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Here you should set aside all hesitation 
Here all fear should cease  

Dante, Divine Comedy 
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2PLA Dual-binder PLA 
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CEA Carcinoembryonic antigen 
CRC Colorectal cancer 
CV Coefficient of variation 
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EIA Enzyme immunoassay 
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Definition of terms 

Loyal to the platonic method, before embarking into a discussion I would 
like to provide definitions of the most important terms that are used through-
out this work. My hope is that this will be helpful both for the reader and 
myself. 

Sensitivity   
The assay sensitivity is measured by the ability of the assay to recognize 

all positive cases as such. Extending this definition for methods used to 
detect certain molecules, the sensitivity of a method is measured by its abili-
ty to detect every molecule present in a reaction.  

Specificity 
The assay specificity is determined by the ability of the assay to recognize 

all negative cases as such. As with sensitivity, specificity in the context of 
detection methods refers to the ability of the method to detect only the cor-
rect molecules.  

Limit of detection 
Limit of detection (LOD) is the minimum amount of molecules that an 

assay can detect significantly above background signal. Depending on the 
level of significance that is required, the LOD can be calculated as, for ex-
ample, the concentration of a certain analyte that corresponds to a signal that 
is two or three standard deviations above background signal.  

Dynamic range 
The dynamic range is the ratio between the highest and lowest measurea-

ble amount of a changeable quantity. When referring to protein detection 
assays the dynamic range is the ratio between the highest and lowest amount 
of protein that can be measured by the assay. The dynamic range of an assay 
(or the linear dynamic range) is the range of protein concentrations that lies 
between the LOD and the point of saturation, at which point the greatest 
possible amount of protein has been detected.  

Throughput 
Throughput measures the productivity of a machine, process, procedure or 
system over a period of time. In the context of protein detection methods, 
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throughput (or sample throughput) is the number of samples and proteins 
that a method can analyze over a defined period of time.  

Coefficient of variation 
The coefficient of variation (CV) is defined as the ratio of the standard devi-
ation (σ) to the mean (μ). It applies only for non-zero means.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Characteristics of a detection curve. The LOD is defined as the 

analyte concentration corresponding to a signal that is two standard devia-
tions above background, while the point of saturation is the concentration 
corresponding to a signal that is two standard deviations below the highest 
signal. The dynamic range of the assay spans analyte concentrations between 
the LOD and the point of saturation.  
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Introduction 

Genomes and proteomes 
Progress in genomics has been greatly augmented by the completion of the 
Human Genome Project (HGP) in 2003 with the publication of a high-
quality sequence of the human genome. With essentially the entire human 
genome available, scientists were able to identify most human genes and 
provide information about their function and structure (1). Furthermore, the 
sequence of the human genome and tools to analyze the data became freely 
available to the scientific community.  In addition to the human genome, the 
HGP sequenced other organisms including Saccharomyces cerevisiae and 
Drosophilla melanogaster while by 2002 a working draft of the mouse ge-
nome had been produced. This allowed researchers to compare genomes and 
identify genes that are critical for life.  

The HGP also resulted in the development of technologies that served 
roles analogous to those that the steam engines played for the Industrial 
Revolution. The resources and technologies generated in the course of the 
HGP were paramount for the initiation of a genomic revolution. 

In 2010, the 1000 Genomes Project Consortium 
(http://www.1000genomes.org) published the results of the first phase of the 
sequencing of 1000 human genomes (2) while the CEO of Complete Ge-
nomics (a company developing next-generation sequencing technology) 
announced in 2010 a project to sequence at very high coverage  and high 
quality at least one million individual human genomes by 2014 
(http://singularityhub.com/2010/01/26/exclusive-complete-genomics-to-
sequence-1-million-genomes-interview-with-ceo/trackback/). This time the 
focus will shift from performing the actual sequencing to interpreting the 
information in a comprehensive manner, with the intention to gain insights 
in the genetic etiology of most human diseases. 

The gallop of genomics has created mixed feelings in the related field of 
proteomics, which studies organisms in terms of their sets of proteins. Many 
researchers felt that with the human genome sequence available, proteomics 
would receive a significant boost, whereas others suspected that the effort to 
fully analyze and define the contents of the human proteome(s) was still at 
an embryonic stage compared to its genomic counterpart.  

Nevertheless, the identification of all or most human genes has indeed in-
spired several large-scale proteomics projects that rely on this information. 
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The Human Protein Atlas (3) (http://www.proteinatlas.org/) intends to raise 
antibodies and use them to annotate the distribution of all proteins in a multi-
tude of healthy and cancer tissues. The latest version of the Human Protein 
Atlas released in 2010 (4) includes expression data for more than 50% of the 
human protein-coding genes, and it introduced the concept of annotated pro-
tein expression based on confirmatory results from at least two antibodies. 

 Furthermore, scientists from the Institute for Systems Biology in Seattle, 
Washington, and the Swiss Federal Institute of Technology in Zurich, Swit-
zerland are creating a PeptideAtlas, which aims to fully annotate eukaryotic 
genomes through an in-depth validation of expressed proteins 
(http://www.peptideatlas.org/).  

Finally, a recent initiative by the Human Proteome Organization (HUPO), 
called the Human Proteome Project (HPP) (5) aims to characterize at least 
one main protein product of every predicted human gene in terms of abun-
dance, localization and interacting partners.  

Despite the efforts to decode the human proteome, critical voices have 
pointed out that progress in proteomics still lags considerably behind that of 
genomics. While this may be true, it is naïve to compare these undertakings 
in terms of milestones accomplished. First, the proteome, a word derived 
from the combination of the words protein and genome, is the complement 
of proteins expressed by a cell, tissue or organism at a given time and under 
certain circumstances.  Therefore, the composition of the proteome is much 
more dynamic than that of the genome and it differs greatly between cells 
and tissues from the same organism. We therefore cannot speak about the 
human proteome as a single entity since the blood proteome, for example, is 
nothing like that of urine. In addition, the available methods for studying the 
proteome are not yet mature enough to grasp the proteome’s complexity in 
its full extent. 

Thus, efforts, such as those described herein, are needed to construct and 
apply new advanced methodologies that can allow us to study the ever-
changing proteome, serving as the “steam engines” of the proteomic revolu-
tion.   

 

Proteomic studies: justification and challenges 
Given the complexity of the proteome, studies aimed at deciphering it in-
volve many different aspects such as measuring the abundance of each pro-
tein, identifying interactions between protein molecules, and characterizing 
protein post-translational modifications and isoforms, that is variants of pro-
teins most likely encoded by the same gene. Here, I will focus on the explo-
ration of the proteome for disease biomarkers.  
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A biomarker or biological marker is in general “a substance used as an 
indicator of a biological state”. I will narrow the term biomarker to that of a 
protein biomarker, which is a protein or protein complex whose concentra-
tions reflect the presence or severity of some disease state.  

Most efforts in the quest to identify disease biomarkers focus on the blood 
proteome, which is the total set of proteins that can be found circulating in 
the cell-free compartment of blood in an individual. The blood proteome is 
the most commonly sampled proteome, accessible via minimally invasive 
procedures, and it is collected for a plethora of applications (6). Within this 
proteome, blood proteins are molecules that largely or exclusively carry out 
their functions in circulation. The blood proteome also includes proteins 
released into the bloodstream to act as messengers between cells and tissues, 
products of metabolic processes or products that leak out into the blood due 
to tissue damage. 

The most appealing feature of the blood proteome is the same that makes 
it so hard to study, namely its complexity. Blood carries information in the 
form of protein molecules that may originate from any place in the body that 
the blood is able to reach. Thus, it constitutes a registry of processes taking 
place anywhere in the body and contains information regarding an organ-
ism’s state of health. 

Concentrations of proteins in blood may vary by at least 12 orders of 
magnitude, with albumin and immunoglobins constituting approximately 
75% of the blood’s protein content (6). This tremendous concentration span 
creates three major problems for analyzing the blood proteome. First, detec-
tion of proteins present in blood in minute amounts creates a need for analyt-
ical methods with extreme sensitivity. Second, other proteins present in ex-
tremely large amounts create a need for extreme specificity in order to avoid 
cross-reactive detection. Third, simultaneous analysis of protein in different 
abundance classes requires a very broad dynamic range.    

The first protein biomarkers were described as early as 1827 by Richard  
Bright who introduced the measurement of albumin in urine as an indicator 
of kidney disease and Bence Jones who described the first cancer biomarker 
in 1845, known as the Bence Jones protein.  

The heyday of early biomarker discovery started with the development of 
the first non-radioactive immunoassays such as the enzyme-linked immuno-
sorbent assay (ELISA) (7) and the enzyme immunoassay (EIA) (8) in 1971 
and with the discovery of monoclonal antibodies (9) in 1975.  Efforts during 
these early years focused on identifying single proteins as indicators of dis-
ease phenotypes, a strategy still used today. 

Although biomarkers have been sought for many different disease catego-
ries, malignant conditions have attracted the greatest attention. That is pri-
marily because of the paramount importance of early diagnosis in cancer. In 
many cases, cancer is only diagnosed at a late stage when malignant cells 
have already metastasized, drastically decreasing chances of effec-
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tive/curative treatment. More than 60% of patients with ovarian, breast, lung 
or colon cancer already have metastases of the primary tumor at first diagno-
sis (10), which greatly complicates treatment of these patients.  

One of the initial cancer related biomarkers was discovered in 1965 by 
Joseph Gold and Samuel O. Freedman (11). The biomarker was a glyco-
protein found to be involved in cell-adhesion and normally expressed in fetal 
tissues. The protein was elevated in the blood of patients with colon cancer 
and was named carcinoembryonic antigen (CEA). Today, a simple search for 
CEA in PubMed results in approximately 150000 hits, indicating, if not the 
medical importance, then the attention that CEA has attracted over the years. 

During the 1980s, additional biomarkers were identified as early indica-
tors of cancer, including CA 19-9, CA 15-3 and CA-125 for colorectal and 
pancreatic cancer, breast cancer and ovarian cancer, respectively. These 
markers, elevated in diseased individuals compared to controls, were not 
specific to particular types of cancer as CA19-9 can be elevated in non-
cancerous conditions and CA-125 is increased in certain non-malignant gy-
necological conditions.  

Since then, a plethora of cancer biomarkers have emerged. Nevertheless, 
the translation rate of newly discovered markers to clinically useful tests has 
been very slow. Up to the present there are only 200 unique protein targets 
that are assayed in clinical settings (12), corresponding to a mere 1% of the 
total protein-coding genes.  

This limited number of clinically useful protein biomarkers may well be 
primarily due to a lack of an established “biomarker-discovery pipeline”.  
Such a pipeline would ideally provide a structural framework of technolo-
gies to allow efficient discovery and validation of biomarkers for different 
diseases. An example of such a pipeline would (i) identify all possible can-
didate biomarkers via an unbiased approach and (ii) quantify, verify and 
validate the identified candidates via targeted approaches in samples from 
large patient cohorts (13) (14). Such an approach should help to focus efforts 
and resources in biomarker discovery. Currently, efforts are underway to 
coordinate research for cancer biomarkers, the most notable of which is the 
Early Detection Research Network (EDRN) (15) by the National Cancer 
Institute in the USA. In this context, technologies are needed to realize such 
a pipeline. In the following section I will review some of the available tech-
nologies used for protein detection, identification and quantification and I 
will highlight unmet needs and challenges.   

Technologies in focus 
I would like to start this section by pointing out that it is highly unlikely that 
there will be, and definitely is not currently, a “one-size-fits-all” technology 
for protein analysis (16). For example, in the idealized pipeline described 
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above, different stages require different assay characteristics that are unlike-
ly and maybe undesirable to be combined in a single technology. Further-
more, in order to fully grasp the full complexity of the proteome(s), many 
different parameters have to be studied (protein interactions, modifications, 
isoforms, etc). Thus, different technologies are needed that can address these 
different parameters as optimally as possible.   

An ideal assay  
That might seem as a peculiar title for someone who has just claimed that 
there is not and maybe will never be an ideal assay for protein analysis. 
However, I still think it is a worthwhile exercise to consider what an ideal 
assay would look like if it existed, using an ideal biomarker experimental 
procedure as a starting point.  The easiest way to identify potential biomark-
ers would be via the analysis of the abundance of all the proteins in the 
proteome (or subproteomes) of many thousands of patients and control indi-
viduals. That would allow us in just one experiment to identify proteins that 
are differentially expressed in patients and controls as well as among patients 
with different disease progression. Such an experiment would require a tech-
nology that is highly multiplex (allows the analysis of many or all proteins 
simultaneously), extremely sensitive (no false negatives), highly specific (no 
false positives), has a dynamic range that can support its full range of mul-
tiplexing, is quite inexpensive and has a high-throughput (process many 
proteins and samples simultaneously).   

Is there such an assay? The answer is simply no, but there are assays that 
approach at least some of these different characteristics.  

Available technologies 
Immunoassays 
In this section, I will review technologies used to profile the proteome under 
the general category of immunoassays. This is somewhat misleading, how-
ever, since there is a plethora of alternative binders used today alongside the 
traditionally employed immunoglobins in immunoassays for protein detec-
tion. Nevertheless, antibodies remain the most commonly used class of bind-
ers for protein detection assays. For the benefit of structure, I will divide 
immunoassays in single and multi-analyte assays, recognizing the fact that 
this is only one of the many divisions that can be made.  
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Single-analyte (or singleplex) assays 
Radioimmunoassays 
Traditionally used immunoreagents are immunoglobulins such as monoclon-
al or polyclonal antibodies. The affinity reagents that are used in immunoas-
says are usually labeled to allow visualization and quantification of the re-
sults. In the very first generation of immunoassays antibodies were labeled 
with radioactive isotopes.  

The first radioimmunoassay was described as early as 1960 (17)  and was 
used for detection of insulin in humans. The huge impact that this discovery 
had on medical research is reflected by the fact that Rosalyn Yalow received 
the Nobel price in medicine for her description of the first radioimmunoas-
say. Although the use of radioimmunoassays has greatly aided the scientific 
community in detecting and characterizing proteins, the use of radioactivity 
on a daily basis poses a potential health threat and is cumbersome. For this 
reason, effort have been spent on developing labeling strategies that do not 
rely on the use of radioactive material. 

Enzyme linked immunoassays 
The most widely used non-radioactive analogue of the radioimmunoassay is 
the enzyme linked immunosorbent assay (ELISA). In ELISA, an antibody is 
used for detection of the antigen upon capture on a solid support. The detec-
tion antibody is labeled with an enzyme, such as horseradish peroxidase or 
alkaline phosphatase, which is used to generate a detectable signal, usually a 
change in color, fluorescence or luminescence, upon addition of a suitable 
substrate, thus allowing the detection of antigens without the use of radioac-
tive material. 

ELISA was first described in 1971 by Engvall and Perlmann (18) for the 
detection of immunoglobulin G. In parallel, an enzyme immunoassay (EIA) 
was developed by van Weemen and Schuurs (8). ELISA and EIA were based 
on slightly different assay designs but they both used the principle of coupl-
ing an antibody to an enzyme rather than a radioisotope. The two groups’ 
work was based on previous technological advances such as the conjugation 
of antibodies to enzymes described by Avrameas (19) and Nakane and 
Pierce (20), and the immobilization of antibodies on solid supports described 
by Wide and Porath in 1966 (21).   

Besides the elimination of radioactive materials, enzyme linked assays of-
fered further advantages. The catalytic nature of enzyme-mediated substrate 
conversion leads to amplification of the signals from the binding of the anti-
body to the antigen into a macroscopically detectable signal. 

ELISA is still widely used and is considered the gold standard for clinical 
applications where protein detection and quantification is desired (22). 
ELISA can be performed with the use of one antibody as a capture agent, 
while detection occurs via labeling of the total protein content of a sample 
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with a moiety such as biotin, followed by addition of streptavidin labeled 
HRP or any other suitable enzyme or fluorescent moiety. Although this for-
mat of the assay is simple to design and perform, most ELISAs used today 
are so-called sandwich assays. Sandwich assays also use one antibody for 
capturing the antigen on a solid-support but in addition employ a secondary 
antibody for the detection of captured antigens. The introduction of a sec-
ondary antibody enhances assay specificity via the requirement for two bind-
ing events in order for signal to be generated, and it obviates the need to 
label each sample to be investigated.  

Assays in which an antibody is immobilized on a solid support with the 
purpose of capturing an antigen of interest are known as forward phase as-
says. In contrast, assays exist where samples, such as blood or recombinant 
proteins are immobilized on a solid support and subsequently probed with 
labeled specific antisera. Such assays are known as reverse phase assays. A 
schematic summary of the different ELISA formats discussed above can be 
seen in Figure 2.  

Although characteristics of ELISA may vary depending on antibody af-
finity and optimization, an average ELISA has a limit of detection of 1 
pg/ml, three logs of dynamic range and coefficients of variation between 5-
20% for replicate measurements (23).  

 
 

 
 
 
 
 
 
 

Figure 2. Schematic representation of different ELISA formats. (A) single-
binder ELISA (forward phase), (B) dual-binder sandwich ELISA (forward 
phase) and (C) reverse phase ELISA where the antigen is immobilized on 
the solid support instead of the antibody. In all three cases a substrate is 
converted into a detectable signal by an enzyme coupled to the antigen or the 
detection antibody.  

”Ultra-sensitive” singleplex immunoassays 
The need to analyze even molecules present in very low concentrations, such 
as hormones, has prompted an ongoing optimization of immunoassays with 
sensitivity of detection as the primary focus (24). The earliest reports of ex-
treme sensitivity were published back in 1979 with two methods claiming 
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detection of as few as 24000 molecules/L (40 zmol/L) of mouse IgG (25) 
and 600 molecules/L (1 zmol/L) (26) of a cholera toxin.  

An innovative and revolutionary idea was presented in the early 1990s by 
Sano and colleagues (27) named immunoPCR (iPCR). The authors coupled 
DNA molecules to antibodies in order to detect antibody binding via poly-
merase chain reaction (PCR). PCR (28, 29) is a powerful technique, allow-
ing specific amplification of DNA by many orders of magnitude, thus great-
ly amplifying the signal for each antigen recognition event. This can result in 
a huge improvement of the detection limit of the immunoassay compared to 
conventional ELISA, provided that non-specific background can be kept 
low. Furthermore, labeling antibodies with DNA molecules is easier than 
labeling with enzymes, which are bulky molecules and usually less stable 
than DNA. On the other hand, the early iPCR assays used post assay quanti-
fication techniques that were more cumbersome than the ones used in 
ELISA, where the assay is basically finished after the addition of the sub-
strate. This is mainly because DNA amplicons, although quite abundant, 
cannot be macroscopically quantified in contrast to the substrate conversion 
in ELISA. In early papers, the resulting DNA amplicons were analyzed with 
traditional gel-electrophoresis (27, 30-33), which is not very suitable when 
precise quantification is required and it is quite laborious.  

DNA labeled immunoassays received a dramatic boost in the late 1990s 
with the invention of quantitative or real-time PCR (qPCR) (34). In qPCR, 
both amplification and detection is performed within the same reaction by 
the addition of a fluorescent detector that is specific for the amplified se-
quence or simply intercalation dyes specific for double stranded DNA, such 
as SYBR dye.  

With the introduction of qPCR it did not take long before researchers 
started using it as a readout platform for DNA antibody-labeled based im-
munoassays (35, 36). Besides PCR, other strategies for amplification and 
quantification of DNA attached to antibodies exist, such as rolling circle 
amplification (RCA) (37, 38). 

Yet another ultra-sensitive immunoassay, called bio-barcode assay, has 
been developed by the group of Chad Mirkin (39). In this method, proteins 
are captured on magnetic nanoparticles and subsequently detected by antibo-
dies that are co-immobilized on gold particles along with barcode DNA mo-
lecules. Upon detection, the DNA molecules are released and recaptured on 
a DNA microarray. Analysis of the DNA barcodes is done by catalysis of 
silver reduction by gold particles and the detection of the light-scattering of 
the developed silver spots. In a more recent version of the assay gold me-
diated silver reduction was substituted with fluorecence-labeled DNA-
barcodes (40).  

More recently, Rissin et al. were able to demonstrate a ”single-molecule” 
ELISA with limit of detection in the subfemtomolar range (41). The authors 
employed femtoliter-sized reaction chambers called single-molecule arrays 
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for the isolation and subsequent detection of single enzyme molecules cap-
tured on magnetic microparticles. They used this method to detect prostate-
specific antigen (PSA/Kallikrein-3) in patients that had undergone radical 
prostatectomy enabling earlier monitoring of such patients for prostate can-
cer recurence. The technology is being commercialized by the company 
Quanterix (http://www.quanterix.com/).  

Another company, Singulex (http://www.singulex.com/), is commercia-
lizing a single molecule immunoassay called Erenna with subfemtomolar 
sensitivity. Enhanced sensitivity is achieved via capture of antigens by anti-
bodies on magnetic microparticles and subsequent detection with fluores-
cence-labeled antibodies. The labeled antibodies are then eluted from the 
surface of the microparticles and detected in a capillary-flow single-
molecule fluorscence reader (42, 43). This technology has found use in the 
detection of troponin an indicator of acute myocardial infraction (44-46).  

Single-molecule assays present unique advantages over assay counter-
parts that perform measurements in bulk, such as a typical ELISA. First of 
all, by digitally recording individual fluorescent molecules, background fluo-
rescence originating from, for example, microtiter plate material can be dis-
cerned from the true antibody-tagged fluorescence, thereby enhancing assay 
sensitivity (42).  Secondly, by confining reactions to a very small volume, 
signals generated upon enzymatic conversion of a substrate can be detected 
at the single-molecule level due to concentrated signal (41). Finally, digital 
recording of individual signals, in contrast to conventional analog measure-
ments of bulk fluorescence, can help improve assay precision provided that a 
sufficient number of events are detected, to avoid Poisson derived noise.  

It should be noted here that single-molecule assays do not necessarily 
measure every single molecule. Let us assume a single-molecule assay that 
measures individual fluorescence-labeled antibodies that are bound to the 
protein of interest and exhibits the advantages mentioned in the previous 
paragraph. The assay may nonetheless still require a million protein mole-
cules to be present in order to record a single fluorescence event. This can be 
due to many reasons such as low antigen detection efficiency, high back-
ground signals due to low assay specificity, and/or possible poor reagent 
quality (for example, low ratio of labeled to unlabelled detection reagents). 

Despite the previously mentioned advantages that single-molecule assays 
have over non-single molecule assays, they are still far from perfect. Regard-
less of their sensitivity, most of these assays are still based on conventional 
molecular architectures such as sandwich-type dual-binder recognition of 
proteins. Limited requirements for the generation of signal can result in low 
assay specificity. In turn, this translates into increased background signals 
due to unspecific absorption of antibodies and false-positive signals due to 
erroneous antigen recognition by pairs of antibodies (antibody cross-
reactivity).  
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The negative effect of cross-reactivity on assay sensitivity becomes a 
greater problem when assays are multiplexed to a high degree. In addition, 
since cross-reactivity among antibodies and antigens increases approximate-
ly in proportion to the square of the number of antibodies employed, the 
degree of multiplexing that can be achieved is limited.  

Multi-analyte (or multiplex) assays 
I previously mentioned that one of the characteristics of an ideal assay is 

the assay’s multiplexing potential, which refers to the ability of the assay to 
measure a large number of analytes simultaneously. In recent years, the im-
pact that multiplex assays have had on genomics has inspired an increasing 
interest to also develop multiplex protein detection assays (23, 24). In the 
field of biomarker discovery, multiplexed measurements are of paramount 
importance since panels of biomarkers can result in clinical tests with higher 
sensitivity and specificity compared to single biomarker tests (23).  

Multiplex immunoassays were first described more than 20 years ago by 
Ekins et al. (47-49) and have advanced rapidly (37, 50-53) to play a predo-
minant role in proteomics. Most multiplex immunoassays are heterogeneous-
phase assays, meaning that capture and detection are performed on some sort 
of solid support such as the surface of a glass slide (planar assays) or those 
of microparticles (bead-based assays). In principle, the three different assay 
architectures namely, single-binder (53-55) or sandwich (38, 50, 56-59), 
forward phase assays and reverse phase assays (60-65) discussed earlier in 
the context of ELISA-based singleplex assays are also employed in multip-
lex solid-phase immunoassays.  

In addition to microarrays printed on functionalized planar surfaces, pa-
rallelized and miniaturized platforms are offered by bead-based or similar 
technologies (66). One commercially available system is built on the prin-
ciple of immobilizing capture reagents onto beads that can be distinguished 
by their fluorescent spectra. These are used in combination with a flow cy-
tometer-based read-out system that records the co-occurrence of bead color 
codes and the bound and detected target molecules on the surface. The sys-
tem currently allows display of up to 100 or even 500 separate classes of 
particles, and the technology is commercialized by Luminex Corporation.  

Other approaches for multiplex immunoassays include nanotag magnetic 
sensing (67), and integrated barcode chips (68). Both of these assays have a 
lower multiplexing potential but exhibit an improved sensitivity compared to 
the previously described array-based methods. 

Mass-spectrometry 
Mass-spectrometry (MS) is a technique that measures the mass-to-charge 
ratio of charged particles and it encompasses a very wide range of tech-
niques, instrumentations and applications. Nonetheless, all mass-
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spectrometers produce mass-spectra, which determine the mass-to-charge 
ratio of the identified ions and the abundance of each of these ions.  

For the description of MS technologies that are currently used in proteo-
mics and biomarker research, I have divided the technologies into two broad 
categories: non-targeted or unbiased approaches and targeted approaches.  

 

Non-targeted MS 
Non-targeted-MS (NT-MS) methods are very appealing for the identification 
of new proteins as biomarkers in discovery-oriented studies. This is primari-
ly because NT-MS does not require any information on the nature of the 
molecules analyzed in contrast to targeted-MS (T-MS). 

NT-MS includes both pattern and identity based methods. In the case of 
pattern-based methods, patterns of mass-spectra are produced reflecting the 
protein composition of the sample that is being analyzed. These patterns are 
produced primarily by ionization of the sample’s proteins by surface-
enhanced (10, 69, 70) or matrix-assisted (71, 72) laser desorption-ionization 
(SELDI and MALDI respectively) or most commonly via electrospray ioni-
zation (ESI)(73). All these techniques are called soft ionization techniques 
since they allow ionization of large and polar molecules without physically 
destroying these.  

In MALDI, the sample is mixed with a matrix and is allowed to crystall-
ize on a solid surface. When a laser is directed at the surface, the co-crystals 
are irradiated and both the matrix and the molecules contained in the sample 
are ionized and sublimated.  

SELDI is a modified version of MALDI with the main difference being 
that protein molecules are first immobilized on a functionalized surface. 
Upon removal of non-immobilized protein molecules, a matrix is added as in 
the case of MALDI and the sampled molecules are allowed to crystallize 
with the matrix molecules.  

In ESI, molecules are dissolved and analyzed in a liquid solvent. This 
technique, electrospray ionization for the analysis of macromolecules won 
John Bennett Fenn the Nobel Prize in Chemistry in 2002. 

In identity-based methods, the identities of the analyzed peptides (se-
quences) are inferred during the analysis. For this reason, and because of the 
difficulties involved in deciphering the identities of molecules through mass-
spectrometric patterns (74), identity-based methods are preferred in NT-MS. 
The peptides are usually identified by using a tandem MS approach 
(MS/MS), and coupled with an in-line liquid chromatography used for sepa-
ration of peptides based on their biophysical properties (LC-MS/MS). In 
MS/MS, the peptide is first isolated from a mixture of peptides in the mass-
spectrometer and later fragmented to produce m/z values of the different 
fragments. The identity of the peptides can be inferred after mining databas-
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es (75) according to established guidelines in order to ensure consistent re-
sults (76). 

Targeted MS 
In targeted MS approaches, there is a priori selection of molecules to analyze 
in the mass-spectrometer. Therefore, targeted MS approaches are less well 
suited for the discovery of new candidate-biomarkers.  

The most commonly used technology to perform targeted MS is selective 
reaction monitoring (SRM) and multiple reaction monitoring (MRM). In a 
typical MRM experiment, peptides are first selected in the mass-
spectrometer based on their m/z value, fractionated, and a selected fragment 
(also based on m/z value) of those selected peptides is measured as a repre-
sentation of the protein from which it was derived.  

MRM has an increased sensitivity, accuracy and throughput over the pre-
viously discussed NT-MS technologies. Furthermore, MRM can be used for 
simultaneous analysis of a moderate number of proteins (between 30 and 
100).  

MRM has been also coupled with upstream selection of peptides of inter-
est in a method called Stable Isotope Standards and Capture by Anti-Peptide 
Antibodies (SISCAPA) (77, 78). In SISCAPA, specific peptides are enriched 
via capture by anti-peptide antibodies prior to analysis by MS. Furthermore, 
the method allows for quantification of enriched peptides via the use of sta-
ble-isotope-labeled internal standards of the same sequence as the peptides 
of interest. With SISCAPA, the developers were able to demonstrate an im-
proved sensitivity compared to other MS approaches albeit with limited mul-
tiplexing (79).  

MS is believed by many to be the method with the greatest potential in pro-
teomics and specifically for biomarker discovery and validation. It is true 
that MS approaches exhibit high levels of specificity and have so far demon-
strated the highest degree of multiplexing with up to a few thousand proteins 
measured simultaneously. Moreover, the multitude of MS approaches rend-
ers MS able to fulfill the requirements at different stages of a biomarker 
discovery pipeline, from the discovery of potential biomarker candidates 
(non-targeted MS) to biomarker validation and verification (targeted MS).  

Despite that potential, MS methods have their pitfalls. One of the major 
problems with MS is the method’s reproducibility - this particulary applies 
to non-targeted LC MS/MS. Reproducibility of LC MS/MS is hindered by 
the many steps included in a typical MS experiment, including sample frac-
tionation to peptides, subsequent separation of peptides by LC, stochastic 
selection of peptides ions to be sequenced, assignment of ion spectra to pep-
tides, and identification of proteins from the identified peptides. The com-
plexity of the experimental design can lead to differences in the set of pro-
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teins that are identified in the same sample between different runs or differ-
ent laboratories.  

In a recent study by Bell et al. (80), the authors designed a sample of 20 
purified proteins at equimolar concentration and dispatched the sample to 27 
laboratories asking them to identify the proteins included in the sample. On-
ly seven of these 27 laboratories were able to detect all 20 proteins. Howev-
er, upon more careful analysis of the raw data either by the authors or by the 
participating laboratories with feedback from the authors, all 27 groups were 
able to identify the 20 proteins. As Ruedi Aebersold concludes (81), this 
study shows that with sufficient training and care in experimental design, 
MS can produce highly reproducible data.  

Nevertheless, the study by Bell and co-workers was performed with a ra-
ther idealized sample, which in no way resembles the complexity of a prote-
ome. In a ”real” sample, Aebersold suggests that reproducibility could be 
achieved via extensive peptide sampling and sequencing, although this 
would limit throughput and increase cost, time and effort (81). Furthermore, 
even with extensive (over)sampling, abundant peptides will be overepre-
sented while less abundant peptides may go undetected.  

Targeted MS approaches could circumvent some of these problems by a 
priori selection of peptides to be analyzed but at the cost of loss of informa-
tion, making these approaches less suitable for true candidate biomarker 
discovery. In addition, antibody-based targeted MS approaches still rely on 
the specificity of the antibodies, with all the implications that might have on 
assay specificity.  

Proximity ligation assays 
The proximity ligation assay was first described in 2002 (82). The concept of 
PLA combines characteristics of methods in use in both proteomics and ge-
nomics. As I discussed previously, scientists have experimented with many 
different approaches to label antibodies, including radioisotopes, enzymes, 
gold particles and fluorescent molecules. The driving force for the develop-
ment of these different strategies has mainly been the improvement of assay 
sensitivity either via the amplification of correct signals, suppression of un-
specific signals or both. ELISA was the first immunoassay to demonstrate 
the importance of signal amplification in improving assay sensitivity. The 
signal from every single antigen recognition event is amplified by an enzyme 
in proportion to the time of incubation (signal-based amplification in con-
trast to target based amplification (83)) thus resulting in a detectable signal 
generated by just a handful of antigen-antibody recognition events.  

A related principle is utilized by PCR for DNA analysis. By exponentially 
accumulating identical copies of a specific DNA sequence in a sensitive and 
specific manner, PCR allows the detection of just a few copies of the target 
nucleic acid sequence (target based amplification).   



 24 

PLA added an extra dimension to iPCR, drawing inspiration from me-
thods used for analysis of DNA such as the oligonucleotide ligation assay 
(84) or padlock probes (85). In the latter two methods, ligation is used as a 
means to enhance assay specificity and minimize unspecific signals by re-
quiring more than one recognition event of the investigated sequence in or-
der to a generate signal.  

In PLA (Figure 3), the antibodies used for detection of the antigen of in-
terest are labeled with short DNA oligonucleotides as in the case of iPCR. 
The difference is that two different antibody-oligonucleotide conjugates 
(PLA probes) are used, having different oligonucleotides attached to them. 
Upon recognition of the same target by the two PLA probes, the oligonuc-
leotides on the two antibodies are brought in proximity and are allowed to 
ligate by the addition of a short complementary connector oligonucleotide to 
their free ends. This newly generated DNA sequence can now be amplified 
and detected by qPCR as in the case of iPCR. In this way, one can combine 
the exponential amplification of signal via PCR with a substantial decrease 
of background noise through the requirement for dual, proximal binding, 
thus achieving even lower limits of detection compared to conventional 
iPCR mediated immunoassays.  

 
Figure 3. The principle of PLA. In solid-phase PLA, incubation of the sample with 
the solid support (A) is followed by addition of PLA probes (B). Upon antigen rec-
ognition, the oligonucleotides on the probes are joined by ligation and the ligation-
derived PLA product is subsequently detected via qPCR (C). In solution-phase PLA, 
the probes are added to the sample (D) and upon binding the oligonucleotides are 
joined by ligation, followed by qPCR (E).  
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Furthermore, the requirement for dual binding is a very appealing feature in 
multiplex PLA assays. As in sandwich immune assays, the dual recognition 
augments specificity of detection. In the context of multiplex assays this 
effect can be eroded, however, by increasing opportunities for cross-reactive 
detection by the different antibody pairs with increased level of 
multiplexing. Here, PLA provides valuable opportunities to limit detection to 
only those reactions where correct pairs of antibodies have recognized an 
antigen. This can be achieved by two approaches, namely constrained 
ligation and constrained amplification, or combinations thereof. In 
constrained ligation PLA oligonucleotides are designed in a way that only 
allows for the correct pair of oligonucleotides to be ligated -that is ones that 
are located on antibodies targeted against the same antigen. That can be 
achieved by designing ligation splints (oligonucleotides on which the ends of 
PLA oligonucleotides hybridize to be ligated) that are specific for each pair 
of PLA oligos. 

In constrained amplification, only the “correct” ligation products can be 
amplified by PCR. That is achieved by the incorporation of specific PCR 
primers in every pair of PLA oligos. The concept of constrained ligation and 
amplification is described in Figure 4. In addition, both constrained ligation 
and amplification are employed in paper III. 

 
Figure 4. (A) Constrained ligation. In multiplex PLA ligation splints can be de-
signed to allow only the correct combinations of oligos to be ligated upon proximal 
binding. (B) Constrained amplification. In multiplex PLA ligated oligos are quanti-
fied via real-time PCR by using specific sets of primers so that only correct ligation 
products are amplified.  
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After the initial publication of PLA in 2002 and the adaptation of the assay 
to the use of antibodies (86) PLA has been used in numerous applications 
such as for visualization of proteins in situ (87, 88), to detect infectious 
agents (89, 90) and protein-DNA interactions (91) or phosphorylation, and to 
measure biomarkers  both in singleplex (86, 92, 93) and in multiplex (94-
96). 

Although the standard PLA employs two antibodies as detector moieties 
(2PLA), three (97) or even four (Tavoosidana et. al., submitted) antibodies 
can also be used to generate the amplifiable DNA strand via ligation, thus 
resulting in even greater suppression of background and the ability to detect 
large protein complexes such as prostate-derived microvesicles called pros-
tasomes, a class of exosomes, described in paper IV.  

The question is whether we are there yet? Is PLA a sufficiently mature tech-
nique to be used in all different applications? The answer must be no. PLA 
has yet to demonstrate its full potential as a method for high performance 
protein detection as well as to study large organelles, protein complexes and 
protein modifications. Although PLA has demonstrated proof-of-concept in 
many of these areas, these demonstrations constitute the first step towards 
the establishment of PLA as a high-performance immunoassay. More work 
is needed to address remaining issues.  

The sensitivity of PLA, although mostly superior to that of conventional 
ELISAs, is still not at the level that it should be and can often be inferior to 
that of state-of-the-art assays. This discrepancy between expected and ob-
served sensitivity (usually expressed via LOD) is primarily due to reduced 
efficiency of detection. The main advantage of PLA, namely the multiple 
recognition events required to correctly identify a given entity, seems also to 
be its main disadvantage. The probability of identifying the correct molecule 
decreases exponentially with the number of antibodies that are required to 
bind in order to generate signal. That should constitute an even greater prob-
lem when the protein molecules that are being detected are of a limited size, 
thus possibly limiting the number of antibodies that can simultaneously bind 
the same protein molecule or when the number of available epitopes is li-
mited. Efforts to increase detection efficiency can include optimizing antigen 
capture on the solid support and the application of alternative classes of 
binders that are smaller than antibodies, such as aptamers or single-chain 
fragments.  

Another issue that needs to be addressed in that of precision. At present 
PLA exhitibs a CV% (s/μ) of around 20-40%, far above the CV% of assays 
that are routinely used in clinical practice. Improving precision would allow 
PLA to achieve higher sensitivity and increase the reliability of PLA-derived 
data. The main obstacle in our efforts is to decrease variation is the use of 
PCR that exhibits CV% in the range of 5% to 60% for very low abundant 
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molecules. Efforts to address this are underway, and one alternative, that of 
next-generation sequencing, is described in paper III.  

I believe that if the issues outlined in this section are appropriately ad-
dressed, and in combination with a continued effort to further increase mul-
tiplexing and throughput, PLA can and will play a major role in future pro-
tein analysis.   

Epilogue 
The search for protein biomarkers in cancer takes as its aim to identify mole-
cules that can be used for the diagnosis, prognosis and monitoring of malig-
nancies. Only a handful such molecules are available today and even fewer 
are used routinely in the clinic. Does this mean that hopes of identifying 
protein biomarkers for cancer should be abandoned? In my opinion the 
course of action should be quite the opposite. Efforts for identifying cancer-
biomarkers should be strengthened, although the work must be done in a 
more systematic way. Based on the assumption that each deviation from 
healthy homeostasis results in a certain change at the molecular level, these 
changes should be detectable if we manage to look deep enough and are 
careful to discern diagnostic effects from unrelated changes.  

From a study-design perspective, this implies that great caution should be 
taken when designing studies intended to identify candidate biomarkers and 
even greater caution when attempting to validate candidates for clinical use. 
From a technology perspective, it means that methods should be developed 
that allow us to study even the rarest of molecules with a high degree of 
certainty in our results.  

Suitable architectures of cancer biomarker discovery and validation pipe-
lines have been previously suggested (13, 14, 98) while guidelines for bio-
marker validation are available from the American Society of Clinical On-
cology National Comprehensive Cancer Network and the American Associa-
tion of Clinical Chemistry. Furthermore, methods that can fulfill the needs at 
different stages in such pipelines do exist, and although far from perfect they 
should be adequate to initiate an effective process. The relation of different 
steps in such a pipeline with the use of different methods has been previous-
ly discussed in two excellent publications (13, 14). 

Biomarker discovery should include both discovery-based and hypothe-
sis-driven stages. Methods used during the discovery phase should be un-
biased or non-targeted as the aim of the phase is to identify a large number 
of candidates that can be validated in later stages.  

By contrast, methods used during the qualification, verification and vali-
dation phases should be targeted and have attributes that allow the precise 
and sensitive analysis of candidate biomarker needles in complex proteomic 
haystacks in a high-throughput manner. The work described in the following 
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section is mostly focused on the development of such methods, building on 
the concept of PLA.  
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Present Investigations 
In this section, I will describe the work included in this thesis in detail. Each 
paper is discussed in three sections, introduction, aim of the study and sum-
mary of findings.  

Paper I. Self-assembly of proximity probes for flexible and 
modular proximity ligation assays 

Introduction 
Proximity ligation assays require the successful conjugation of antibodies to 
oligonucleotides. There are various approaches to achieve this conjugation, 
the most commonly used are described below.  

Conjugation of the oligonucleotides indirectly to the antibody via protein 
A as described in the first published iPCR paper (27) where the oligonucleo-
tide was covalently linked to protein A which in turn bound to the antibody 
through recognition of its Fc region.  

Conjugation of a biotinylated antibody to a streptavidin-conjugated oligo-
nucleotide, via the interaction of biotins and streptavidin (86, 89)  

Indirect linking of a biotinylated antibody and a biotinylated oligonucleo-
tide using a streptavidin tetrameric protein (30) as an intermediate linker.  

The direct covalent conjugation of antibodies and oligonucleotides has cer-
tain disadvantages such as problems of reproducibility, since the amount of 
active oligonucleotide-labeled antibodies obtained in different conjugations 
can vary significantly. Furthermore, for solution phase PLA, extensive puri-
fication of the resulting mixture of unconjugated and conjugated antibodies 
and free oligonucleotides is required in order to minimize unspecific signal 
caused by the presence of free oligonucleotides and/or inhibition of signal 
due to the presence of free antibodies.  

The biotin-streptavidin approach is more robust than its covalent counter-
part, and biotinylated antibodies are readily available from various commer-
cial sources. Nevertheless, the conjugation of oligonucleotides to streptavi-
din is hindered by the same difficulties as the direct covalent conjugation of 
antibodies and oligonucleotides. Streptavidin-conjugated oligonucleotides 
are helpful for simpler assays when the same reagents can be used with 
many different biotinylated antibodies while the approach is not very cost 
effective when multiple new oligonucleotide systems need to be tested, as is 
the case when new assays are being investigated or for multiplex PLA de-
velopment. In such cases many different oligonucleotides need to be conju-
gated to antibodies so that their performance can be evaluated, rendering 
biotin-streptavidin conjugation unsuitable.  
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On the other hand, biotinylated oligonucleotides can be routinely synthe-
sized and purchased from commercial sources, which is also true for biotiny-
lated antibodies.  

Aim of the study 
The purpose of the study was to evaluate the performance of the biotin-
streptavidin-biotin conjugation approach in PLA and compare it to the ap-
proach using covalently linked oligonucleotide-streptavidin conjugates and 
biotinylated antibodies .  

We wanted to assess whether or not PLA derived ligation products could 
be stored after ligation for subsequent PCR amplification (three-step-
protocol). This is in contrast to the usual experimental PLA protocol in 
which ligation and PCR is performed in the same mix and PCR immediately 
follows ligation (two-step-protocol).  

Summary of findings 
We were able to successfully establish the biotin-streptavidin-biotin conju-
gation approach of oligonucleotides to antibodies for PLA. We successfully 
demonstrated detection of VEGF and TNFα, illustrating that the perfor-
mance of the assay was not greatly affected by the indirect conjugation. Fur-
thermore, we could alternate one of the three oligonucleotides used, with 
ease and with no need for cumbersome conjugations. Thus we showed that 
the biotin-streptavidin-biotin conjugation is very well suited for setting up 
new PLAs where different oligonucleotide designs need to be tested.  

We also demonstrated that the three-step-protocol performs equally well 
as the two-step-protocol. The modified version of the experimental protocol 
can be used when PCR capacity is low or when samples need to be shipped 
prior to detection.  

Paper II. Sensitive plasma protein analysis by microparticle-
based proximity ligation assays 
Introduction 
Detection of proteins in blood, which can serve as indicators of biological 
processes, is of key importance for applications such as early diagnosis and 
prognosis and follow-up on therapy. Nevertheless, in-depth analysis of the 
blood proteome is hindered by the inherent characteristics of the proteome 
such as its complexity not only in regard to the number of proteins that it 
contains, estimated to be in the millions (6), but also in their relative abun-
dance which spans over a wide range of at least 12 orders of magnitude (6). 
To address these problems, protein diagnostic assays are needed that meet 
the requirements of different applications. In research for instance, assays 
need to be multiplexed, have low sample consumption, high sensitivity and 
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be easily adaptable in different laboratories, while for assays to be used in 
the clinic, they need to be simple, inexpensive and highly reproducible with 
minimal variation. 

Aim of the study 
In this study, we wanted to develop a solid-phase version of PLA (SP-PLA) 
for analysis of complex clinical material. Our aim was to establish a robust 
protocol and evaluate its characteristics and potential in clinical applications.  

Summary of findings 
We established a SP-PLA protocol using microparticles for the detection of 
VEGF, IL8 and IL6 and compared it to the previously described test tube 
solid-phase protocol (99). The two different approaches performed equally 
well, with limits of detection in the fM range, while the bead-based newly 
develop PLA required significantly less time to complete.  

We compared SP-PLA to state-of-the-art ELISAs and could show that 
SP-PLA readily detected up to 100 times lower concentrations of VEGF, IL8 
and IL6 while showing a broader dynamic range by at least an order of mag-
nitude. Furthermore, SP-PLA required much less sample, demonstrating that 
it is very well suited for analysis of sample material of limited quantity.  

We set up assays for nine different proteins, all with very low limits of 
detection and broad dynamic ranges. The SP-PLA protocol is thus easily 
adaptable for analysis of different proteins and with good results. 

In addition, we validated the performance of the newly developed proto-
col to analyze patient material for detection of GDF-15, an emerging cardiac 
biomarker. We showed that SP-PLA exhibits a very good reproducibility and 
correlation to already established commercial ELISAs. 

Paper III. Multiplex solid-phase proximity ligation assays: 
Highly specific and parallel protein measurements with DNA 
readout. 
Introduction 
During the past years the ability to analyze and characterize the genome has 
been greatly augmented by methods such as microarrays and next-generation 
sequencing. These methods allow huge amounts of information to be gener-
ated that if properly analyzed can be converted to new knowledge about the 
nature and dynamics of the genome, epigenome and transcriptome and the 
connection between genetic information and disease.  

Huge progress has also been made in proteomics, mostly driven by tech-
niques such as protein/antibody microarrays and mass spectrometry. Never-
theless, up to the present mining of the proteome has delivered only a hand-
ful of protein molecules that can be used as indicators of pathological condi-
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tions or to guide prognosis and follow-up after treatment of disease. That is 
primarily due to the complexity of the proteome, which in order to be effi-
ciently studied requires methods with extreme sensitivity, specificity and a 
high-degree of multiplexing.  

The gold standard in protein analysis has been the immunoassay. Despite 
this, development of multiplex sandwich immunoassays is usually hindered 
by cross-reactivity between the different immunoreagents (23). Although 
multiplex sandwich immunoassays do exist, the number of proteins that can 
be simultaneously analyzed without interference from antibody cross-
reactivity is rather limited. Thus methods are needed that facilitate higher 
grades of multiplexing while avoiding cross-reactivity.  

PLA has proven its potential for multiplexing in the work presented by 
Fredriksson et al. (94-96), where a solution phase PLA was set up for simul-
taneous detection of up to 24 protein markers. We believe that a SP-PLA 
approach will allow an even greater number of proteins to be simultaneously 
analyzed while retaining low limits of detection and cross-reactivity among 
reagents.  

Aim of the study 
In this study we wanted to develop a highly multiplex SP-PLA assay. Fur-
thermore, we wanted to demonstrate the potential of a PLA-based approach 
to facilitate higher degrees of multiplexing compared to conventional single-
binder or dual-binder approaches that are limited by antibody cross-
reactivity. 

In addition, we wanted to utilize the power of next-generation DNA se-
quencing techniques as readout platforms for PLA instead of real-time PCR. 
In this way, we aimed to achieve highly parallel digital recording of PLA-
derived oligonucleotides to increase assay precision and throughput.  

Summary of findings 
We report the development of a SP-PLA for the simultaneous detection of 
36 proteins in just five μl of blood. We did so by employing the same polyc-
lonal antibody as a capture moiety and as two PLA probes upon covalent 
attachment of oligonucleotides.  

We investigated any cross-reactivity between all antibodies and antigens 
included in the panel by performing assays in the presence of all probes and 
only one recombinant antigen. We were able to show that unspecific recog-
nition of proteins by antibodies occurred at a minimal level and only at very 
high concentrations. For most proteins included in the panel, these concen-
trations were much higher than their physiological levels. Furthermore, we 
assessed the increase in background signals as a result of multiplexing, com-
paring background signals in singleplex and multiplex for all antibodies. We 
found a very low tendency for background signals to increase as a result of 
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multiplexing, much lower compared to sandwich assays, arguing that further 
multiplexing should be quite feasible.  

We proceeded by comparing the sensitivity of multiplex PLA to that of 
conventional sandwich immunoassays performed on the Luminex platform. 
Among 35 proteins, multiplex PLA exhibited lower LOD for 27 analytes 
while the sandwich immunoassay had a lower LOD for the remaining 8. On 
average, multiplex PLA achieved a LOD that was lower by 1.5 orders of 
magnitude.  

We demonstrated the use of next-generation sequencing as readout for 
multiplex SP-PLA thus digitally recording protein profiles in plasma sam-
ples. We were able to show good correlation between results obtained by 
sequencing and real-time PCR and established that proteins included in the 
panel could be investigated by sequencing, taking into account any biologi-
cal variation.  

Last but not least, we demonstrated the potential of multiplex PLA for the 
determination of protein profiles in clinical samples. We analyzed two sam-
ple cohorts from patients with colorectal cancer (CRC) and cardiovascular 
disease (CVD) and we were able to classify patients and healthy controls 
with high specificity and sensitivity.  

Paper IV. A multiple recognition assay reveals prostasomes as 
promising plasma biomarkers for prostate cancer 
Introduction 
Prostasomes are micro vesicles produced by the luminal prostatic epithelial 
cells, and they were first described by Ronquist and Brody in 1985 (100). 
They can vary in size ranging from 40 to 500 nm with an average size of 150 
nm and they are released in the lumen of the prostate gland by two mechan-
isms, namely exocytosis and diacytosis (100). Furthermore, they have multi-
lamellar lipoprotein membranes that contain an unusually high concentration 
of cholesterol and phospholipids (101, 102). A study aiming to characterize 
the prostasome proteome (103) identified 139 proteins classified into 6 cate-
gories, enzymes, structural and transport proteins, GTP proteins, chaperone 
proteins, signal transduction proteins and unannotated proteins, with the 
highest amount of proteins being enzymes (35%).   

Although the role of the prostasomes has not been fully elucidated, it is 
now believed that their main function is to interact and protect spermatozoa 
upon ejaculation prior to their encounter with the oocyte (104, 105). This can 
be achieved via hydrophobic fusion with the spermatozoa resulting in the 
transfer of proteins from the prostasomes to the latter. The mechanisms by 
which prostasomes directly and indirectly influence sperm function have 
been reviewed elsewhere (106). To carry out their functions, prostasomes are 
normally released in the seminal fluid. Prostasomes could be promising bio-



 34 

markers for prostate cancer since invasive growth of malignant cells in the 
prostate might lead to their release in the interstitial space and subsequently 
the peripheral circulation.  

Aim of the study 
In this paper we wanted to evaluate the suitability of prostasomes circulating 
in blood as biomarkers for prostate cancer. To detect prostasomes with high 
sensitivity and specificity, we developed a variant of the SP-PLA that utiliz-
es five antibodies, named 4PLA. In 4PLA, one antibody (a monoclonal anti-
body) is used as capture while another four antibodies, thus 4PLA, (two mo-
noclonals and two aliquots of the same polyclonal) are conjugated to oligo-
nucleotides that upon proximal binding give rise to an amplifiable DNA 
sequence.   

Summary of findings 
We started by comparing the performance of the newly developed 4PLA to 
that of conventional 2PLA for the detection of prostasomes. We found that 
4PLA outperformed 2PLA, exhibiting a 150-fold lower LOD and an ex-
tended dynamic range by two orders-of-magnitude.  

In addition, we evaluated the specificity of 4PLA by performing permuta-
tions of each of the detection probes with its corresponding oligonucleotide. 
We found that when the antibody is omitted and replaced by just the oligo-
nucleotide no signals are detected significantly above background levels, 
indicating true antibody dependent generation of signals.  

We proceeded by assessing the diagnostic potential of blood prostasomes 
in a training set of 20 prostate cancer patients and 20 healthy controls. We 
found that the levels of prostasomes were significantly elevated in patients 
compared to healthy individuals (p<0.001). The same was true for another 
subset of 13 patients and 11 controls analyzed in a blinded fashion.  

In addition, to make sure that 4PLA indeed detected intact prostasomes 
and not individual proteins, we analyzed the supernatant of a sample origi-
nating from the pooling of five patient samples before and after ultracentri-
fugation. Signals above background were detected only in the supernatant of 
the non-ultracentrifuged sample, indicating that generation of signal truly 
depends on the presence of prostasomes.  

Last but not least, we analyzed samples from 59 patients prior to radical 
prostatectomy that were categorized in three groups according to the tumor’s 
histological classification. The three groups comprised patients with Gleason 
scores of �6 (Group 1, n=20), 7 (Group 2, n=19) and 8-9 (Group 3, n=20). 
Each group was compared to the same group of 20 healthy individuals and to 
each other. We found that whereas the levels of prostasomes were not differ-
ent between group 1 and the control group, they did vary significantly be-
tween group 2, 3 and the control group (p<0.001). In addition, we were able 
to distinguish group 1 from group 2 and 3 based on the prostasome levels of 
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each group, while a PSA test failed to distinguish group1 from group 2. We 
found no correlation between levels of prostasomes and those of PSA. 
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