30 min.

Within the four sample preparation hours the operator time
is approximately 30 min and includes setup of the robots with
samples and buffers and transfer of the ISET chip between the
Biomek 3000 and Seyonic robots. The total time of 4 h for 48
samples corresponds to 5 min per sample, excluding MS
analysis, which can be compared to the work of Calderdn-
Santiago et al., where 12 min per sample was reqzuired for an
automated regular solid-phase extraction protocol.*” The short
sample processing time makes the automated ISET method
highly favorable in many screening applications.

PMF and MS/MS Analysis. To enable more accurate
verification, compared to analysis of the intact proteins as
previously reported within the HPA project,” PMF and MS/MS
were performed. The analyzed proteins consist of an N-
terminal HisABP tag and a target protein sequence of 25—100
amino acids at the C terminus (see the Supporting Information
for protein sequences), which are to be used as antigens for
polyclonal antibody production within the HPA project.

For this study, 45 proteins were randomly selected. An in-
silico tryptic digestion was carried out to determine the number
of unique peptides for each protein. As each protein contained
a common HisABP tag, peptides corresponding to parts of this
sequence would not contribute to identification of a specific
protein. Peptides ranging between 600 and 4000 Da were
generated in the in-silico digestion, and it was found that one of
the proteins did not include any unique peptides in this size
range. Protein identity was considered verified after identi-
fication of at least one unique peptide and a sequence coverage
over 35%.

PMF was performed on all samples, resulting in an average
protein sequence coverage of 68%. The obtained sequence
coverage for all 45 proteins is shown in Figure 3 and listed in
the Supporting Information (Table S-2). As evident in Figure 4,
42 out of the 45 studied proteins could be verified with the
PMF data. For the remaining three proteins (17, 24, and 40),
no unique peptide could be found. Protein 17 had a sequence
that provided no theoretical peptides in the given mass range
and could therefore not be verified. The lack of theoretical
tryptic peptides could turn into a difficulty when the produced
protein is too short or lacks cleaving sites for the used enzyme,
as a solution different proteases could be used.**** For the
remaining two unassigned proteins, either ion suppression
effects® could be the culprit or the proteins could have been
incompletely produced from the E. coli.

As MS/MS will provide more detailed sequence data than
PMF analysis, this analysis was also executed. Due to sequence-
dependent fragmentation and scan time restrictions, a slightly
lower mean sequence coverage of $4% was obtained (see Table
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S-2 of the Supporting Information and Figure 3). The MS/MS
analysis was unsuccessful with the same three proteins as the
PMF analysis and two additional proteins (2 and 31) (see
Figure 4).

In conclusion, 42 out of 45 proteins were successfully verified
with the ISET setup. Although protein 17 could not provide
any tryptic peptides and protein 40 showed too low expression
(see BCA value after standard purification; Table S-2,
Supporting Information), only protein 24 failed for an
unknown reason.

The background level of bacterial proteins did not interfere
with the protein validation process described herein. In 26 of
the 4S5 proteins, bacterial proteins from E. coli could be
detected. The mean sequence coverage of the bacterial proteins
reached only 11%, of which no more than four proteins were
found for any triplicate. The observed bacterial proteins were
found to be highly abundant housekeeping proteins.

Comparison to Standard and HPA Setup. To evaluate
the accuracy of the ISET setup, a comparison to a standard
method was carried out. The standard method includes the
corresponding steps: protein capture on IMAC beads, wash,
elution, digestion using a manual in-solution digestion protocol,
and spotting and crystallization on a standard steel MALDI
target (section Standard Protein Verification and HPA
Method). Table S-2 of the Supporting Information shows
data from the standard method for the 45 proteins: the unique
peptides found, and the total sequence coverage. The mean
sequence coverage from the PMF analysis was 68 and 78%,
respectively, for the ISET and the standard method, and the
corresponding standard deviations were calculated to 14 and
13%. For the MS/MS analysis, the average sequence coverage
was 54 and 64% for the ISET and standard method,
respectively, with the corresponding standard deviations of 16
and 14%. As can be seen in Figures 4 and S, the difference is
minor in terms of sequence coverage and number of identified
unique peptides.

100

W ISET Method
@ Standard Method

Mean Sequence Coverage (%)

MS/MS PMF

Figure S. Comparison of mean sequence coverage between the ISET
platform and the standard method. The ISET results are shown in dark
purple and the standard method in light purple. Mean sequence
coverage from left to right: 54, 64, 68, and 78%. Corresponding
standard deviations from left to right: 15, 14, 14, and 13%.

The verification criteria for the standard method were
identical to those of the ISET method, as described above.
Using the standard setup, 39 out of 4S5 proteins were
successfully verified. It was not possible to identify the six
remaining proteins (13, 14, 17, 22, 31, and 40) with either PMF
or MS/MS. Protein 17 has, as described above, no theoretical
unique peptides, and protein 40 showed a low expression level
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(see Supporting Information, Table S-2). To analyze 48
samples with the standard method 25 h are needed (8 h for
IMAC purification, 16 h for digestion, and approximately 1 h of
manual liquid handling).

Results from the HPA method, i.e. protein concentrations as
determined by BCA and full-length MALDI-MS, are presented
in Table S-2 (Supporting Information). With MALDI-MS
analysis of the proteins in full-length in the HPA method, 40
out of 4S proteins could be detected (Supporting Information,
Table S-2). Five proteins could not be verified using this
method (7, 14, 40, 44, and 45); in contrast, we have here
verified four of these with both PMF and MS/MS in the new
chip-integrated ISET setup.

The new setup was shown to be highly suitable for protein
validation and the data correlated well to the results obtained
from the corresponding standard purification process. There is
only a minor difference in the mean sequence coverage
between the standard and the ISET setup, but the automated
ISET method has other important features to be noted, such as
a higher throughput, miniaturization, and less involvement of
an operator. The ISET method lowers the time per sample
significantly: i.e., S min per sample compared to 31 min for the
standard method. Moreover, costs are reduced; e.g,, in lieu of
using columns with a large amount (1 mL) of solid phase only a
minute amount of IMAC material (500 nL) is needed in the
ISET chip.

B CONCLUSIONS

Fast, parallel systems for high-throughput protein verification
are needed to maintain quality while the speed of large-scale
protein production is increased. We have demonstrated, for the
first time, a method for automated, miniaturized screening of
recombinant His-tagged protein products from the Human
Protein Atlas using the ISET platform. In only 4 h, with a
hands-on time of 30 min, we perform a microscale IMAC
purification from a crude cultivation broth, tryptic digestion,
and sample preparation for MALDI MS analysis of a total of 48
samples. The miniaturized format makes the procedure highly
cost-efficient in terms of process time and chemicals. The
tryptic digestion step further increases the specificity of the
verification, compared to analysis of intact proteins and it also
enables MS/MS analysis. Thus, the ISET platform could work
as a high-speed microscale screening step prior to commence-
ment of large-scale protein purification.

An important point is the fact that the ISET platform is a
generic platform with great flexibility, which means that its use
extends beyond IMAC purification. The nanovials of the ISET
plate can in principle be filled with any kind of chromatographic
resin, having bead size as the only limiting factor, which means
that separation based on different chromatographic properties
can be carried out. In this perspective, the ISET platform may
become a viable strategy for validation, screening, and other
high-throughput applications in protein production quality
control. In the future, the approach could also allow for
evaluation of purity and contaminations.

B ASSOCIATED CONTENT

© Supporting Information

Table S-1 shows the unique amino acid sequence for the
recombinant proteins as well as the HisAPB-tag. Table S-2
displays the data for the protein and the peptide analysis,
including protein concentration by BCA, MALDI-TOF full-
length data, PMF, and MS/MS data (sequence coverage and
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unique peptides identified) for the ISET and standard method.
This material is available free of charge via the Internet at

http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: thomas.laurell@elmat.lth.se. Phone: +46 (0) 46 222
75 40.

Author Contributions

SThese authors contributed equally. The manuscript was
written through contributions of all authors. All authors have
given approval to the final version of the manuscript.

Notes

The authors declare the following competing financial
interest(s): Conflict of interest: ISET AB holds the patent
application for the ISET technology. Thomas Laurell is one of
the inventors and is founder and shareholder of ISET AB.

B ACKNOWLEDGMENTS

This study has been financially supported from Vinnova PIEp
IDRE, Knut and Alice Wallenberg Foundation, Swedish
Research Council (VR 2009-5361 and VR/Vinnova/SSF
MTBH 2006-7600), the SSF Strategic Research Centre (Create
Health), and Vinnova (Vinn Verifiera 2007-02614).

B ABBREVIATIONS

HPA  Human Protein Atlas

His polyhistidine

IMAC  immobilized metal ion affinity chromatography
MS mass spectrometry

ESI electrospray ionization

MALDI matrix-assisted laser desorption/ionization
ISET  integrative selective enrichment target
PMF  peptide mass fingerprinting

APB albumin binding protein

AmBic ammonium bicarbonate

BCA  bicinchoninic acid

TOF  time of flight

ACN  acetonitrile

TFA  trifluoroacetic acid

FT Fourier transform

1T ion trap

B REFERENCES

(1) Tegel, H; Steen, J; Konrad, A; Nikdin, H; Pettersson, K;
Stenvall, M.; Tourle, S.; Wrethagen, U.; Xu, L,; Yderland, L.; Uhlen,
M.; Hober, S.; Ottosson, J. Biotechnol. J. 2009, 4, S1—57.

(2) Savitsky, P.; Bray, J.; Cooper, C. D.; Marsden, B. D.; Mahajan, P.;
Burgess-Brown, N. A,; Gileadi, O. J. Struct. Biol. 2010, 172, 3—13.

(3) Braun, P.; LaBaer, J. Trends Biotechnol. 2003, 21, 383—388.

(4) Uhlen, M,; Bjorling, E.; Agaton, C.; Szigyarto, C. A.; Amini, B;
Andersen, E.; Andersson, A. C.; Angelidou, P.; Asplund, A.; Asplund,
C.; Berglund, L.; Bergstrom, K.; Brumer, H.; Cerjan, D.; Ekstrom, M.;
Elobeid, A.; Eriksson, C.; Fagerberg, L.; Falk, R; Fall, J.; Forsberg, M;
Bjorklund, M. G.; Gumbel, K; Halimi, A.; Hallin, I; Hamsten, C,;
Hansson, M.; Hedhammar, M.; Hercules, G.; Kampf, C.; Larsson, K;
Lindskog, M.; Lodewyckx, W.; Lund, J.; Lundeberg, J.; Magnusson, K,;
Malm, E,; Nilsson, P.; Odling, J.; Oksvold, P.; Olsson, I; Oster, E.;
Ottosson, J.; Paavilainen, L.; Persson, A.; Rimini, R,; Rockberg, J.;
Runeson, M.; Sivertsson, A.; Skollermo, A.; Steen, J.; Stenvall, M.;
Sterky, F.; Stromberg, S; Sundberg, M, Tegel, H; Tourle, S;
Wahlund, E.; Walden, A.; Wan, J.; Wernerus, H.; Westberg, J.; Wester,
K; Wrethagen, U; Xu, L. L; Hober, S; Ponten, F. Mol. Cell
Proteomics 2005, 4, 1920—1932.

dx.doi.org/10.1021/ac3017983 | Anal. Chem. 2012, 84, 8663—8669



Analytical Chemistry

5) Nguyen, H.; Martinez, B.; Oganesyan, N.; Kim, R. ]. Struct. Funct.
Genomics 2004, 5, 23—27.

(6) Schafer, F.; Romer, U.; Emmerlich, M.; Blumer, J.; Lubenow, H,;
Steinert, K. J. Biomol. Tech. 2002, 13, 131—142.

(7) Knaust, R. K;; Nordlund, P. Anal. Biochem. 2001, 297, 79—85.

(8) Porath, J.; Carlsson, J.; Olsson, L; Belfrage, G. Nature 1975, 258,
598—599.

(9) Tegel, H.; Yderland, L.; Bostrom, T.; Eriksson, C.; Ukkonen, K;
Vasala, A,; Neubauer, P.; Ottosson, J.; Hober, S. Biotechnol. J. 2011, 6,
1018—1025.

(10) Lazar, I. M,; Trisiripisal, P.; Sarvaiya, H. A. Anal. Chem. 2006,
78, 5513—5524.

(11) Moon, H.; Wheeler, A. R;; Garrell, R. L; Loo, J. A,; Kim, C. J.
Lab Chip 2006, 6, 1213—1219.

(12) Lee, J; Soper, S. A.; Murray, K. K. J. Mass Spectrom. 2009, 44,
5§79—-593.

(13) Feng, X.; Du, W,; Luo, Q; Liu, B. F. Anal. Chim. Acta 2009,
650, 83-97.

(14) Laurell, T.; Marko-Varga, G. Proteomics 2002, 2, 345—351.

(15) Wang, R; Chait, B. T. Curr. Opin. Biotechnol. 1994, S, 77—84.

(16) Aebersold, R.; Mann, M. Nature 2003, 422, 198—207.

(17) Figeys, D.; Ning, Y.; Aebersold, R. Anal. Chem. 1997, 69, 3153—
3160.

(18) Sainiemi, L.; Nissila, T.; Kostiainen, R.; Ketola, R. A.; Franssila,
S. Lab ChQI2011,11,3011—3014

(19) Gustafsson, M.; Hirschberg, D.; Palmberg, C.; Jornvall, H;
Bergman, T. Anal. Chem. 2004, 76, 345—350.

(20) Tran, T. T.; Inganas, M; Ekstrand, G.; Thorsen, G. J.
Chromatogr. B 2010, 878, 2803—2810.

(21) Fujita, M; Hattori, W,; Sano, T.; Baba, M,; Someya, H;
Miyazaki, K.; Kamijo, K.; Takahashi, K.; Kawaura, H. J. Chromatogr. A
2006, 1111, 200—205.

(22) Tang, N.; Tornatore, P.; Weinberger, S. R. Mass. Spectrom. Rev.
2004, 23, 34—44.

(23) Ekstrom, S.; Wallman, L.; Helldin, G.; Nilsson, J.; Marko-Varga,
G.; Laurell, T. J. Mass Spectrom. 2007, 42, 1445—1452.

(24) Ekstrom, S.; Wallman, L.; Hok, D.; Marko-Varga, G.; Laurell, T.
J Proteome Res. 2006, S, 1071—1081.

(25) Ekstrom, S.; Wallman, L.; Malm, J.; Becker, C.; Lilja, H.; Laurell,
T.; Marko-Varga, G. Electrophoresis 2004, 25, 3769—3777.

(26) Larsson, M.; Graslund, S.; Yuan, L.; Brundell, E.; Uhlen, M,;
Hoog, C.; Stahl, S. J. Biotechnol. 2000, 80, 143—157.

(27) Steen, J.; Uhlen, M.; Hober, S.; Ottosson, J. Protein Expression
Purif. 2006, 46, 173—178.

(28) Adler, B; Laurell, T.; Ekstrom, S. Electrophoresis 2012,
DOIL: 10.1002/elps.201200134.

(29) Chen, X.; Murawski, A.; Kuang, G.; Sexton, D. J.; Galbraith, W.
Anal. Chem. 2006, 78, 6160—6168.

(30) Ibanez, A. J.; Muck, A,; Halim, V.; Svatos, A. ] Proteome Res.
2007, 6, 1183—1189

(31) Tajudin, A. A.; Ekstrom, S.; Jaras, K.; Marko-Varga, G.; Malm, J.;
Lilja, H,; Laurell, T. 3rd EuPA Congress Clinical Proteomics,
Stockholm, Sweden, June 14—17 2009; pp 174—176.

(32) Calderon-Santiago, M.; Mata-Granados, J. M.; Priego-Capote,
F.; Quesada-Gomez, J. M.; Luque de Castro, M. D. Anal. Biochem.
2011, 415, 39—45

(33) Cohen, S. L,; Ferredamare, A. R; Burley, S. K; Chait, B. T.
Protein Sci. 1995, 4, 1088—1099.

(34) James, P.; Quadroni, M.; Carafoli, E; Gonnet, G. Protein Sci.
1994, 3, 1347—1350.

(35) Knochenmuss, R; Dubois, F.; Dale, M. J.; Zenobi, R. Rapid
Commun. Mass Spectrom. 1996, 10, 871—877.

8669

dx.doi.org/10.1021/ac3017983 | Anal. Chem. 2012, 84, 8663—8669






Paper V

Mass Tag Enhanced Immuno-MALDI Mass
Spectrometry for Diagnostic Biomarker Assays

Lorey, Adler, Yan, Soliymani, Ekstrom, Yli-Kauhaluoma,
Laurell and Baumann.

Submitted






Mass tag enhanced immuno-MALDI mass
spectrometry for diagnostic biomarker assays

Martina Lorey * Belinda Adler®, Hong Yan B Rabah Soliymani “ Simon
Ekstrom®, Jari Yii-Kauhaluoma®, Thomas Laurell™® and Marc Baumann®

*Meilahti Clinical Proteomics Core Facility, P.O. Box 63, FI-00014 University of Helsinki, Finland

p Department of Biomedical Engineering, Lund University, P.O. Box 118, SE-211 00 Lund, Sweden

¥ Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, P.O. Box 56, FI-00014
University of Helsinki, Finland

8 Department of Biomedical Engineering, Dongguk University, Seoul, Republic of Korea

Keywords: Mass tag, mass spectrometry, porous silicon, antibody, prostate specific
antigen

ABSTRACT

A new read-out method for laser desorption ionisation mass spectrometry (LDI-MS)-
microarrays is presented. Small, photocleavable reporter molecules with a defined
mass called “mass tags” are analyzed towards their compatibility with human plasma.
Two silicon surfaces for the mass tag assay were examined for the assay — planar
silicon and nanoporous silicon. A generic methodology based on a biotin-labelled
secondary antibody coupled to mass tagged avidin is demonstrated. Prostate specific
antigen (PSA) which is used as a biomarker to detect prostate cancer in the clinic was
utilized as a model antigen. Finally, a PSA sandwich mass tag assay with a limit of
detection of below 0.2 ng/mL (6 pM) in plasma, well below the clinically relevant
cut-off value of 3-4 ng/mL, was established. The mass tag methodology allows for
direct read-out of 60 attomol PSA captured on-spot. We propose the potential use of
LDI (laser desorption/ionization) mass tag a read-out implemented in a sandwich
assay for, low abundant and/or early disease biomarker detection.



INTRODUCTION

The wuse of photocleavable mass tags as probes in matrix-assisted laser
desorption/ionization-mass spectrometry (MALDI-MS) based applications has
recently gained momentum. Most successfully the mass tags have been applied in
MALDI-imaging mass spectrometry (MALDI-IMS) "%, but also in single nucleotide
polymorphism detection ), combinatorial synthesis " ') and as ionization
enhancers %,

Two types of molecules are the most prominent mass tags reported in the literature,
either peptide tags connected to a binder via a photocleavable linker group © 7
triphenylmethyl-(trityl) based tags !> > ¢ 1912 The trityl tags are photo-labile trityl
thioesters connected to the probe or carrier via its free amino groups, and upon

radiation they become ionized and result in a very stable cation which is easily
detectable by MS.

or

The major advantages of mass tags as a means of secondary detection are that there is
no size limitation of the targeted biomolecule, unlike MALDI no digestion of the
targeted protein is needed, no matrix to assist ionization is needed, and the targets’
abundance compared to other biomolecules in the sample plays a minor role.

Like in other tag-based systems "%, application of several tags per molecule results in
signal amplification. Most importantly, mass tags do not exhibit strong quenching
effects like fluorescent tags do; and as very small mass differences can be resolved by
MS analysis, multiplex experiments with a plethora of different mass tags in the same
sample are possible 2. In this paper we utilize trityl tags as mass tags, which are
easily synthesized at low cost and do not rely on the application of a matrix for
efficient laser desorption ionization !'?.

The mass tag system has to our knowledge not been applied to microarrays before,
and using mass spectrometry rather than optical methods for microarray read-out
would add great advantage to this field in terms of multiplexing and speed of
detection. Antibody microarrays allow detection of low abundant markers out of
small sample volumes and thus are important diagnostic tools
available surface for affinity specific capture on the microarrays, porous silicon has
been utilized, which has an enlarged surface area and thus higher capture capacity.
Porous silicon behaves hydrophobic due to the surface nanomorphoplogy although

the actual surface at molecular level is hydrophilic, aiding to have a denser array of
antibodies [ 5171,

1. To increase the

Antibody microarrays can be applied in various disciplines, for example in clinical
cancer diagnostics "> '8l Prostate specific antigen (PSA) is a biomarker used in



prostate cancer diagnostics and disease monitoring ' ?°.. Increased amounts of PSA

in blood can predict prostate cancer years before the tumor has a detectable size and
are used to monitor prostate cancer as well as the progression of prostate cancer in
men who had already been diagnosed with the disease *!. We have developed a
model assay for transferrin in plasma and demonstrated the use of mass tags on
porous silicon microarrays in blood plasma samples. A corresponding sandwich mass
tag assay was subsequently realised to capture PSA in blood plasma at clinically
relevant concentrations ranging from 2 pug/mL — 0.19 ng/mL.

EXPERIMENTAL SECTION

Chemicals and materials

Unless stated otherwise all chemicals and proteins were purchased from Sigma-
Aldrich Co. (St. Louis, MO) and used without prior purification. Buffers were lab-
made PBS (10 mM, pH 7.4) and PB (0.1 M, pH 7.2). Antibodies H117 and 2E9
were generously provided by Professor Ulf-Hikan Stenman and Dr. Hannu
Koistinen (University of Helsinki), Dr. Mari Peltola and Professor Kim Petterson
(University of Turku) ®* ?. All water was Millipore purified. MALDI-MS
measurements were performed on the Bruker Ultraflextreme (Bruker Daltonics,
Bremen, Germany) and unless stated otherwise without adding matrix, in linear
mode in a mass range of 160-840 accumulating 10 000 spectra for each sample.

Tagging of proteins

The mass tag was synthesized by nucleophilic substitution of 4,4’,4”-trimethoxytrityl
chloride in dry dichloromethane by thioacetic acid under argon and purified by
liquid chromatography (Biotage Isolera Flash Chromatography) *°. Tagging of
transferrin, avidin and PSA was performed in the same way. The tag was activated by
solubilizing in dimethyl sulfoxide (DMSO) and incubation overnight with 1.3
equivalents  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysulfosuccinimide (Sulfo-NHS) in water **). The protein was solubilized in
PBS, and incubated for 2 h on ice with a 100-1000 molar excess (100 molar
transferrin, 150 molar avidin or 1000 molar PSA) of activated tag solution.
Unbound tag was removed by Micro Bio-Spin Chromatography Columns (Bio-Rad,
Hercules, CA) and tagging success was tested on a MALDI target plate (Bruker,



Billerica, MA). The concentration of tagged protein was measured by Nanodrop
8000 (Thermo Fisher Scientific, Waltham, MA).

Tagging of plasma was performed by adding 7.5 mg (12.5 umol) activated tag to 500
pL female human plasma and incubate for 6-12 h on ice. Due to the vast excess of
protein (55-70 mg/mL) no purification was performed to keep the plasma undiluted.

Biotinylation of H117 antibody

The antibody was concentrated using Amicon Ultra-0.5 mL Centrifugal Filters 10
kDa cut-off (Merck Millipore, Billerica, MA) to a final concentration of 2 mg/mL.
The antibody was incubated with 50 molar equivalents of biotin /N-
hydroxysulfosuccinimide ~ ester  overnight at 4°C. Unbound biotin /N-
hydroxysulfosuccinimide ester was removed by Micro Bio-Spin Chromatography
Columns (Bio-Rad, Hercules, CA). To evaluate the biotinylation degree the disulfide
bridges of biotinylated and unbiotinylated antibody were reduced using 4.5
equivalents tris(2-carboxyethyl)phosphine (TCEP) in PBS for one hour at room
temperature and compared by MALDI-MS using sinapinic acid matrix on a Bruker
standard steel target plate (data not shown).

Porous silicon surface

The silicon wafers, 5-10 Q-cm, <100>, P type and boron-doped, were from Addison
Engineering Inc. (San Jose, CA). The chips were patterned using the standard UV-
lithography protocol with silicon dioxide as a mask. The circular porous spot on the
chip was 3 mm in diameter with a surrounding silicon dioxide ring of 200 pum in
width and the pitch between positions was 4.5 mm which conforms to standard
Society for Biomolecular Sciences (SBS) measurements of a 384 micro plate and
enables robotic liquid handling. The detailed porosification protocol has been
reported previously "® 7). The porosified silicon wafer was diced into 2 cm x 2 cm
chips holding 3x4 circle array positions.



Figure 1: Photograph of the porous silicon chip with the 12 circular porous spots measuring 3 mm in
diameter.

The antibody immobilisation on the porous silicon was performed by surface
adsorption "® 7> 2! The porous surface allows rapid deposition of the antibody and
avoids chemical treatments to immobilize the antibodies on a surface. A major
advantage of the micro-/nanoporous surface is the enlarged surface area and thereby
the vastly increased capture capacity. Porous silicon is chemically hydrophilic and
will retain the antibodies active in their original conformation on the porous silicon
surface, but the porous nanomorphology surface at the same time acts hydrophobic,
which facilitates increased antibody loading on the spot and the generation of density
antibody arrays ['* 151625,

Immunocapture of mass tagged transferrin

Anti-human transferrin antibodies (10 puL of ~0.1 mg/mL in PBS) were deposited on
the planar silicon surfaces and allowed to immobilize for 30 min. On one spot anti-
rabbit detection antibody was immobilized as negative control, subsequent washing
was performed. The spots were blocked with 5% milk powder in PBS for 30 min to
avoid unspecific binding. After washing, the spots were incubated with 10-fold
dilutions of tagged transferrin in PBS for 30 min, unbound protein was removed and
the spots analyzed without adding matrix.

Immunocapture of mass tagged transferrin out of plasma

Anti-human transferrin antibodies (10 pL of ~0.1 mg/mL in PBS) were deposited on
the porous silicon surface and allowed to immobilize for 30 min. As negative controls



one spot was treated equally, just without immobilizing any antibody, and on one
spot anti-rabbit detection antibody was immobilized, subsequent washing was
performed. The spots were blocked with 5% non-fat milk powder in PBS for 30 min
to avoid unspecific binding. After washing, the spots were incubated with tagged
plasma for 30 min; unbound protein was removed and the spots analyzed without
adding any matrix.

Detection of tagged PSA

For each spot 10 pL (0.1 mg/mL in PBS) anti-PSA 2E9 capture antibody and anti-
rabbit detection antibody (negative control) were allowed to adsorb on a porous
silicon surface on different spots for 30 min. Unbound antibody was removed by
washing 3 times with 10 pL PBS. Mass tagged PSA was spiked in female human
plasma to a final concentration of 5.1 pg/mL and incubated on the spots for 30 min.
Unbound PSA and plasma was removed by washing twice with 10 pL. PBS and once
with 10 pL PB, to reduce the amount of salt on the surface. The chip was dried at
room temperature and introduced into the mass spectrometer and analyzed.

Sandwich assay PSA

For each spot 10 pL (-0.1 mg/mL in PBS) capture antibody 2E9 was deposited on
the porous silicon surface and allowed to bind for 30 min. Unbound antibody was
removed by washing 3 times with 10 pL PBS. 1 pL PSA in solutions of 10-fold serial
dilutions resulting in concentrations from 0.18 mg/mL to 18.6 ng/mL was spiked
into 9 pL female plasma and incubated on the capture antibody for 30 min.
Unbound PSA and plasma were removed by washing 3 times with 10 puL PBS.
Tagged avidin was premixed with biotinylated H117 antibody for 20 min on ice to
build an immune-complex and incubated on the captured PSA for 30 min.
Unbound immune-complex was removed by washing twice with 10 pL PBS and
once with 10 pL PB, to reduce the amount of salt on the surface. The chip was dried
at room temperature and analyzed by MS.



RESULTS AND DISCUSSION

Trityl mass tags have strong advantages; their UV-labile nature allows MS-analysis
without using a matrix and the fact that they can be used to detect virtually every
molecule for which a specific binder can be raised makes them a versatile tool. Unlike
fluorescence tags, mass tags do not exhibit strong mutual quenching effects and thus
allow true multiplex experiments with a library of mass tags, as the resolution of MS
allows distinguishing between masses which differ just a few Daltons from each other
212 Tn contrast, wavelength peaks in optical methods tend to be much broader
and thus limit the amount of different tags that can be used in one sample
simultaneously.

As a first step in the development of the assay two different structured surfaces were
compared. Human transferrin was mass tagged and immuno-captured with goat
anti-human transferrin capture antibody on planar and porous silicon (Figure 2).
The antibody was immobilized to two different surfaces, the surfaces were blocked to
inhibit unspecific binding and mass tagged human transferrin in serial 10-fold
dilutions from 0.53 mg/mL to 50 pg/mL in PBS were incubated. Porous silicon had
an increased signal quality and the mass tag signal at 333.13 Da was detectable at as
low as 50 pg/mL, while the LOD (limit of detection) of planar silicon was above 0.5
ng/mL. Planar silicon had very large background signals, lower sensitivity and was
due to a less hydrophobic surface more difficult to work with.
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Figure 2: Immunocapture of tagged human transferrin on porous and plain silicon. Panel A illustrates
the assay. Capture antibody anti-human transferrin was immobilized on porous silicon and plain silicon.
Mass tagged transferrin in serial 10-fold dilutions from 0.53 mg/mL to 0.05 ng/mL was incubated on



the spots. Panel B shows the MS spectrum from 0.53 ng/mL mass tagged transferrin on the porous
silicon surface. Panel C shows the same mass tagged transferrin on a plain silicon surface.

After switching to use the porous silicon surface for the assay the compatibility of
trityl tags with the complex biomatrix encountered in clinical samples was tested.
Blood plasma was selected for our assay as plasma samples are widely used in clinical
diagnostic assays for biomarker detection. Human plasma was tagged with 15 mg tag
per mL plasma, containing 50-70 mg proteins per mL, and incubated on anti-
transferrin antibodies immobilized on the porous silicon surface. The immobilized
antibody selectively pulled out the tagged transferrin, which has a natural abundance
of ~2.5 mg/mL in plasma ®® ¥, and was subsequently detected by direct laser
desorption ionization mass spectrometry (LDI-MS) (Figure 3). As a negative control
anti-rabbit antibody was immobilized on the porous silicon and subjected to the
same plasma. Only a low mass tag peak with an intensity of ~-350 a.u. due to
unspecific binding was detected in the control compared to > 8000 a.u. for the
specific capture.
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Figure 3: Immunocapture of human transferrin in a mass tagged plasma sample. Panel A illustrates the
assay. Capture antibody anti-human transferrin was immobilized on porous silicon and mass tagged
plasma incubated on that spot. Panel B shows the MS spectrum from mass tagged transferrin in human
plasma after capturing on the antibody activated porous silicon surface. Panel C shows the negative
control, where anti-transferrin was substituted with anti-rabbit antibody.

As the mass tag read out worked well for immuno-capture of high abundant proteins
like transferrin, a model for low abundant and disease linked protein expression was
investigated. The clinically relevant cancer biomarker PSA was selected and model
experiments were conducted by spiking PSA into undiluted female blood plasma.
Initially mass tagged PSA was captured by 2E9 anti-PSA antibody immobilized on



porous silicon (Figure 4A). The limit of detection for PSA spiked into plasma at the
level of ~5000 ng/mL was detected on the micro array (Figure 4B), which is several
orders of magnitude higher than the clinical cut-off value of 3-4 ng/mL. The most
probable reason for the low sensitivity in this case is impaired antigen recognition
due to tagging in the epitope region. Another possible explanation might be folding
changes in PSA due to the large amount of tags per protein. Although, no mass tag
was visible in the negative control (Figure 4C), where anti-PSA antibody was
exchanged to an anti-rabbit antibody and the signal-to-noise ratio in both spectra
was very good.
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Figure 4: Mass tagged PSA spiked into female human plasma and detected on an immuno MALDI
antibody array. Panel A illustrates the assay. Capture antibody 2E9 was immobilized on porous silicon
and mass tagged PSA bound to the antibody. Panel B shows the MS spectrum from mass tagged PSA in
a final concentration of 5.1 pg/mL in human plasma. Panel C shows the negative with control anti-
rabbit antibody, where no mass tag was visible.

To improve the sensitivity of the direct PSA capture assay and to investigate the
PSA detection limit of mass tag read out for immunoassays the corresponding

sandwich assay format used in clinical diagnostics "9 2% 2%

was utilized. In the assay
PSA was spiked in various known concentrations (1.86 pg/mL, 186 ng/mL, 18.6
ng/mL, 1.86 ng/mL, and 186 pg/mL) into female human plasma and detected with a
biotinylated detection antibody in complex with mass tagged avidin (Figure 5). The
mass tag was not attached to one of the binding sites but to avidin, while the
detection antibody carried several biotin groups. The detection limit of the sandwich
assay was determined to 0.186 ng/mL, which is well below the relevant clinical cut-
off value of 3-4 ng/mL indicating increased prostate cancer risk. It should be noted

that at a concentration of 0.186 ng/mL and using 10 pL of sample the maximum



amount of PSA available on the spot is below 60 attomol. The theoretical binding
capacity of one porous silicon spot is approximately 350 fmol ), this amount of
intact protein would be very difficult to detect linear mode MALDI MS, where
sensitivity rapidly decreases with increasing mass. Also applying a digestion step of
the captured antigen would require amounts in the 100 fmol range for successful
analysis *?. In this light the mass tag approach provides a huge improvement (1000-
10000 fold) in detection sensitivity compared both to direct detection of undigested
antigen or methods applying a digestion step of the intact antigen.
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Figure 5: Scheme of PSA-sandwich assay with mass tag read out. Panel A illustrates the assay. Capture
anti-PSA antibody 2E9 was immobilized on a porous silicon surface and incubated with PSA spiked in
known concentrations into female human plasma. Biotinylated detection antibody H117 was incubated
with the mass tagged avidin to form an immuno-complex, and then incubated on the captured PSA.
The mass tags were ionized and released by laser irradiation in the MALDI instrument and were
recorded by the mass detector. Panel B-E show PSA in final concentrations of 0.186 ug/mL, 18.6
ng/ml,1.86 ng/mL, and 0.186 ng/mL respectively detected with the assay performed in PSA spiked
female human plasma. Panel F shows the negative control, where the capture antibody was replaced
with anti-rabbit antibody and PSA was spiked in 18.6 pg/mL, the highest concentration of PSA used in
this assay.

The very low LOD of this antibody mass tag system is due to a double amplification
effect. Every avidin binds several tag molecules and every antibody has several biotin
residues to bind tagged avidin in order to gain higher signal intensities for the mass
tag. Also the higher concentration of antibodies on the porous silicon surface and
thus higher concentration of antigen per spot contributes to the LOD. As
biotinylated antibodies are widely commercially available only avidin needs to be
tagged prior to the assay, instead of having to perform chemical tagging of whole
samples. With the optimized protocol for the PSA sandwich assay in this paper, this
assay is easy to implement for all antigens for which a sandwich format exists. Due to
the low LOD it would be possible to apply this method to early detection of disease
relevant biomarkers and expand it to a disease specific multiplex format.
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CONCLUSIONS

The application of mass tags as a read-out method in immuno MALDI assays has
been demonstrated. As proof of principle, mass tagged transferrin has been captured
in human plasma on a porous silicon substrate and detected by MALDI mass
spectrometry. A potential clinical application has been demonstrated in the form of a
sandwich assay detecting PSA, a biomarker used to diagnose prostate cancer in the
clinic, on porous silicon detected by antibody linked mass tags. Our assay reached
0.186 ng/mL PSA in human plasma which is well below the clinical cut point of 3-4
ng/mL. The current limit of detection (LOD) is in the range of 180 pg/mL
(corresponding to less than 60 attomol on spot) and a further improvement can be
anticipated, implying that the assaying of low abundant markers should be
considered, given that the adequate and selective antibody pair for such an assay is
available. The full strength of the mass tag technology, multiplex assays to
simultaneously detect many different markers in the same sample holds great promise
for efficient immuno-MS analysis.
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Abstract

With the rapid progress in the development of new clinical biomarkers there is an
unmet need of fast and sensitive multiplex analysis methods for disease specific
protein monitoring. Immuno-affinity extraction integrated with matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) analysis offers a route to
rapid and sensitive protein analysis and potentially multiplex biomarker analysis. In
this study, the previously reported integrated selective enrichment target (ISET)-
MALDI-MS analysis was implemented with ssDNA aptamer functionalized
microbeads to address the specific capturing of thrombin in complex samples. The
main objective for using an aptamer as the capturing ligand was to avoid the
inherently high background components, which are produced during the digestion
step following the target extraction when antibodies are used. By applying a



thrombin specific aptamer linked to ISET-MALDI-MS detection, a proof of concept
of antibody background reduction in the ISET-MALDI-MS readout is presented.
Detection sensitivity was significantly increased compared to the corresponding
system based on antibody specific binding as the aptamer ligand does not induce any
interfering background residues from the antibodies. The limit of detection for
thrombin was 10 fmol in buffer using the aptamer/ISET-MALDI-MS configuration
as confirmed by MS/MS fragmentation. The aptamer/ISET-MALDI-MS platform
also displayed a limit of detection of 10 fmol for thrombin in five different diluted
human serum samples, demonstrating the applicability of the aptamer/ISET-
MALDI-MS analysis in clinical samples.

Introduction

Clinical proteomics is an emerging research field that forms the bridge between
scientific knowledge of biomedical research and clinical applications for the benefit
of the patient." In clinical proteomics, several clinical issues, such as, early diagnosis,
prediction of disease progress, response to treatment, and identification of novel
therapeutic targets are expected to be improved by applications of high performance
proteomic technologies.”™

The monitoring of protein biomarkers can provide critical information about
physiological, pharmacological and disease processes of an organism and are thus key
targets in the field of life science, medicine, and proteomics.”® The most commonly
used biofluid for biomarker analysis is blood serum. The blood serum proteome is
composed of a wide range of proteins with a dynamic range over at least ten orders of
magnitude.” Improved strategies to identify and analyze protein biomarkers is
essential to address the unmet need of novel biomarkers and biomarker
combinations, in line with this we see a continuous discovery and development of
novel protein biomarkers, used for early diagnosis, monitoring progress of disease, or
drug targeting.’

Biomarker detection using matrix assisted laser desorption/ionization mass
spectrometry (MALDI-MS), is an evolving technology that allows detection and
identification of targeted proteins in biological matrix with high sensitivity, fast data
acquisition, ease of use, and robust instrumentation.*” MALDI-MS has been widely
used over the years for detection of various protein biomarkers.'"™'" However, despite
its potential, MALDI-MS biomarker detection suffers from interference from high
abundant analytes in complex samples that mask the molecules of interest.
Commonly a separation step has to be implemented prior to MALDI-MS to uncover
the presence of the target molecule in a high background as typically is the case for



blood serum biomarker detection. Depletion strategies and targeted enrichment
techniques are therefore outlined as important routes to be able to reach sensitivity
levels that match those of disease relevant expression levels in e.g., blood.'>"

Affinity capture has been applied to MALDI-MS analysis to enrich proteins of
interest and to improve the sensitivity by reducing or minimizing the complexity of
human biological samples.'*"> The enrichment of the targeted protein or peptide is
typically accomplished, using antibodies as the affinity ligand followed by MS based
characterization.'® Immunoaffinity-MALDI-MS encompasses the enrichment of
target proteins based on affinity ligand functionalized solid phases conjugated to
MALDI-MS and is in focus for its potential to targeted extraction of proteins from
complex samples, enabling new biomarker identification, and qualitative or
quantitative measurement of protein analytes in clinical samples.'”'® Several reports
implementing immunoaffinity-MS methods have recently been published such as
immunoassay coupled with MALDI-MS to determine isoforms of a protein
biomarkers,” immuno-surface plasmon resonance-MS for on-chip biomarker
characterization,” clinical diagnostics for human chorionic gonadotropin (hCG)
using antibody immobilized on magnetic beads.”’ These reports demonstrate the
potential of immuno-MALDI-MS in clinical proteomic research. A key bottle-neck
with the immuno-MALDI-MS approach has hitherto been the fact that the captured
target protein either has to be displaced from its capture ligand (antibody) prior to
digestion to avoid high abundance background interference of antibody fragments.
This is then typically followed by a second step of solid phase enrichment and
MALDI-MS readout.”

Solid phase extraction (SPE) is a standard technique to extract or concentrate target
molecules from contaminants and interference in crude solutions and has specifically
become routine in sample preparation prior to MALDI-MS analysis.”*** The SPE
has specifically been developed by our group for MALDI integration: the ISET
(integrated selective enrichment target) platform, enabling integrated sample
handling processing with a minimum of sample loss throughout the analytical
sequence.””® The ISET platform utilizes both sides of the ISET plate prior to
MALDI-MS analysis. The top side of the ISET holds 96 submicroliter nanovials for
SPE based sample preparation. In the bottom of the ISET, each nanovial (max 600
nL) holds a microgrid that retains microbeads, which enable elution of matrix
assisted samples and co-crystallization around the outlet holes.”” The ISET-MALDI-
MS format has been applied to sample preparation and enrichment for the detection
of several proteins such as angiotensin I,”® and prostate specific antigen (PSA)** and
demonstrated its advantages including efficient removal of contaminants, fast
digestion, and automation etc.”

However, the ISET setup still displays limitations when using antibodies as affinity
ligands to capture specific target protein in complex samples since undesired peptides
are produced from the antibody during the tryptic digestion step, which in turn



creates a high background in the MALDI-MS analysis. This is especially important
when low abundant proteins are targeted since the antibody background peptides are
highly abundant and may affect the limit of detection by ion suppression. Although
antibodies offer a high specificity and affinity they are costly to produce, have a
limited long term stability and in the case of immuno-MALDI-MS as described
above they introduce a significant background interference.”® Alternatively, the
antibodies could be substituted by affinity ligands such as nucleic acid aptamers that
will not be digested by trypsin and thus not contribute to increased background
interference.

Aptamers are functional nucleotides that bind to specific target molecules.” They can
be isolated from random libraries employing the systematic evolution of ligands by
exponential enrichment (SELEX) process, which consist of repetitive incubation
steps of a certain target molecule with an ssDNA or RNA pool, giving a high affinity
and specificity to the target.”” Besides, they have several advantages over antibodies as
an affinity ligand.**** There is almost no limitation in regards to the target since they
are generated in vitro. Since they can be synthesized chemically, modification is easy
and batch-to-batch variation is lower than other biological affinity products.
Moreover, they are thermally stable due to the composition of nucleic acids which
enable easy handling.”® Aptamers have been developed against a broad range of
targets from small molecules to cells and applied to various technologies.”™*
Especially, aptamers for proteins are considered as important affinity ligands as a tool
for the detection of biomarkers. Various applications have been investigated using
aptamers for early diagnosis of disease, imaging and treatment tools.”*' However,
compared to other analytical methods, such as electrochemical and optical detection
for protein biomarkers,*** application of aptamers to target specific MALDI-MS
analysis has been rarely investigated even though mass spectrometry is a powerful
tool for multiplex analysis with high speed and sensitivity.

In this study, we propose the use of ssDNA aptamers as an affinity ligand for
proteins in ISET-MALDI-MS analysis, offering improved target specific sensitivity
by eliminating the background interference in the mass spectrometry readout. As a
proof of concept, thrombin-binding aptamer coated microbeads were used as SPE
material in the ISET. The superior performance of the aptamer in the ISET-
MALDI-MS protocol was demonstrated by comparison with the corresponding
affinity capture using antibodies and ISET-MALDI-MS analysis. The
aptamer/ISET-MALDI-MS assay displayed a limit of detection in 10 times diluted
serum samples of 10 fmol.



Materials and method

Materials and reagents

Carboxylated porous silica microbeads (20 um) were purchased from Kisker Biotech
GmbH & Co. (Steinfurt, Germany). Human o-thrombin (= 2,000 NIH units/mg
protein), IgG, human serum albumin (HSA), and human serum (from human male
AB plasma) were purchased from Sigma-Aldrich (St Louis, USA). Polyclonal
thrombin antibody (TBab) was purchased from Abcam (Cambridge, United
Kingdom) and trypsin was purchased from Promega (Madison, USA). Four
anonymized serum samples from healthy donors were kindly provided by the
Department of Clinical Chemistry, Skine University Hospital, Malmé.

The sequences of amine group modified oligonucleotides were as follows: thrombin
binding aptamer (TBA): NH2-T10-AGT CCG TGG TAG GGC AGG TTG GGG
TGA CT; scrambled sequences: NH2-T10-GGT GGT TGT TGT GGT.
Oligonucleotides were synthesized by IDT (Leuven, Belgium) in purified form.

Acetonitrile (ACN) at MS grade, MS grade water (DW), ethanol (EtOH),
ammonium bicarbonate (Ambic), N-ethyl-N'-(dimethylaminopropyl) carbodiimide
(EDC), and a-cyano-4-hydroxy-cinnamic acid (CHCA) were purchased from Sigma-
Aldrich. NP-40 was purchased from Thermo Fisher Scientfic (IL, USA). All

reagents were used as received.

Preparation of affinity ligand coated microbeads

Either amino groups of thrombin binding antibodies (TBab), or amino group
modified thrombin-binding aptamers (TBA) were covalently coupled with carboxyl
groups on porous silica microbeads (PS beads). In detail, 100 pL of PS beads were
washed three times using centrifugation with DW and coupling buffer (25 mM
MES, pH 6.0). For immobilization of affinity ligands, the PS beads were re-
suspended in 90 pL of coupling buffer and 34.7 pg of TBab or 2 nmol of TBA, and
incubated with mild rotation for 30 min at room temperature (RT). Subsequently,
20 mg of EDC in 1 mL of cold coupling buffer was added to the binding mixture
and incubation was continued for 16 h at 4°C. After incubation, affinity ligand
coated PS beads were washed twice with 10 mM PBS (pH 7.4). For both TBab-PS
beads and TBA-PS beads, unoccupied regions were blocked by 30 min incubation
with 50 mM ethanolamine in PBS (pH 8.0). Finally, PS beads with immobilized



affinity ligands were washed in PBS and stored at 4°C until use. Amine modified
scrambled oligomers were immobilized on PS beads in same manner.

To calculate the amount of bound ligands on the PS beads, the supernatants were
collected and their concentrations were measured. The unbound TBab concentration
was measured with Micro-BCA kit (Pierce, USA), while the unbound TBA was
precipitated by EtOH and measured by NanoDrop (ND-1000 Spectrophotometer,
Nanodrop Technologies, Inc.).

ISET protocol

The previously developed integrated selective enrichment target (ISET) is used not
only as a supporting structure for PS beads, but also as a MALDI target plate.”®*
Briefly, each ISET plate has 96 nanovials and each vial has nine small outlets in the
bottom, retaining solid phase microbeads. The ISET plate is placed in a fixture,
which is connected to a vacuum pump allowing for solutions to be drawn through
when vacuum is applied (-10 mmHg).

After transferring the sample binding mixture to the ISET, washing was performed
with 10 pL of TB containing 0.1% NP-40 and DW. The vacuum was applied until
the beads were dried. Trypsin digestion prior to MALDI-MS measurement was
carried out on ISET plate without vacuum. Briefly, one pmol trypsin in 50 mM
Ambic was added to each of the bead filled nanovials. During the digestion, 20%
ACN in 50 mM Ambic was added to prevent drying. After 1 h digestion, 0.4 pL of 3
mg/mL CHCA matrix was loaded three times at a lower vacuum (-2 mmHg)
condition for slow elution and crystallization of peptides into a MALDI spot on the
backside of the ISET. Reproducibility was assured by repeating each experiment at
least three times.

Protein capturing by TBab- and TBA-PS beads

The indirect ISET protocol was used for thrombin detection, i.e., the beads with
immobilized affinity ligand were mixed with the target protein to capture thrombin
and after incubation the beads with bound proteins were moved to nanovials in the
ISET platform.” For this, TBab- or TBA-PS beads were washed with thrombin
binding buffer (TB: 140 mM NaCl, 20 mM Tris-HCI, 5 mM KCl, 1 mM MgCL, 1
mM CaCl,, pH 7.4) and re-suspended in TB. To compare the use of different
affinity ligands by ISET-MALDI-MS, 1, and 0.1 pmol thrombin (in TB) was added
to each 10 pL of TBab- or TBA-PS beads solution. Each binding mixture was



incubated for 1 h with gentle rotation. After the incubation for thrombin capturing,
the mixture was transferred to the nanovials in the ISET plate with an applied
vacuum of -10 mmHg. To determine the detection sensitivity when using TBA-PS
beads in the ISET-MALDI-MS, various amounts of thrombin (0-50 fmol) were
tested in the same manner. As a control, the same amount of the scrambled
oligomers immobilized on PS beads was examined with 1 pmol of thrombin.

TBA-PS beads were tested in complex matrices as well. 1 pmol of thrombin was
spiked into HSA and IgG solutions (10 pmol each) and into 1/10 diluted human

serum samples (five samples) using the same protocol as described above.

MADLI-MS Analysis

After crystallization of MALDI matrix, the ISET plate was turned upside down to
expose the matrix spots facing up and the ISET was placed into a stainless steel target
holder and inserted into the MALDI-MS instrument.

MALDI-MS analysis was performed on a hybrid MALDI LTQ Orbitrap XL
(Thermo Fisher Scientific, Bremen, Germany) instrument. Mass spectra were
obtained in positive mode within a mass range of 1050-2400 Da using 60,000 mass
resolution (at 400 m/z). Ten full mass scans (2 microscans/scan) were collected from
each spot. The laser was moved automatically after 2 microscans to avoid burning of
the sample spot using 17 pJ laser energy. Selected precursor ions (m/z 2265.104)
were isolated with m/z 3 widths and fragmented in the ion trap. Normalized collision
energy was 50% during an activation time of 30 ms and activation Q of 0.250.
Spectra were processed by Xcalibur software v 2.1 (Thermo Fisher Scientific, San

Jose, CA).

Full MS spectra from each spot were obtained from the average of 10 mass scans, and
monoisotopic peptide peaks were extracted by using Xtract, part of the Xcalibur
software. The monoisotopic peak list was submitted on the Mascot Server
(www.matrixscience.com) and peptide mass fingerprint (PMF) search was performed
using SwissProt Human database (release 2014. 01, containing 20273 sequence
entries). Peptide tolerance was kept at 20 ppm, and side chain modification was set
to variable oxidation at methionine residues.

For sequence based protein identification the raw files containing MS/MS data were
converted to .mgf files, using MSConvertGUI (ProteoWizard, 3.0.5622), on which
MS/MS ion searches were performed. SwissProt Human database was used,
considering side chain modification with variable oxidation at methionine residues.
Precursor tolerance was 20 ppm and fragment mass tolerance was set to 0.6 Da.



Results

Comparison of aptamers and antibodies as affinity ligands
in ISET-MALDI-MS analysis in thrombin detection

In this study, an ssDNA aptamer was used as the affinity ligand to enrich target
proteins on the ISET platform followed by MALDI-MS analysis and its potential
was verified by comparison with the corresponding capturing using an antibody. As a
model analyte, thrombin and its aptamers and antibody were used since they are well
characterized and their thrombin-binding performances have been proven in various
diagnostic applications.***

Thrombin-binding antibody (TBab) and thrombin-binding aptamers (TBA) were
immobilized on 20 pum diameter porous silica microbeads, compatible with the
outlet holes in the bottom vials of the ISET.” The amine modified TBA was
covalently immobilized on carboxylated PS beads and the amounts of immobilized
ligands were calculated by measurement of the amount of unbound TBA. The
binding capacity was determined to 2 nmol of TBA per 100 pL of PS bead solution
and 20 pmol of TBA were used for each binding reaction. For the comparison,
thrombin-binding antibody (TBab) was immobilized on the same type of PS beads
via covalent coupling with similar capacities (26 pmol for each binding reaction) to
TBA-PS beads. These affinity ligand coated beads were used to enrich target proteins
in the ISET platform followed by MALDI-MS analysis (Figure 1).

(a) Target binding
to aptamers

N NN

Turn over (b) Sample loading to ISET (c) Washing/ Digestion (d) Elution with matrix
l e) MALDI Analysis MS, MS/MS

Figure 1. Schematic diagram of aptamer/ISET-MS analysis. (a) Target protein (thrombin) is captured
by aptamers-immobilized on PS beads. (b) The binding mixtures are loaded into the nanovials on the
ISET plate. (c) Washing removes unbound components by applying vacuum. After drying the beads,



the proteins are digested by trypsin in situ. (d) The peptides are eluted using MALDI matrix at low
vacuum. (e) Finally, the ISET plate is turned over and subjected to MALDI-MS analysis.

Initially, TBab- or TBA-PS beads were incubated with thrombin in buffer. The
binding mixtures were transferred to the ISET and unbound components were
removed by washing under a high vacuum condition. After 1 h trypsin digestion,
tryptic peptides were eluted with matrix solution at lower vacuum condition. When
the peptide/matrix crystals were formed around the nanovial outlets, the plate was
turned upside-down and MALDI-MS readout was carried out.

The applicability of aptamers in protein analysis by ISET-MALDI-MS was
successfully demonstrated by a comparison of using antibodies and aptamers for
protein capturing. Here, both TBab- and TBA-PS beads were incubated with either
1 or 0.1 pmol (100 and 10 nM) of thrombin.

Figure 2a and b show mass spectra, obtained when using an antibody as the affinity
ligand. It was predicted that there would be a high background when the antibody
was immobilized on the PS beads. Two of the thrombin peptides were found at 100
nM (Figure 2a) but no peptides were detectable at 10 nM thrombin concentration
(Figure 2b). In comparison, several peaks derived from thrombin were detected at
both 100 nM and 10 nM concentrations when the aptamer was used as the
thrombin-binding ligand in the ISET (Figure 2c and d). This clearly demonstrates
that the conventional antibody based enrichment technique coupled to MALDI-MS
detection is compromised by the abundant background, originating from digested
antibody and by ion suppression effects of competing peptides from the antibody.
This agrees well with previous observations in detecting prostate specific antigen
using the antibody/ISET-platform.*

In the case when an aptamer was used as thrombin-capturing ligand, distinct
thrombin peptides peaks were detected in relatively clear mass spectrum even at
lower thrombin concentrations (Figures 2¢ and d). This comparison proves that the
use of aptamers in the ISET-MALDI-MS indeed diminishes the background signals.
Only a few background peaks were observed after through washing and elution. The
TBA-thrombin binding was stable even under harsh washing and repeated wet-dried
cycles in the ISET protocol. In accordance it is demonstrated that the aptamers can
be used in the ISET as affinity ligand to both prevent the generation of background
signals and to bind the target specifically and stably.
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Figure 2. Comparison of affinity ligands in ISET-MALDI-MS. Thrombin binding antibody (a, b), and
aptamer (c, d) were used for thrombin capturing. Only two thrombin peaks (m/z 1189.578 and
1194.600, zoom in inset) were found in the 1 pmol thrombin sample (a). No thrombin peaks were
observed in the 0.1 pmol thrombin sample when TBab-PS beads were applied (b). More than ten
thrombin derived peptides were observed in the 1 pmol thrombin sample using the aptamer capturing
(). Several thrombin peaks were still shown in the 0.1 pmol thrombin sample using the aptamer beads
(d). Thrombin peptides and trypsin peaks are denoted by red stars and black triangles, respectively.

Sensitive detection of thrombin by aptamer/ISET-
MALDI-MS

To test the detection sensitivity of the aptamer/ISET platform, low thrombin
amounts were examined by ISET-MALD-MS. Thrombin in buffer at 5 nM and 1
nM concentrations were successfully detected by TBA/ISET-MALDI-MS analysis.
Figure 3a shows the thrombin peaks (denoted by stars) when 50 fmol (5 nM)
thrombin was analysed on the ISET. The signal peptides were detected in full mass
scans even down to 10 fmol total load of thrombin (1 nM), as shown in Figure 3b.
To confirm that the peaks were derived from the captured thrombin, two negative
control tests were performed. In the first negative control only buffer without
thrombin was processed and analyzed in the same way as before and no thrombin
peptides were observed (Figure 3c). In the second negative control test, a nonspecific
aptamer (scrambled oligomer) was subjected to capture thrombin (1 pmol) but no
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thrombin peak was detected (Figure 3d), demonstrating that thrombin was
specifically captured on the PS beads with immobilized TBA. All experiments were
repeated three times to ensure reproducibility. As can be expected in a MALDI-MS
analysis, the decreased amounts of thrombin increased the signal intensity of other
peaks in the spectra. Among non-relevant peptide signals trypsin autolysis and
keratin peaks were identified by MS/MS analysis (data not shown). Despite of the
coexisting contaminants, a sensitivity of 1 nM could be obtained using the
aptamer/ISET-MALDI-MS method.
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Figure 3. Detection sensitivity and specificity of aptamer/ISET-MALDI-MS under different conditions.
Thrombin in buffer at 5 nM (a) and 1 nM (b) concentrations were successfully detected by TBA/ISET-
MALDI-MS analysis. Red stars represent the thrombin signal peptides, while black triangles indicate
trypsin autolysis peaks. No thrombin peaks were observed in the negative controls. The absence of
thrombin (c) nor when using beads with a nonspecific aptamer for 1 pmol of thrombin (d).
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Additionally, it was confirmed that most of the peptide peaks observed when using
TBA-PS beads belonged to thrombin by peptide mass fingerprinting. Furthermore,
the peptide sequence of the precursor ion m/z 2265.104 was identified by MS/MS
analysis (Figure 4). The peak at m/z 2265.104 was chosen as a signal peptide of
thrombin in all MS analyses since it was distinct and consistently appeared in all
repeated experiments.
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Figure 4. The peak m/z 2265.104 was identified by its MS/MS fragmentation as a unique thrombin
sequence after preparation by TBA/ISET-MALDI-MS and used as a signal peptide.

Analytical performance of TBA/ISET-MALDI-MS in

complex matrix

In order to evaluate the performance of the aptamer/ISET-MALDI-MS in complex
samples, thrombin was added into solutions of two different proteins at ten times
higher amount than the thrombin. In this experiment, 1 pmol of thrombin was
spiked into 10 pmol of either HSA or IgG solutions that are high abundant
components of human serum. PMF was applied in order to identify the resulting
peaks from the aptamer/ISET-MALDI-MS experiments. The dominant protein was
discovered as thrombin peptides identified by their accurate masses in PMF database
search. Among them, ELLESYIDGR (m/z 1194.600), YGFYTHVFR (m/z
1189.578), and IVEGSDAEIGMSPWQVMLEFR (m/z 2265.104) sequences were
identified by MS/MS ion search. In repeated experiments, several typical thrombin
peptides were constantly detected, but none of the theoretical masses of HSA or IgG
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related tryptic peptides were observed. This result indicates that thrombin may also
be detectable in human serum by using TBA/ISET-MALDI-MS.

Application of TBA/ISET-MALDI-MS for thrombin

detection in human serum samples

Detection of thrombin in diluted human serum sample (from Sigma-Aldrich) was
carried out to investigate the applicability of TBA/ISET platform to clinical samples.
For analysis, exogenous thrombin was spiked into human serum diluted 10-fold to
reduce potential interferes from abundant serum proteins.45 Thrombin could be
detected down to 1 nM in diluted serum. Figures 5a-c display the peptide signals of
m/z 2265.104 at 1 pmol, 100 fmol, and 10 fmol (100 nM, 10 nM, and 1 nM)
thrombin spiked into diluted human serum. Despite rigorous washing, certain
background peaks remained in the MS spectra. In contrast, no thrombin peak was
found in the control sample, without thrombin addition, as shown in Figure 4d. To
test the analytical performance of the TBA/ISET-MALDI-MS in real clinical samples
and to get an indication of individual variations, 10-fold diluted individual serum
samples from four healthy donors were analyzed in the same way. The signal peptide
at m/z 2265.104 was found in all of the five investigated serum samples spiked with
10 fmol thrombin.
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Figure 5. Thrombin detection in human serum using aptamer based ISET-MALDI-MS at 1 pmol (a),
100 fmol (b) and 10 fmol thrombin (c) spiked into 1:10 diluted serum samples. A diluted serum
without addition of thrombin was used as negative control showing no detectable levels of thrombin

(d).
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Discussion

There have been efforts to apply ssDNA aptamers to MALDI-MS analysis for
thrombin detection in clinical samples demonstrating availability of aptamers for
protein analysis.“** McGown’s group used thrombin binding aptamers within
affinity capillary chromatography system followed by Zip-tip processing for desalting
and preconcentration prior to MALDI-MS analysis.”” They developed an aptamer-
immobilized glass plate, which was used for thrombin binding and as MALDI target
plate.** Recently, Zhang reported aptamer functionalized gold nanoparticles on
microspheres to enrich thrombin prior to MS analysis with the aim of reducing
background interference from affinity ligand residues.”® After aptamer mediated
protein capture and overnight trypsin digestion a detection sensitivity of 18 fmol of
thrombin was obtained. In addition the same group, implemented a modified
MALDI target plate with a gold layer functionalized with aptamer for direct capture
of lysozyme (spiked at 1000 ng/mL) in 1/10 diluted serum samples followed by MS
analysis on the target plate.”

In the work reported herein we compare antibody and aptamer affinity capturing
and protein digestion followed by MALDI-MS analysis, using the ISET platform to
detect tryptic thrombin peptides. The aptamer/ ISET-MS shows a lower detection
sensitivity as previously reported systems, 10 fmol for thrombin and most
importantly the digestion is performed in only one hour rather than overnight paving
the way towards diagnostic applications. The aptamer-immobilized microbeads in
the ISET offers a high binding capacity, which is important when a low abundant
intact protein is the target. The miniaturized and integrated sample processing also
allows for fast trypsin digestion in the ISET nanowells, and sample losses are kept at
a minimum as sample transfers are avoided, i.e., the generated peptides are directly
eluted to the analysis spot on the backside.”*

Thrombin is present at very low level (a few nanomolar) in human blood under
normal conditions but it can be increased to several hundred nanomolar level due to
activation of prothrombin, which plays an important role in physiological and
pathological coagulation.* So far, several diseases, including neuroinflammatory,
thromboembolic disease and patients suffering from coagulation abnormalities, have
been reported with altered thrombin levels.50 Thus, thrombin and its complex form
are considered as biomarkers and sensitive detection of thrombin is important for
early diagnosis and drug treatment in clinical practice.”””* From this point of view,
our experimental design can be important not only to prove feasibility of aptamers in
the ISET-MALDI-MS platform, but also to detect thrombin in a clinically relevant
range.
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Conclusion

The ISET-MALDI-MS platform for affinity specific protein detection has been
developed to a new level using an aptamer as an affinity ligand, an ssDNA aptamer,
which is not cleaved to peptides during tryptic digestion. As a consequence,
capturing and digestion of the target protein can be accomplished at the same
position without the generation of background peaks, characteristic of antibody-
based enrichment strategies. As a proof of concept, aptamer/ISET-MALDI-MS with
a thrombin-binding aptamer was demonstrated. Specific detection of thrombin was
demonstrated in both buffer and serum samples at 10 fmol level, suggesting that the
aptamer/ISET-MALDI-MS method can be applicable to the detection other proteins
using specific aptamers, opening the route to multiplex detection offered by the ISET
format.
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