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A B S T R A C T

The term ‘liquid biopsy’, introduced in 2013 in reference to the analysis of circulating tumour cells (CTCs) in
cancer patients, was extended to cell-free nucleic acids (cfNAs) circulating in blood and other body fluids. CTCs
and cfNAs are now considered diagnostic and prognostic markers, used as surrogate materials for the molecular
characterisation of solid tumours, in particular for research on tumour-specific or actionable somatic mutations.
Molecular characterisation of cfNAs and CTCs (especially at the single cell level) is technically challenging,
requiring highly sensitive and specific methods and/or multi-step processes. The analysis of the liquid biopsy
relies on a plethora of methods whose standardisation cannot be accomplished without disclosing criticisms
related to the pre-analytical phase. Thus, pre-analytical factors potentially influencing downstream cellular and
molecular analyses must be considered in order to translate the liquid biopsy approach into clinical practice. The
present review summarises the most recent reports in this field, discussing the main pre-analytical aspects re-
lated to CTCs, cfNAs and exosomes in blood samples for liquid biopsy analysis. A short discussion on non-blood
liquid biopsy samples is also included.

Introduction

The NCI Dictionary of cancer terms defines ‘liquid biopsy’ (LB) as ‘a
test done on a sample of blood to look for cancer cells from a tumour
that are circulating in the blood or for pieces of DNA from tumour cells
that are in the blood’ [1]. The term was first introduced in 2013 in
reference to the analysis of circulating tumour cells (CTCs) in cancer
patients [2], and was subsequently extended to cell-free nucleic acids
(cfNAs) in the blood and other body fluids. Furthermore, cfNAs include
circulating cell free DNA (cfDNA), exosomes, microRNAs (miRNAs),
other noncoding RNAs (ncRNAs) and circulating gene transcripts
(cfRNA) [3] released into the circulation by most cancers at any stage of
disease. The study of the LB has opened the perspective of a non-in-
vasive tumour diagnosis and characterisation, which has been applied
to the early detection of cancer, the identification of therapeutic targets
and the monitoring of the response to therapy for precision medicine, as
well as the disclosure of mechanisms of disease progression [4].

The workflow of LB analysis is a complex combination of several

steps, which have not yet reached complete standardisation and can
vary depending on the biomarker under study. Moreover, the pre-
analytical phase can differ considerably depending on the blood com-
partment under investigation. Fig. 1 shows a schematic description of
the different procedures included under this term, differentiating
cfNAs, CTCs and extracellular vesicles. The pre-examination process
starts with the preliminary blood collection phase, which can require
the stabilisation of the sample and includes storage and transport. This
phase is common in all the components of the LB, while the subsequent
phases involve workflows of differing complexity, based on the locali-
sation of the biomarker. In fact, sample centrifugation to separate the
liquid part of blood from blood cells and nucleic acid extraction will
follow if the aim of the study is to analyse cfNAs; alternatively, an
enrichment/isolation phase is needed if the object of the analysis is
contained within tumour-derived cells or vesicles (for CTCs or exo-
somes) prior to a staining/imaging step or the extraction of biomole-
cules from the enriched preparations.

It is worth underlining that the pre-analytical phase for LB analysis
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cannot be uniquely defined, and that the term refers to many different
procedures, not only on the basis of the substrate of choice (plasma,
tumour cells or vesicles) but also of the examination process to be
performed. Consequently, an obvious but useful definition of the pre-
analytical workflow can be formulated including all the phases pre-
ceding the analytical examination. Here, cfNAs are referred to as nu-
cleic acids obtained from plasma or serum samples (with no enrichment
phase), whereas nucleic acids associated with cells or vesicles will be
considered as being obtained by an enrichment and/or an isolation step
from blood or plasma, as is usually performed for investigation of nu-
cleic acids in exosomes and CTCs.

In regard to CTCs, the main pre-analytical critical aspects are re-
lated to their fragility [5]; in fact, they tend to degrade within a few
hours when collected in standard blood collection tubes (e.g. EDTA
containing tubes). Moreover, CTCs are rare, especially in early stages of
the disease, and are detected at a very low frequency among billions of
blood cells, a background that contaminates sample purity and con-
tributes to challenge the CTC enrichment phase. Further, standardised
pre-analytical protocols are needed to ensure reliable and efficient
methods for CTC detection as well as their molecular characterisation.
Nucleic acids from CTCs can be either extracted or amplified upon di-
rect lysis; in both cases, the pre-analytical phase has to be carefully
standardised and validated. On the other hand, cfNAs are also char-
acterised by a low and variable concentration in plasma or in serum and
cfNA profiles can change significantly after blood collection (e.g. re-
lease of genomic DNA from cells in blood, cfNA fragmentation and
degradation), due to which special measures need to be taken to obtain
good quality and an appropriate quantity of nucleic acids for down-
stream analyses [6,7].

In terms of exosome studies, rapid advances in understanding their
biological functions have been providing new insights into the roles
that they play in the diagnosis, treatment and response to therapy in
cancer [8,9]. Similar to CTC and cfNA analysis, exosome analysis out-
come is strongly influenced by pre-analytical treatment [10–13]: exo-
somes have to be reliably and efficiently isolated from complex biolo-
gical matrices like blood, urine and other body fluids; thus,
standardised and consistent protocols for sample collection and

preparation are needed.
Currently, there is no standardisation of the whole pre-analytical

process for LB analysis even if some progress has been made, especially
for blood sample stabilisation for cfDNA, cfRNA and CTC integrity.
Nonetheless, most pre-analytical aspects still require deep investigation
and harmonisation among different research laboratories, making it
difficult to compare the obtained results. As part of the EU project
SPIDIA4P and because of our involvement in the development of a
standard document for CTCs, here the main problems related to the pre-
analytical variables for LB analysis will be evidenced. The overall ob-
jective of the 48-month project SPIDIA4P is to develop selected pre-
analytical CEN and ISO standard documents as well as corresponding
External Quality Assurance (EQA) schemes and implementation tools
needed to (1) reduce the number of sample-based diagnostic errors, (2)
reduce the number of non-reproducible pre-clinical and clinical studies,
and (3) improve and speed up biomarker discoveries and validations to
reinforce the era of personalised medicine and innovations in patient
care.

Within SPIDIA4P, dedicated standard documents focused on the
pre-examination processes for specific LB components such as CTCs,
exosomes and cfNAs are being produced. Since new methods are ex-
ponentially emerging and new tools will be developed to support the
management of oncology patients, it is expected that the increasing
knowledge on the origin and the functions of LB derived biomarkers in
tumour development will lead to a constant and necessary revision of
the protocols in view of future applications. Notwithstanding these
considerations, posing the basis of standard procedures is particularly
appropriate in this stage of development of LB applications in order to
promote reliable results and enhance the diffusion of tests based on LB
analysis. Here, the main pre-analytical aspects related to CTCs, cfNAs
and exosomes in blood samples for LB analysis are discussed. Other
body fluids, specifically urine and saliva, have been considered briefly.

Fig. 1. Schematic representation of the pre-analytical phase for the different components of the Liquid Biopsy.
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The pre-analytical phase of cell-free nucleic acids analysis

The pre-analytical phase of cell-free DNA analysis

cfDNA can be found in the plasma of healthy and diseased in-
dividuals due to cell death by necrosis or apoptosis and mechanisms of
active release. In cancer patients, a fraction of cfDNA is represented by
DNA of tumour origin bearing the same genetic and epigenetic altera-
tions as the tumour [14]. The major potential clinical application for
cfDNA lies in the real time monitoring of therapies; in fact, genomic
aberrations affecting the efficacy of targeted drugs can be identified
non-invasively in cfDNA [4]. The analysis of cfDNA has been recently
introduced into clinical practice for the assessment of the mutational
status of the EGFR gene in patients affected by non-small cell lung
cancer when tumour tissue is unavailable (https://www.accessdata.fda.
gov/drugsatfda_docs/label/2017/208065s006lbl.pdf). However, de-
spite the growing importance of cfDNA in oncology, there is no general
consensus on protocols for cfDNA analysis while there is a need to
standardise both the pre-analytical and analytical procedures to obtain
reliable and reproducible results in different laboratories. Accordingly,
the pre-analytical phase for cfDNA analysis has been addressed by
several authors (for review, see [15,16]); here, we summarise the pre-
analytical factors affecting cfDNA analysis and report the most recent
studies in this field.

The first issue to be considered is the choice of the matrix; although
the majority of the studies on cfDNA are performed on plasma, several
authors use serum as a source of cfDNA. Moreover, serum appears to
have a higher content of cfDNA [15,17], but it has been demonstrated
that this can be attributable to genomic DNA contamination caused by
leucocyte lysis during the clotting process [15].

Secondly, blood collection tubes may have a great impact on the
analytical phase. The most common collection devices are K2/K3EDTA-
containing tubes, which require a short time interval between blood
drawing and sample processing, since it has been demonstrated that
leucocyte lysis occurring after draw causes an increase in DNA con-
centration over time. Studies on DNA concentration in K3EDTA tubes
report non-uniform results about the stability of this parameter for up to
4, 6 and 8 h from collection [16] or even over 24 h [17], making it
evident that stabilising blood collection is a prerequisite for the re-
producibility of the analytical data. Different collection devices with
preservative reagents are now available among which cell-free DNA
BCT tubes (Streck, La Vista, Nebraska, USA) have been shown to pre-
vent genomic DNA contamination during sample storage for up to 14
days at room temperature (RT) [18]. Based on a comparison with
K2EDTA containing tubes, Streck tubes were capable of maintaining
stable cfDNA levels for 7 days if stored at RT while K2EDTA tubes under
the same conditions showed a massive release of DNA [19]. Moreover,
the same devices appeared to have better performance than PAXgene
Blood ccfDNA Tubes (Qiagen, Hilden, Germany), which showed con-
siderable cell lysis at 7 days storage at RT [20]. Nonetheless, PAXgene
Blood ccfDNA Tubes have been demonstrated to stabilise the sample for
7 days at RT with no significant increase in the amount of DNA [21].

In addition to reducing genomic DNA contamination, Streck tubes
allowed increased KRAS mutation detection by qPCR over EDTA tubes
after a 72 -h incubation at RT [22]. Storage of blood for up to 5 days at
RT in Streck DNA BCT tubes did not affect cfDNA extraction or the
mutation background levels assessed by BEAMing and Next Generation
Sequencing [23]. The Qiagen PAXgene tubes and Cell-Free DNA Col-
lection tubes (Roche Diagnostics, Mannheim Germany) showed similar
performances to Streck tubes, allowing the detection of low fractions of
mutant DNA of tumour origin in a background of wild type DNA after 7
days of storage at RT [24]. A comparison of Streck, EDTA and CellSave
(Veridex, Raritan, New Jersey, USA) tubes, performed by storing the
blood from metastatic breast cancer patients for 2, 6 and 48 h at RT and
quantifying total cfDNA and tumour cfDNA by digital PCR, revealed
that tumour DNA was similar and stable for up to 6 h in all tube types,

while after 48 h, a lower level of tumour cfDNA was found in the EDTA
tube with concomitant increase in wild type DNA [25]. The same blood
collection devices were tested in another study on subjects affected by
metastatic cancer bearing a known somatic variant: 1 h after collection,
the cfDNA concentration and fragment size distribution were similar in
all tubes, while after 24 and 96 h, only tubes with preservative agents
guaranteed unaltered cfDNA concentration and fragmentation [26].

In addition to the above-mentioned blood collection devices, new
preservative tubes have been developed, such as Norgen Biotek cfDNA
Preservative Tubes (Thorold, Ontario, Canada) for collection and pre-
servation of whole blood for up to 30 days at RT, and ImproGene Cell
Free DNA Tube (Improve Medical, China) stabilising cell free DNA 7-14
days under 4–30°C. However, for these new products, no evaluation/
comparison study has been published to date.

The blood sample storage conditions represent another critical issue
influencing cfDNA fragmentation [15]. In a recent report, Streck BCT,
Qiagen PAXgene and Roche Cell-Free DNA collection tubes were tested
at higher temperatures than those recommended by the manufacturers,
revealing good performances for the first two devices in terms of pre-
sence of high molecular weight contaminating DNA [27]. Optimal
blood processing is another prerequisite for obtaining reliable results,
and it is now accepted that a double centrifugation step (the first at
1600×g and the second at 16,000×g for 10min) is necessary for iso-
lating cell-free plasma [22]. Since the centrifugation temperature may
also influence plasma separation, several laboratories perform a double
centrifugation protocol at 4 °C [7,28]. In addition, plasma storage times
before cfDNA extraction matters among pre-analytical factors; in fact,
while plasma storage for 2 weeks at −80 °C and for 4 weeks at −20 °C
apparently has no effect on cfDNA extraction, as well as three freeze-
thaw cycles [16], longer periods of storage at −80 °C (5–21 months)
may cause a decreased cfDNA yield [29]. These results are in line with
those reported elsewhere [15].

One of the major pre-analytical factors influencing cfDNA analyses
is undoubtedly the choice of extraction method. There is a wide variety
of methods based on different principles, such as phase isolation, silicon
membrane spin columns and magnetic beads [30] and it is difficult to
choose the best performing one. The major challenge is the low quantity
of cfDNA circulating in the blood, demanding very high sensitivity. In
early research on cfDNA, few methods specifically designed for DNA
extraction from plasma were available and different protocols were
adopted. This may explain the higher yield of cfDNA described for DSP
virus kit (Qiagen), designed to extract viral nucleic acids from plasma,
over QIAamp DNA blood Mini kit (Qiagen), which was largely used
previously [16]. We described similar findings comparing the same kits,
while the two protocols designed for plasma (QIAamp DSP Virus and
QIAamp Circulating Nucleic Acid kit, Qiagen) showed no statistical
differences in cfDNA yield [29].

One of the first assessments of the performance of different ex-
traction methods reported a strong dependency of cfDNA yield on iso-
lation procedure with an automated method showing better results than
two different manual spin column kits [31]. We obtained similar results
by comparing the on column QIAamp DSP Virus Kit with the automated
protocol QIAsymphony Circulating DNA kit (Qiagen) on a limited set of
samples [Pinzani et al., unpublished data]. The latter approach showed
a slightly higher yield than another automated method, the Maxwell
RSC ccfDNA Plasma kit (Promega, Madison, Wisconsin, USA) [Pinzani
et al., unpublished data]. In another study, the QIAamp Circulating
Nucleic Acid kit gave the highest DNA yield compared to DSP Virus/
Pathogen Midi Kit on QIAsymphony and Analytic Jena PME free-cir-
culating DNA Extraction Kit (Jena, Germany), with all three methods
providing sufficient DNA for downstream applications [22].

Other automated sample preparation systems, InviGenius and
InviGenius PLUS (Invitek Molecular, Berlin, Germany), were recently
tested for their ability to recover cfDNA, which was superior to that of
column-based manual isolation methods [32]. It was reported that the
QIAamp Circulating Nucleic Acid kit provided the highest cfDNA yield
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and low molecular weight fractions when compared with other two spin
column-based methods, while among four tested magnetic bead-based
methods the MagMAX Cell-free DNA Isolation kit showed the best
performance [33]. The same two methods emerged as best in terms of
total cfDNA concentration, cfDNA integrity and KRAS mutated cfDNA
fraction in addition to another comparison among five DNA isolation
kits [34]. Other authors evaluated five different DNA isolation kits prior
to the digital PCR analysis of cfDNA, obtaining the highest yield with
the Zymo Quick cfDNA serum & plasma kit (Zymo Research, Irvine,
California, USA) and the most consistent digital PCR results emerged
while using the QIAamp Circulating Nucleic Acid Kit [17].

The performance of different cfDNA isolation protocols in 56
European laboratories was evaluated in the context of the European
project SPIDIA (Standardisation and improvement of generic Pre-ana-
lytical Tools and procedures for In vitro DIAgnostics) by performing an
External Quality Assessment program. Participating laboratories re-
ceived the same plasma sample and extracted cfDNA using their own
procedures at defined plasma storage conditions. Most were able to
recover cfDNA but only a few recovered non-fragmented cfDNA.
Moreover, extraction methods specifically designed for cfDNA pre-
served the integrity profile [6].

Finally, other pre-analytical variables with potential effects on the
analytical results are the storage of isolated cfDNA and the methods for
cfDNA quantification, which have been thoroughly dealt with else-
where [15,16].

Remarks
The multiplicity of reports, with sometimes contradictory results, on

the pre-analytical variables for cfDNA analyses is the result of the ur-
gent need to standardise procedures through different laboratories in
view of a clinical application of LB tests. Although results are still
partial and larger studies are needed to establish a consensus on all the
different aspects of the workflow for cfDNA analysis, the following
evidence emerges from the literature: (1) the use of preservative agents
stabilising cfDNA qualitatively and quantitatively appears to be a ne-
cessary step toward the standardisation of pre-analytical variables; (2)
overall automated protocols appear to have better efficiency in isolating
cfDNA than manual kits; in addition, different approaches may select
fragments of cfDNA with variable lengths. Thus, careful evaluation of
the DNA isolation kit is needed when considering downstream analyses.

The pre-analytical phase of cell-free RNA analysis

The potential utility of cell-free RNA (cfRNA) as a cancer marker
was demonstrated in different malignancies several years ago combined
with the observation that RNA is much more fragile than DNA and
prone to degradation by ubiquitous RNases [35]. The factors limiting
the use of cfRNA in a clinical setting include degradation of cfRNA and
the increasing background RNA derived from leucocytes that can
hamper the detection of targets expressed at low levels [36]. Changes in
cfRNA stability may occur during blood processing, shipping and sto-
rage; thus, the first step toward a standardisation of the pre-analytical
variables is stabilisation of the sample at the time of the blood draw.
Specific blood collection tubes containing reagents inhibiting RNases
and preventing non-specific release of background RNA have been de-
veloped. These devices, Cell-Free RNA BCT tubes (Streck, USA), were
shown to stabilise RNA for up to 3 days at RT, while K3EDTA vacu-
tainers presented a constant increase in RNA concentration in the same
conditions [36]. In addition, Streck Cell-Free RNA BCT tubes were
shown to minimise the increased background RNA caused by tem-
perature fluctuations or agitation during storage and shipping [37]. The
isolation of high quality, intact cfRNA is challenging, and extraction
procedures can affect downstream analyses [38]. It is essential to
evaluate the integrity of cfRNA after isolation in order to reach reliable
gene expression results [38], which is not feasible with conventional
methods, e.g. capillary electrophoresis, which lack the sensitivity to

detect low amounts of circulating cfRNA. An RT-qPCR method was
reported based on the ratio of the concentrations of transcript se-
quences corresponding to the 3′ and the 5′ end of a housekeeping gene
to evaluate the integrity of plasma RNA [39].

In the last ten years, circulating miRNAs have emerged as pro-
mising, potential minimally invasive, disease biomarkers that are con-
sidered valuable in diagnosis, prognosis and treatment response mon-
itoring. Although found to be stable in body fluids, a comprehensive
overview of studies revealed considerable differences and a lack of
concordance in the results. Several analytical and pre-analytical issues
must be addressed before cell-free miRNAs can be validated as bio-
markers [40–42] and variables influencing the accurate analysis of
extracellular miRNAs have not been extensively studied [41].

Pre-analytical factors include sample related factors, such as the
choice of matrix (serum or plasma), hemolysis, contamination by pla-
telets and leucocytes and sample collection time, as well as exercise and
diet in addition to procedure related factors such as sample processing,
storage conditions and isolation methods [43]. Moreover, multiple
methods for the extraction of circulating miRNAs are available, among
which the two major categories are phenol-based techniques associated
or not with silica columns and phenol-free techniques together with
columns for RNA isolation [40,43].

Cell-free long non-coding RNAs (lncRNAs) have also been dis-
covered as a new class of cancer biomarker with potential application in
diagnosis and prognosis of different cancer types and predicting and
monitoring treatment response. Pre-analytical aspects worth in-
vestigating include the source of lncRNAs (plasma/serum), the im-
portance of eliminating the cellular components that could affect their
quantification and the extraction methods. No systematic studies
comparing different isolation methods are yet available, and mainly
guanidine/phenol/chloroform-based protocols or commercial kits using
columns have been used [44].

Remarks
Even if the pre-analytical phase for cfRNA analysis has so far not

been extensively investigated, the same factors influencing cfDNA
analysis must be considered in order to reach a standardisation of the
protocols leading to reproducible inter-laboratory results.

The pre-analytical phase of CTC analysis

Circulating tumour cells, shed into the bloodstream from primary
tumours and metastases, represent a promising surrogate material of
the tumour, characterisation of which may provide a non-invasive ap-
proach to real-time disease monitoring in cancer patients. Hence, CTCs
have been defined the ‘liquid phase of tumour progression’ [45]. In
recent years, a plethora of new technologies for CTC identification,
counting and characterisation has been reported. However, only a
limited number were tested on cancer patients, mainly due the fact that
CTC analysis is still technically challenging because of the low number
of cells among a much larger proportion of normal blood cells.

The potential clinical applications of CTC analysis span from early
disease detection to prognosis and identification of therapeutic targets
and resistance mechanisms as well as real-time monitoring of therapies
[4]. The only FDA approved clinical application for CTCs is CTC count
by CellSearch (Menarini Silicon Biosystems, Bologna, Italy) in meta-
static breast [46], prostate [47] and colon [48] cancer, which has been
shown to have a prognostic role in these conditions. While CTCs hold
promise for clinical applications focused on non-invasive disease
management aimed at personalised medicine several steps must be
undertaken during standardisation of the pre-analytical, analytical and
post-analytical procedures to translate CTC analysis into clinical prac-
tice. Moreover, where molecular characterisation of CTCs is being
pursued, analysis requires a complex multi-step process starting from
blood collection and CTC enrichment, followed by CTC purification
from residual contaminating leucocytes. The different approaches
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available for each step render it difficult to standardise the procedures
across different laboratories.

Technical advances have enabled molecular analyses at the single-
cell level allowing the profiling of rare cancer cells in clinical samples,
which have led to the discovery of the molecular heterogeneity of single
CTCs in the blood, probably reflecting tumour heterogeneity. These
findings opened a new field of research on individual CTCs (for review,
see [49,50]). The analysis of nucleic acids from single CTCs adds further
complexity to the experimental workflow by introducing single-cell
sorting, a critical step requiring highly sophisticated technology and
expertise, and whole genome/transcriptome amplification (WGA/
WTA), or targeted mRNA preamplification to obtain sufficient material
for downstream molecular analyses while being prone to introducing
analytical biases.

While approaching the pre-analytical phase for CTC analyses, it is
important to be mindful of the final goal: where the focus is CTC count
and/or their morphological analysis, the pre-analytical phase starts
with blood collection and includes CTC enrichment followed by sample
pre-treatment prior to staining, whereas when the aim is molecular
characterisation of CTCs, the pre-analytical steps comprise extraction of
nucleic acids from enriched CTCs or WGA/WTA procedures when
dealing with single or a few cells. Although the pre-analytical phase for
CTC analysis has not been thoroughly investigated so far, some studies
are beginning to emerge, and are summarised here.

Blood collection prior to CTC analysis

The first pre-analytical aspect common to all CTC analyses is sample
collection. In most cases, blood is collected in K3EDTA tubes, requiring
a very short time interval between blood draw and sample processing in
order to avoid cell lysis. Clots (or micro-clots) interfere with two of the
major classes of CTC enrichment procedures (filtration and im-
munomagnetic capture); hence, specimens with evidence of clotting
should be considered noncompliant.

We evidenced the fragility of CTCs in blood collected in EDTA tubes
in a pilot study on the SK-MEL-28 tumour cell line spiked into the blood
of a healthy donor collected in EDTA tubes and recovered by filtration
after 3, 24 and 72 h. Cell morphology was preserved at least for 3 h,
while after 24 h the sample showed few cells with altered morphology
and after 72 h, cells emerged highly damaged [Pinzani et al., un-
published data].

A critical aspect is the low availability of blood collection devices
specifically designed for CTCs; some of the tubes (e.g. Cell-Free DNA
and Cell-Free RNA BCT, Streck) were initially designed to stabilise
cfNAs by preventing the release of nucleic acids from cells [36,18] and
were tested only later for preservation of CTCs. Additionally, even in
the absence of a systematic study of the performance of different col-
lection procedures prior to CTC enrichment, some studies comparing
different blood collection devices, with or without preservatives, have
been published. In one report a comparison was made of K3EDTA (BD
Vacutainer, Becton Dickinson, Franklin Lakes, New Jersey, USA),
CellSave (Veridex) and BCT (Streck) tubes prior to CTC detection and
counting by CellSearch on samples obtained by spiking a breast cancer
cell line into the blood of healthy donors. Tubes with preservatives
(CellSave and BCTs) were able to maintain CTCs during transportation
and storage at RT for up to 4 days, showing comparable recovery rates;
recovery rates in K3EDTA tubes was much lower and significantly de-
creased between days 1 and 4. Stability for EpCAM (epithelial cell ad-
hesion molecule) and CK (cytokeratin) was assessed by immuno-
fluorescence in BTCs for up to 4 days at RT, while in K3EDTA tubes, the
fluorescence signals appeared reduced due to protein degradation. In
addition, CTCs from BCTs showed stable mRNA expression for two
target genes, while those from K3EDTA showed altered expression for
the same targets [51].

Streck Cell-Free DNA BCT tubes were demonstrated to perform
significantly better than EDTA, citrate and heparin tubes for CTC

detection in samples from breast cancer patients processed with the
high-definition single cell analysis assay (HD-SCA) 24 and 72 h after
blood draw. The 4 tubes were tested for the possibility of generating
whole-genome copy number variation profiles by NGS after single cell
isolation by micromanipulation followed by whole genome amplifica-
tion. Single cell genomic analysis was feasible in all tube types at 24 h
and in Streck Cell-Free DNA BCT tubes at 72 h, with the most robust
and reproducible results obtained for samples collected in Streck tubes
at 24 h [52].

In addition, the performance of K3EDTA tubes and Streck Cell-Free
DNA BCT tubes were compared in a different experimental setting in-
volving CTC enrichment by size using the ISET system (Rarecells
Diagnostics, Paris, France) in a cohort of patients affected by non-small
cell lung cancer. Streck Cell-Free DNA BCT tubes showed stable CTC
counts at 24 and 48 h after the blood draw and preserved the mor-
phology and integrity of the CTCs and leucocytes, while the K3EDTA
tubes presented CTCs and white blood cells with altered integrity after
24 -h storage at room temperature; moreover, the BCT tubes preserved
the detection of predictive biomarkers, at the protein and DNA level,
such as MET protein expression by immunocytochemistry and ALK re-
arrangement by FISH [53]. Surprisingly, based on the comparison of
K3EDTA, acid citrate dextrose-B, Cell-free DNA BCT, Cell-free RNA BCT
and Cyto-Chex BCT (Streck) tubes, after CTC enrichment by im-
munomagnetic capture on spiked samples with a prostate cancer cell
line, cell recovery was not affected by the blood tube type even after
48 h storage. On the other hand, tumour cell-specific RNA was un-
detectable by digital PCR in CTCs from stored blood samples containing
preservatives. This was attributed to crosslinking effects suppressing
RNA accessibility in tubes with stabilising reagents [54]. We have
verified that Cell-free RNA BCTs allowed a reliable expression analysis
by RT-qPCR of a panel of genes on CTCs enriched by CellSearch and
purified by DEPArray (Menarini Silicon Biosystems) with better per-
formance than CellSave and EDTA tubes [Pinzani et al., unpublished
data].

In addition to CellSave, containing a reagent specifically designed
for preservation of CTCs for up to 96 h at RT, another collection device
for collection and storage of human whole blood specimens for CTC
evaluation is Circulating Tumour Cell TransFix/EDTA Vacuum Blood
Collection Tube (CTC-TVT, Cytomark, Buckingham,UK), which shows
significant extension of the integrity of CTCs within the samples
[55,56]. CTC-TVTs have been used to assess the mutational status of
single CTCs from metastatic breast cancer patients after 72 h from the
blood draw upon enrichment by filtration using the Screencell Cyto
device (ScreenCell, Paris, France) and single cell sorting by the DE-
PArray system [57].

The majority of blood collection tubes with preservatives contain
fixatives that kill the cells and preserve their morphology. A sugar-
based cell transportation solution (SBTS, HemSol) has been formulated
specifically for the storage and transport of live CTCs. The solution is
capable of maintaining viable cell lines for more than 72 h at RT and
permits storage of cell lines spiked into whole blood for up to 7 days.
Viable CTCs from cancer patients were retrieved by CellSieve CTC
microfiltration system (Creatv Microtech, Potomac, Maryland, USA)
after 6 days of storage in SBTS [58].

It is evident that the standardisation of blood collection prior to CTC
analysis is critical. The use of preservatives seems necessary to avoid
CTC lysis, but the results on their performances are fragmented and
sometimes contradictory. This could be due in part to the extreme
variability of experimental approaches available for CTC enrichment,
isolation and characterisation. The choice of collection tube should
consider the downstream analyses and the compatibility of the reagents
with each step of the complex workflow required.

Pre-analytical variables influencing CTC counting
Blood collection is only the first aspect of a complex workflow

aimed at identifying and counting CTCs. The second step is CTC

F. Salvianti, et al. New BIOTECHNOLOGY 55 (2020) 19–29

23



enrichment, consisting of a variety of methods relying on two main
approaches, recognition of marker proteins and the physical properties
of the cells, each with its advantages and disadvantages, which influ-
ence the results by selecting different populations of cells (for review,
see [45,59]).

Pre-analytical variables influencing molecular characterisation of CTCs
A bulk analysis of enriched CTC samples requires a nucleic acid

isolation step that may impact the result. No specific studies on nucleic
acid extraction from CTCs have been reported to date, but in view of a
clinical application of CTC characterisation, investigations on this
would be welcome. For molecular characterisation of single CTCs, two
additional steps must be considered: (i) single CTC isolation, which can
be achieved by manual, time consuming, low-throughput methods such
as micromanipulation and laser assisted microdissection, or highly ex-
pensive, sophisticated instrumentation such as the DEPArray system
and microfluidic devices; (ii) amplification of the genome/tran-
scriptome of the single cells. A large number of WGA and WTA ap-
proaches is now available on the market but WGA is prone to errors
causing false mutation calls, and WTA hardly achieves reliable ampli-
fication of less represented transcripts and may be biased to the 3′-end
or the 5′-end of a transcript [60].

Remarks
Studies on the pre-analytical phase for CTC analysis are in their

infancy. In order to reach a standardisation of pre-analytical conditions,
it is necessary to reach a consensus on the different workflows aimed at
obtaining information from CTCs (mainly CTC count or characterisa-
tion). More comprehensive studies are needed to address all the aspects
of the complex pipeline.

The pre-analytical phase of exosome analysis

A new promising target of LBs involves secreted membrane vesicles,
collectively called extracellular vesicles (EVs) [12] among which exo-
somes are usually indicated as endosomal-derived vesicles ranging in
size from 30 to 120 nm and released into the extracellular micro-
environment by different cell types, including tumour cells; however,
this definition is still subject to change since larger exosomes (up to
250 nm) have been described and also apoptotic cells release exosome-
like vesicles. Instead, the term EV is increasingly used as it encompasses
all vesicle types released by cells [61]. The release of EVs from cells is
an active process. They have been detected in biological fluids (blood,
urine, saliva, etc.) carrying RNA, microRNAs, DNA and proteins from
their originating cells [62] and mediate inter-cellular communication at
both the paracrine and systemic levels. [63]. Tumour exosomes have
been shown to promote tumour cell growth, immune response sup-
pression and induction of angiogenesis [64] and play a role in metas-
tasis [65,66]. They may be used as LB-based biomarkers [63,67] due to
their tissue-specificity and ability to transport (and protect) their cargo,
which is a putative molecular fingerprint of the cell of origin [63]. They
have been associated with different cancer types, including pancreatic
[68,69], colon [70], gastric [71], breast [72], ovarian [73] and lung
[74].

The characterisation and isolation of exosomes is technically chal-
lenging: the pre-analytical variables (sample collection, storage, trans-
port, exosome isolation, RNA/protein) may influence size, morphology,
yield and exosome stability as well as analytical methods for their
characterisation [75] for downstream applications such as biomarker
studies [61], miRNA/mRNA profiling [76,77], proteomics and/meta-
bolomics [78,79], functional studies (e.g. cell-cell signalling [61]) and
basic biological research (e.g. role in tumorigenesis [68,69,71–74]).

The literature on exosomes and other extracellular vesicles reports a
wide description of vesicle isolation and characterisation protocols as
well as nomenclature, resulting in a considerable obstacle in comparing
results of independent studies; in the absence of specific guidelines on

the minimal information needed for EV data publication, it is often
difficult to extrapolate the type of isolated vesicles (e.g. exosomes vs
other vesicles) or discriminate the origin (EV or non-EV) of an isolated
molecular target (e.g. microRNA). In addition, it is increasingly evident
that the standardisation of procedures is strongly needed, including
those for the pre-analytical workflow and data reporting, starting from
sample collection to nucleic acid or protein extraction from isolated
vesicles.

Sample collection, storage and processing

Collection of EV-containing fluids must be gentle to minimise cell
lysis, which can lead to release of vesicles from intracellular compart-
ments with an overall reduction of sample purity [12]. Moreover, post-
phlebotomy storage of blood samples increases plasma exosome con-
centration over time, indicating a release of exosomes by blood cells
during storage [80,81]. Due to the processes mentioned above, sample
stabilisation is the first step towards standardisation of the pre-analy-
tical workflow, despite there being currently no specific EV stabiliser
commercially available. In order to minimise vesicle release from blood
cells after phlebotomy, particularly from platelets, most of the reported
procedures are based on the quantification and characterisation of
circulating microvesicles in plasma rather than whole blood, using so-
dium citrate [82,83], acidic-citrate-dextrose [13] and EDTA [84] as
anticoagulant, or serum [76,84,85]. However, storage time before
centrifugation, transport (particularly sample shaking and physical
stress), choice of the centrifugation protocol and storage temperature
are reported to impact on downstream analysis [84,86–88].

Exosome isolation

Exosome isolation from biofluids is a challenge. EVs are a complex
and heterogeneous class of vesicles; an isolated EV preparation gen-
erally contains a mixture (including exosomes, microvesicles and
apoptotic bodies), but a marker classification to distinguish EV subsets
has not been established [13,63,89]. No consensus has been achieved
on a ‘gold-standard’ method to isolate and/or purify exosomes and to
provide preparations with a substantial yield of reliable quality; the
choice may depend both on the specific purpose and the downstream
applications used in addition to sample volume and desired degree of
purity [12,63].

Differential ultracentrifugation methods
These techniques (coupled or not with density gradients) are the

most commonly used and standardised procedures. The methods (by
which large sample volumes can be processed) allow both large EVs
(mostly microvesicles) and small EV (mostly exosomes) enriched pre-
parations to be obtained by using different centrifugal forces (10,000 x
g and 100,000 x g, respectively) [90,91]. A series of guidelines has been
proposed for EV isolation and characterisation from cell culture su-
pernatants and biological fluids [92], after which the described pro-
tocol was further optimised [90,93,94]. Furthermore, in order to in-
crease the purity of the isolated EVs, ultracentrifugation can be
performed on sucrose or idioxanol density gradients; by this procedure
the elimination of non-EV material or fragments due to damage (ve-
sicles breakage, fusion or aggregation during ultracentrifugation) can
be achieved [63,95]. Although a large number of exosomes can be
obtained, ultracentrifugation presents several technical limitations such
as appropriate equipment requirements, time-consuming workflow and
lack of automation [95].

Filtration systems: size exclusion chromatography (SEC) and ultrafiltration
Exosome isolation is based on the size (or molecular weight) dif-

ferences among distinct types of EVs. In particular, SEC has a low im-
pact on EV integrity, allows preservation of EV function [96,97] and
has been applied successfully for the analysis of plasma EVs [98].
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Ultrafiltration is fast and does not require expensive equipment. Both
ultrafiltration and SEC can remove contaminants (e.g. proteins) and can
be applied downstream of other enrichment methods [63]; but rela-
tively small sample volumes can be processed.

Polymer-based isolation systems for exosome precipitation
The use of a polymer that alters the exosome solubility (or dis-

persibility) induces exosome precipitation; subsequently, exosomes are
isolated using low-speed centrifugation or filtration [99]. Different
exosome precipitation kits are available, among which Exoquick
(System Biosciences, Palo Alto, California, USA [100]) and Total Exo-
some Isolation kits (Life technologies, Carlsbad, California, USA [101])
are probably the most used. Precipitation is easy to use, does not re-
quire specialised equipment and is scalable to large sample sizes.
However, the possibility of co-precipitation of non-exosomal con-
taminants (e.g. proteins) affecting the purity of the preparation exists.

Immunoaffinity methods
Affinity methods specifically separate EVs through interactions be-

tween membrane antigens and immobilised antibodies or membrane
receptors and their ligands. There are several immunoprecipitation kits
targeting different proteins (e.g. CD81 or CD63, [102,103]) as well as
ELISA-based methods [104]. These rather expensive techniques isolate
specific exosome populations and subtypes (even with a low yield re-
covery, perhaps due to epitope blocking or masking [105]) with high
purity [106].

Microfluidics-based methods
These techniques use microfluidic devices relying on both physical

and biochemical properties of exosomes such as immunoaffinity size
and density. Exosearch [107] and Immunochip [108] have been used
for specific quantification of circulating exosomes, allowing a quick and
efficient isolation, with a significant reduction in sample volume and
reagent consumption, even if the procedure is far from fully standar-
dised [106].

Intact exosome analysis

Visual identification of exosomes can be carried out to confirm their
presence and purity of the preparation and is usually performed by
transmission electron microscopy (TEM) and nanoparticle tracking
analysis (NTA). Flow cytometry in combination with specific antibodies
for the analysis of exosome subsets can also be used as quality control.
These techniques require dedicated, expensive instrumentation and are
mainly applied to exosome characterisation studies.

Exosome cargo analysis

Isolation of exosomal RNA/proteins: EV RNAs, combined with non-
EV RNAs, are a very interesting target for LB analysis. Non-EV RNAs are
unstable in blood due to the exposure to RNases and RNA profiles can
change significantly after blood collection [109–112]. In contrast, EV-
RNA, as part of the vesicle cargo, is protected from enzyme activity.
However, not all stable RNA in biofluids is contained within vesicles; in
body fluids (especially serum and plasma) extracellular RNA (including
microRNA) can be transported on non-EV carriers, including protein
complexes (AGO2) [113] and lipoproteins (HDL and LDL [114]). The
RNA content of EVs has been analysed using RNA-seq, hybridisation
arrays and other methods, revealing the full spectrum of previously
known transcripts including miRNAs and other species of small ncRNAs
such as Piwi-interacting RNAs (piRNAs) as well as mRNAs, tRNAs,
lncRNAs and rRNAs [115,116]. Evidence of vesicle-specific modifica-
tion, enrichment and isoforms of the enclosed RNA [115,117,118] has
also been reported.

For downstream analysis of exosomal content, several alternative
RNA extraction methods have been described, including phenol-based

techniques (TRIzol) and combined phenol and spin column-based
techniques (miRNeasy Mini Kit, Qiagen, and mirVana miRNA Isolation
Kit Thermo Fisher Scientific, Waltham, Massachusetts, USA) [119].
Other kits — SeraMir Exosomes RNA Amplification kit (SeraMir), Total
Exosomes RNA and Protein Isolation kit (Thermo Fisher Scientific) —
have been designed specifically for isolation of RNA and protein from a
pre-enriched exosome preparation. Kits to obtain EV-RNAs directly
from serum or plasma, e.g. exoRNeasy Serum/Plasma kit (Qiagen)
[120], are also available. They use a spin column format and dedicated
buffers to purify exosomes from prefiltered plasma; they include an
exosome purification stage, in which prefiltered plasma is mixed with a
dedicated buffer and bound to a membrane affinity spin column, and an
RNA extraction step. Total RNA, including miRNAs, bound to the spin
column is then eluted.

Isolation of exosomal miRNAs: among the various molecules con-
tained in exosomes, microRNAs are of special interest because they
have been found to regulate multiple genes and gene expression in
cancer [121]. It has been demonstrated that the profile and con-
centration of miRNAs are different among the intracellular, cell-free
and exosomal components of blood [76,77]. The persisting technolo-
gical challenges in profiling exosomal miRNAs are mostly due to the
lack of standardisation of the pre-examination process, including
miRNA isolation.

It has been shown that the use of different purification procedures
can slightly affect exosomal contents, including miRNAs [122,123]. The
choice of the extraction method can depend on the exosome isolation
method used, since a dedicated kit for miRNA isolation could be spe-
cified by the isolation provider as part of a validated workflow. Kits for
miRNA or total RNA (including miRNAs) extraction from enriched
preparations includeTotal Exosome RNA and Protein Isolation Kit-
Thermo Fisher Scientific or Exosomal RNA Isolation kit-Norgen) as well
as miRNA extraction kits from unenriched samples (e.g. plasma or
serum).

Remarks

The pre-analytical phase of EVs (analogous to that of other com-
ponents of the LB) will demand a careful analysis of EV enrichment and
isolation steps in accordance with the requirements of the analytical
phase that can be oriented to reach different endpoints and informa-
tion. Thus, a standardisation process with the aim of harmonising
procedures focused on different applications is needed. Clarification of
the nature and origin of the EVs can help in the design of the most
suitable procedure, in view of the use of nucleic acid and protein cargo
as the source of important biomarkers to be applied in oncology as
diagnostic/prognostic markers, supporting development of persona-
lised treatments.

The pre-analytical phase of liquid biopsy in body fluids other than
blood

The term ‘liquid biopsy’ mostly refers to blood as a source of cfNAs,
CTCs and exosomes. However, recent studies have reported the use of
other body fluid-based LBs, e.g. saliva and urine [124,125], for the
detection of tumour components or cancer related molecular markers
such as circulating tumour DNA (ctDNA) [126–128], exosomes
[129,130] and miRNAs [131] and their application in cancer diagnosis,
screening and monitoring [131,132]. Biofluid-based LBs potentially
offer advantages over blood due to non-invasive features and proximity
to the tumour [125]; the collection of urine and saliva (the most fre-
quently used biofluids) is completely non-invasive, relatively safe,
economic and, with proper instruction, can be performed at home
without educated professionals or dedicated facilities. Tumour specific
gene alterations usually detected in plasma ctDNA have also been found
in urinary ctDNA of cancer patients [133,134]; according to ref [126],
saliva samples are preferentially enriched for tumour DNA from the oral
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cavity in comparison to plasma samples in patients with head and neck
squamous cell carcinomas (HNSCC). These findings highlight the po-
tential clinical relevance of analysis of specific body fluids depending
on the anatomical location of the tumour in order to improve sensi-
tivity. Non-blood body fluids can also be used as source of tumour cells
contained in a sediment after specimen centrifugation. However, they
are not considered in this review, which is focused on the pre-analytical
aspects related to the analysis of circulating biomarkers.

As for blood samples, analysis of cellular and acellular components
of urine and saliva can be compromised by sample handling, shipping
and processing. Moreover, stabilisation of cellular and circulating
components, including red and white blood cells, cfNAs and micro-
vesicles, at the time of collection is needed to preserve the integrity of
sample components for downstream applications. Sample collection
performed without a specific stabiliser can lead to lysis of nucleated
blood cells and subsequent release of contaminating genomic DNA; the
degradation of cfDNA due to nuclease activity can also occur. In addi-
tion, bacteria present in the specimen can continue to grow after col-
lection, diluting human NA content and/or accelerating its degradation
with an impact on the sensitivity and reliability of molecular ex-
amination.

Some collection devices with dedicated preservatives for ctDNA are
available for saliva and urine (e.g. RNAPro•SAL Split Sample Kit for LB,
Oasis Diagnostics, Vancouver, Washington, USA, Cell free DNA Urine
Preserve, Streck) as well as other preservatives for different biofluids
for downstream molecular examination, RNA/microRNA/DNA/
Proteins (e.g. Norgen’s Urine Preservative; Stool Nucleic Acid
Collection and Preservation Tube Norgen; GeneFix RNA/DNA Saliva
Collection, Boca Scientfic, Westwood, Massachusetts,USA; DNA saliva
collection, DNA Genotek, Ottawa, Ontario, Canada). Since salivary and
urinary cfDNA and microvesicles are present at low concentration in
the specimens, their presence being influenced by the localisation of the
primary tumour and metastatic lesions [126,131], the choice of isola-
tion and enrichment procedures, which have to be compatible with the
preservative reagents or any pre-treatment of the samples (e.g. saliva
filtration), is crucial for successful downstream examinations [135].
After collection, samples are usually enriched by centrifugation in order
to collect the supernatant and remove the cell pellet. Kits for urine and
saliva cfDNA extraction as well as exosome isolation are available
[135,136].

cfDNA and exosome cargo quantification (usually miRNAs) can be
technically challenging due to the low amounts of the target molecules;
the quantification procedures adopted should be suitably sensitive and
specific (e.g. ddPCR, fluorimetric assays). The pre-analytical con-
siderations for methods of cfDNA quantification and storage of isolated
cfDNA (both with a potential impact on analytical results) have already
been reported above and discussed in [15,16]. A recent study has de-
monstrated tumour DNA in sputum, stool, cerebrospinal fluid (CSF) and
pleural fluids along with their potential application to diagnosis and
monitoring of cancer progression [125].

Remarks

Non-blood cell-free biomarkers have great potential in oncology for
diagnosis, screening and monitoring of cancer progression because of
non-invasive features and ease of access. The direct contact of cancer
cells and body fluids may help the detection of circulating biomarkers
compared with plasma by increasing the sensitivity of the detection.
Many issues have to be tackled, including standardisation of specimen
collection procedures (e.g. first morning urine, first voided), definition
of instructions for home collection, specimen stabilisation, choice of
suitable and compatible enrichment/isolation method, definition of
quality assessment for the isolated biomarkers and EQA implementa-
tion. The improvement and standardisation of a complete diagnostic
workflow is the key for broader use of LB in patient management.

Conclusions

An increasing number of applications in oncology involve the use of
LB samples, but important technical issues have still to be addressed
both in the analytical and pre-analytical settings [137]. Since the latter
aspect has not yet been extensively addressed, this review provides a
definition of the pre-analytical workflow of LB samples for different
molecules and/or cellular and extracellular components (cfNAs, exo-
somes, CTCs) recently investigated as tumour-specific biomarkers in
blood and other fluids with a potential clinical application in precision
medicine.

The entire pre-analytical workflow includes specimen collection,
stabilisation, transport, enrichment, storage and processing, as well as
the isolation and the quality assessment of the analyte. Although spe-
cimen quality is critical for success of subsequent LB analyses, the
specific parameters to assess it before processing have not been defined,
apart from generic factors such as hemolysis (which can impact all LB
components to different extents) and more specific ones such as blood
clotting for CTC samples and residual platelets or cell debris for plasma
EVs and cfNA analyses respectively [16,138]. The main challenge in LB
analysis is to preserve the target cells/molecules/vesicles under in-
vestigation while maintaining the integrity of the blood cells to prevent
them from releasing their contents (e.g. genomic DNA, vesicles), which
can contaminate the specimen and interfere with downstream analyses.

Despite several research studies exploring clinical applications of
LB, the majority of LB assays still lack evidence of clinical validity and,
in particular, clinical utility [137] mainly due to the absence of stan-
dardisation of the pre-analytical phase. The major challenges are low
amount, fragmentation and intrinsic instability of cfNAs, difficult iso-
lation of tumour specific EVs, and low numbers, heterogeneity and the
absence of standardised, high throughput procedures for CTCs [137].
Regarding cfNA and EVs, the identification of appropriate reference
genes and/or an agreement on normalisation procedures to be adopted
to guarantee a unique expression method for the results is still missing,
particularly for body fluids other than blood.

Clinical validation studies, regulatory guidelines, dedicated EQAs
and reference material are still lacking in this field. A specific CEN
(European Committee for standardisation) Technical Specification for
handling and processing of blood specimens for cfDNA analysis has
been published (CEN/TS 16835:2015) within the FP7 SPIDIA project.
The SPIDIA4P international consortium (www.spidia.eu/) is currently
involved in the implementation of CEN and ISO standards dedicated to
specific LB samples and analytes, and other international networks,
such as CANCER ID (https://www.cancer-id.eu/), are also focusing on
the development and validation of LB assays.

In the near future, multiple parameter approaches integrating
emerging LB analytes with existing circulating biomarkers from the
same specimen may improve diagnostic sensitivity and specificity of
analytical tests in cancer diagnosis and monitoring. In order to reach
this goal, validation of the entire workflow, including the pre-analytical
phase, by the adoption of regulatory guidance to define assay perfor-
mance is mandatory and will contribute to establishing clinical validity
and utility of the liquid biopsy.

Acknowledgements

The work of the authors’ team is supported by SPIDIA4P: “SPIDIA
for Personalized Medicine: Standardisation of generic pre-analytical
tools and procedures for in vitro diagnostics” which receives funding
from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 733112; Regione Toscana,
bando FAS salute 2014: “OMITERC-Applicazione degli OMIcs dalla
biopsia solida alla biopsia liquida per una TERapia personalizzata del
Cancro” (grant BIO16028) and Italian Ministry of Health grant RF-
2011-02352294 (Project title: “Circulating cell-free biomarkers in the
diagnosis and follow up of differentiated thyroid cancer”).

F. Salvianti, et al. New BIOTECHNOLOGY 55 (2020) 19–29

26

http://www.spidia.eu/
https://www.cancer-id.eu/


References

[1] NCI Dictionary of cancer terms. https://www.cancer.gov/publications/
dictionaries/cancer-terms.

[2] Alix-Panabières C, Pantel K. Circulating tumor cells: liquid biopsy of cancer. Clin
Chem 2013;59:110–8.

[3] Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic acids as biomarkers in
cancer patients. Nat Rev Cancer 2011;11:426–37.

[4] Alix-Panabières C, Pantel K. Clinical applications of circulating tumor cells and
circulating tumor DNA as liquid biopsy. Cancer Discov 2016;6:479–91.

[5] Ignatiadis M, Rack B, Rothé F, Riethdorf S, Decraene C, Bonnefoi H, et al. Liquid
biopsy-based clinical research in early breast cancer: the EORTC 90091-10093
Treat CTC trial. Eur J Cancer 2016;63:97–104.

[6] Malentacchi F, Pizzamiglio S, Verderio P, Pazzagli M, Orlando C, Ciniselli CM,
et al. Influence of storage conditions and extraction methods on the quantity and
quality of circulating cell-free DNA (ccfDNA): the SPIDIA-DNAplas External
Quality Assessment experience. Clin Chem Lab Med 2015;53:1935–42.

[7] Pinzani P, Salvianti F, Pazzagli M, Orlando C. Circulating nucleic acids in cancer
and pregnancy. Methods 2010;50:302–7.

[8] Bryzgunova OE, Zaripov MM, Skvortsova TE, Lekchnov EA, Grigor’eva AE,
Zaporozhchenko IA, et al. Comparative study of extracellular vesicles from the
urine of healthy individuals and prostate Cancer patients. PLoS One
2016;11:e0157566.

[9] Halvaei S, Daryani S, Eslami-S Z, Samadi T, Jafarbeik-Iravani N, Bakhshayesh TO,
et al. Exosomes in Cancer liquid biopsy: a focus on breast Cancer. Mol Ther Nucleic
Acids 2018;10:131–41.

[10] Bæk R, Søndergaard EK, Varming K, Jørgensen MM. The impact of various pre-
analytical treatments on the phenotype of small extracellular vesicles in blood
analyzed by protein microarray. J Immunol Methods 2016;438:11–20.

[11] Patel GK, Khan MA, Zubair H, Srivastava SK, Khushman M, Singh S, et al.
Comparative analysis of exosome isolation methods using culture supernatant for
optimum yield, purity and downstream applications. Sci Rep 2019;9:5335.

[12] Lötvall J, Hill AF, Hochberg F, Buzás EI, Di Vizio D, Gardiner C, et al. Minimal
experimental requirements for definition of extracellular vesicles and their func-
tions: a position statement from the International Society for Extracellular
Vesicles. J Extracell Vesicles 2014;3:26913.

[13] György B, Szabó TG, Pásztói M, Pál Z, Misják P, Aradi B, et al. Membrane vesicles,
current state-of-the-art: emerging role of extracellular vesicles. Cell Mol Life Sci
2011;68:2667–88.

[14] Jung K, Fleischhacker M, Rabien A. Cell-free DNA in the blood as a solid tumor
biomarker-a critical appraisal of the literature. Clin Chim Acta 2010;411:1611–24.

[15] El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free DNA: pre-
analytical considerations. Clin Chim Acta 2013;424:222–30.

[16] Bronkhorst AJ, Aucamp J, Pretorius PJ. Cell-free DNA: preanalytical variables.
Clin Chim Acta 2015;450:243–53.

[17] van Ginkel JH, van den Broek DA, van Kuik J, Linders D, de Weger R, Willems SM,
et al. Preanalytical blood sample workup for cell-free DNA analysis using Droplet
Digital PCR for future molecular cancer diagnostics. Cancer Med
2017;6:2297–307.

[18] Norton SE, Lechner JM, Williams T, Fernando MR. A stabilizing reagent prevents
cell free DNA contamination by cellular DNA in plasma during blood sample
storage and shipping as determined by digital PCR. Clin Biochem 2013;46:1561–5.

[19] Parpart-Li S, Bartlett B, Popoli M, Adleff V, Tucker L, Steinberg R, et al. The effect
of preservative and temperature on the analysis of circulating tumor DNA. Clin
Cancer Res 2017;23:2471–7.

[20] Toro PV, Erlanger B, Beaver JA, Cochran RL, VanDenBerg DA, Yakim E, et al.
Comparison of cell stabilizing blood collection tubes for circulating plasma tumor
DNA. Clin Biochem 2015;48:993–8.

[21] Schmidt B, Reinicke D, Reindl I, Bork I, Wollschläger B, Lambrecht N, et al. Liquid
biopsy - Performance of the PAXgene® Blood ccfDNA Tubes for the isolation and
characterization of cell-free plasma DNA from tumor patients. Clin Chim Acta
2017;469:94–8.

[22] Sherwood JL, Corcoran C, Brown H, Sharpe AD, Musilova M, Kohlmann A.
Optimised pre-analytical methods improve KRAS mutation detection in circulating
tumour DNA (ctDNA) from patients with non-small cell lung Cancer (NSCLC).
PLoS One 2016;11:e0150197.

[23] Medina Diaz I, Nocon A, Mehnert DH, Fredebohm J, Diehl F, Holtrup F.
Performance of Streck cfDNA blood collection tubes for liquid biopsy testing. PLoS
One 2016;11:e0166354.

[24] Alidousty C, Brandes D, Heydt C, Wagener S, Wittersheim M, Schäfer SC, et al.
Comparison of blood collection tubes from three different manufacturers for the
collection of cell-free DNA for liquid biopsy mutation testing. J Mol Diagn
2017;19:801–4.

[25] Kang Q, Henry NL, Paoletti C, Jiang H, Vats P, Chinnaiyan AM, et al. Comparative
analysis of circulating tumor DNA stability in K(3)EDTA, Streck, and CellSave
blood collection tubes. Clin Biochem 2016;49:1354–60.

[26] van Dessel LF, Beije N, Helmijr JC, Vitale SR, Kraan J, Look MP, et al. Application
of circulating tumor DNA in prospective clinical oncology trials - standardization
of preanalytical conditions. Mol Oncol 2017;11:295–304.

[27] Nikolaev S, Lemmens L, Koessler T, Blouin JL, Nouspikel T. Circulating tumoral
DNA: preanalytical validation and quality control in a diagnostic laboratory. Anal
Biochem 2018;542:34–9.

[28] Kumar M, Choudhury Y, Ghosh SK, Mondal R. Application and optimization of
minimally invasive cell-free DNA techniques in oncogenomics. Tumour Biol
2018;40:1010428318760342.

[29] Pinzani P, Salvianti F, Orlando C, Pazzagli M. Circulating cell-free DNA in cancer.
Methods Mol Biol 2014;1160:133–45.

[30] Lu JL, Liang ZY. Circulating free DNA in the era of precision oncology: pre-and
post-analytical concerns. Chronic Dis Transl Med 2016;2:223–30.

[31] Fleischhacker M, Schmidt B, Weickmann S, Fersching DM, Leszinski GS, Siegele B,
et al. Methods for isolation of cell-free plasma DNA strongly affect DNA yield. Clin
Chim Acta 2011;412:2085–8.

[32] Barták BK, Kalmár A, Galamb O, Wichmann B, Nagy ZB, Tulassay Z, et al. Blood
collection and cell-free DNA isolation methods influence the sensitivity of liquid
biopsy analysis for colorectal Cancer detection. Pathol Oncol Res 2018. https://
doi.org/10.1007/s12253-018-0382-z.

[33] Markus H, Contente-Cuomo T, Farooq M, Liang WS, Borad MJ, Sivakumar S, et al.
Evaluation of pre-analytical factors affecting plasma DNA analysis. Sci Rep
2018;8:7375.

[34] Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo C, et al. A
comparison of cell-free DNA isolation kits: isolation and quantification of cell-free
DNA in plasma. J Mol Diagn 2017;19:162–8.

[35] Fleischhacker M, Schmidt B. Circulating nucleic acids (CNAs) and cancer-a survey.
Biochim Biophys Acta 2007;1775:181–232.

[36] Fernando MR, Norton SE, Luna KK, Lechner JM, Qin J. Stabilization of cell-free
RNA in blood samples using a new collection device. Clin Biochem
2012;45:1497–502.

[37] Qin J, Williams TL, Fernando MR. A novel blood collection device stabilizes cell-
free RNA in blood during sample shipping and storage. BMC Res Notes
2013;6:380.

[38] Tzimagiorgis G, Michailidou EZ, Kritis A, Markopoulos AK, Kouidou S. Recovering
circulating extracellular or cell-free RNA from bodily fluids. Cancer Epidemiol
2011;35:580–9.

[39] Wong BC, Lo YM. Plasma RNA integrity analysis: methodology and validation. Ann
N Y Acad Sci 2006;1075:174–8.

[40] Armand-Labit V, Pradines A. Circulating cell-free microRNAs as clinical cancer
biomarkers. Biomol Concepts 2017;8:61–81.

[41] Liang H, Gong F, Zhang S, Zhang CY, Zen K, Chen X. The origin, function, and
diagnostic potential of extracellular microRNAs in human body fluids. Wiley
Interdiscip Rev RNA 2014;5:285–300.

[42] Singh R, Ramasubramanian B, Kanji S, Chakraborty AR, Haque SJ, Chakravarti A.
Circulating microRNAs in cancer: Hope or hype? Cancer Lett 2016;381:113–21.

[43] Lee I, Baxter D, Lee MY, Scherler K, Wang K. The importance of standardization on
analyzing circulating RNA. Mol Diagn Ther 2017;21:259–68.

[44] Qi P, Zhou XY, Du X. Circulating long non-coding RNAs in cancer: current status
and future perspectives. Mol Cancer 2016;15:39.

[45] Alix-Panabières C, Pantel K. Challenges in circulating tumour cell research. Nat
Rev Cancer 2014;14:623–31.

[46] Cristofanilli M, Hayes DF, Budd GT, Ellis MJ, Stopeck A, Reuben JM, et al.
Circulating tumor cells: a novel prognostic factor for newly diagnosed metastatic
breast cancer. J Clin Oncol 2005;23:1420–30.

[47] de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, et al.
Circulating tumor cells predict survival benefit from treatment in metastatic cas-
tration resistant prostate cancer. Clin Cancer Res 2008;14:6302–9.

[48] Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, et al.
Relationship of circulating tumor cells to tumor response, progression-free sur-
vival, and overall survival in patients with metastatic colorectal cancer. J Clin
Oncol 2008;26:3213–21.

[49] Salvianti F, Pazzagli M, Pinzani P. Single circulating tumor cell sequencing as an
advanced tool in cancer management. Expert Rev Mol Diagn 2016;16:51–63.

[50] Salvianti F, Pinzani P. The diagnostic potential of mutation detection from single
circulating tumor cells in cancer patients. Expert Rev Mol Diagn 2017;17:975–81.

[51] Qin J, Alt JR, Hunsley BA, Williams TL, Fernando MR. Stabilization of circulating
tumor cells in blood using a collection device with a preservative reagent. Cancer
Cell Int 2014;14:23.

[52] Rodríguez-Lee M, Kolatkar A, McCormick M, Dago AD, Kendall J, Carlsson NA,
et al. Effect of blood collection tube type and time to processing on the enu-
meration and high-content characterization of circulating tumor cells using the
high-definition single-cell assay. Arch Pathol Lab Med 2018;142:198–207.

[53] Ilie M, Hofman V, Leroy S, Cohen C, Heeke S, Cattet F, et al. Use of circulating
tumor cells in prospective clinical trials for NSCLC patients - standardization of the
pre-analytical conditions. Clin Chem Lab Med 2018;56:980–9.

[54] Luk AWS, Ma Y, Ding PN, Young FP, Chua W, Balakrishnar B, et al. CTC-mRNA
(AR-V7) analysis from blood samples-impact of blood collection tube and storage
time. Int J Mol Sci 2017:18. pii: E1047.

[55] Fasching PA, Gumbrecht W, Fehm TN, Haeberle L, Muth M, Sickert D, et al.
4EVER: assessment of circulating tumor cells with a novel, filtration-based
method, in a phase IIIb multicenter study for postmenopausal, HER2- negative,
estrogen receptor-positive, advanced breast cancer patients. J Clin Oncol
2013;31(15_suppl):591.

[56] Pugia M, Magbanua MJ, Lee JS, Jabon M, Wang V, Gubens M, et al. A novel
strategy for detection and enumeration of circulating rare cell populations in
metastatic Cancer patients using automated microfluidic filtration and multiplex
immunoassay. PLoS One 2015;10:e0141166.

[57] Mu Z, Benali-Furet N, Uzan G, Znaty A, Ye Z, Paolillo C, et al. Detection and
characterization of circulating tumor associated cells in metastatic breast Cancer.
Int J Mol Sci 2016:17. pii: E1665.

[58] Stefansson S, Adams DL, Ershler WB, Le H, Ho DH. A cell transportation solution
that preserves live circulating tumor cells in patient blood samples. BMC Cancer
2016;16:300.

[59] Joosse SA, Gorges TM, Pantel K. Biology, detection, and clinical implications of

F. Salvianti, et al. New BIOTECHNOLOGY 55 (2020) 19–29

27

https://www.cancer.gov/publications/dictionaries/cancer-terms
https://www.cancer.gov/publications/dictionaries/cancer-terms
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0010
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0010
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0015
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0015
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0020
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0020
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0025
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0025
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0025
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0030
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0030
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0030
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0030
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0035
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0035
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0040
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0040
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0040
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0040
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0045
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0045
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0045
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0050
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0050
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0050
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0055
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0055
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0055
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0060
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0060
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0060
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0060
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0065
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0065
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0065
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0070
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0070
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0075
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0075
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0080
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0080
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0085
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0085
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0085
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0085
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0090
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0090
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0090
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0095
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0095
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0095
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0100
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0100
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0100
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0105
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0105
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0105
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0105
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0110
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0110
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0110
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0110
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0115
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0115
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0115
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0120
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0120
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0120
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0120
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0125
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0125
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0125
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0130
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0130
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0130
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0135
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0135
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0135
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0140
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0140
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0140
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0145
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0145
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0150
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0150
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0155
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0155
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0155
https://doi.org/10.1007/s12253-018-0382-z
https://doi.org/10.1007/s12253-018-0382-z
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0165
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0165
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0165
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0170
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0170
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0170
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0175
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0175
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0180
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0180
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0180
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0185
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0185
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0185
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0190
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0190
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0190
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0195
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0195
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0200
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0200
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0205
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0205
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0205
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0210
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0210
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0215
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0215
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0220
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0220
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0225
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0225
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0230
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0230
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0230
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0235
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0235
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0235
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0240
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0240
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0240
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0240
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0245
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0245
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0250
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0250
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0255
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0255
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0255
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0260
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0260
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0260
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0260
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0265
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0265
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0265
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0270
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0270
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0270
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0275
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0275
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0275
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0275
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0275
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0280
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0280
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0280
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0280
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0285
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0285
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0285
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0290
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0290
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0290
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0295


circulating tumor cells. EMBO Mol Med 2014;7:1–11.
[60] Van Loo P, Voet T. Single cell analysis of cancer genomes. Curr Opin Genet Dev

2014;24:82–91.
[61] Marcoux G, Duchez AC, Cloutier N, Provost P, Nigrovic PA, Boilard E. Revealing

the diversity of extracellular vesicles using high-dimensional flow cytometry
analyses. Sci Rep 2016;6:35928.

[62] Domínguez-Vigil IG, Moreno-Martínez AK, Wang JY, Roehrl MHA, Barrera-
Saldaña HA. The dawn of the liquid biopsy in the fight against cancer. Oncotarget
2018;9:2912–22.

[63] Torrano V, Royo F, Peinado H, Loizaga-Iriarte A, Unda M, Falcón-Perez JM, et al.
Vesicle-MaNiA: extracellular vesicles in liquid biopsy and cancer. Curr Opin
Pharmacol 2016;29:47–53.

[64] Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al.
Glioblastoma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol 2008;10:1470–6.

[65] Peinado H, Alečković M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G,
et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET. Nat Med 2012;18:883–91.

[66] Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. Pancreatic
cancer exosomes initiate pre-metastatic niche formation in the liver. Nat Cell Biol
2015;17:816–26.

[67] Perakis S, Speicher MR. Emerging concepts in liquid biopsies. BMC Med
2017;15:75.

[68] Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al. Glypican-
1 identifies cancer exosomes and detects early pancreatic cancer. Nature
2015;523:177–82.

[69] An M, Lohse I, Tan Z, Zhu J, Wu J, Kurapati H, et al. Quantitative proteomic
analysis of serum exosomes from patients with locally advanced pancreatic Cancer
Undergoing chemoradiotherapy. J Proteome Res 2017;16:1763–72.

[70] Tsukamoto M, Iinuma H, Yagi T, Matsuda K, Hashiguchi Y. Circulating exosomal
microRNA-21 as a biomarker in each tumor stage of colorectal cancer. Oncology
2017;92:360–70.

[71] Pan L, Liang W, Fu M, Huang ZH, Li X, Zhang W, et al. Exosomes-mediated transfer
of long noncoding RNA ZFAS1 promotes gastric cancer progression. J Cancer Res
Clin Oncol 2017;143:991–1004.

[72] Ning K, Wang T, Sun X, Zhang P, Chen Y, Jin J, et al. UCH-L1-containing exosomes
mediate chemotherapeutic resistance transfer in breast cancer. J Surg Oncol
2017;115:932–40.

[73] Hu Y, Li D, Wu A, Qiu X, Di W, Huang L, et al. TWEAK-stimulated macrophages
inhibit metastasis of epithelial ovarian cancer via exosomal shuttling of microRNA.
Cancer Lett 2017;393:60–7.

[74] Cuia S, Chengc Z, Qinb W, Jianga L. Exosomes as a liquid biopsy for lung cancer.
Lung Cancer 2018;116:46–54.

[75] Soares Martins T, Catita J, Martins Rosa I, da Cruz OA Be Silva, Henriques AG.
Exosome isolation from distinct biofluids using precipitation and column-based
approaches. PLoS One 2018;11:1–16.

[76] Reithmair M, Buschmann D, Märte M, Kirchner B, Hagl D, Kaufmann I, et al.
Cellular and extracellular miRNAs are blood-compartment-specific diagnostic
targets in sepsis. J Cell Mol Med 2017;21:2403–11.

[77] Cheng L, Sharples RA, Scicluna BJ, Hill AF. Exosomes provide a protective and
enriched source of miRNA for biomarker profiling compared to intracellular and
cell-free blood. J. Extracell Ves 2014;3:23743.

[78] Yang C, Guo WB, Zhang WS, Bian J, Yang JK, Zhou QZ, et al. Comprehensive
proteomics analysis of exosomes derived from human seminal plasma. Andrology
2017;5:1007–15.

[79] Puhka M, Takatalo M, Nordberg ME, Valkonen S, Nandania J, Aatonen M, et al.
Metabolomic profiling of extracellular vesicles and alternative normalization
methods reveal enriched metabolites and strategies to study prostate cancer-re-
lated changes. Theranostics 2017;7:3824–41.

[80] Fernando MR, Jiang C, Krzyzanowski GD, Ryan WL. New evidence that a large
proportion of human blood plasma cell-free DNA is localized in exosomes. PLoS
One 2017;12:e0183915.

[81] Fendl B, Weiss R, Fischer MB, Spittler A, Weber V. Characterization of extracellular
vesicles in whole blood: influence of pre-analytical parameters and visualization of
vesicle-cell interactions using imaging flow cytometry. BBRC 2016;478:168–73.

[82] Lacroix R, Robert S, Poncelet P, Kasthuri R, Key N, Dignat-George F.
Standardization of platelet-derived microparticle enumeration by flow cytometry
with calibrated beads: results of the International Society on Thrombosis and
Haemostasis SSC Collaborative workshop. J Thromb Haemost 2010;8:2571–4.

[83] Mullier F, Bailly N, Chatelain C, Chatelain B, Dogn JM. Pre-analytical issues in the
measurement of circulating microparticles: current recommendations and pending
questions. J Thromb Haemost 2013;11:693–6.

[84] Bæk R, Søndergaard EKL, Varming K, Jørgensen MM. The impact of various pre-
analytical treatments on the phenotype of small extracellular vesicles in blood
analyzed by protein microarray. J. Immunol. Meth 2016;438:11–20.

[85] Tang YT, Huang YY, Zheng L, Qin SH, Xu XP, An TX, et al. Comparison of isolation
methods of exosomes and exosomal RNA from cell culture medium and serum. Int
J Mol Med 2017;40:834–44.

[86] György B, Pálóczi K, Kovács A, Barabás E, Bekő G, Várnai K, et al. Improved cir-
culating microparticle analysis in acid-citrate dextrose (ACD) anticoagulant tube.
Thromb Res 2014;133:285–92.

[87] Jayachandran M, Miller VM, Heit JA, Owen WG. Methodology for isolation,
identification and characterization of microvesicles in peripheral blood. J
Immunol Methods 2012;375:207–14.

[88] Lacroix R, Judicone C, Poncelet P, Robert S, Arnaud L, Sampol J, et al. Impact of
pre-analytical parameters on the measurement of circulating microparticles:

towards standardization of protocol. J Thromb Haemost 2012;10:437–46.
[89] Kalra H, Simpson RJ, Ji H, Aikawa E, Altevogt P, Askenase P, et al. Vesiclepedia: a

compendium for extracellular vesicles with continuous community annotation.
PLoS Biol 2012;10:e1001450.

[90] Crescitelli R, Lässer C, Szabó TG, Kittel A, Eldh M, Dianzani I, et al. Distinct RNA
profiles in subpopulations of extracellular vesicles: apoptotic bodies, microvesicles
and exosomes. J Extracell Vesicles 2013:2.

[91] Palma J, Yaddanapudi SC, Pigati L, Havens MA, Jeong S, Weiner GA, et al.
MicroRNAs are exported from malignant cells in customized particles. Nucleic
Acids Res 2012;40:9125–38.

[92] Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr Protoc Cell Biol
2006;3(3):22.

[93] Menck K, Klemm F, Gross JC, Pukrop T, Wenzel D, Binder C. Induction and
transport of Wnt 5a during macrophage-induced malignant invasion is medi-ated
by two types of extracellular vesicles. Oncotarget 2013;4:2057–66.

[94] Jeppesen DK, Hvam ML, Primdahl-Bengtson B, Boysen AT, Whitehead B, Dyrskjøt
L, et al. Comparative analysis of discrete exosome fractions obtained by differential
centrifugation. J Extracell Vesicles 2014;3:25011.

[95] Willms E, Cabañas C, Mäger I, Wood MJA, Vader P. Extracellular vesicle hetero-
geneity: subpopulations, isolation techniques, and diverse functions in cancer
progression. Front Immunol 2018;9(738).

[96] Mol EA, Goumans M-J, Doevendans PA, Sluijter JPG, Vader P. Higher functionality
of extracellular vesicles isolated using size-exclusion chromatography compared to
ultracentrifugation. Nanomedicine 2017;13:2061–5.

[97] Nordin JZ, Lee Y, Vader P, Mäger I, Johansson HJ, Heusermann W, et al.
Ultrafiltration with size-exclusion liquid chromatography for high yield isolation
of extracellular vesicles preserving intact biophysical and functional properties.
Nanomedicine 2015;11:879–83.

[98] de Menezes-Neto A, Sáez MJ, Lozano-Ramos I, Segui-Barber J, Martin-Jaular L,
Ullate JM, et al. Size-exclusion chromatography as a stand-alone methodology
identifies novel markers in mass spectrometry analyses of plasma-derived vesicles
from healthy individuals. J Extracell Vesicles 2015;4:27378.

[99] Zeringer E, Barta T, Li M, Vlassov AV. Strategies for isolation of exosomes. Cold
Spring Harb Protoc 2015:319–23.

[100] System Biosciences Inc. ExoQuick overview. https://www.systembio.com/
microrna-research/exoquick-exosomes/overview.

[101] Thermo Fisher Scientific Inc. Total exosome isolation. https://www.thermofisher.
com/sg/en/home/life-science/cell-analysis/exosomes.html.

[102] Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of
exosomes from cell culture supernatants and biological fluids. Curr Protoc Cell
Biol 2006:22 Chapter 3(Unit 3).

[103] Mathivanan S, Simpson RJ. ExoCarta: a compendium of exosomal proteins and
RNA. Proteomics 2009;9:4997–5000.

[104] Duijvesz D, Luider T, Bangma CH, Jenster G. Exosomes as biomarker treasure
chests for prostate cancer. Eur Urol 2011;59:823–31.

[105] Batrakova EV, Kim MS. Using exosomes, naturally-equipped nanocarriers, for drug
delivery. J Control Release 2015;219:396–405.

[106] Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in exosome isolation techniques.
Theranostics 2017;7:789–804.

[107] Zhao Z, Yang Y, Zeng Y, He M. A microfluidic ExoSearch chip for multiplexed
exosome detection towards blood-based ovarian cancer diagnosis. Lab Chip
2016;16:489–96.

[108] Kanwar SS, Dunlay CJ, Simeone DM, Nagrath S. Microfluidic device (ExoChip) for
on-chip isolation, quantification and characterization of circulating exosomes. Lab
Chip 2014;14:1891–900.

[109] Rainen L, Oelmueller U, Jurgensen S, Wyrich R, Ballas C, et al. Stabilization of
mRNA expression in whole blood samples. Clin Chem 2002;48:1883–90.

[110] Malentacchi F, Pazzagli M, Simi L, Orlando C, Wyrich R, Günther K, et al. SPIDIA-
RNA: second external quality assessment for the pre-analytical phase of blood
samples used for RNA based analyses. PLoS One 2014;9:e112293.

[111] Zhang H, Korenková V, Sjöback R, Švec D, Björkman J, Kruhøffer M, et al.
Biomarkers for monitoring pre-analytical quality variation of mRNA in blood
samples. PLoS One 2014;9:e111644.

[112] Pahl A, Brune K. Gene expression changes in blood after phlebotomy: implications
for gene expression profiling. Blood 2002;100:1094–5.

[113] Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al.
Argonaute2 complexes carry a population of circulating microRNAs independent
of vesicles in human plasma. Proc Natl. Acad Sci U S A 2011;108:5003–8.

[114] Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroRNAs
are transported in plasma and delivered to recipient cells by high-density lipo-
proteins. Nat Cell Biol 2011;13:423–33.

[115] Nolte-’t Hoen ENM, Buermans HPJ, Waasdorp M, Stoorvogel W, Wauben MHM,
Hoen PAC. Deep sequencing of RNA from immune cell-derived vesicles uncovers
the selective incorporation of small non-coding RNA biotypes with potential reg-
ulatory functions. Nucleic Acids Res 2012;40:9272–85.

[116] Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, et al. Characterization of
human plasma-derived exosomal RNAs by deep sequencing. BMC Genomics
2013;14:319.

[117] Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al.
Glioblastoma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol 2008;10:1470–6.

[118] Koppers-Lalic D, Hackenberg M, Bijnsdorp IV, van Eijndhoven MAJ, Sadek P, Sie
D, et al. Nontemplated nucleotide additions distinguish the small RNA composi-
tion in cells from exosomes. Cell Rep 2014;8:1649–58.

[119] Eldh M, Lötvall J, Malmhäll C, Ekström K. Importance of RNA isolation methods

F. Salvianti, et al. New BIOTECHNOLOGY 55 (2020) 19–29

28

http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0295
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0300
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0300
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0305
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0305
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0305
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0310
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0310
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0310
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0315
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0315
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0315
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0320
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0320
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0320
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0325
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0325
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0325
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0330
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0330
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0330
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0335
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0335
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0340
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0340
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0340
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0345
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0345
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0345
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0350
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0350
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0350
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0355
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0355
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0355
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0360
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0360
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0360
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0365
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0365
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0365
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0370
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0370
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0375
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0375
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0375
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0380
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0380
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0380
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0385
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0385
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0385
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0390
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0390
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0390
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0395
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0395
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0395
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0395
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0400
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0400
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0400
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0405
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0405
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0405
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0410
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0410
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0410
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0410
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0415
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0415
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0415
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0420
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0420
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0420
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0425
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0425
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0425
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0430
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0430
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0430
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0435
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0435
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0435
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0440
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0440
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0440
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0445
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0445
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0445
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0450
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0450
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0450
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0455
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0455
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0455
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0460
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0460
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0460
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0465
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0465
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0465
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0470
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0470
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0470
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0475
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0475
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0475
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0480
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0480
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0480
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0485
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0485
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0485
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0485
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0490
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0490
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0490
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0490
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0495
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0495
https://www.systembio.com/microrna-research/exoquick-exosomes/overview
https://www.systembio.com/microrna-research/exoquick-exosomes/overview
https://www.thermofisher.com/sg/en/home/life-science/cell-analysis/exosomes.html
https://www.thermofisher.com/sg/en/home/life-science/cell-analysis/exosomes.html
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0510
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0510
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0510
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0515
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0515
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0520
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0520
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0525
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0525
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0530
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0530
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0535
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0535
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0535
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0540
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0540
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0540
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0545
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0545
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0550
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0550
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0550
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0555
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0555
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0555
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0560
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0560
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0565
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0565
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0565
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0570
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0570
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0570
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0575
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0575
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0575
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0575
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0580
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0580
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0580
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0585
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0585
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0585
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0590
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0590
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0590
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0595


for analysis of exosomal RNA: evaluation of different methods. Mol Immunol
2012;50:278–86.

[120] Enderle D, Spiel A, Coticchia CM, Berghoff E, Mueller R, Schlumpberger M, et al.
Characterization of RNA from exosomes and other extracellular vesicles isolated
by a novel spin column-based method. PLoS One 2015;10:e0136133.

[121] Falcone G, Felsani A, D’Agnano I. Signaling by exosomal micrornas in cancer. J
Exp Clin Cancer Res 2015;34:32.

[122] Rekker K, Saare M, Roost AM, Kubo AL, Zarovni N, Chiesi A, et al. Comparison of
serum exosome isolation methods for microRNA profiling. Clin Biochem
2014;47:135–8.

[123] Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott AM, et al.
Comparison of ultracentrifugation, density gradient separation, and im-
munoaffinity capture methods for isolating human colon cancer cell line LIM1863-
derived exosomes. Methods 2012;56:293–304.

[124] Wu X, Zhu L, Ma PC. Next-generation novel noninvasive Cancer Molecular diag-
nostics platforms beyond tissues. Am Soc Clin Oncol Educ Book 2018;38:964–77.

[125] Peng M, Chen C, Hulbert A, Brock MV, Yu F. Non-blood circulating tumor DNA
detection in cancer. Oncotarget 2017;8:69162–73.

[126] Wang Y, Springer S, Mulvey CL, Silliman N, Schaefer J, Sausen M, et al. Detection
of somatic mutations and HPV in the saliva and plasma of patients with head and
neck squamous cell carcinomas. Sci Transl Med 2015;7:293ra104.

[127] Wei F, Lin CC, Joon A, Feng Z, Troche G, Lira ME, et al. Noninvasive saliva-based
EGFR gene mutation detection in patients with lung cancer. Am J Respir Crit Care
Med 2014;190:1117–26.

[128] Jain S, Lin SY, Song W, Su YH. Urine-based liquid biopsy for nonurological

cancers. Genet Test Mol Biomarkers 2019;23:277–83.
[129] Nilsson J, Skog J, Nordstrand A, Baranov V, Mincheva-Nilsson L, Breakefield XO,

et al. Prostate cancer-derived urine exosomes: a novel approach to biomarkers for
prostate cancer. Br J Cancer 2009;100:1603–7.

[130] Nair S, Tang KD, Kenny L, Punyadeera C. Salivary exosomes as potential bio-
markers in cancer. Oral Oncol 2018;84:31–40.

[131] Siravegna G, Marsoni S, Siena S, Bardelli A. Integrating liquid biopsies into the
management of cancer. Nat Rev Clin Oncol 2017;14:531–48.

[132] Patel KM, Tsui DW. The translational potential of circulating tumour DNA in
oncology. Clin Biochem 2015;48:957–61.

[133] Eisenberger CF, Schoenberg M, Enger C, Hortopan S, Shah S, Chow NH, et al.
Diagnosis of renal cancer by molecular urinalysis. J Natl Cancer Inst
1999;91:2028–32.

[134] Goessl C, Müller M, Straub B, Miller K. DNA alterations in body fluids as molecular
tumor markers for urological malignancies. Eur Urol 2002;41:668–76.

[135] Hyun KA, Gwak H, Lee J, Kwak B, Jung HI. Salivary exosome and cell-free DNA for
Cancer detection. Micromachines (Basel) 2018;9. pii: E340.

[136] Jain S, Lin SY, Song W, Su YH. Urine-based liquid biopsy for nonurological can-
cers. Genet Test Mol Biomarkers 2019;23:277–83.

[137] Heitzer E, Haque IS, Roberts CES, Speicher MR. Current and future perspectives of
liquid biopsies in genomics-driven oncology. Nat Rev Genet 2019;20:71–88.

[138] Ward Gahlawat A, Lenhardt J, Witte T, Keitel D, Kaufhold A, Maass KK, et al.
Evaluation of storage tubes for combined analysis of circulating nucleic acids in
liquid biopsies. Int J Mol Sci 2019;20. pii: E704.

F. Salvianti, et al. New BIOTECHNOLOGY 55 (2020) 19–29

29

http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0595
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0595
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0600
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0600
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0600
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0605
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0605
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0610
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0610
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0610
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0615
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0615
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0615
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0615
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0620
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0620
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0625
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0625
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0630
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0630
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0630
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0635
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0635
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0635
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0640
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0640
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0645
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0645
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0645
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0650
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0650
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0655
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0655
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0660
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0660
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0665
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0665
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0665
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0670
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0670
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0675
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0675
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0680
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0680
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0685
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0685
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0690
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0690
http://refhub.elsevier.com/S1871-6784(18)31962-9/sbref0690

	The pre-analytical phase of the liquid biopsy
	Introduction
	The pre-analytical phase of cell-free nucleic acids analysis
	The pre-analytical phase of cell-free DNA analysis
	Remarks

	The pre-analytical phase of cell-free RNA analysis
	Remarks


	The pre-analytical phase of CTC analysis
	Blood collection prior to CTC analysis
	Pre-analytical variables influencing CTC counting
	Pre-analytical variables influencing molecular characterisation of CTCs
	Remarks


	The pre-analytical phase of exosome analysis
	Sample collection, storage and processing
	Exosome isolation
	Differential ultracentrifugation methods
	Filtration systems: size exclusion chromatography (SEC) and ultrafiltration
	Polymer-based isolation systems for exosome precipitation
	Immunoaffinity methods
	Microfluidics-based methods

	Intact exosome analysis
	Exosome cargo analysis
	Remarks

	The pre-analytical phase of liquid biopsy in body fluids other than blood
	Remarks

	Conclusions
	Acknowledgements
	References




