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A drastically increased capacity to measure large sets of molecular features in numerous patient
samples in great detail will be required to fulfill the vision of precision medicine and wellness,
which may characterize molecular diagnostics in the 21st century. Also sampling procedures
need a renaissance to permit continuous sampling at population levels at reasonable cost.

Blood sampling is typically performed via venipuncture to draw several milliliters of blood
for plasma isolation. This is inconvenient, time-consuming and costly, as well as hard to
standardize. The effect on plasma protein profiles by pre-centrifugation delay was investigated
in Paper II, demonstrating time- and temperature-dependent release of proteins from blood cells
upon delayed plasma isolation, but almost no protein degradation as analyzed by two 92-plex
protein panels (Olink® Proteomics). An alternative sampling method, where blood drops from a
finger stick are collected dried on paper, is relatively non-invasive, potentially home-based and
cheap. Dried blood spots can also be shipped via regular mail and compactly stored. The effect
of drying and long term storage stability of a large set of proteins from dried blood spots was
investigated in Paper I using Olink® technology. The main findings were that drying slightly
but consistently influenced the recorded levels of blood proteins, and that long-term storage
decreased the detected levels of some of the proteins with half-lives of decades.

Some molecular diagnostic investigations require great accuracy to be useful, arguing for
digital enumeration of individual molecules. Digital PCR is the gold standard but Paper III
presents an alternative approach based on rolling circle amplification of single molecules.
Another instance where extreme assay performance is required is for rare mutation detection
from liquid biopsies. Paper V presents a new method offering essentially error-free genotyping
of individual molecules by majority-vote decisions for counting rare mutant DNA in blood. Yet
other diagnostic investigations require very simple assays. Paper IV presents a novel one-step
method to detect nucleic acid sequences by combining the power of rolling circle amplification
and the specificity of DNA strand displacement in a format simple enough to be used at the
point of care.  

Altogether, the thesis spans technologies for advanced molecular diagnostics, from sample
collection over assay techniques to an improved readout.
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“I am enough of the artist to draw freely upon my imagination.  
Imagination is more important than knowledge. 
Knowledge is limited.  
Imagination encircles the world.” 

 
- Albert Einstein 
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Introduction 

Early on I felt a strong interest in biotechnology and life science. Probably at 
least partly inspired by my dad who has spent most of his working life in this 
field. I have also, as long as I can remember, had an interest in technology, 
problem-solving and optimization. This led me to become a master of engi-
neering in molecular biotechnology, and to continue with a PhD developing 
molecular tools with the ultimate goal to advance molecular diagnostics.  

Molecular diagnostics can be generally described as a collection of meth-
ods that via analysis of an individual’s genes and gene expression (i.e. tran-
scripts and proteins) are used to 1) diagnose disease 2) monitor disease pro-
gression 3) detect risk factors associated to disease and 4) guide treatment1,2. 
Molecular diagnostics can be extended to the concept of personalized medi-
cine via the increasing understanding of how individual´s complex molecular 
profiles can represent disease susceptibility and outcome from different 
treatments3.  

Much effort has been spent on finding correlations between genomic vari-
ants and diseases via genome wide association studies (GWAS). These in-
vestigations have generated a lot of valuable knowledge about risk factors 
related to complex diseases but in general this has not proven useful to diag-
nose disease4–6. Therefore, a strong present trend is to search for non-genetic 
dynamic biomarker patterns (for example transcripts, proteins and metabo-
lites) that may reflect an individual´s momentary health status7–9.  

A biomarker is a measurable feature, or a combination of features, which 
can be used to indicate the presence or severity of a particular disease or 
some other physiological state. A biomarker can for example be the presence 
of a molecule at a certain place or level in the body, or a physical measure 
like body temperature or blood pressure.  

Blood is a promising source of sampling because a disease process, pre-
sent anywhere in the body, might be reflected by circulating leakage bi-
omarkers, although at dilute levels thus demanding high sensitivity and accu-
racy of analysis. Levels of dynamic biomarkers are by definition not con-
stant over time and might not be equal among healthy individuals. This 
complicates the task of finding and using dynamic biomarker patterns that 
might carry valuable information regarding a patient´s health. This difficulty 
has contributed to the low number of validated dynamic biomarkers that 
have emerged in recent years. This challenge can potentially be overcome by 
using each individual’s baseline levels to measure relative fluctuations rather 
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than absolute levels of biomarkers. This will require individuals to be sam-
pled repeatedly demanding ease and low cost of sampling, sample transpor-
tation and storage. The current sampling standard of collecting milliliters of 
centrifuged blood plasma via venipuncture performed by trained personnel at 
a health center, does not fulfill these criteria. It is a time-consuming and 
costly process with a total price tag per sample in the range of hundreds of 
US dollars10. Dried blood spots (DBS)11 is an alternative sample type that 
might be better suited for large scale research projects, and this opportunity 
has been widely recognized.  

“Availability of biomarker measurements in dried blood spots has propelled 
forward several areas of human health research previously hindered by chal-
lenges of specimen collection by venipuncture or limitations of alternative 
specimen types (Eleanor Brindle, 2014)”12. 

The accuracy and specificity needed in molecular diagnostic tests varies 
greatly. Some common tests only require a ‘Yes or No’ answer based on the 
presence or absence of a certain biomarker, for example a pregnancy test 
strip where it is not relevant to measure the degree of pregnancy. Other tests 
may need extreme accuracy, for example the search for fetal chromosomal 
aberrations in pregnant woman’s blood13. In this case, the increased amount 
of DNA from part of the genomic DNA from the fetus is diluted in the back-
ground of the healthy mothers’ genomic DNA in her blood. A concrete cal-
culation example for finding trisomy 21 when the fetus contribution to the 
mothers blood is 2% is that 202 chromosome 21 specific signals (98x2 from 
the mother and 2x3 from the fetus) has to be detected as an increased level 
above 200 signals from another reference chromosome (98x2 from the 
mother and 2x2 from the fetus). This is an example of a diagnostic test that 
requires quantitative precision that can only be obtained via digital readout 
of sufficiently many single molecules14.  

“Molecular counting is the method of the future and is beginning to be per-
formed today (David Walt, 2012)”14. 

My thesis touches upon three fundamental cornerstones of molecular diag-
nostics; the means of sampling, what to measure and how to record the re-
sults. In the first part I will describe the current state of molecular diagnos-
tics related to the thesis in terms of these three cornerstones. In the second 
part I will review and discuss the papers that constitute the thesis and in the 
final part I will present some perspectives for the future of molecular diag-
nostics.    
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Samples 

There are several important aspects related to the choice of samples used for 
research and diagnostics. First, the samples must be relevant to the disease, 
i.e. there must be something present in the sample that reflects the state of 
the sampled individual. Furthermore, there must be an analysis method that 
is compatible with the biomarker and the sample, and which also possesses 
the required sensitivity and specificity. Next, the constitution of the sample 
must be kept essentially constant from the point of sampling until analysis, 
including transportation. It is also beneficial if the sampling is convenient 
(for example home-based and painless) to encourage people to leave sam-
ples. This is especially true if consecutive samples from repeated sampling 
are needed, either to monitor disease progression or to establish individual 
baselines and to ensure that samples are available from before full onset of 
disease for biomarker discovery. Further, the sampling also has to be afford-
able at the intended scale, which might be the construction of huge biobanks 
for research purpose or population-based diagnostic screening. Finally, the 
sampling method should be robust in order not to introduce sampling based 
errors, for example when blood samples are kept for different times or at 
different temperatures prior to centrifugation and plasma extraction. 

The samples can constitute essentially anything from the body, for exam-
ple whole blood, blood plasma, blood cells, saliva, urine, stool, bone-
marrow, cerebrospinal fluid, tissue biopsy, sputum or even breath. Nonethe-
less, this thesis will only cover aspects related to wet and dry blood samples. 
Blood is an ideal general sample for a wide variety of diagnostics based on 
its accessibility and the fact that disease present anywhere in the body might 
be reflected by the molecules released into circulation. 

Wet blood samples 
Traditionally several milliliter blood samples are obtained from venipuncture 
performed by trained personnel at a health center, which is subsequently sent 
to a laboratory for centrifugation and plasma extraction. This is an intricate 
sampling procedure that consists of several steps. Numerous papers are be-
ing published that bring up challenges with this sampling method and pro-
pose guidelines how to achieve consistent samples and limit sampling based 
errors15–40. These guidelines contribute detailed recommendations in for ex-
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ample the following areas  (which can all affect the molecular constitution of 
the sample); sampling equipment, tube type, needle type, tube additives (for 
example anti-coagulants), patient communication, patient sampling posture, 
patient fasting status, patient medication, sampling facilities, tourniquet us-
age, glove usage, patient fist clenching, vein selection, cleaning of puncture 
site, sample amount, sample mixing, order of sampling (if multiple sample 
types), sampler education, sample storage temperature/time prior to plasma 
extraction, sample storage temperature/time prior to analysis and shipment 
temperature. It is not difficult to see that this is a procedure which is very 
difficult to standardize between countries, health centers, sampled individu-
als and samplers, and even within an individual sampler. Education of sam-
plers increases the consistency of the procedure29, but the educational effect 
is unfortunately usually short-term and continuous repetition is needed to 
maintain a high standard39.                  

Another drawback related to traditional venous blood samples is that a 
larger blood volume (2.5-10 ml) than required by the intended analysis 
method (<1.5 ml) is most often drawn41. This is implicated as the primary 
source of hospital-acquired anemia, pointing to one of the benefits of re-
duced sample sizes41. Another advantage is the potentially more compact 
storage of biobanks in energy-consuming low temperature (-70°C) freezers. 
The main challenge related to use of smaller sample sizes are that new 
standards of tube sizes have to be established together with adaption of au-
tomated analysis instruments. To use standard sized tubes with smaller sam-
ple amount is not recommended since it changes the blood to additive ratio. 
Smaller blood samples used are often capillary blood samples, i.e. obtained 
from a finger stick performed with a lancet. Capillary blood sampling is less 
invasive compared to venous sampling and a finger stick can be performed 
by the patients themselves at home. These are attractive features but there 
are also limitations related to capillary samples. Capillary samples are asso-
ciated with higher rates of hemolysis and blood clotting compared to venous 
samples41 and capillary samples like venous samples also need a proper col-
lection technique42. The sample quality can be affected by for example 
“milking” of the finger to enhance the blood flow. This can cause hemolysis 
and dilution of the sample with extracellular fluid. Capillary blood is the 
typical sample used to generate DBS, which is the topic of the next section. 

Dried blood samples 
In DBS sampling a filter paper is used as a matrix for the storage in a dried 
state of a droplet of blood, typically obtained from a finger stick with a lan-
cet (Figure 1). The usage of a dried blood matrix was first described in the 
literature over a century ago by Ivar Bang43 but it was first introduced for 
routine diagnostics in the 1960s for the screening of the disease phenylke-
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tonuria in newborns44. DBS have since then been used extensively around 
the world in screening programs of an increasing number of inherited diseas-
es in infants. In the simplest format, a non-volumetric drop of blood is ap-
plied to a paper which is dried for a few hours in room temperature. Before 
analysis, a distinct sized subpart is punched out from the entire DBS (Figure 
1). This subpart is intended to contain the same amount of blood regardless 
of the exact amount applied to the paper. There are two different brands of 
DBS collection paper on the market that are approved by the Food and Drug 
Administration (FDA) for use in clinical diagnostics, Whatman 903 and 
PerkinElmer/Ahlstrom 226. These different brands should be possible to be 
used interchangeably. 

Figure 1. DBS sampling. A DBS is typically collected from a finger prick with a 
lancet. A DBS sample consists of approximately 50 µl of blood including approxi-
mately 25 µl of plasma. A small portion can be punched out for analysis, for exam-
ple a circle of 3 or 1.2 mm diameter, containing a fixed volume of blood regardless 
of the volume of the total blood drop added.      

Examples of advantages with using DBS for biobanking, disease monitoring 
and screening include the ease of sampling, minimal invasiveness for the 
patient, compact storage of the sample, potential for short term storage at 
ambient temperature, and the possibility of transportation by regular mail45. 
The main limitations with DBS are the limited amount of sample available 
for analysis and the fact that a DBS contains a mixture of blood cells and 
plasma, which might complicate interpretation of the results. This can make 
it difficult to make use of previously accumulated knowledge based on 
plasma measurements45. Also, the normal count of leukocytes (white blood 
cells) in blood range between 4000-11 000 cells/μl46, which might be a com-
plicating factor if a plasma biomarker to be analyzed is also expressed within 
these cells, or in the even more abundant erythrocytes (red blood cells). If 
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the use of dried samples is contemplated it is of course essential to make 
sure that the biomarker of interest can be analyzed following drying and 
rehydration.  

As indicated above, one of the main potential benefits with DBS is the 
possibility of home-sampling. Home-sampling of dried blood spots can re-
duce the societal cost of collecting a blood sample by a factor of 10 or more 
compared to a routine blood draw at a health center10. Together with the 
convenience for the patient, the possibility to forego a visit to a health center 
might encourage repeated sampling on a population level and enable con-
struction of huge biobanks of consecutive samples from individuals irrespec-
tive of the presence or absence of known diseases. The compact format of 
the DBS and the potentially higher storage temperature compared to wet 
samples will also drastically reduce the costs of long-term storage in bi-
obanks. The idea with this type of prospective biobanks is to impartially 
collect consecutive samples from large cohorts of individuals and when 
someone develops diseases retrospectively analyze that individuals’ samples 
to investigate if and when the disease could have been discovered. Bi-
omarkers that enable early detection can greatly increase the chance to man-
age and even cure many life-threatening diseases, such as cancers47. Another 
rapidly growing area of molecular diagnostics that can benefit greatly from 
usage of DBS is wellness monitoring, as described in the future perspectives 
section.         

One frequently debated aspect regarding DBS limitations is the effect on 
analysis from the variable hematocrit levels of blood samples48–52. The 
hematocrit level is the volumetric percentage of red blood cells in a blood 
sample. The hematocrit level affects the viscosity of the blood and hence the 
spreading of the blood on paper. A certain amount of blood of a higher hem-
atocrit level will generate a smaller DBS compared to blood of a lower hem-
atocrit48. There might also be differences in extraction efficiency (i.e. recov-
ery) and blood-to-plasma ratio which might complicate comparisons to tradi-
tional wet plasma samples48. There is extensive ongoing product develop-
ment to solve problems associated with hematocrit effects. One suggested 
way to solve the problem is to estimate the hematocrit in the final DBS from 
measurements of potassium ions53 or hemoglobin54. Another more common 
solution is to add a volumetric defined amount of blood and use the entire 
DBS for analysis. One such solution, to use a plastic capillary to measure a 
volumetric amount of blood prior to spotting the blood on paper, is devel-
oped by the Swiss company HemaXis and comes in a convenient and user-
friendly book format55. Another solution, to absorb and dry a fixed amount 
of 10 µl blood in the tip of a pen-like device, is developed by the US compa-
ny Neoteryx and is commercialized under the tradename Mitra®56. Another 
strategy is to develop a sampling device that collects dried plasma spots 
(DPS) instead of DBS57,58. These devices typically use a filtrating membrane 
of assymetric polysulfone with decreasing pore size throughout the thickness 
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of the membrane. Blood cells enter through the large pores on one side of the 
paper but are trapped within the paper due to the decreasing pore size. Blood 
plasma is not inhibited by the smaller pores and can flow through the filtrat-
ing membrane if for example pressure is applied. DPS typically do not suffer 
from hematocrit effects and are more similar to conventional wet plasma 
samples. The main drawback is the requirement of a more complex sampling 
card which increases the cost of each sample. The FDA approved Novi-
plex™ plasma preparation card developed by the US company Novilytic that 
collects one disk containing 2.5 µl dried plasma comes at a price of approx-
imately $10, about 10 times more than a Whatman 903 DBS sampling card 
that collects five separate DBS, each of approximately 75 µl of whole blood.    



18 

Biomarkers 

Liquid biopsy is the concept of measuring diseases present anywhere in the 
body via a blood or other easily available liquid sample. Different kinds of 
leakage biomarkers specific for certain tissues of the body might end up in 
the circulation when the tissue is damaged by disease. These can be cells, 
DNA, RNA and protein molecules originating from places within the body 
that are hard to reach by other means and the biomarkers can be used to in-
vestigate signs of organ damage, cancers and fetal health59–63.  

Because DNA, RNA and proteins can all constitute potential leakage bi-
omarkers it might be in place to describe how they relate to each other in the 
central dogma of molecular biology, established by Francis Crick in 197064. 
The basis of the central dogma describes how the flow of information about 
body functions proceeds from DNA (information keeper) via transcription 
into RNA (messenger) to be translated into protein (executer) which carries 
out the functions in the body (Figure 2). The basis is that the flow cannot go 
in the opposite direction, although exceptions exist, in that DNA can be rep-
licated into new DNA strands, and RNA may be reverse transcribed into 
DNA65,66. 
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Figure 2. The central dogma of molecular biology. The blue arrows represents the 
general flow of information in eukaryotic organisms. The information stored in 
DNA is copied through replication before mitosis (cell division). When a certain 
function is needed the corresponding part of DNA is transcribed into RNA that 
carries the information to the ribosome where the information is translated into 
protein. The red arrows demonstrates that information stored in RNA can also be 
reverse transcribed into DNA or replicated into new RNA strands, which are the 
actions of certain RNA viruses.   

Proteins 
Many potential protein biomarkers that are investigated today are secreted 
proteins that purposefully function in the circulation, for example as coagu-
lation factors, lipoproteins and cytokines, in functions related to blood clot-
ting, fat transportation and cell signaling, respectively. These are all essential 
players in keeping homeostasis of the body. Homeostasis is the, within lim-
its, constant internal chemical and physical conditions that are maintained by 
living systems, and which was characterized by Walter Bernard Cannon in 
193967. This characterization was based on previous work by the French 
physiologist Claude Bernard who in 1878 coined the concept of milieu in-
térieur (the internal environment) and wrote;  

“The stability of the internal environment is the condition for the free and in-
dependent life.”  

Levels of proteins that function to maintain homeostasis can likely be altered 
due to disease, but might not be specific to a given disease. A more likely 
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option to find disease-specific biomarkers is to search for biomarkers that 
should not normally be present in blood but only in specific organs of the 
body. A highly valuable source of information regarding the expression loca-
tion of almost all human proteins is the Human Protein Atlas (HPA)68–70. 
HPA is a large-scale Swedish mapping project founded by the Wallenberg 
foundation and managed by Mathias Uhlén with the aim to map the protein 
products of all approximately 19,670 (the number is continuously changing) 
human protein-coding genes. Recent additions to the HPA project include 
several sub-atlases such as the brain, blood and metabolic atlases. Especially 
the blood atlas, that aims to characterize the protein expression in individual 
blood cell types (for example B- and T-cells and monocytes) together with a 
map of the human secretome (proteins purposefully performing actions via 
circulation), is especially interesting and highly relevant for this thesis. An-
other related recent large scale mapping project is the Human Cell Atlas 
(HCA)71 funded in part by Chan-Zuckerberg (of Facebook fame). HCA is an 
international collaboration project with the aim to create a comprehensive 
reference map of RNA and protein expression at the ultimate resolution of 
individual cells throughout the entire body. Three other ongoing large scale 
mapping projects of human building blocks are; the Allen Brain and Cell 
Atlas funded by Microsoft-founder Paul Allen, Project Baseline funded by 
Google and Watson Health funded by IBM. When matured, all these differ-
ent maps will constitute very useful sources of potential protein leakage bi-
omarkers that might be specifically related to diseases in different parts of 
the body. The validation of such potential biomarkers can be favorably per-
formed via targeted proteomics, because of the advanced information regard-
ing what proteins to investigate. This is typically performed via affinity-
based methods where antigens are recognized by specific antibodies. The 
opposite strategy is to impartially identify as many proteins as possible in the 
investigated samples, typically via mass spectrometry based methods. The 
main drawback with this strategy for identification of leakage proteins is the 
limited sensitivity that might not be sufficient to detect the dilute amounts 
present in blood. Especially since the total number of different proteins in 
plasma is more than 5,00072, present at concentrations ranging more than 10 
orders of magnitude, with albumin as one of the most abundant (about 40 
mg/ml) and for instance interleukin-6 in the pg/ml range73–75. These charac-
terizations are based on the limited sensitivity of the analysis method and 
comprise proteins that are regularly found in plasma, i.e. not leakage pro-
teins. Leakage proteins specifically related to disease might be present in 
even lower concentrations demanding extreme sensitivity and specificity of 
the detection method. One specific example of a leakage protein biomarker 
that can be used to detect prostate cancer or monitor relapses from a surgi-
cally removed tumor is prostate specific antigen (PSA), which is normally 
present at low levels in men, but which leaks into plasma when its normal 
release to seminal fluid is prevented by prostate disease76. Since it is unlikely 
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that diseases will have a single, clear-cut biomarker, multiplex panels of 
protein biomarkers may allow more accurate distinction between different 
disease states. 

DNA 
Regarding DNA as biomarkers this thesis will focus primarily on cell-free 
DNA (cfDNA) that circulates in the blood. The presence of cfDNA in plas-
ma was discovered already in the late 1940s by two French scientists, Man-
del and Metais77. In the 1960s elevated levels of cfDNA was for the first 
time linked to disease, namely in systemic lupus erythematosus78, and in the 
1970s also to different cancers79. More recent findings have demonstrated a 
wide variety of tumor-specific DNA changes that can be found in cfDNA, 
such as; mutations80, heterozygosity81, gene amplifications82, oncogenic viral 
DNA83 and hyper-methylation84. Also, DNA originating from fetuses has 
been identified in the mothers’ cfDNA85. The presence of cfDNA specific 
for solid tumors and fetuses enable diagnostic approaches to characterize 
malignancies and fetuses from simple blood draws. The major contribution 
to cfDNA is from dying cells that leak pieces of genomic DNA to the circu-
lation. The cfDNA is typically double stranded fragments of 166 base pairs, 
suggesting that the genomic DNA mainly breaks at the unit size of the nu-
cleosome. The amount of cfDNA in cancer patients is usually clearly in-
creased compared to healthy individuals but varies considerably between 
diseased individuals, and the amount found in blood is still very low, typical-
ly less than 100 ng/ml86. Also, in this very limited total amount of cfDNA 
often only as little as 0.01% or less is derived from the diseased tissue and 
may carry tumor-specific mutations87,88. The measure of these rare cfDNA 
molecules with diagnostic relevance demands both excellent sensitivity and 
specificity from the analysis method. To date, next generation sequencing 
(NGS) and digital polymerase chain reaction (dPCR) are the most promising 
methods to analyze cfDNA but Paper V in this thesis presents an attractive 
alternative, based on padlock probes and rolling circle amplification (RCA). 

RNA 
RNA differs structurally from DNA in that the sugar in the backbone is ri-
bose, with an extra oxygen atom compared to the deoxyribose in DNA, and 
the nucleobase thymine (T) in DNA, is in RNA replaced by uracil (U), lack-
ing a methyl group. Most nucleic acid modifying enzymes have the fidelity 
to discriminate between the minor structural difference between DNA and 
RNA to exclusively act related to either one of them or a combination. Spe-
cific RNA sequences are typically targeted to detect certain infectious virus-
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es whose genomic material is based on RNA instead of DNA (for example 
influenza). Certain types of RNA molecules can (similar to cfDNA) be de-
tected at elevated levels in the blood as a response to certain diseases, such 
as cancers89. The first and most well-studied type of RNA to be used as bi-
omarker for cancers is protein-coding messenger RNA (mRNA) the levels of 
which may correlate to disease pathology90. For example a 50-gene expres-
sion profile (PAM50) has been used to classify breast cancers91. Besides the 
protein-coding transcripts, a wide variety of RNAs with regulatory function 
have been discovered during recent decades that might also be relevant as 
biomarkers, including; micro RNA (miRNA)92, circular RNA (circRNA)93, 
long non-coding RNA (lncRNA)94, small nucleolar RNA (snoRNA)95and 
piwi-interacting RNA (piwiRNA)96. As an example, a panel of miRNAs - a 
class of small, non-coding but evolutionary well conserved RNAs that are 
involved in different types of post-transcriptional regulations - has been re-
ported to successfully classify different tumor types97. Another example is 
four specific miRNAs (miR-193b, miR-301, miR-141 and miR-200b)98 and 
three specific snoRNAs (SNORD33, SNORD66 and SNORD76)99 which are 
demonstrated to be elevated in plasma from patients with non-small cell lung 
cancer. 
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Molecular detection methods 

The complexity of molecular detection methods varies substantially; from 
the simplest forms of for example glucose meters that measure the amount of 
glucose in a droplet of blood in a few seconds using a paper strip, to highly 
advance non-targeted analyses of all DNA or proteins in a sample using next 
generation sequencing or mass spectrometry. These more advanced methods 
typically require sample preparation, measurements using expensive dedi-
cated instruments and complex data analysis, all performed by trained per-
sonnel in a clean laboratory environment. All molecular detection methods 
share the common aim to identify molecules present in a sample but the 
needs vary from detection of one specific highly abundant molecule in a 
non-limited sample to open-ended detection to generate as much information 
as possible and multiplex detections of low abundant molecules in minute 
sample amounts. Also, different environments and the scale of intended us-
age might influence the choice of assay complexity and cost.         

The validation of a molecular detection method to detect a specific bi-
omarker in a certain sample type is controlled by detailed guidelines. Several 
different regulatory institutions exist that define these guidelines, for exam-
ple FDA, the International Conference of Harmonization (ICH), and the 
ISO/IEC 17025. There are also more specific guidelines related to specific 
molecular detection methods, for example the Minimum Information for 
Publication of Quantitative Real-Time Polymerase Chain Reaction (PCR) 
Experiments (MIQE)100. The common aim of all these regulatory guidelines 
is to ensure that the measurement from a molecular detection method is reli-
able. There are several important parameters regarding the functionality of a 
molecular detection method to consider when developing a new method or 
assay within an established method platform. These include but are not lim-
ited to (definitions based on ICH and FDA): 

• Selectivity (specificity) – the ability to unambiguously detect the
target molecule in presence of all other expected components in
the blank biological matrix.

• Accuracy – the closeness of the measured and the true (or accept-
ed reference) value. The size of the deviation is referred to as bias.

• Precision (repeatability) – the closeness of agreement within a se-
ries of measurements from multiple analyses of the same homog-
enous sample.
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• Reproducibility – the precision between different laboratories.
• Linearity – the ability to measure the amount of target with direct

proportionality within a certain concentration range.
• Range (limits) – the target concentration interval of suitable preci-

sion and accuracy, typically the interval of accepted linearity.
• Limit of detection (LOD) – the lowest amount of target that can

significantly be detected (but not necessarily quantitated), typical-
ly calculated as three standard deviations above background.

• Lower limit of quantification (LLOQ) – the lowest amount of tar-
get that can be quantitated with a suitable precision and accuracy.

• Upper limit of quantification (ULOQ) – the highest amount of tar-
get that can be quantitated with a suitable precision and accuracy.

• Stability – the chemical stability of the target molecule in a certain
matrix under specific conditions for a given time interval which
should be investigated for the entire procedure (including storage
prior to analysis).

• Ruggedness (robustness) – the capacity to remain unaffected by
small variations of the analysis procedure, an indication of relia-
bility during normal usage.

• Matrix effects – the alteration of target response due to interfering
components (often undefined) in the sample matrix.

All these parameters are important for describing the usefulness of a molecu-
lar detection method. An idealized method would exclusively measure all 
copies of a specific type of target molecule present in a sample, either with 
analog or digital readout (Figure 3). Digital Polymerase Chain Reaction 
(dPCR, described in more detail later) is a method for absolute, digital quan-
tification of numbers of specific nucleic acid sequences present in a sample, 
and this method can come quite close to the ideal case of enumerating all 
relevant target molecules in a sample. 
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Figure 3. Idealized and more realistic molecular detection standard curves. The 
green curve is an example of an idealized target response (all target molecules de-
tected exclusively) in the range from zero to a signal saturating number of target 
molecules. In a digital fashion X number of target molecules would be detected as X 
number of signals, from zero to saturation. Also for an analog measure the idealized 
scenario constitutes the best possible accuracy. The red curve is an example of a 
more realistic target response including a certain degree of background noise (origi-
nating from for example non-optimal specificity and matrix effects) and reduced 
efficiency (lower slope, not all target molecules are detected) which limits the accu-
racy within the linear range. The reduced efficiency might extend the range to higher 
concentrations before the signal saturates. 

Analog versus digital 

Different types of sample investigations require analysis at different levels of 
complexity. For many kind of detections there is enough with a semi-
quantitative analog measurement, for example diagnostic evaluation of PSA 
related to prostate cancer by enzyme-linked immunosorbent assay (ELISA). 
ELISA tests are typically based on a colorimetric readout from a substrate 
(for example TMB) that changes color when processed by an enzyme (for 
example horseradish peroxidase). The enzyme concentration during signal 
development is dependent on the target concentration and the final color of 
the sample is compared to a standard curve generated from the analysis of 
known target concentrations analyzed simultaneously with the samples dur-
ing each individual experiment. This is an example of an analog readout of 
the bulk signal from the entire sample. Another example of a semi-
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quantitative method is quantitative PCR (qPCR) used to measure the amount 
of a specific DNA sequence in a sample. Also for this method (described in 
more detail later) the signal from the sample has to be compared to a stand-
ard curve simultaneously prepared from known concentrations of target mol-
ecules. These are examples of methods that have limited quantitative accura-
cy but which are still good enough for a wide range of diagnostic investiga-
tions. For some investigations a higher level of quantitative accuracy is re-
quired, and this can only be achieved via digital enumeration of individual 
molecules (Figure 4). Digital enumeration represents the most accurate way 
to quantify features of biological samples within the limits set by Poisson 
statistics (random distribution of molecules). A digital molecular detection 
method typically includes partitioning of the original sample into tens of 
thousands of nano- or femtoliter sized compartments that each contain no or 
only a small number of target molecules (0, 1, 2, 3 …). Detection reactions, 
sensitive enough to give a positive reaction for even a single target molecule, 
are individually performed in all the micro-compartments to evaluate the 
numbers of positive and negative compartments (Figure 4A). In principle the 
number of positive compartments can be used as an absolute measure of the 
original number of target molecules, although this is only accurate for low 
target loadings (high fraction of empty partitions). A higher degree of accu-
racy and wider range is obtained if the results are corrected via Poisson sta-
tistics101 (Figure 4B). Using Poisson statistics in theory generate quantifica-
tion bias of approximately 5%102, but the method suffers from increased 
uncertainty at either end of the range (very high and very low loadings). 
Another factor that affects the accuracy is the volume uniformity of the 
compartments, where a higher uniformity increases the accuracy.  Poisson 
correction only requires recording the total number of compartments and the 
number that give a positive reaction, and the estimated number of molecules 
is corrected for the likelihood of multi-molecule compartments. A common 
misunderstanding is that the sample in a digital assay has to be diluted to the 
level where each partitioning contains either one or zero target molecules, 
but with Poisson correction samples with as many as six molecules in certain 
partitions can be analyzed with maintained precision103. The Poisson-
corrected estimations are more accurate at high total numbers of partitions. 
Two other advantages with partitioning samples into micro-compartments 
are the intrinsic increase of effective concentration and the enrichment effect 
(Figure 4C). When a sample is divided into small subparts the local (effec-
tive) concentration of molecules increase in the positive compartments com-
pared to the original sample, which improves the LOD104. This effect enables 
for example the amplification and detection of single individual DNA mole-
cules105–107. There are two general strategies on compartmentalization; arrays 
of physically isolated wells108,109 or chambers110–112 and emulsions where the 
reactions occur in aqueous droplets which are separated by a continuous oil 
phase113,114. Both approaches can provide tens of thousands of femto- to mi-



27

croliter sized partitions. Another way to pursue digital quantification without 
compartmentalization is achieved via amplified single molecule (ASM) de-
tection. ASMs can be generated for example by rolling circle amplification 
(RCA)115–118 or bridge PCR119. During RCA a DNA polymerase continuous-
ly extends a primer with a small circular DNA molecule (the target) as tem-
plate. The long concatemeric DNA amplification products spontaneously 
collapse into micrometer sized objects that after fluorescence labeling can be 
individually detected via for example fluorescence microscopy. Bridge PCR 
locally amplifies an immobilized DNA molecule in two dimensions via a 
PCR reaction to form distinct clusters of amplification products. Both nucle-
ic acids and proteins can be analyzed using a wide variety of analog and 
digital molecular detection methods, which are the topics of the next two 
sections. 

Figure 4. Digital quantification using Poisson statistics compared to traditional 
analog measure. A) Comparison between digital and conventional analog assays. B) 
Poisson statistics are used to increase the accuracy of digital assays, especially at 
high loadings of target molecules. C) Illustrative example of two benefits by parti-
tioning in digital assays; the increase in effective concentration (top) and the en-
richment effect i.e. reduction of interfering compounds (bottom). 
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Nucleic acid detection 
The entire information that describes and characterizes the shape and func-
tion of a eukaryotic organism is stored in the form of DNA. In humans, this 
information consists of approximately 3x109 base pairs between the nucleo-
bases adenine (A) and thymine (T), and guanine (G) and cytosine (C). All 
this information exists in two copies in all cells of the body except erythro-
cytes (red blood cells that have no genomic DNA) and gametes (reproduc-
tive cells, having one copy of the genome). When a cell needs to perform a 
specific action the corresponding stretch in the genomic DNA is transcribed 
into RNA that carries the message to the functional entity of the cell. Several 
different methods exist to analyze these essential molecules of life. These 
methods can be divided into two main categories depending on their aim; to 
read the nucleobase sequence (sequencing) or to measure the abundance of 
certain sequences (detection/quantification). The scope of this thesis is fo-
cused mainly on the latter, to measure the abundance of specific nucleic acid 
sequences. This category of methods can be divided into two main subcate-
gories based on if the signal amplification requires thermal cycling or can be 
performed at a constant temperature. Thermal cycling based methods are 
generally synonymous with PCR (in many cases regarded as the gold stand-
ard) whereas isothermal methods comprises a wider variety of methods,  for 
example; microarray hybridization, loop-mediated isothermal amplification 
(LAMP), hybridization chain reaction (HCR), nucleic acid sequence based 
amplification (NASBA), nanoString, helicase-dependent amplification 
(HDA), multiple displacement amplification (MDA), recombinase polymer-
ase amplification (RPA), RNAscope, fluorescent in situ hybridization 
(FISH) and padlock probes amplified via RCA. Although, before heading 
into more details about some of the detection methods it might be appropri-
ate to shade some light onto important aspects of nucleic acid interactions 
and programmability, including the useful mechanism of DNA strand dis-
placement.    

DNA is a very versatile and powerful material for engineering at the na-
noscale due to the specificity and predictability of Watson-Crick base pair-
ing (A and C efficiently forms hydrogen bonds with T and G, respective-
ly)120. This has resulted in a growing assortment of self-assembled static 
DNA nanostructures (i.e. DNA origami)121,122, some with purposes such as to 
be used as drug carriers. Recently, the dynamics of DNA hybridization has 
also proven useful for the purpose of engineering DNA systems based on the 
fine-tuned non-equilibrium dynamic properties of competitive DNA strand 
displacement120, as described hereunder. These systems include for example 
catalytic amplifiers, circuits, reconfigurable nanostructures and autonomous 
molecular motors. DNA strand displacement used in nanotechnology, where 
a toehold region is used to initiate the substitution of one hybridized DNA 
strand for another (Figure 5), was pioneered at the very beginning of this 
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century123, and its characteristics and controllable kinetics has since been 
evaluated in great detail124,125. The length and hybridization strength (nucle-
obase composition) of the toehold region can be used to accurately fine-tune 
displacement kinetics over a million-fold range120. The branch migration part 
of the DNA strand displacement mechanism (Figure 5B) can be described as 
a random walk process that proceeds with the de- and re-hybridization of 
one nucleobase a time with a step rate of around one basepair per 125 µs124 
(although this is highly dependent on ionic composition, ionic concentration 
and temperature). This implies that a 20 nucleotide branch migration pro-
cess, consisting of an average of 400 (202) steps, would take 1/20 s (400x125 
µs). The competitive aspect of hybridization between two DNA molecules 
makes DNA strand displacement highly robust under a wide variety of reac-
tion temperatures, salinities and pH126. One nucleic acid detection method 
that has been developed based on strand displacement is HCR, leading into 
the next subsection of isothermal nucleic acid detection methods. 

  

 
Figure 5. DNA strand displacement. A) Different representations of hybridization 
between two short DNA oligonucleotides of different length. B) The process of 
DNA strand displacement initiates via binding of A* to the hybridized complex 
toehold A. The branch migration process that follows can be described as a random 
walk process where the red and upper blue strand competes about binding to the 
lower blue strand in a reversible manner. The strand displacement process ends upon 
complete hybridization of the red and the lower blue strand that dissociates the upper 
blue strand. 

Isothermal nucleic acid detection methods 
The reactive components of HCR are two distinct species of hairpin-
structured DNA-molecules that upon target recognition generate a detectable 
signal by activating each other in a chain reaction cascade, proceeding at a 
linear rate127,128. The main advantages of HCR are cost effectiveness, reagent 
stability and reaction robustness associated with the strand displacement 
process. HCR has not yet been developed into in vitro diagnostic tests, ap-
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proved for clinical use, but the non-enzymatic nature of the method promises 
great usefulness, especially in low-income countries with limited laboratory 
infrastructure. 

Another detection method, similar to HCR in the regard that it uses loop-
structured DNA oligonucleotides for amplification, is the complex but in-
creasingly popular LAMP technique129–131. LAMP employs a DNA polymer-
ase and four specially designed primers that specifically recognize six dis-
tinct sequences on a target DNA sequence to generate a molecule with loop-
structures at both ends, which is the starting material for an exponential am-
plification. The need for several recognitions of the target molecule adds 
high specificity to the method and even single nucleotide polymorphisms 
(SNPs) can be discriminated by the highly similar SmartAmp technology 
that uses either a mismatch binding protein or a competitive probe to sup-
press exponential amplification of initially mis-primed DNA132. LAMP uses 
an enzymatic version of DNA strand displacement where a primer is elon-
gated by a polymerase with strand displacement capacity for simultaneous 
dissociation of a previously hybridized DNA strand. The details of the am-
plification scheme are very complex, but it has an enormous capacity to gen-
erate a billion copies of the target molecules in an hour133, considerably 
higher than for example PCR130. LAMP is typically performed at a constant 
temperature of 60-65°C with a version of the Bst polymerase. LAMP reac-
tions can be monitored in real time, for example as the change in turbidity or 
color of the sample. The color change of positive samples can be seen by the 
naked eye if the reaction is supplemented with an intercalating dye, for ex-
ample SYBR130. The main advantages associated with LAMP are the great 
sensitivity, no need for sophisticated instruments, low running cost and rela-
tively short turnaround time. The major limitations include the constraints 
and complexity encountered when designing primer sets for new target se-
quences and the difficulty to perform multiplex assays.   

Two other nucleic acid detection methods that isothermally amplify sig-
nals at an exponential rate are NASBA134 and SDA135,136. The amplification 
scheme in NASBA relies on a set of transcription and reverse transcription 
reactions and SDA uses a set of restriction enzyme digestions and polymer-
ase based strand displacement DNA synthesis including modified nucleo-
tides. These detection methods have similar rates of amplification as PCR 
and detection limits below 10 target molecules, but they suffer from limited 
specificity. 

All the isothermal methods described above, except HCR, fail to generate 
individually coherent amplification products from single molecules and are 
hence limited to analog measurements in bulk if the total reaction is not 
compartmentalized. Another isothermal amplification method that inherently 
generates ASMs is RCA. The template for RCA is a single stranded circular 
DNA molecule that is used to template a continuous elongation of a primer. 
The continuous extension is achieved via a strand displacing polymerase 



 31

with high processivity (typically Phi29 polymerase)137. The RCA mechanism 
is commonly used in viral replication, but replication of short synthetic DNA 
circles was first demonstrated in the literature in 1995115. Phi29 polymerase 
can generate approximately 1,000 complements of an 60-100 nucleotide 
circle per hour, forming a long concatemer of the reverse complementarity 
sequence of the circle, referred to as a rolling circle product (RCP)138. The 
RCPs spontaneously collapses into a distinct µm-sized random coils that can 
be digitally recorded as intense fluorescent dots using fluorescence micros-
copy after specific hybridization to fluorophore-conjugated detection oligo-
nucleotides, or by staining with an intercalating dye (for example SYBR). 
RCA proceeds in a linear fashion and hence generates less total amount of 
signal per unit time compared to exponential amplification methods. An 
important advantage is the possibility to digitally enumerate individual reac-
tion products without compartmentalization. RCA per se, is not a complete 
nucleic acid detection method, however. It requires a preceding strategy to 
generate circular DNA molecules upon target recognition. A very elegant 
such method, invented in 1994, is padlock probes139,118. A padlock probe is a 
single stranded DNA molecule that consists of two target-complementary 
regions, one at the 3´ and the other at the 5´ end of the molecule, separated 
by a backbone sequence. The padlock probe arms are designed to specifical-
ly hybridize next to each other on the target DNA molecule in order to be 
joined (circularized) by a DNA ligase. To achieve excellent specificity, the 
target complements are typically around 20 nucleotides long and the hybrid-
ization and ligation of the padlock probes are preferably performed at an 
elevated temperature of 50-60°C by a thermostable DNA ligase, for example 
Ampligase®140,141. The fidelity of the ligase enables efficient discrimination 
between single nucleotide variants, located at the site of ligation. Once ligat-
ed, the circularized padlock probe can be replicated via RCA using either an 
external primer or the target molecule itself, to generate an identifiable RCP. 
The intramolecular dual recognition of padlock probes together with RCA to 
generate distinct RCPs together ensure excellent assay specificity and very 
high multiplexing capability using thousands of probes in a single reaction 
tube142. Another closely related probing concept to padlock probes are selec-
tor probes. Selector probes act as ligation templates to circularize target mol-
ecules with defined end sequences143,144 rather than letting the probes form 
DNA circles with the target acting as a template, as is the case with padlock 
probes. Necessary preceding steps for selector probes typically involve spe-
cific digestion of the target molecules by restriction enzymes and heat dena-
turation. The selector probe technique is very useful as a preparatory step for 
massively parallel targeted sequencing143,144. A third highly related probing 
strategy is gap-fill padlock probes that recognize the target in the same way 
as a padlock probe except that a gap is formed between the two arms instead 
of a nick142. Before circularization the gap is closed, either by an oligonucle-
otide or using a DNA polymerase that lacks strand displacement capacity. 
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The potential advantage with this strategy is that a part of the target sequence 
is copied, inserted into the circle and amplified thousand-fold during RCA. 
Gap-fill padlock probes have proven useful to retrieve 10,000 human exon 
sequences with sizes in the range from 60 to 191 nucleotides145.   

RCA is a very useful method to generate ASMs, but occasionally faster 
than linear amplification might be more important than the possibility to 
digitally enumerate the numbers of target molecules. A version of RCA re-
ferred to as hyperbranched RCA (hRCA) has been developed to fulfill this 
purpose146. In hRCA a second primer targeting the RCA product is added to 
the original components of RCA. The pair of primers used in hRCA gener-
ates a series of DNA strand invasion reactions, resulting in predominantly 
double stranded amplicons of varying length at a faster than linear rate. Yet 
another way to increase the amplification output, in this case by increasing 
the number of RCPs, is the circle-to-circle amplification (C2CA) technique. 
In C2CA the initial RCP is cleaved into monomers by a restriction enzyme, 
followed by circularization of the monomers and a second round of RCA147. 
C2CA can be performed for several rounds with a thousand-fold increase in 
the number of RCPs in each round. The C2CA reaction is not product inhib-
ited enabling a yield of 100-fold higher monomer (amplicon) concentration 
than the classical PCR technique, which will be the topic of the next subsec-
tion of thermal cycling based nucleic acid detection methods. 

Thermal cycling methods (PCR) 
The theoretical idea how a two-primer system might lead to replication of a 
specific segment of DNA was described already in 1971 by Kjell Kleppe et 
al148. Yet, the story of modern PCR begins in 1976 with the isolation of a 
thermostable DNA polymerase from the thermophilic bacterium Thermus 
aquaticus. The enzyme was named Taq polymerase and meant that research-
er now had the possibility to heat denature double stranded DNA without 
losing polymerization activity. However, it took until 1988 when Taq poly-
merase was commercialized by the company Cetus, and the first thermal 
cyclers was developed, before it was widely spread and started to be fully 
appreciated. The description of the PCR technique, invented by Kary Mullis, 
was first published in Science in 1985149. PCR amplifies a specific DNA 
sequence by the use of a forward and a reverse primer that hybridizes to 
distinct locations at the anti-sense and sense strand of a denatured double 
stranded DNA molecule, respectively. Both primers are extended by a ther-
mostable polymerase to generate strands with binding sites for primers of the 
opposite polarity, in new double-stranded molecules (amplicons). The dou-
ble-stranded amplicons are heat denatured for a subsequent round of primer 
annealing and extension. This process of thermal cycling is repeated as many 
as 40 times and the numbers of amplicons are in theory doubled in each cy-
cle, and in practice efficiencies close to this are typically reached. Originally, 
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PCR amplicons were mainly read out by gel electrophoresis but in 1993 the 
first quantitative PCR (qPCR) instruments was described, that was going to 
revolutionize modern molecular biology and diagnostics. 

In qPCR the fluorescence from an intercalating dye or a specific probe is 
measured in each cycle150. The amount of starting material is indirectly 
measured using the quantification cycle (Cq) value as the interpolated sub-
cycle when the fluorescence surpasses a certain threshold value just above 
the background noise. A standard curve of known target concentrations can 
be used to translate the Cq value to an actual molar concentration. Since it 
was first established, qPCR has been extensively used in research and diag-
nostics with more than 100 FDA approved diagnostic assays. Typical uses of 
qPCR include pathogen detection, SNP analysis, analysis of gene expres-
sion, analysis of chromosome aberrations151 but also detection of proteins via 
immuno-PCR152, proximity ligation assays (PLA)153, or proximity extension 
assays (PEA)154,155. The main advantages of qPCR is that it is relatively fast, 
has a high throughput, great specificity (at least for optimized assays), great 
sensitivity (down to single molecules), wide dynamic range (7-8 orders of 
magnitude) and some multiplexing capacity (limited by the number of re-
solved fluorescent channels, and cross-reactive amplification reactions). 
Limitations include that a new standard curve needs to be generated for each 
new experiment to achieve reliable quantification, limited robustness be-
cause of sensitivity to primer and probe mismatches and inhibitory compo-
nents of certain sample matrices, limited precision due to the log2 nature of 
the quantification and the need for advanced instrumentation. Several of 
these limitations can be overcome by dPCR; dividing the entire PCR reac-
tion into tens of thousands nano- or picoliter sized compartments, perform-
ing individual end-point PCR reactions and counting the numbers of positive 
and negative partitions. The dPCR technology emerged approximately 10 
years after the qPCR technology. The main reason is that qPCR in general 
has an easier setup, especially compared to the original version of digital 
PCR that was performed via limiting dilution, a very time consuming and 
labor intensive procedure. The dPCR renaissance started together with the 
invention of automated microfluidic partitioning systems, and the technology 
is now rapidly attracting interest. There are several different versions of 
dPCR partitioning systems commercially available today; array based (phys-
ical chambers, for example ThermoFisher Quantstudio 3D), droplet based 
(oil emulsions, for example BioRad QX200) and arrayed droplets (crystal-
ized droplets, Stilla technologies’ Naica platform). Advantages with dPCR 
over qPCR includes absolute quantification without standard curves, it is less 
refractory to PCR inhibitors, has higher robustness to primer and probe 
mismatches, greater precision and improved reproducibility. The limitations 
with dPCR compared to qPCR include more narrow dynamic range, more 
advanced equipment, higher cost and lower throughput. The two methods 
have similar sensitivity. Some main challenges dPCR has to overcome to 
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become a diagnostic platform are how to handle partitions with intermediate 
fluorescence (referred to as “rain”) that are not clearly positive, how to han-
dle positives in negative control samples, how to reduce the cost, how to 
increase throughput and how to standardize data analysis. When these chal-
lenges have been solved, dPCR similarly to qPCR will most likely become a 
highly useful platform for clinical diagnostics, especially in cases when un-
precedented precision and specificity is required, for example to detect rare 
mutation in liquid biopsy samples or non-invasive prenatal diagnostics 
(NIPT). Another area where precise quantification is critical is the measure-
ment of circulating viral or bacterial nucleic acids. This is important both for 
early diagnostics and to monitor disease progressions and treatment respons-
es156. Specific examples of such applications include proactive screening of 
adenovirus or Epstein-Barr virus in immunosuppressed patients and monitor-
ing residual infection of HIV patients undergoing retroviral therapy. For 
these applications, qPCR with an inter-laboratory precision of 20-30 %CV at 
low template concentrations, is basically not good enough156. The instrument 
cost for qPCR and dPCR are in the ranges of $25K-$50K and $90K-$100K, 
respectively, and the reagent costs per sample is approximately $2 and $5, 
respectively157. 

Protein detection 
There are essentially two main approaches to detect proteins; via affinity 
reagents or using mass spectrometry. Optimized affinity based assays gener-
ally exhibit greater sensitivity and are more flexible compared to mass spec-
trometry. Mass spectrometry on the other hand is better suited for open-
ended investigation of as many proteins as possible. 

Affinity based detection methods 
Affinity based detection methods rely on the most preferred (specific) inter-
action (binding) between the target protein and one or more probes (binders), 
for example antibodies, nanobodies, DARPins or aptamers. These assays 
therefore rely on the specificity and efficiency of a single binder (or the 
combined specificity and efficiency of several binders) to bind to the target 
protein. A major source of background limiting the sensitivity (especially for 
simple setups using single binders) is non-specific interaction between the 
binder that is coupled to the detection system and the reaction vessel. Anoth-
er common source of background is caused by the interaction between the 
binder and non-intended targets (non-specific binding). A binder can never 
be expected to be exclusive to one single target protein which is the rationale 
for the development of assays dependent on two or more binders, offering a 
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combined exclusivity. A wide variety of affinity based methods exists, the 
subset most relevant to this thesis (Figure 6) is next to be described. 

 

 
Figure 6. Affinity based assay arcitectures. Protein targets  are represented in red, 
protein binders in blue, DNA (reporters and binders) in green and solid supports 
(planar surface or beads) in grey. The yellow stars and hazard symbol denotes the 
origin of detection signals. A) RIA B) Single recognition ELISA C) Sandwich 
ELISA D) SIMOA® E) Immuno-PCR/RCA F) Aptamer based PLA G) Antibody 
based PLA H) PEA (Olink®) I) in situ PLA  J) SomaScan®  

The history of affinity based protein measurements starts already in 1959 
with the development of the radioimmunoassay (RIA), and the measurement 
of insulin via a competition assay158 (Figure 6A). Prior to the RIA analysis a 
radioactive version of the antigen of interest is bound by its naturally occur-
ring antibody, a fraction of which is replaced by native antigens present in 
the sample during the assay. The amount of replaced radioactivity correlates 
to the antigen concentration in the sample and is used as the measure. 
Twelve years later, in 1971, Engvall and Perlmann demonstrated a similar 
assay to detect IgG in serum using the enzyme alkaline phosphatase to gen-
erate a detectable signal159. This was the first demonstration of an ELISA 
assay relying on single recognition to detect the target protein (Figure 6B). 
Yet ten years later, in 1981, the first sandwich ELISA using an immobilized 
monoclonal antibody to capture alpha-fetoprotein and a second monoclonal 
antibody, coupled to an enzyme for signal generation, was demonstrated160 
(Figure 6C). Similar sandwich ELISAs are still today regularly used in re-
search and diagnostics around the world. The use of two antibodies to recog-
nize the target protein in the sandwich setup was a great improvement from 
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the original single recognition ELISAs. Although the original sandwich 
ELISA setup is still in use, far more refined version have been developed. 
The company Singulex has developed a sandwich immunoassay where fluo-
rescently labelled detection antibodies after antigen recognition are eluted 
and digitally enumerated (SMC™ technology). However, the most sophisti-
cated and sensitive ELISA setup today is commercialized by the company 
Quanterix® and referred to as SIMOA® (Figure 6D). The rationale behind 
the SIMOA® technology is sophisticated and based on models of bimolecu-
lar interactions to optimize the combination of sensitivity and specificity in 
assays to detect even single molecules161. The parameters that are optimized 
based on the on- and off-rates of the interactions are reagent concentrations 
and incubation times. During the first step of the highly optimized SIMOA® 
technology a very high concentration of capture antibody immobilized to 
paramagnetic beads are used to kinetically drive the system to the bound 
protein state and maximize the number of immobilized target proteins. In the 
subsequent step, very limited amounts of detection antibody are used togeth-
er with a short incubation time. By this strategy only a fraction of the actual 
target molecules are (intentionally) detected with the benefit of greatly re-
ducing the background from non-target interactions. The beads, some of 
which contains recognized target protein, are distributed onto an array con-
taining 240,000 femtoliter sized wells, just the size to fit a single bead. Final-
ly, the readout used is sensitive enough to detect signals originating from 
single target proteins, enabling digital enumeration of positive reaction 
wells. Altogether, this enables detection of proteins down to 220 zM level109, 
and generally 1000-fold higher sensitivity compared to standard analog 
sandwich ELISAs161. 

Immuno-PCR152 and immuno-RCA162 are two alternative protein detec-
tion methods that cleverly convert the challenging task of sensitive protein 
readouts to an easier situation with amplifiable DNA molecules (Figure 6E). 
Both these methods rely on conjugation of DNA oligonucleotides to detec-
tion antibodies which limits the potential source of background to interac-
tions between the detection antibodies and non-intended target molecules or 
the reaction vessel. A successful attempt to limit this last source of back-
ground is proximity dependent detection reactions requiring dual (or higher 
order) recognition of a distinct target protein (or protein complex) to gener-
ate a detectable signal. Proximity dependent protein detection methods 
(similarly to immuno-PCR and immuno-RCA) use DNA-conjugated anti-
bodies. However, for proximity recognition a pair of antibodies conjugated 
to different DNA oligonucleotides need to be brought into close proximity to 
enable detection reactions that depend on combining the two DNA sequenc-
es via enzymatic ligation or polymerization reactions (Figure 6F-I). The 
combined DNA sequence is specifically detected via RCA, qPCR or DNA 
sequencing.  Proximity based methods relying on ligation and polymeriza-
tion are referred to as proximity ligation assay (PLA) and proximity exten-
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sion assay (PEA), respectively. The first demonstration of proximity de-
pendent protein detection, published in 2002 by Fredriksson et al., achieved 
measurement of zeptomole amounts of platelet growth factor (PDGF) using 
DNA aptamers as affinity reagents153 (Figure 6F). The first demonstration of 
an antibody-based PLA assay, published in 2004 by Gullberg et al., was the 
homogenous measurement of cytokines at femtomolar level in only 1 µl 
samples163 (Figure 6G). This work constitute the methodological basis for 
the rapidly expanding PEA technology developed and commercialized as 92-
plex Olink® panels by the company Olink Proteomics154,155 (Figure 6H). The 
Olink® assays use 1 µl sample volumes and rely on 92 specific pairs of 
DNA-conjugated antibodies (probes) whose attached DNA strands can form 
a very transient hybrid. This weak DNA hybridization is greatly increased by 
the forced local high concentration upon proximal binding allowing enzy-
matic extension and signal generation. The Olink® technology is performed 
homogenously in solution and uses an initial small reaction volume of 4 µl 
to allow efficient recognition of probe pairs to their respective target pro-
teins. To reduce the risk of non-proximity extensions a 25-fold dilution is 
performed with the addition of the DNA polymerase and PCR reagents. To-
gether with a similar rationale as Quanterix, to use a relatively low concen-
tration of probes and purposefully omit a 100% detection rate, Olink® tech-
nology reaches excellent sensitivity and specificity for entire multiplex pan-
els. The readout of the Olink® panels is achieved via a microfluidic qPCR 
system, BioMark HD developed by Fluidigm. The capacity of the BioMark 
HD is to analyze 96 target molecules simultaneously in 96 samples via 9216 
individual qPCR reaction. To date, Olink Proteomics has commercialized 
1161 distinct proteins assays, and 1,378,500 samples have been investigated 
with an Olink® panel. Before heading into multiplex homogenous measure-
ments with PEA, Olink commercialized reagents for in situ PLA as Duo-
link® (later obtained by Sigma). The in situ PLA was first described in liter-
ature in 2006 by Söderberg et al. as a method to detect individual protein-
protein interactions inside fixed cells via microscopic detection of fluores-
cently labelled RCPs164 (Figure 6I).           

The last affinity based protein detection method that I am going to touch 
upon is SomaScan®, developed by the company SomaLogic. The main 
strength of SomaScan® is the extreme multiplexing capability of 5,000 pro-
tein detections in one reaction. The SomaScan® assay is based upon single 
binding assay architecture, relying on the slow off rate characteristics of a 
special type of binder to reach acceptable specificity (Figure 6J). The binders 
used in SomaScan® are a version of aptamers (which are short single strand-
ed DNA oligonucleotides that folds into a diverse set of molecular struc-
tures) referred to as slow off-rate modified aptamers (SOMAmers)165. Se-
lected SOMAmers are enriched species amplified from large pools of se-
quence variants, based upon the characteristics of slow-off rate for a certain 
target protein. The SomaScan® assay scheme start with immobilization of 
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the SOMAmer reagents (previously prepared with three tags; a fluorophore, 
a photocleavable linker and a biotin) to streptavidin coated beads. The sam-
ple (typically plasma) is added, target proteins are allowed to be captured 
onto the beads by corresponding SOMAmers and the non-bound proteins are 
washed away. The next step is to tag all remaining proteins with biotin be-
fore adding a polyanionic (negatively charged) competitor to break non-
specific complexes. Ultraviolet light is subsequently used to release the 
SOMAmers (some of which are in complexes with captured, now biotinylat-
ed, proteins) from the beads. A new set of streptavidin beads is used to cap-
ture the biotinylated proteins (most of which are in complexes with a 
SOMAmer) and unbound material is washed away. Finally, the captured 
SOMAmers are released from their target proteins, hybridized to specific 
positions on a 5,000 feature DNA array and readout via fluorescence intensi-
ty. The use of two different solid supports and several washings including 
competition ensures that only specifically binding SOMAmers (slow off-
rate) are present during detection. The SomaScan® exhibits similar multi-
plexing capacity as the completely different strategy of mass spectrometry, 
which is briefly described in the next section.     

Mass spectrometry based detection 
Mass spectrometry is a very central player in proteomic research. Because of 
the non-targeted nature of the method (although it can also be used in com-
bination with affinity purification) it has proven very useful as a tool to iden-
tify protein compositions in different kinds of samples. The principle of MS 
detection of proteins is to accurately measure the mass-to-charge ratio of 
ions originating from fragmented protein molecules in the sample. The result 
is presented as a mass spectrum which is a representation of intensities as a 
function of mass-to-charge ratios, out of which the sample constitution can 
be traced back. A very brief description of a typical mass spectrometry pro-
cedure includes ionization of a sample (solid, liquid or gaseous) by for ex-
ample bombarding it with electrons. Some molecules in the sample will 
break into charged ions by this treatment for subsequent acceleration in a 
magnetic or electric field. The deflection of the ion trajectory until it hits a 
detector (caused by the magnetic or electric field) is used as a measure of the 
ions mass-to-charge ratio. Several different variants of mass spectrometry-
based methods exist with varying sample-pretreatment, ionization, mass 
analysis and detection strategies. These variants that can often be combined 
include for example tandem mass spectrometry, time-of-flight measure-
ments, quadrupole mass analyzers, ion-traps, chemical ionizations, matrix-
assisted laser desorption/ionizations (MALDI), liquid-chromatography cou-
pled mass spectrometry and tandem mass tags, all of which unfortunately 
ends up outside the scope of this thesis.                   
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Two general drawbacks with mass spectrometry based methods are the 
very complex and expensive equipment needed to accurately measure mass-
to-charge ratios and the limited sensitivity of detection compared to affinity 
based methods. Especially evaluation of proteins in plasma is very challeng-
ing for mass spectrometry because of the huge concentration range where 
lower abundant proteins tends to be swamped by proteins present at high 
concentrations during analysis. Selective removal of abundant proteins or 
affinity purification may be used in advance of mass spectrometry analysis. 
This can clearly extend the dynamic range towards lower concentrations, but 
affinity based methods still tends to achieve higher sensitivities75. 
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Present investigations 

Paper I. Stability of proteins in dried blood spot 
biobanks 
Background 
The possibility to cure many complex diseases depends on the time-point of 
diagnosis where early detection can be game-changing. Early diagnostics 
could potentially be improved via characterization and validation of dynamic 
biomarker patterns together with regular population based screenings. These 
efforts will require an enormous number of samples, also because of the 
substantial variation in protein levels among healthy individuals demanding 
use of individual baselines. Traditional sampling methods, to extract millili-
ter amounts of plasma from venous blood draws are basically not compatible 
with the sampling amount needed because of the requirement to visit a 
health center for sampling and the associated societal cost of one single 
sample of approximately 1000 SEK. A more convenient and cost-effective 
sampling strategy will be a necessity in the future. One such strategy is to 
collect droplet amounts of dried blood on paper from finger sticks performed 
by the patients themselves at home.       

Summary  
Paper I established DBS as an attractive sample type for large scale biobank-
ing and investigated the stability of 92 proteins stored for up to 40 years 
under different conditions. The detection method used for analysis was the 
multiplex PEA technique commercialized by Olink Proteomics (Uppsala, 
Sweden). The main conclusions were that the act of drying slightly but con-
sistently influenced the detection of blood proteins, storage for several dec-
ades decreased the measured abundancies of some of the investigated pro-
teins with half-lives in the range of 10-50 years and the stability of proteins 
were slightly increased when stored at -24 °C compared to at +4 °C.  

Discussion 
We found the results encouraging as they indicated that dried blood spots 
can serve as a valid sample format to construct large scale biobanks to aid in 
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finding diagnostic dynamic biomarker patterns. The very limited sample 
amount required by the multiplex Olink® protein measurement technology 
makes it a very suitable for analysis of the limited sample amount in DBS.  

Paper II. Strong impact on plasma protein profiles by 
precentrifugation delay but not by repeated freeze-thaw 
cycles, as analyzed using multiplex proximity extension 
assays  
Background 
Several different factors may affect the quality of blood samples, resulting in 
reduced quality of data, and ultimately a limited possibility to characterize 
disease-biomarker relationships. These factors include the momentary status 
of the sampled individual, for example time of the day, fasting status and 
time since the last hard exercise. These are examples of factors that are relat-
ed to the patient’s life which might be challenging to control adequately. 
However, completely technical factors exist that might also influence the 
sample quality, and which are important to characterize and, if necessary, 
avoid. These include for example the time and temperature of the sample 
between blood draw and plasma extraction, and storage related factors such 
as the number of freeze thaw cycles. 

Summary  
The effect on sample quality by precentrifugation delay was evaluated based 
on blood samples collected from 16 healthy individuals. The samples were 
immediately upon collection divided into subsamples that were kept at either 
4°C or 22°C for 1-36 h prior to centrifugation and plasma extraction. Some 
plasma samples were also subjected to up to eight cycles of repeated freez-
ing and thawing. A total of 139 proteins were detected in most samples and 
corresponding measures were used for analysis. The protein detection meth-
od used was the Olink® technology based on PEA. The results demonstrated 
significant time-dependent increase of 16 and 40 proteins in samples kept at 
4°C or 22°C, respectively. Only one of the investigated proteins demonstrat-
ed a decreasing trend, although this was only evident after 24 h of storage at 
22°C. Repeated freeze-thawing, as many as 8 times, did not significantly 
affect the detectability of the proteins measured. 
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Discussion 
The main conclusion in Paper II, that many proteins are released from blood 
cells when blood plasma is not immediately extracted from venipuncture 
blood samples, can be seen as a further reason promoting the inherent ro-
bustness of dried sampling (Paper I). Interestingly, it was evident that the 
main alteration to protein measurements in plasma by pre-centrifugation 
delay was due to the release of proteins from blood cells, with only minimal 
signs of protein degradation. Paper II concludes that it is important to limit 
the delay prior to centrifugation and meanwhile keep the blood at a refriger-
ated temperature to accurately measure plasma specific levels of proteins 
also present in blood cells. 

Paper III. Multiplex digital enumeration of circular 
DNA molecules on solid supports  
Background 
The accuracy and specificity needed in molecular diagnostic tests varies 
greatly. Some tests may need extreme accuracy, for example the search for 
supernumerary fetal chromosomes in blood from pregnant women i.e. NIPT. 
In this case, the increased amount of a certain biomarker originating from the 
fetus is heavily diluted in the healthy mothers’ bodily-specific molecular 
constitution. This is an example of a diagnostic test requiring the theoretical-
ly best quantitative precision at the Poisson limit, which can only be ob-
tained via digital readout of single molecules. The most rapidly advancing 
digital readout technique is dPCR. Although, widespread use might be re-
stricted by limitations such as requirement for advanced dedicated instru-
mentation, limited multiplexing and high cost. The use of RCA to generate 
RCPs for digital enumeration might be an alternative to overcome some 
limitations related to dPCR. 

Summary  
In Paper III a readout method was developed for solid phase digital enu-
meration of small circular DNA molecules, representing individual bi-
omarkers in a sample. The method uses RCA to generate micrometer-sized 
bundles of DNA that appear as bright dots when detected with fluorescence 
microscopy after labeling by hybridization with fluorescent oligonucleotides. 
The method was further complemented with an efficient strategy for sequen-
tial multiplexing using toehold-mediated DNA strand displacement technol-
ogy. The rationale of the sequential multiplexing was to specifically release 
(strip) detection oligonucleotides from previously imaged RCPs via strand 
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displacement simultaneously with the additional staining of another set of 
RCPs. The paper demonstrated the value of including the molecular crowd-
ing agent polyethylene glycol 4000 in RCA to obtain satisfactory results and 
demonstrated immobilization and detection efficiencies of 50 and 100%, 
respectively, as determined via droplet-based dPCR. 

Discussion 
The readout platform developed in Paper III can be viewed as a complemen-
tary technique to the powerful dPCR with advantages such as limited need 
for dedicated instruments, increased dynamic range and the possibility of 
sequential multiplexing. Paper III can be related to Paper I as a potential 
approach to accurately analyze protein abundancies from DBS via proximity 
dependent protein detection assays. 

Paper IV. Rolling circle amplification reporters – a 
general tool to simplify molecular detections 
Background 
Medical research increasingly depends on comprehensive, high-quality data 
generation. Certain applications might require unprecedented accuracy that 
is not restricted by time-consuming methodologies since the time to result is 
not crucial. Other applications, for example the distinction of bacterial or 
viral infections, would benefit greatly if it could be rapidly performed during 
a medical doctor’s appointment. Several different methods that are comple-
mented by RCA have been developed in our lab, for example padlock probes 
for highly specific detection of nucleic acids and PLA for highly specific 
detection of proteins or protein complexes. These techniques have been set 
up in a wide variety of ways for example in situ in cells, on solid support and 
in solution with readouts such as fluorescence microscopy, PCR and flow 
cytometry, and they have been used extensively in research around the 
world. One limitation with the present tools is that they are laborious and 
need time-consuming reaction steps. If the protocols could be simplified and 
shortened without compromising performance then the techniques could be 
suitable for a broader range of applications, and ultimately at the point of 
care. 

Summary  
In Paper IV a very convenient method was developed to detect specific DNA 
or RNA sequences in a sample using a DNA-based probe structure referred 
to as an RCA Reporter. The RCA reporter concept allows a one-step detec-
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tion method combining several reaction steps that are otherwise typically 
performed separately in related methods. The recognition by a target mole-
cule (single stranded DNA or RNA) occurs via a highly specific toehold-
mediated DNA strand displacement process, unraveling the RCA Reporter 
structure to enable initiation of RCA. The method is proved to be sufficiently 
selective to be used for genotyping purposes. 

Discussion 
The main advantage with the RCA Reporter concept is the inherent simplici-
ty, resulting in very simple assay protocols and hence suitability for point of 
care applications. The technique has proven to be versatile with capacities 
such as to discriminate SNPs and enhance any ongoing RCA reactions both 
in terms of speed and size of the resulting ASMs which might be beneficial 
in simplified molecular counting assays. 

Paper V. Rare mutation detection in blood plasma using 
sRCA molecule counting probes  
Background 
Pieces of genomic DNA can leak into the circulating blood from dying cells. 
This cfDNA can be used as leakage biomarkers to detect cancer specific 
mutations from tumors present anywhere in the body. The amount of cfDNA 
in cancer patients is usually clearly increased compared to healthy individu-
als but varies considerably between diseased individuals and the amount 
found in blood is still very low, typically less than 100 ng/ml. Also, in this 
very limited total amount of cfDNA it is only a small fraction (often as little 
as 0.01% or less) which is altered specifically to the disease, and which also 
varies considerably between individuals. The measurement of these rare 
cfDNA molecules with diagnostic relevance demands both excellent sensi-
tivity and specificity from the analysis method, together with accurate quan-
tification. To date, NGS and dPCR are the most promising methods to ana-
lyze cfDNA, but these approaches have their limitations. 

Summary  
In Paper V a method was developed to detect rare mutations from liquid 
biopsies as a means to diagnose cancer or monitor cancer progression via 
cfDNA, released into the blood from solid tumors. The rationale behind the 
method, referred to as super RCA (sRCA), was to include the molecules to 
be genotyped into small DNA circles, amplify these circular DNAs via RCA 
to distinct DNA bundles containing several hundred copies of the original 
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sequence, genotype these copies with padlock probe technology, and evalu-
ate the results via a majority-vote decision, which serves to greatly increase 
detection accuracy. This methodology resulted in essentially error free geno-
typing. The sRCA products, several micrometres in diameter and containing 
up to hundreds of thousand fluorophores, were digitally enumerated via flow 
cytometry. The sRCA method demonstrate the ability to find one mutated 
DNA copy amongst 100,000 wild type molecules, which is equal or superior 
to state of the art methods in the field, although in a simpler format, involv-
ing a single tube reaction protocol comprising five reaction steps in only 3 
hours. 

Discussion 
The sRCA method is at least as specific and sensitive as gold standard meth-
ods to detect rare mutations in plasma, although it comes in a format that is 
fast, cost-effective and does not necessarily require advanced dedicated in-
strumentation. The possibility to detect rare mutations in plasma is a very 
attractive means to, for example, monitor cancer progression during treat-
ment. Paper IV and V are quite tightly related since both the reported tech-
niques serve to specifically detect DNA sequences and comprise RCA. Both 
methods developed in Paper IV and V could potentially be read-out via the 
method established in Paper III. 
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Future perspectives 

Two interesting questions raised by Mathias Uhlén (manager of the HPA 
project) are if we in the future will: 

“be able to construct a digital model of humans – covering cells, tissues, or-
gans and diseases?”  

and 

“(in this case) be able to construct a “digital twin” of everybody (patients) to 
test the efficacy of drugs digitally (on an individual basis) before decision on 
therapy?” 

 
The basis for such brave aims is the recent and increasingly popular research 
field of precision medicine and wellness. One of the pioneers in the field is 
Leroy Hood who has coined the concept of P4 medicine166 (medicine that is 
predictive, preventive, personalized and participatory). Hood’s recent re-
search focuses on very comprehensive data generation (basically everything 
you can measure) on a regular basis in large cohorts of individuals. Dense 
data clouds, based on the large scale (several “–omics” techniques) individu-
al mappings are generated and used to characterize states of wellness and 
disease together with detailed investigations regarding experienced health167. 
The main differences between the proposed P4 medicine and contemporary 
medicine are that; P4 medicine is proactive while contemporary medicine is 
reactive, P4 medicine is individually adjusted while contemporary is popula-
tion based, P4 medicine focuses on both wellness and disease while contem-
porary medicine only focuses on disease and finally that P4 medicine is 
based on deep phenotyping and personalized data clouds while contempo-
rary medicine is based on average patient populations, both for treatment 
decisions and clinical trials. The entire approach of P4 medicine is in some 
ways opposite to traditional medicine in that P4 methodology is based on 
wellness to understand disease (disease is analyzed as an abnormality from a 
continuously measured individual based normality) compared to the tradi-
tional way of analyzing disease to understand health. The rapidly expanding 
field of artificial intelligence (probably soon generally available to aid in all 
imaginable kinds of decision making) will likely be a necessary technology 
to interpret the extremely complex sets of data related to precision medicine 
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with the potential property to propose detailed tailored actions to boost well-
ness.          

Several aspects regarding population based health will likely be improved 
in the future based on the continuously increasing knowledge about health 
and disease. This progress will occur in concordance with the development 
of improved molecular detection methods that will enable more biomarkers 
to be measured (increased multiplexing), at higher accuracy (digital readout 
of single molecules from robust dried samples) in more samples (convenient 
home sampling) at drastically reduced cost (Figure 7). This might have im-
pact on healthy aging to retain full functionality until the age of 100, elimi-
nate many chronic diseases by reversing them at early stages before they 
manifest themselves, reduce the escalating healthcare costs and patient suf-
fering associated with imprecise medicine and to move healthcare to the 
patients’ homes based on convenient sampling strategies and scientific well-
ness (a quantitative data-informed approach to maintain and improve health, 
as well as avoiding disease). 
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Figure 7. DBS will likely play an important role as a sampling method for creation 
of huge biobanks and population based wellness monitoring in a not too far-off 
future. This will be achieved via improved molecular detection methods that will 
accurately measure levels of thousands of biomarkers from a small subpart of a 
DBS, probably in a digital format, counting individual molecules. Each vertical row 
in the image can be thought of as consecutive samples from one individual that are 
used to create dense dynamic data clouds, enable P4 medicine and improve overall 
health on a population level. The figure was originally a cover image of Molecular 
& Cellular Proteomics 2017:16(7) created by Johan Björkesten (reprinted with 
permission). 
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Final remarks 

It has been a true pleasure to spend almost five years as a PhD student in this 
very exciting and rapidly moving field of research. Hopefully, my contribu-
tion to human health is not entirely negligible. At least, I certainly believe 
that “dried blood sampling and digital readout” will play an important role 
“to advance molecular diagnostics” in the 21st century. 
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