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Abstract: Circulating cell-free DNA (cfDNA) is a non-invasive and powerful detection, diagnosis,

prognosis, therapy response monitoring and recovery prediction tool, which opens new possibilities in fields

of prenatal care, tumor therapy and transplant medicine. It is released from cells undergoing apoptosis

and necrosis or by active secretion. Depending on the source and mechanisms of release, cfDNA is shed as

fragments with different genetic and epigenetic profiles and in various lengths into the bloodstream. High-

and low-weight ¢cfDNA molecules can be detected in the different human body fluids. In pathological states,

cfDNA size patterns have been found to vary from ¢fDNA released under healthy physiological conditions.

In the following paragraphs, we describe methods and different technical platforms, to enrich, isolate and

identify size profiles of cfDNA detected in human plasma and serum.
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Introduction

In 1948, circulating cell-free DNA (cfDNA) was primarily
detected and described by Mandel and Metais (1). It is
passively released by cell death (2) from all cell types (3)
and actively by cell secretion (4). It can be found in all
body fluids, such as blood (5), saliva (6), amniotic fluids (7)
and urine (8,9). The biggest progress in cfDNA investigation
was the moment of the discovery that gender of the fetus
can be identified by PCR amplification of the Y-chromosome
sequences in ¢cfDNA from maternal blood (10).
Now, non-invasive diagnosis of fetal genetic disorders is
successively applied, worldwide (11-13). Since cfDNA
provides information on tumor genetic and epigenetic
changes in nuclear DNA, it can also serve as a powerful tool
for monitoring patients with different tumor types (14).
For example, aberrant DNA methylation, mutations,
copy number aberrations (CNA) and chromosomal
rearrangements, resulting in inactivation of tumor
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suppressor genes and activation of oncogenes, can be found
in cfDNA isolated from cancer patients and can be utilized
for detection, monitoring and prognosis of cancer patients
(15,16).

An important aspect in the research field of ¢cfDNA is
the determination of their length, to identify its origin.
It is known that ¢fDNA fragment lengths in various
pathological/physiological stages differ from those of
normal c¢fDNA fragments (12,15-19). Therefore, analyses
of cfDNA length fragment distribution may contribute
to advance diagnostic tools. Disease-associated cfDNA is
usually contaminated with normal wild-type DNA. In this
regard, it is important for an efficient analysis to separate
disease-associated ¢cfDNA from background cfDNA (i.e.,
fetal from maternal or tumor from non-tumor c¢fDNA). To
date, an exact fractionation in disease-associated and normal
cfDNA is not possible, since ¢cfDNA size distribution is not
sharp defined and may vary in different diseases. Moreover,
technological limitations may also play a role.
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Table 1 Typical sizes of cfDNA described in different physiological/pathological conditions

cfDNA source Elevated cfDNA size

Main cfDNA peak

Presence of 10-bp ladder References

Healthy individuals <200 and >10,000 bp ~166 bp Yes (14,15,18,20)
Tumor <150 bp No data Yes (15,21,24)
Fetal <150 bp ~143 bp, Yes (12,17)
reduced ~166 bp
Graft
Solid organ Donor < recipient ~166 bp Yes (18)
Hematopoietic stem cells Donor > recipient; <250 bp  ~166 bp Yes (18)
Autoimmune disease <115 bp Reduced ~166 bp Yes (25)
Bacteria <150 bp No No (26)
Mitochondria <100 bp No No (17,19,27)

cfDNA, circulating cell-free DNA.

Characterization of cfDNA

In the blood circulation, cfDNA exists mostly as nuclear,
histone complexed DNA (20). This complex, called
nucleosome, protects cfDNA from enzymatic degradation.
Nucleosomal DNA consists of ~146 bp molecule bound
electrostatically to the histone core and the 20-bp linker
connecting the nucleosomes (21). The most common size
of histone complexed DNA is ~166 bp, and while analyzing
cfDNA size distribution, a specific ladder pattern of
multiplies of this size can be detected in the human blood
(15,22-24). This periodic pattern is found in plasma DNA
from all kind of subjects, such as pregnant women (17),
organ transplant recipient (18), and cancer patients (15)
(1able 1). It is caused by the apoptotic inter-nucleosomal
DNA cleavage mediated by the caspase-activated DNase
in dying cells and the DNase II during phagocytosis
(15,21). Fragments shorter than ~166 bp can be the result
of the linker trimming (17) or the degradation of the non-
nucleosomal cfDNA. The general size of circulating nuclear
DNA in bloodstream of healthy individuals have been
described to vary mainly between 70 and 200 bp (14,18). In
contrast, long cfDNA molecules in size of more than 10,000
bp are also found in the blood and stem from necrotic cells
(20,22). Thus, the variety of the different cfDNA length
depends on the frequency of cell apoptosis and necrosis, as
well as different metabolic processes out of the cells.

Of note is that ¢cfDNA may play a role in the
immune system, and in certain circumstances, cfDNA is
immunogenic. In particular, shorter, non-histone complexed
cfDNA are assumed to activate the immune system response
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(28,29). So, the induction of inflammatory reactions
mediated by ¢fDNA may occur by its binding to the toll-
like receptor 9 (TLRY). For example, fetal cfDNA may
interact with TLR9 and result in the activation of mothers
immune reactivation (30). Moreover, DNA can be actively
released by blood lymphocytes (31). In vitro studies showed
that this ¢cfDNA can enter other cells and be expressed
there (32). Also antibodies induced by cfDNA can enter
cells, leading to cell-cycle arrest or apoptosis (REF) (33).
These findings suggest that assessment of cfDNA levels
and its characteristics may be useful for the identification
of different inflammatory processes, and provide evidence
that cfDNA is a potential activator of the immune system in
response to disorders.

cfDNA size profiles in different pathological/
physiological conditions

Tumor

In the blood of cancer patients, both, tumor and non-tumor
derived ¢fDNA can be found. The amount of circulating
tumor DNA (ctDNA) in the whole pool of ¢fDNA may
vary significantly among the patients, from 0.01% to 90%,
and be related to tumor size (23).

It is assumed that necrosis accompanies cancer
development, whereas phagocytosis and apoptosis are
defense responses of the organism and may result in the
destruction of cancer cells as well as the surrounding non-
cancer tissues (14,22). It is still being discussed whether
ctDNA mainly displays lower or higher fragmentation.
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Several studies demonstrated that the mean length of
cfDNA increases in patients with non-malignant tumor
(15,16,20), while other laboratories showed a higher
fragmentation of ctDNA comparing it to cfDNA originating
from healthy cells (22,34). This finding was confirmed by
another group that investigated ctDNA fragment lengths
in patients with hepatocellular carcinoma (HCC). HCC
patients displayed increased fractional concentrations of
more fragmented ctDNA in the plasma. The researchers
also found that the number of DNA fragments shorter
than 150 bp increased directly proportional to ctDNA
concentration. Thus, smaller proportions of fragments
longer than 180 bp were found with increased ctDNA
concentrations. Moreover, plasma DNA carrying CNA
were shorter than ¢fDNA without these deviations (15). In
a more recent study, ctDNA from patients with different
solid tumors was demonstrated to be always gently shorter
than DNA derived from healthy cells. Moreover, the
separation of shorter ¢fDNA fragments visibly increased
with the proportion of ctDNA. Tumor specific mutant allele
occurred more frequently in the fraction of 132-145 bp
cfDNA than in the fraction of 165 bp DNA (34).

These findings show that ¢fDNA size selection might
be useful as an additional diagnostic tool for detection of
cancer-derived changes in patient’s plasma.

Pregnancy

Overall, the size of ¢fDNA increases during pregnancy,
whereas fetal cfDNA is significantly shorter than maternal
cfDNA (35,36). Generally, the length of fetal ¢fDNA in
maternal plasma is shorter than 500 bp and the major portion
is shorter than 300 bp (25,26). It was also reported that
fetal cfDNA encompasses a higher proportion of cfDNA
fragments smaller than 150 bp in comparison with maternal
DNA (12,17,18). There is a notable amount of maternal
high-molecular weight ¢fDNA fragments, which are longer
than 10,000 bp (35). Size analysis of cfDNA from maternal
plasma revealed that the characteristic peak of maternal
cfDNA at ~166 bp is decreased, and there is an additional
peak at 143 bp. This peak is probably caused by trimming
of a ~20 bp linker segment of a 166 bp fragment, leaving a
remnant of a mono-chromatosome of ~146 bp length which
is wrapped around the histone core. Size distributions smaller
than 143 bp of fetal and maternal DNA showed a length
pattern with systematical decreases by 10 bp (17).

These size-based analyses of maternal plasma DNA and
the discovery that fetal ¢fDNA is shorter than maternal
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cfDNA allow detecting chromosomal aneuploidies,
including monosomy X and trisomies (12,13). Moreover,
studies on size distributions of ¢fDNA in pregnant women
can be successfully used to detect fetal sub-chromosomal
CNA. Finally, the combination of count- and size-based
methods can help to understand if CNA occurs in fetus,
mother or in both species (13).

Since in maternal plasma, a median of 10-20% of cfDNA
is fetus-originated (27,36-38), a size-based separation of fetal
cfDNA from background maternal cfDNA might contribute
to improve the noninvasive prenatal diagnostics (12,39).

Transplantation

In recipients of bone marrow or solid organ transplantation,
different length patterns of cfDNA originating from
transplanted organs have been observed. Based on analysis
of plasma c¢fDNA of hematopoietic stem cell transplants
recipients, it was showed that the size of recipient’s cfDNA
is usually significantly shorter than donor-derived cfDNA,
resulting in a median difference of almost 15%. Thus, it
appears that non-hematopoietically-derived DNA is shorter
than DNA of hematopoietical origin. In details, the entire
pool of (recipient- and donor-derived) ¢fDNA contained
relatively short ¢fDNA fragments, since more than 98% of
cfDNA was shorter than 250 bp. There were a characteristic
peak at 166 bp length and 10 bp periodical peaks in sizes
smaller than 143 bp. The 166-bp peak of recipient’s cfDINA
was reduced. This can be explained by the fact that the
majority (around 85%) of plasma cfDNA was donor-derived
and its overall size is somewhat longer.

In contrast to bone marrow transplants, plasma of a
recipient of liver transplant contained mostly cfDNA of
recipient’s origin (over 70%), which was found to be longer
than donor’s c¢fDNA. Since the liver is a non-hematopoietic
organ in adults, the liver transplant releases only non-
hematopoietic DNA, confirming the observation that
cfDNA of hematopoietic origin is somewhat longer than of
non-hematopoietic origin (18).

Autoimmune diseases

Already in 1990, it was reported that cfDNA isolated
from systemic lupus erythematosus (SLE) patients is not
randomly fragmented, but represents a specific ladder-
like pattern of multiple 200 bp lengths, suggesting that
cfDNA is bound at histones and digested by DNases
during apoptosis (40). Twenty-four years later, plasma
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c¢fDNA of SLE patients was described to have a reduced,
characteristic 166-bp peak and have a higher proportion
of cfDNA fragments smaller than 115 bp. The median
proportion of shorter fragments (<115 bp) was 10% in
the group of healthy individuals, and increased to 14%
in the inactive SLE group and to 31% in the active SLE
group. There was also a positive relationship between the
proportion of cfDNA fragments shorter than 115 bp, SLE
activity and the anti-dsDNA antibody level, supporting the
fact that antibodies bind preferentially to shorter ctDNA
fragments. Fragmentation, antibody affinity and SLE
activity increased in line with the ¢fDNA hypomethylation,
since hypomethylated ¢cfDNA is bound less tightly with
nucleosomes, and therefore is more susceptible for

enzymatic activity and antibody binding (29).

Infections

Size distribution of microbial and mitochondrial circulating
cell-free DNA (mcfDNA) is expected to be similar due
to their common evolution history. Recently, plasma
samples from sepsis patients were analyzed by massively
parallel sequencing (MPS) that detected microbial DNA of
Propionibacterium acnes, Streprococcus agalactine and Epstein-
Barr virus (EBV). Interestingly, cfDNA of both bacteria
were more fragmented than human ¢fDNA, with a majority
of c¢fDNA fragments shorter than 150 bp, whereas EBV-
derived DNA had a characteristic peak in a similar size to
human c¢fDNA (41). A further study of ¢fDNA from lung
transplant recipients demonstrated that bacterial DNA
detected in the blood circulation of those patients is also
more fragmented when comparing to human nuclear
cfDNA. Therefore, the analysis of shorter microbial cfDNA
and consequently, size-based cfDNA separation might be
of interest in transplant recipients, who are undergoing
intensive immunosuppressive therapies, to decrease the risk
of transplant rejection and opportunistic infections (42).

Circulating mitochondrial DNA

The pattern of mcfDNA fragments is different from
that of nuclear ¢cfDNA. In mcfDNA, the peak of 166 bp
characteristic for nuclear DNA is not observed, and
the overall size distribution of mcfDNA is smaller
than of nuclear genomic c¢fDNA (15,19,42). Its highest
concentration was primarily reported in a size of 130-140 bp,
as measured by standard MPS (15). However, newest
investigations with optimized protocols of MPS showed

© Translational Cancer Research. All rights reserved.

tcr.amegroups.com

Grunt et al. Clinical relevance of size selection of circulating DNA

a highest abundance of mcfDNA fragments smaller than
100 bp (19,42), but a lack of a nucleosomal mcfDNA
distribution pattern in a periodical size of 10-bp, typical
for histone-bound cfDNA. The smaller overall length
distribution of mcfDNA is a result of enzymatic degradation,
which occurs much easier due to the lack of histone
protection of mcfDNA (15,17). Moreover, in a previous
study on HCC patients, the concentrations of mcfDNA in
plasma of these patients were higher than those of healthy
patients (0.0014% and 0.00045%, respectively, as measured
by standard MPS) (15). However, this firstly described overall
abundance of mcfDNA seemed to be underestimated. In fact,
using an improved quantification method of shorter mcfDNA
fragments by digital PCR (dPCR), and due to the presence of
50—4,000 of mitochondrial genomes per cell, an abundance
of mcfDNA 56-fold higher than that of nuclear genomic
DNA was discovered. In addition, the same study showed
that mcfDNA released from graft is slightly shorter than
mcfDNA originating from a recipient (42). Finally, another
study showed that in serum of patients with testicular germ
cell cancer, the levels of 79- and 220-bp mcfDNA fragments
were elevated in comparison with healthy controls, and the
proportion of 79-bp length mcfDNA molecules was higher
than that of 220-bp mcfDNA molecules, indicating the lower
integrity of mcfDNA in this pathological condition (43).

cfDNA size determination and separation
methods, and their utility

The selection of a defined size range of cfDNA is an
important preliminary step prior to massive parallel
sequencing (19,44-46). Furthermore, size-dependent
separation of ¢cfDNA fragments have been already
implemented in the development and improvement of non-
invasive prenatal detection of fetal genetic disorders (35,36).
Therefore, it is expected that the enrichment of cfDNA
according to their size may also contribute to improve
diagnostic tests, e.g., the detection of genetic aberrations in
blood of tumor patients. In this regard, several techniques
have been developed and are summarized below (Figure I).

Electrophoresis-based techniques

Gel electrophoresis imaging and size-separation

The easiest technique to determine the length of cfDNA is the
conventional gel electrophoretic separation (34,35). However,
the main disadvantage of this method is its low sensitivity. For
example, more than a decade ago size-fractionated DNA was
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Figure 1 An overview on techniques of analysis and separation of cfDNA. ¢fDNA, circulating cell-free DNA.

still isolated from a gel to enrich fetal cfDNA from maternal
plasma (35,47). At that time, Li et 4/. found that the highest
proportion of fetal cfDNA was smaller than 300 bp. Moreover,
the gel electrophoresis-based enrichment of fetal ¢fDNA also
facilitated the analysis of maternally and paternally inherited
DNA polymorphisms (35).

An advanced alternative to the standard gel electrophoresis
is an automated gel separation and size selection. Here, an
instrument is loaded with disposable cassette containing
prefabricated agarose gel. The electrophoresis of ¢fDNA
samples is running until a laser detector determines the
time point of collecting the assembled cfDNA referring to
the previously established collection size range. This sizing
method can be dedicated for the selection of DNA libraries
for new generation sequencing (NGS), and was recently,
successfully used to separate cfDNA in size of 90-150 bp
and cfDNA libraries in size of 150190 bp, to enrich ctDNA
and short mcfDNA fragments, respectively, from the total
cfDNA pool prior to sequencing (19,46).

Bioanalyzer

The Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) is a platform performing a microchip-based capillary
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electrophoresis of nucleic acids and proteins. Its software
automatically analyzes and adjusts the ¢fDNA length
of the defined regions, and calculates the average size
(bp), size distribution in coefficient of variance (CV, %),
concentration (pg/pL), percentage of total DNA, and
molarity (pmol/L) for each designated ¢fDNA region.
Using this method, size distribution and concentration of
cfDNA can be measured in a digital format. The relatively
short time for the performance of an experiment and the
input of low volumes of purified cfDNA samples make this
technique advantageous (2,12,34,48-50).

In this regard, plasma ¢fDNA of colorectal cancer
(CRC) patients was tested with this platform. Twenty-
one of 32 CRC patients had a similar size distribution of
¢fDNA to the control group of healthy volunteers with a
pronounced peak in a size of 85-230 bp. In the remaining
11 CRC patients an additional peak in a size of 240-400 bp
was observed. These patients had also approximately
6-times higher concentrations of ¢fDNA than the other
CRC patients. These high ¢fDNA concentrations positively
correlated with the occurrence of circulating tumor cell
and in some cases with an higher percentage of KRAS
mutated cfDNA (49). A year later, the same researchers
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also determined the cfDNA size profiles of women with
metastasized breast cancer. They observed an additional
cfDNA peak of longer cfDNA fragments in 25 of
57 tested patients, and reported that while the peak of shorter
cfDNA fragments likely corresponds to apoptotic mono-
nucleosomal DNA, the second peak might represent 2- or
3-nucleosomal cfDNA fragments released by phagocytosis (50).

Moreover, the size distribution of adaptor-ligated
cfDNA library enriched by PCR can be analyzed prior to
sequencing by the Bioanalyzer (12,34). Yu et al. analyzed
c¢fDNA libraries of pregnant women. To get accurate
cfDNA lengths, the length of the adaptors was subtracted
from all ¢fDNA fragments. Then, the ratio of the areas of
78-143 and 163-168 bp was calculated. The fetal cfDNA
fraction in maternal plasma could be estimated based on the
fact that cfDNA contained increased amounts of molecules
smaller than 150 bp and a decreased peak at 166 bp (12).

Finally, size analysis by the Bioanalyzer can also be
utilized to check the purity of cfDNA for the absence of cell
DNA, which is a high-molecular weight DNA (44).

Microsystem for concentration and size separation of
fetal cfDNA

In 2009, Hahn et 4/. introduced a micro-device that
encompasses electrokinetic trapping, transient
isotachophoresis and capillary electrophoresis for automated
enrichment and size-depending separation of fetal cfDNA.
In the first step, cfDNA isolated from maternal plasma is
applied in the polymeric microsystem, in which by means of
electrokinetic trapping, cfDNA is captured and subsequently
pre-concentrated. In the second step, by applying transient
isotachophoresis ¢fDNA is put in the matrix of polymerized
acrylamide in the separation channel. After exchanging
buffers in the system, cfDNA is size-separated by performing
capillary electrophoresis, and each 30 seconds 2-pL
fractions are manually collected from recovery outlet. The
device is disposable and easily operated. The microsystem
was able to separate DNA fragments of the 100-bp
DNA ladder into four fractions that contained cfDNA
fragments of 100-300, 300-500, 500-600 and >600 bp
collected between 9.0-10.0, 10.5-11.5, 12.0-13.0 and >13.0
minutes, respectively. cfDNA of pregnant women bearing a
male fetus was similarly fractionated. qPCRs of the ¢fDNA
fractions were performed for leptin (LEP) and SRY. LEP
gene was detected in the fractions of short and long ¢fDNA,
and thus, is present in both maternal and fetal alleles. In
contrast to LEP, SRY was only found in fractions 1 and 2,
corresponding to cfDNA fragments smaller than 500 bp and
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to fetal cfDNA (36), confirming the successful size-separation
of cfDNA in pregnant women using the microdevice (25).

Lab-on-a-chip (LOC) capillary electrophoresis
A few years ago, a new technique, based on glass LOC
capillary electrophoresis, has been introduced to separate
genomic and synthetic DNA fragments of 20-40, 100,
200, 300 and 500 bp. Basically, the glass LOC comprises
microfluidic channels and reservoirs enabling injection,
separation and extraction of selected DNA fractions. The
channels are filled with linear polymer sieving matrix,
while the reservoirs are filled with standard running buffer
(TBE). After introduction of a DNA sample into the
reservoir, all subsequent steps of analysis are performed
automatically by the docking station, a voltage control
unit and a fluorometric detection unit for real-time
monitoring of the DNA flow in the microfluidic channels.
First, the fluorescent-labeled DNA sample is injected into
the separation channel where DNA fragments become
separated. Next, at the end of the separation channel, each
DNA fragment is detected. Finally, the selected DNA
fragment is moved to one of the two extraction channels
by the automatic change in the separation voltage. DNA
fragments of 20-500 bp can be successfully separated within
90 seconds, as documented by the fluorescence signals on
the digital electropherograms.

"This technique has potential of a fast and repeatable size-
separation of cfDNA, i.e., fetal from maternal cfDNA, with
a low risk of DNA contamination (26).

AmpFISTR® Yfiler® PCR Amplification Kit

Kimura et al. investigated the size distribution of fetal
cfDNA in maternal plasma of women using a commercial
kit (AmpFISTR® Yfiler® PCR Amplification Kit, Applied
Biosystems, Foster City, CA, USA), which combines PCR
and electrophoresis. This kit was originally designed with
the intention to forensically recognize male perpetrators of
crimes and permit the analysis of compound male-female
DNA mixtures that often give equivocal or inconclusive
results with autosomal short-tandem repeats (STR). The kit
amplifies simultaneously 17 Y-chromosomal STR (Y-STR)
loci in a single reaction. The subsequent performance
of capillary electrophoresis with an allelic ladder marker
documents the size of the obtained amplicons. Furthermore,
the method in combination with sex determining region Y
(SRY) primers for the amplicons of 193, 313, 392 and 524 bp
allows determining the maximal size of fetal ¢cfDNA
fragments, which varied between 219 and 313 bp. Kimura
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et al. suggested that this size of ¢fDNA fragments may
represent double nucleosomal complexes of ~146 bp (51).

PCR-based techniques

Real-time PCR

The amplification of amplicons of different sizes by real-time
PCR (qPCR) can serve as a method to check DNA integrity.
One of the first qPCR assays for measuring cfDNA integrity
is the amplification of repeated sequences of ALU elements.
An amplicon of 115 bp (ALU115) is usually amplified
to measure the levels of truncated, apoptotic DNA and
simultaneously, a 247-bp amplicon to measure longer DNA
fragments. The data obtained from both DNA fragment
lengths are compiled to calculate the integrity index of
cfDNA (52). To date, the integrity index of ¢fDNA has been
estimated by amounts of long versus short PCR products,
and calculated in many tumor types, such as bladder (53),
prostate (54), ovarian (55) and breast cancer (5).

Using the qPCR method, it has also been shown that
nasopharyngeal carcinoma patients have a higher number
of longer ¢fDNA molecules than healthy controls in
their blood (16). On contrary, other studies showed that
DNA released from malignant cells of nude athymic mice
xenografted with HT29 cells and CRC patients is highly
fragmented in comparison with DNA originating from
normal tissues. Moreover, in the same study the ctDNA
integrity of 133- vs. 290-bp fragments of the human f3-actin
gene from xenografted mice pointed to an increase in
fragmentation of ctDNA in line with the tumor weight and
concentration of ctDNA. The same researchers also found
that the efficiency of quantification of ctDNA by qPCR is
influenced by the length of the amplicon. They showed that
amplicons of a size between 60- and 100-bp have the most
appropriate length for qPCR (22).

PCR-based size-selective enrichment of short cfDNA

Recently, a new PCR-based technique for size-selective
enrichment and overall-amplification of short ¢fDNA
fragments was established. It is an improved amplified
fragment length polymorphism (AFLP) technique, in which
cfDNA is (I) treated by T4 DNA polymerase to obtain blunt
ends, (I) extended by adenine bases to create 3" sticky ends,
(IIT) ligated with double stranded unidirectional linkers of
3'-thymine ends and (IV) simultaneously phosphorylated
at the 5' end. The amplification of all cfDNA molecules
in a single reaction system, independent of their particular
sequences and lengths, can be carried out with a universal
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primer, since all ¢fDNA-linker molecules have the same
sequence at the 5' end. Moreover, a DNA polymerase
without 5" 3' exonuclease activity is used, and a modified
PCR buffer is introduced to reduce the negative influence of
GC content on PCR. The temperature of the denaturation
step in the PCR cycle is decreased to suppress longer DNA
fragments and allow only short DNA molecules to be
amplified. This technique allows the selective enrichment of
short cfDNA fragments. It was tested by the amplification of
the SRY gene in plasma of pregnant women bearing a male
fetus, and was proved to selectively size-enrich fetal cfDNA
molecules (56). Thus, this method enriches short cfDNA
fragments sufficient to meet the requirements of routine
prenatal testing.

The above-described method has advantages as well
as disadvantages. It can decrease the maternal cfDNA
background, ameliorate the amplification and enrichment
of fetal cfDNA, enhance the sensitivity of detection of fetal
genetic abnormalities, decrease prenatal diagnosis costs and
reduce special equipment demand. However, the method
is time-consuming, consists of many laborious steps and
includes repeated purification steps which may lead to the
loss of DNA (56).

dPCR
dPCR relies on the random distribution of the template
DNA in very small portions (droplets), containing only
one or no copy of targeted DNA. By this technique,
thousands of partitions can be created, in each of which
a separated assay is carried out. In each sample portion,
PCR is performed with a fluorescent probe, signals from
all parallel positive reactions are digitally counted, and the
proportion of positive and negative reactions is established.
The copy number of the amplified targets is absolutely
quantified, without the requirement of a standard curve.
Since dPCR separates template DNA into partitions, it is
much more sensitive than traditional qPCR, and even very
low-abundant DNA sequences can be detected (38,41,57).

The dPCR of different amplicon lengths (49-309 bp) was
recently used to analyze the abundance and fragment length
distribution of mcfDNA in the plasma of lung transplant
recipients. This study showed that mcfDNA fragmentation
is increased in comparison with nuclear genomic DNA.
This size-selective measurement showed that mefDNA is
much more abundant in the plasma of transplant recipients
as previously assumed (15). The mcfDNA concentrations
were 56 times higher than those of nuclear DNA (42).

To sum up, PCR-based techniques are very sensitive,
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but also limited by different amplification efficiencies,
reproducibility and amplification errors (58).

MPS

MPS allows simultaneous sequencing of millions of
cfDNA fragments. By the use of paired-end sequencing
variants, each cfDNA molecule is read from both ends. The
obtained sequences are, then, aligned to a reference genome
(12,15,29,59). This accurate measurement of the length of
each single ¢fDNA fragment is based on the determination
of the distance between start and end coordinates of the
paired-end reads. Length measurement of each cfDNA
molecule is feasible, and the size profiles of ¢fDNA can
be analyzed at single-base resolution in a genome-wide
scale. The relative amounts of ¢fDNA of different lengths
can be calculated with high precision (13,15,17,18). MPS
size-based analyses of ¢cfDNA were used, among the
others, in prenatal diagnostics, to detect sub-chromosomal
CNAs in maternal and fetal cfDNA (13), different types
of fetal aneuploidies (12) and chromosomal deletions
and duplications (39); in cancer research to assess mutant
allele frequency in different cfDNA size fractions (34),
hepatocellular carcinoma sequences and tumor-associated
CNAs (15); in transplant recipients to study post-
transplantation chimerism and origin of cfDNA; and in
SLE to examine ¢fDNA abnormalities and their potential
influence on the course of the disease (18).

Optimized MPS protocols

A typical MPS library preparation protocol consists
of following steps: (I) end repair; (II) adenine tailing;
(III) adaptor ligation; (IV) library amplification, and a
purification step after each step. Standard MPS is usually
based on a ligation of dsDNA sequencing adapters to the
c¢fDNA molecules and a size-based removal of unwanted
adapter dimers. However, this method is not effective
for highly degraded, partially single-stranded DNA or
very small cfDNA molecules, such as bacterial DNA or
mcfDNA, and results in missing many c¢fDNA molecules.
A recently introduced MPS method, which is based on
single-stranded ligation and excludes a bead-based step of
elimination of shorter ¢fDNA fragments, has improved
the sensitivity to the different cfDNA species. The high
efficiency of this method to detect, quantify and determine
fragment length profiles of nuclear, microbial and
mitochondrial ¢fDNA was among others demonstrated by
the fact that the proportion of sequenced nuclear cfDNA
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fragments shorter than 100 bp in the pool of nuclear
cfDNA was significantly increased to more than 20% (42).

Subsequently, MPS was further improved for the use
of mcfDNA by combining end-repair and adenine tailing
in a single reaction that is directly followed by adaptor
ligation. This procedure avoids several purification steps
that lead to the loss of short cfDNA fragments. Besides,
mcfDNA is enriched prior to sequencing by a size-selection
of 150-190 bp library fragments (estimated mcfDNA
size range plus length of the adaptor) using automated
DNA gel electrophoresis and size-based purification. The
functionality of these modifications was confirmed by the
improved isolation of short mefDNA fragments and the
subsequent detection of heteroplasmy. The proportion of
mcfDNA fragments shorter than 100 bp was 19% using this
improved protocol and was significantly higher than using
the standard MPS (less than 2%) (19).

Microfluidic single molecule analysis

A method to quantify and measure the size of fluorescently
labeled c¢fDNA directly from human serum has also been
developed. Here, a combination of microfluidic cylindrical
illumination confocal spectroscopy (pCICS) and fluorescent
burst size analysis are applied. A special design of the pCICS
platform ensures 100% detection efficiency of cfDNA
molecules flowing through this construction, and provides
fluorescent burst size dependent on the DNA length. Only
a single reagent, a DNA intercalating dye (TOTO-3), is
utilized in the assay. The number of TOTO-3 molecules
incorporating in ¢fDNA is directly proportional to the
DNA length. This dye was, therefore, chosen, because (I)
it is highly specific to DNA, (II) it has a high fluorescent
enhancement, to detect serum cfDNA, (III) its fluorescence
can be distinguished from cellular auto-fluorescence, and
(IV) it does not pass through cellular membranes, thereby
preventing from the intercalation into nuclear DNA.

"To verify the utility of this device, a 3-step experiment was
performed. First, enzymatically digested lambda DNA was
used to prepare the size calibration curve, that fluorescent
burst adequately increased to the length of measured DNA.
Next, lambda DNA was randomly fragmented by sonication
during different time durations. After labeling, the length
of lambda DNA fragments was measured by a microfluidic
device. The calculated DNA fragmentation increased with
the duration of sonication treatment. This assessment
warranted to determine the integrity of serum cfDNA
of early and late stage lung cancer patients. In this study,
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cfDNA was labeled directly in the serum, quantified and size-
analyzed. Lung cancer patients at stage IV had a significantly
higher proportion of longer ¢fDNA fragments than patients
at stage 1. The largest difference was observed in cfDNA
fragments of ~800 bp, where patients at stage IV had almost
7 times higher DNA yields than patients at stage 1.

To sum up, the present method may be an interesting
alternative to PCR-based methods, since it allows a
rapid, facile and inexpensive single molecule analysis of
cfDNA integrity. By excluding the ¢fDNA isolation step, a
potentially experimental bias can be eliminated (60).

Size-selective separation by lysine-functionalized silica particles

Recently, a new technique of size-dependent separation of
DNA by lysine functionalized silica particles (Lys-SiO,) has
been introduced. Although the silica matrix itself is known
to adsorb DNA molecules on its surface by building “salt-
bridges” in the presence of salt molecules in its environment,
the adsorption of short DNA fragments by this phenomenon
is poor. Even a modification of silica matrix with metal ions
or amine groups did not solve this issue. To overcome this
problem, lysine molecules were functionalized on the surface
of silica particles. Due to this alteration, silica particles
became sensitive to pH changes, and consequently, at- and
detachment of DNA fragments on their surface can be
easily controlled by changes of the environmental pH. Since
the electrostatic attraction of DNA molecules to positively
charged surface depends on their length, and thus, their total
negative charge, the binding of DNA fragments of different
lengths at Lys-SiO, can be readily manipulated by regulating
ionic strength. Higher concentrations of salt increase the
distance between the charges, and the influence of this
phenomenon rises along with the decrease in DNA length.
By the adjustment of pH and salt concentration together,
Lys-SiO, allows an efficient separation of DNA fragments of
different lengths. DNA of 101 bp length was demonstrated
to be effectively isolated from DNA molecules of 1,073, 745
and 408 bp length (61).

The size fractionation with Lys-SiO, can be applied in
prenatal and cancer diagnosis, but also may serve as a tool
for library preparation prior to MPS.

PME DNA Sizing Kit
PME DNA Sizing Kit (Analytik Jena, Jena, Germany)

combines the isolation and the subsequent size-fractionation

of ¢fDNA. In the first step, cfDNA is enriched by a
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polymer and afterwards cfDNA is extracted with the use of
a spin column-based method. Finally, the eluate containing
isolated cfDNA can be size-fractionated. Longer ¢fDNA
fragments are bound at the first spin column. The size
section of these cfDNA molecules is determined by adding
appropriate amounts of binding conditioner solution, which
has to be established empirically for the desired cfDNA
size cutoff. cfDNA fragments shorter than the cutoff are
released in the flow-through, and can be recovered on the
second spin column. An advantage of this kit is that cfDNA
can be enriched from a wide range of sample types (e.g.,
plasma, serum, urine) and volumes.

The PME DNA Sizing Kit was used to compare the
cfDNA lengths in women suffering from intrahepatic
cholestasis of pregnancy (ICP) with those in healthy
pregnant women. Significantly higher proportions of
cfDNA shorter than 200 bp were detected in women with
ICP than in healthy controls (up to 3-fold difference).
In addition, the copy number of ¢fDNA in the fraction
longer than 200 bp was comparable between both cohorts.
These results show that women with ICP have higher
levels of plasma DNA of nuclear origin and higher cfDNA
fragmentation than healthy controls (62).

Conclusions

The size distribution of ¢cfDNA has been demonstrated
to vary under different pathological and physiological
conditions. In healthy and diseased (benign and malignant)
individuals, the release processes of DNA into the human
blood circulation, such as apoptosis, necrosis and active
secretion, as well as the extent of cfDNA degradation by
DNases in blood, differ resulting in a broad repertoire of
different lengths of cfDNA between both groups. This
varying prevalence permits a size-based separation of
cfDNA that may contribute to improve the sensitivity
of analytical applications. The use of size-fractionated
cfDNA that reflects largely its origin also allows a better
detection of genetic abnormalities. In particular, this may
facilitate investigations of ctDNA in the plasma/serum of
cancer patients, to trace the course of their disease and
therapy success. "To date, clinical relevance and application
of these enquiries have only been found in fetal medicine.
Accordingly, the different lengths of fetal and maternal
cfDNA in maternal plasma have been shown to be useful
for the prenatal diagnosis of certain fetal disorders.

In this study, we introduced numerous different methods
to size-fractionate cfDNA (Table 2). Partly, these techniques
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Table 2 Advantages and disadvantages of different cfDNA size determination and separation methods

Size determination and
separation methods

Advantages

Disadvantages

Electrophoresis-based
techniques

Gel electrophoresis imaging ¢
and size-separation

Bioanalyzer o3
o3
o3
o
o
Microsystem for o3
concentration and size
)
separation of fetal cfDNA "’

Lab-on-a-chip (LOC) capillary <
electrophoresis

AmpFISTR® Yfiler® PCR e
Ampilification Kit

PCR-based techniques
Real-time PCR B

PCR-based size-selective o
enrichment of short cfDNA

*

.
”

.
Ex3

Digital PCR o

Easy o
Automatic alternative exists o5
Size-separation for further downstream applications

Automatic analysis <

Parallel measurement of size distribution and concentration
Results in digital format
Low sample volume required (1 pL)

Detection of cellular DNA contamination

o,

Automated x4
Simultaneous enrichment and size-separation <
Disposable and easy-operated device
Size-separation for further downstream applications
Fast (<15 min)

Cheap (production cost ~2€)

Automated o
Results in digital format

Fast (<2 min)

o,
°

High resolution

High specificity and sensitivity <

Ampilification of all cfDNA molecules in a single reaction o5
Selective short fragments enrichment <
Enhancement of detection sensitivity <
Possible further downstream applications

Improved sensitivity —rare targets detection X

Absolute quantification <

Low sensitivity

High DNA yield required

Fractionated samples cannot be
used for downstream applications

Manual sample collection

Low resolution

Low resolution

Limited to male fetus sample
analysis

Size measurement of chosen
amplicons

Multiple and complicated steps
Time consuming

Possible loss of DNA

Lower throughput that real-time PCR

Higher cost

Table 2 (continued)
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Table 2 (continued)

Size determination and

A t Di t
separation methods dvantages isadvantages
Massively parallel sequencing
MPS: double-stranded «» Simultaneous analysis of millions cfDNA copies < Not effective for highly degraded,
ligation partially single- stranded DNA or

very small cfDNA molecules

°,

% Size analysis at single-based resolution and in a genome- ¢+ Possible loss of DNA
wide scale

°,

+¢ High precision of calculation of the relative amounts of % Time consuming
cfDNA of different lengths

MPS: single-stranded ligation « Improved efficiency for highly degraded, partially single- % Time consuming
stranded DNA and very short cfDNA fragments

MPS: steps combined in % Reduced number of purification steps—no loss of short «» Time consuming
single reaction cfDNA fragments

«»» Enrichment of short cfDNA fragments prior to sequencing

Microfluidic single molecule + Size measurement and quantification of cfDNA directly + High cost of used dyes
analysis in sample—no need of cfDNA isolation, potential bias
excluded
++ No signals from contaminating cellular DNA «* No size-separation—no downstream

applications possible
%+ Single-reagent assay
«» Low sample volume (<10 pL)
++ Rapid, easy and inexpensive
Size-selective separation by < Simple + Possible loss of DNA

lysine-functionalized silica
o Qiom . . .
particles #¢ Size-separation on DNA isolation level

PME DNA Sizing Kit « Facile «+ Possible loss of DNA

«» cfDNA enrichment from a wide range of sample types and
volumes

% Size-separation following DNA enrichment

cfDNA, circulating cell-free DNA; PCR, polymerase chain reaction; MPS, massively parallel sequencing.

showed no congruent cfDNA size patterns within the “same” method for its clinical introduction.
patient populations. This discrepancy pointed among others
to the different specificity of the techniques, different
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